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About the Book

This book provides comprehensive studies of a wide range of nanomaterials and
modern electrochemical techniques used in the point-of-care analysis of biomole-
cules. This book describes the importance, significance, and application of various
kinds of smart nanomaterials and their integration with modern electrochemical
techniques for the point-of-care diagnosis of biologically important biomolecules
associated with various kinds of human health-related fatal diseases. The interaction
between bio-systems and nanomaterials has been discussed in this book using
advanced electrochemical methods and characterizing techniques. This book covers
the numerous methodologies adopted for the synthesis and characterization of
several types of nanomaterials. The book also covers the electrode modification
techniques and engineering of nanomaterials in such a fascinating way so that the
maximum analytical performance can be addressed using the same. The chapters of
the book provide information about the present time research which covers the
advancements in nanotechnology, material science, electronics, and their signifi-
cance for human health care.

Finally, the book provides an accessible and readable summary of the use of
nanomaterial and modern electrochemical techniques at the molecular level to
understand the electrochemical reaction taking place at nano-bio interfaces in elec-
trochemical biomolecular detection and analysis. The book bridges the gap and
strengthens the relationship between electrochemists, material scientists, and bio-
molecular scientists who are directly or indirectly associated with the field of such
point-of-care diagnostics.
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Abstract

Biotechnology, as a novel field, incorporates biotechnology into electrochemistry.
In contrast, nanotechnology aims to open new directions for research area in this
field. Nanostructures (such as nanotubes, nanoparticles, etc.) are similar in
dimensions to biomolecules such as DNA and proteins. The mixture of bio-
molecules and nanostructures leads to functional biointerfaces at the nanoscale
with synergistic functions and characteristics. The aim of this chapter is to
describe the terms and concepts used in nanobioelectrochemistry. More specifi-
cally, we will explain the components of nanobioelectrochemistry, namely elec-
trochemistry, biotechnology, nanotechnology, nanoelectrochemistry, and
bioelectrochemistry.
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1 Introduction

Nanobioelectrochemistry includes the novel fields of bioelectrochemistry, materials
science, and nanoscience. The mixture of biological molecules with nanoscale
structures and materials allows the development of biodevices with the ability to
determine particular matters. Moreover, by applying bioelectrochemistry, the inter-
action that occurs between the biosystems and nanostructured materials can be
investigated at the molecular level, in which numerous molecular behavior mecha-
nisms are classified as oxidation–reduction reactions. The mixture of novel nano-
material ingredients and biological molecules is crucial to developing modern
systems at the nanoscale for electronic, medical, and biological applications.

Nanotechnology has improved sensing phenomena. Nanomaterials such as nano-
rods, nanotubes, nanowires, and nanoparticles have improved determination times
and streamlined the reproducibility procedure. Nanomaterials have exceptional
features, such as improved shock-bearing capability and high electrical conductivity,
and they improve multipurpose color-based determination mechanisms. Piezoelec-
tric materials are the only outcomes of a group of nanomaterial attributes, and the
bioelectrochemical system (BES) is the microbial system that can directly manufacture
electricity from organic waste by using chemicals to produce butyrate, medium-chain
fatty acids, alcohols, and acetates. Nanotechnology involves monitoring substances
with dimensions in the range of 1–100 nanometers, where unique phenomena lead to
modern applications. Encompassing engineering, nanoscale science, and technology,
nanotechnology involves modeling, imaging, manipulating, and measuring matter at
the nanoscale. Materials in gaseous, solid, and liquid states can show eccentric biolog-
ical, chemical, and physical features when nanosize, features that are different in vital
ways from those of such materials in their bulk forms. A number of nanostructured
substances are more powerful or possess more-diverse magnetic attributes compared
with the other sizes or forms of the same substances. However, at conducting electricity
or heat, for example, the other sizes are better. After altering a material’s structure or
size, it may change color, reflect light in a finer way, becomemore chemically reactive.
Biotechnology modifies, uses, or upgrades a part of or the entirety of a biological
system for industrial and human purposes.

2 Electrochemistry

Electrochemistry connects chemical and electrical phenomena in an interdisciplinary
field of research and activity (Maier 2007; Bard and Murray 2012; Bard 2014). An
electrochemical system is heterogeneous (Bouffier and Sojic 2020). This field is
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gaining significance thanks to its increasing performance and dependable energy
systems (Maier 2007; Nnamchi and Obayi 2018). Electrochemistry uses electrical
currents and chemical systems to make chemical changes thanks to the passage of an
electric current that generates electrical energy through chemical reactions, in which
phenomena such as electrophoresis take place and devices such as electroanalytical
sensors are made (Maier 2007; Nnamchi and Obayi 2018).

Electrochemistry also refers to physical and chemical changes. Basic electrochem-
istry and chemical energy storage are relevant in reducing constraints on the efficiency
of electrochemical devices. Innovative coverage of all the phenomena in a chemical
conversion is the outcome of using electric power, and this electric power is produced
via chemical processes. It contains the behavior and properties of electrolysis in solid
and liquid forms. In addition, new electrochemistry can be grouped into bulk and
interfacial electrochemistry. By contrast, interfacial electrochemistry varies from bulk
electrochemistry in that it is used in electrode–electrolytic interphases and in that the
kinetics and thermodynamics of reactions happen during the mass-transport effects
(Bueno and Gabrielli 2009). Electrochemical determination is particularly appropriate
to merge with analytical system-based properties because such a mixture can increase
analyte measurements, resulting in increased sensitivity and reduced detection limits
for characteristics such as miniaturization, ease of use, cost-effectiveness, and porta-
bility (Beitollahi et al. 2019).

The broad field of electrochemistry includes (a) electroanalysis, (b) sensors,
(c) energy storage and conversion devices, (d) corrosion, (e) electrosynthesis, and
(f) metal electroplating (Bouffier and Sojic 2020). For a variety of reasons, scientists
perform electrochemical measurements on chemical systems. They aim to acquire
thermodynamic information about a reaction. They might produce an unsteady
average to assess its rate of deterioration or its spectroscopic attributes. They may
seek to analyze a solution of small quantities of organic material or metal ions. In
these instances, electrochemical procedures are used for instauration in the study of
chemical devices, in the same way that spectroscopic procedures are often practical.
There are also studies on the electrochemical characteristics of systems, such as the
electrosynthesis of some manufactured items. Their utilization requires an under-
standing of the basic elements of electrode reactions and the electrical attributes of
electrode–solution interfaces (Maier 2007). On the contrary, bulk electrochemistry
deals with ion–ion and ion–solvent interactions, activity factors, and so on. Bulk
electrochemistry optimizes the efficiency of electrolytes and is the key to future
improvements in electrochemical elements used as membranes and ionic sources in
solar energy systems for, for example, electric force generation and storing energy
and in advancements in electroanalytical sensor apparatuses (Bueno and Gabrielli
2009).

2.1 Electrochemical Systems

Electrochemical methods include a set of instruments that are beneficial in neuro-
science (Troyer et al. 2002). In these procedures is an electrode that prepares a
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surface or interface where a charge-transfer process takes place. This charge-transfer
process produces currents or potentials that can be measured and linked via calibra-
tion to the material’s concentration in the solution. These methods can be divided
into two broad classes: (1) potentiometry for currents and measurements, which
include currents at an electrode under potential check, and (2) voltammetry or
amperometry, depending upon the uniqueness of the experimental plan. In electro-
chemical systems, important factors include the operations and elements that influ-
ence the transport of a charge across the interface of chemical phases, such as
between an electrode and an electrolyte (Maier 2007). The significance of the
electrochemical processes, the function of the processes in living organisms, and
the inimitable specifications of their empirical group have resulted in the creation of
electrochemistry as an independent discipline. This modern science concentrates on
electrochemical kinetics, which is the study of the laws and mechanisms of the
electrochemical reactions.

2.2 Basic Axioms of Electrochemical Characterization

Since the substrates of the working electrodes (WEs) can forcefully affect a reac-
tion’s performance, their features and ionic materials are crucial electrochemical
characteristics. So the electrode surface reaction is the basis of electrochemical
research. Electrochemical characterization is performed to study the electrochemical
behavior of the materials under various electrochemical conditions. In an electro-
chemical cell, there are three kinds of electrode systems available, the two-electrode
system, three-electrode system, and four-electrode system. Electrochemical charac-
terizations can be performed using any of these electrode systems. The electrochem-
ical cell consists of a working electrode and a counter electrode. The potential of the
working electrode is sensitive to the analyte’s concentration. The counter electrode
closes the circuit. The potential of the working electrode should be calculated with
respect to the counter electrode, as it acts as a reference potential. Hence, the
potential of the counter electrode should remain constant. If the potential of the
counter electrode is not constant, then two electrodes replace the counter electrode, a
reference electrode whose potential remains constant and an auxiliary electrode to
complete the electrical circuit. The area of the auxiliary electrode should be sufficient
to support the current available in the circuit.

Electrochemical characterization of an electrochemical cell depends on various
factors such as the condition of the working electrode and the counter electrode, the
ions of the analyte in the electrolyte, and the current, charge, and voltage. All these
things will be directly or indirectly connected to the redox reactions and will be
responsible for the changes in the electrochemical properties of the materials.

2.2.1 The Potential of an Electrode Specifies the Analyte’s Form at
the Area of the Electrode

The electrode potential is the experimental basis for assessing the potential of a
relationship with a specified reference electrode (RE). In electrochemical kinetics,
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the potential of the electrode is the more important variable, and the current is
generally calculated as the rate of this variable. The conventional electropotential
is a way to predict how a change in a solution’s conditions impacts the position of an
equilibrium reaction. The cell potential disparity, E, is determined by the free energy
variation within the chemical reaction. The electrode potential, then, results from an
arbitrary separation of E into two forms, each allocated to one of the two electrodes
on the base of the standard electrode potential formed by the REs. In an oxidation–
reduction reaction, the potential specifies the position of the reaction: A negative
potential means that the cell provides electrons a lot more readily, and using a
positive cell potential and a standard hydrogen electrode shows that the cell shares
electrons so much more easily than the conventional hydrogen electrode does
(Bueno and Gabrielli 2009).

2.2.2 Electrochemical Cell
Chemical reactions use an electrochemical cell to produce current and voltage. The
three-electrode system is the most commonly used system in this field. It consists of
an electrode where the reaction happens (WE), an auxiliary electrode (AE), and an
RE. A diagram of this device is shown in Fig. 1.1. The WE connects with the analyte
as its surface, the position where the reaction happens. After the WE has been used
with an analyte, the change in the electrons among the electrodes and a valid
potential begin. The current at the electrode will move away from the AE to maintain
equilibrium. Usually, to make an AE, inert conducting substances such as platinum
or graphite are used. No current passes from the RE. It only acts as a reference when
determining the potential of the WE. A silver/silver chloride electrode, a standard
hydrogen electrode (SHE), and a calomel electrode are the common REs used in
three-electrode systems. To prevent contaminating the specimen solution, the RE can
be separated from the specimen reaction by using a mid bridge. An RE includes the
anode and its temperature, and an RE refers to an electrode whose potential is
independent of the analyte’s concentration of ions in a solution. The perfect RE
needs to be simple to fabricate and apply. It is placed as close as possible to the WE
to decrease drop inducement via cell resistance (iR). The perfect RE produces a
stable, predictable potential so that any change in an electrochemical cell is incurred
as a result of the effect of the analyte on the potential of the electrode indicator
(Bueno and Gabrielli 2009) (Fig. 1.2).

2.2.3 Nanomaterial Concentrations May Not Be Identical to Bulk
Concentrations

The concentration of the reacting nanomaterials at the interface varies from that of
bulk variants because the former is depleted and cumulates during the reaction. The
difference between the concentration of the bulk materials and that at the surface is
important because of the interfacial concentrations of the species. There are two
ways of doing this. One of variables, usually the current or the potential, is kept
variable or stable while other objectives are measured. The concentration of the
analyte at the surface of the electrode is computed by solving the transport equations
of the conditions used. For the easiest type, the overpotential and the current are
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Fig. 1.1 Broad field of electrochemistry

Fig. 1.2 A three-electrode electrochemical cell system
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increased from zero to a constant amount. The transition of the other variable is
registered and extrapolated back to the time when the step was taken – when the
interfacial concentration had not yet been discharged, generally because of the
mathematical relationship between the potential of the electrode and the concentra-
tions of an analyte’s oxidized and reduced forms in a solution. The reacting sample is
boosted by convection if the geometry of the system is simple enough, whereas the
equations of the mass transport and the concentrations of the surface are computed to
measure the interfacial concentrations (Bueno and Gabrielli 2009).

2.2.4 The Analyte May Not Be Restricted from Participating in Other
Reactions

In addition to the electrode potential, which relies on the ion’s presence in the
solution and whose concentration can be computed by using the Nernst equation,
it may not be the only reaction affecting the concentration at the surface of the
electrode or in a bulk solution. Many other reactions, including adsorption at the
surface of the electrode, can also affect the concentration and the establishment of a
metal–ligand complex in a bulk solution (Bueno and Gabrielli 2009).

2.2.5 Current Is Used as a Measure of Rate
The reduction of specimens into ions (for example Fe3+ to Fe2+) uses an electron,
which is taken from the electrode. The oxidation of other samples, maybe the
solvent, at a second electrode is used as a source of this electron. The flow of
electrons among the electrodes determines the rate of the current and the reduc-
tion reaction. Reaction speed and flow are directly related. In fact, the conse-
quence of this justifies the zero current at equilibrium. However, current is
influenced to varying degrees by distinct polarization, which is why it is used
to measure the rate. For instance, the current in an electrochemical cell is limited
by the rate at which reactants are removed from or brought to one or both of the
electrode’s surfaces, and its current is further limited by the rate at which
electrons are moved among the reactants in a solution and at the electrode’s
surfaces. In both instances, the current is not fully relevant to the cell potential
(Bueno and Gabrielli 2009).

2.2.6 Current and Potential Cannot Be Simultaneously Controlled
In an electrochemical test, one or more of these parameters – namely current (i),
charge (Q), time (t), and potential (E) – can be measured. As mentioned, the
reduction of samples into ions (from Fe3+ to Fe2+) expends an electron until system
equilibrium is reached – i.e., when the current becomes zero. Analogously, if we
vary the potential from the equilibrium position, the current passes as the system
transitions to a new balanced position. This mean that although the primary current
is full, it declines over time, attaining zero when the reaction achieves equilibrium.
The current therefore varies in response to the potential. As an alternative, we can
pass a stabilized current through the electrochemical cell, squeezing the reduction.
Because of the permanent change in the concentrations, the potential changes over
time. Therefore, if we decide to rein in the potential, we ought to accept the
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contrariwise and resultant current, along with the resulting potential (Bueno and
Gabrielli 2009).

3 Biotechnology

Biotechnology is a combination of biology and technology. Each technological
application of biotechnology utilizes biological systems – living organisms or
derivatives (especially cells and bacteria) – to make or modify products and pro-
cesses for specific uses. In fact, it is the use of technology to modify or improve a
part or the entirety of a biological system for industrial profits (Thieman 2009). It is a
combination of diverse technologies, applied together to living cells, containing not
only biology but also disciplines such as chemistry, mathematics, physics and
engineering. Bioprocessing, enzyme, waste, and environmental technology; animal
husbandry and agriculture; healthcare; and renewable resources are the major fields
of biotechnology applications. Its applications range from agriculture to industry
(food, pharmaceutical), medicine, environmental conservation, and cell biology,
making it one of the fastest-growing fields. Biotechnology also modifies genetic
structures in animals and plants to produce advantageous properties. It combines
engineering sciences, biochemistry, and microbiology to use the properties of
microorganisms, specifically those of their cultured tissue cells. Although the term
biotechnology is rather new, the discipline itself is very old. In fact, biotechnology
can be divided into two parts: traditional biotechnology and new biotechnology,
which are briefly described below.

Traditional biotechnology: Biotechnology has long been used by humans. The
ability of microorganisms to generate acids and gasses as outcomes of their
normal cell metabolism has been used to make new foods for generations, such
as in the production of cheese or bread.

New biotechnology: Recent advances in molecular biology have given biotechnol-
ogy new meaning and potential via use of recombinant DNA technology. New
biotechnology modifies the genetic material of living cells to generate new sub-
stances or perform new functions. Gene technology – or genetic engineering –
allows a biologist to take a gene from one cell and attach it to another cell, which
may be that of a plant, an animal, a bacterium, or a fungus, to produce new
compositions of genes. There are two fundamental techniques utilized in biotech-
nology, namely tissue cultures and genetic engineering (Thieman 2009).

3.1 Scope and Significance of Biotechnology

Biotechnology has rapidly emerged as a field of activity that has important impacts
on all aspects of human life, including food processing, environmental protection,
and human health. Consequently, it now plays significant roles in improving pro-
ductivity, manufacturing, commerce, human health, and quality of life all over the

8 F. zahirifar and M. Rahimnejad



world. This is reflected in the growing number of biotechnology companies in the
world. The total volume of commerce from biotechnology is gaining sharply every
year, and it will soon become an important factor in global commerce. Some experts
believe that the twenty-first century will be the century of biotechnology, just as the
twentieth century was the age of electronics (Naz 2015).

4 Bioelectrochemistry

Bioelectrochemistry, as a modern interdisciplinary field, combines biotechnology
and electrochemistry and concentrates on the structural formation and electron
transfer (ET) operations of biointerfaces at the surfaces of electrodes. In addition,
nanotechnology opens up new pathways for studies in this field. During the past
twenty years, bioelectrochemistry has been demonstrated as a beneficial tool for
understanding the electrochemical features of biomolecules as well as their princi-
ples. Also, it is a powerful approach to using the abovementioned biomolecules in
the biointerfaces of biosensing devices. The design of the biointerfaces at the
surfaces of electrodes has resulted in attractive developments in this field that
generate sensitive and controlled biolayers by engineering the surfaces of electrodes.
Biomolecules, or mixtures of them with biocompatible elements, provide modern
bioelectrochemical systems and improve our understanding of the interaction
between biomolecules and electrodes (Chen et al. 2007).

4.1 Bioelectrochemical Systems (BESs)

Bioelectrochemical systems (BESs) are described as mixtures of electrochemical
and biological processes, containing electrochemically active bacteria that degrade
organic substances from different sources, such as industrial biomass and effluent
(Khoo et al. 2020). Over the past few years, BESs have been used for various
purposes, such as for electrosynthesis, wastewater treatment, desalination, and
energy production. These are exceptional, more-compatible, and sustainable pro-
cesses that can vary the chemical energy captured from lignocellulosic biomass or
effluent to produce electrical energy, by adding hydrogen to biochemicals through
redox-reaction processes using biocatalysts (Kumar et al. 2017). The final outputs
gained are hydrogen, electricity, or another precious combination, such as H2O2

(hydrogen peroxide), ethanol, etc. BESs are, broadly, simultaneously used for
wastewater treatment and the manufacture of bioenergy. Therefore, BESs constitute
a promising technology for the global energy crisis and managing water contami-
nation. Photosynthetic microbial fuel cells (MFCs), basic MFCs, plant MFCs, and
photosynthetic MFCs are various examples of BESs (Khoo et al. 2020). BESs are
transdisciplinary hybrid devices that operate with inputs from several fields, such as
electrochemistry, molecular research, fermentation, material science, environmental
science, chemical engineering, etc. BESs can be perform considerable alterations in
wastewater treatment to produce renewable energy. In BESs, electrochemically
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active microorganisms can shift the electrons from a reduced electron donating an
electrode to an oxidized electron receiver, producing force.

Broadly, BES applications can be divided into three categories: force producers,
devices for the recovery of value-added products, and wastewater treatment uses.
These multifarious uses for BESs have piqued the interest of many researchers
across the globe who want to expand stable waste treatment processes. BESs have
been divided according to their uses into the following groups: microbial electrol-
ysis cells (MEC) for electrolytic biofuel generation, MFCs for power production,
microbial electrosynthesis (MES) for synthesizing the chemicals or fuels, micro-
bial desalination cells (MDCs) for desalination and force generation, and BESs that
carry out waste bioremediation. The major benefits of BESs are as follows: (a) low
net-positive energy or energy input gain, (b) biological interposition, (c) the
compatibility of microbes for generating various products/energy, (d) cost-
effective design and function, (e) reaction under ambient conditions, (f) the selec-
tivity of reactions, (g) the possibility of high value in the market, and (h) its self-
regeneration of a biocatalyst. The feasibility of integrating chemical, biological,
and physical parts during BES operation provides a chance to start different
bioelectrochemical reactions, such as biochemical, electrochemical, and
bioelectrochemical ones, among others. BESs are used for either producing elec-
tricity through spontaneous redox reactions or applying electrical power to gener-
ate value-added products to start nonspontaneous reactions. The most common
reduction reactions of BESs are oxygen reductions to produce peroxide and proton
reductions to produce hydrogen. The formation of oxidants and reactive specimens
is an added benefit of BESs over other treatment systems for the treatment of
complex wastewater flows. Sometimes, the polluters/parts of wastewater work as
mediators in electron transfer. The usage of BES was also expanded to treat solid
waste and toxic aromatic hydrocarbons under in situ biopotential. Studies on the
mechanism of contaminant reduction and its role in electron transfer show the
functional possibility of using this technology in the sustained removal of pollut-
ants (Srikanth et al. 2018) (Fig. 1.3).

Fig. 1.3 Schematic of biosensor components
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5 Nanotechnology

The simplest definition of nanotechnology is a type of technology that acts on the
nanoscale and has applications in the real world. That is, it utilizes single molecules
or atoms to form functional structures. No definition of nanotechnology would be
complete without defining nanoscale: substances whose dimensions are within
1–100 nm. Nanotechnology, which started nearly 50 years ago, is one of the most
active areas of investigation with both beneficial and new science uses, and it has
gained in prominence over the past two decades (Pavlovic et al. 2013). Nanotech-
nology is an “atomically precise technology” or is “engineering with atomic preci-
sion.” The dictionary definition of nanotechnology is “the design, characterization,
manufacture and shape and size-controlled application of matters in the nanoscale.”
A substitute definition from the same dictionary is “the careful and controlled
manipulation, precision placement, modeling, measurement, and production of
materials at the nanoscale in order to make matters, systems, and devices by
fundamentally novel properties and functions.” Nanotechnology is a branch of
knowledge, within a subclassification of technology in colloidal science, chemistry,
physics, biology, and other scientific fields, encompassing the study of phenomena at
the nanoscale. Finally, nanotechnology is a technology-based subclass in physics,
chemistry, biology, colloidal science, and other fields of science for the investigation
of nanoscale phenomena.

Nanotechnology is associated with materials and devices, the structures and
elements of which show new, remarkably improved physical, biological, and chem-
ical features, phenomena, and processes thanks to their nanoscale dimensions. The
nanotechnology field includes the fabrication and use of biological, physical, and
chemical devices that have structural properties from individual atoms or molecules
in submicron dimensions and includes the integration of these created nanostructures
into larger devices (Nasrollahzadeh et al. 2019). Nanotechnology is able to over-
come challenges related to the sources of biomass via their specific active sites for
different processes and reactions. Nanomaterials are the core ingredients of nano-
technology and nanoscience applications. Nanoscience and nanotechnology appli-
cations involve a broad interdisciplinary area of research and development (R&D)
that has rapidly increased. Nanoscale substances are those that have at least one
dimension that is 100 nm or smaller. This significantly small size results in a high
surface-to-volume ratio and enhances the number of active sites for different pro-
cesses and reactions. Moreover, nanomaterials have higher reaction rates with
various molecules compared to their bulk variants. Nanomaterials have remarkable
commercial impacts too. Awareness of nanomaterials will only increase thanks to
their inimitable optical scale characteristics, which are effective in a wide variety of
fields, such as polymers, electronics, bioenergy, mechatronics, ionic liquids, phar-
maceuticals, medicine, etc. (Khoo et al. 2020). From the 1990s onward, much
attention has been paid to nanotechnology in various applications, with a special
focus on nanostructured materials demonstrating chemical and physical features that
are different from their conventional bulk properties.
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There are two main reasons for these diverse characteristics: (1) the large surface
area of nanomaterials and (2) new quantum effects (Nnamchi and Obayi 2018).
Nanoscience studies stimulating areas of science whose produced substances feature
new size-dependent attributes. Nanoscale and single-molecule devices also hold var-
ious technological prospects in the electronics industry for data storage and sensors.
Nanoscience has infiltrated many areas of research, such as the biological, physical and
chemical sciences, especially electrochemistry (Zhang et al. 2005). The distinguished
properties of these materials at the nanoscale are their rather large surface areas, whose
value can be best understood through the new theory of quantum affects. Nano-
materials supply a far greater surface-to-volume ratio compared with their standard
forms, and this area is effective in promoting better chemical reactivity. Given the fact
that the reaction occurs on a nanoscale level, the specifications and characteristics of
materials containing modern magnetized, optical, and electrical properties can be all
the more indispensable thanks to quantum efficacy.

The usual types of nanomaterials include fullerenes, nanotubes, and quantum
dots, and they have different chemical and physical specifications than their bulk
variants (Khoo et al. 2020). The fundamental parts in nanostructure manufacturing
are nanoparticles (NPs). NPs of different morphologies and sizes can be made in
numerous synthetic ways, which produce premier-quality NPs, but the methods of
biosynthesis are still being improved. Modern organic NPs include polymer con-
structs, liposomes, micelles, and polymersomes, all of which are used for genetic and
drug-delivery purposes. Nanotechnology finds applications in analytical chemistry
and environmental chemistry, and the life sciences change our imagination about its
applications in chemical technology. Another use of nanotechnology can be found in
electrochemistry. In electrochemistry, nanotechnology is used in sensors and in
power sources such as accumulators and fuel cells. These substances are enhancing
the sensitivity of sensors and the efficiency of power sources over those made of
common bulk electrodes (Filanovsky). Meanwhile, inorganic nanoparticles, such as
polymer-based or lipid nanoparticles, have also attracted attention in recent years
thanks to their unmatched size-dependent physicochemical properties. Inorganic
nanoparticles are remarkable because of their physical properties – such as their
magnetism and size – and their chemical attributes – such as their stability, inactivity,
and smooth functionalization. Thus, inorganic nanoparticles such as magnetized
quantum dots, carbon nanotubes, and gold have broad potential in various novel
applications. For example, metal oxide carbon nanotubes and magnetized nano-
particles (MNPs) are used for bioenergy generation. MNPs, which contain a mag-
netized core, are some of the most important inorganic nanomaterials. MNPs are
used more often than any of the other tested nanoparticles for bioenergy generation
because their magnetic attributes confer simple recoverability (Khoo et al. 2020). As
the surface area per mass of a substance increases, a higher abundance of the
substance comes into contact with circumambient materials, thus affecting reactivity.
Also, samples at the nanoscale appear as nonaqueous and aqueous solutions of
solvated and complexed molecules, which improves chemical reactivity, which itself
affects NPs’ attributes. In this way, electrochemical characterization is fundamental
to nanomaterial research (Rusling et al. 2013).

12 F. zahirifar and M. Rahimnejad



6 Nanoelectrochemistry

The compound word nanoelectrochemistry contains the prefix nano- and the noun
electrochemistry. Each of these terms encompasses a wide variety of meanings and
features in various areas of scientific enquiry (Singh et al. 2012). Nano-
electrochemistry refers to the dimensional scale of electrodes and electrochemical
occurrences, as opposed to volume, mass, or time. Nanoscale electrochemistry is
significant for new electrochemical science and for many other key research areas,
such as energy transformation, catalysis, sensor development, and environmental
science. New electrochemical phenomena, attributes, and technological abilities
indispensable to decreasing the dimensions of an electrochemical probe to the
nanometer scale and the electrochemical attributes of new nanoscale electrode sub-
stances are the frontiers of nanoelectrochemistry. Conventional descriptions of the
nanoscale refer to lengths between 1 and 100 nm. Nanoscale electrochemical studies
have provided unique information unattainable via standard procedures. For
instance, nanoelectrodes can measure very fast electron-transfer kinetics that are
frequently too fast to study with study electrodes. Nanoscale electrochemical sub-
stances, such as metal nanoparticles, have unrivaled physical and chemical attri-
butes, and nanoscale electrochemical procedures can be applied to produce advanced
electrocatalytic substances. Further, the use of nanoscale electrodes has realized
electrochemical imaging with nanoscale spatial resolutions, generating data that
improve our understanding of heterogeneous electrode–solution interfaces (Palit
and Hussain 2020). Nanoscale electrochemistry has played a crucial role in increas-
ing our understanding of electron-transfer processes at the electrolyte or electrode
interface and spurs on applied, fundamental, and basic electrochemical investiga-
tions. Nanoscale electrodes are important in nearly all aspects of nanoscale electro-
chemistry, including catalytic nanoparticles, nanoscale electrochemical descriptions,
and electron-transfer kinetics. The key challenges and targeted domains in nanoscale
electrochemistry have included the lack of structural control in nanoelectrode prep-
aration and the necessity for advanced methods for structural characterization. This
can be largely solved via the use of nanofabrication and nanocharacterization pro-
cedures. Nanopore-based electrochemical procedures have attracted global interest
in research and will continue to rapidly grow in the future (Palit and Hussain 2020).
Currently areas of nanoelectrochemistry include (a) the extraordinary properties of
electrodes, (b) nanoelectrode fabrication, and (c) nanoelectrodes.

7 Nanobioelectrochemistry

Nanobioelectrochemistry covers the novel aspects of bioelectrochemistry, material
science, and nanoscience. The combination of nanostructured substances and bio-
logical molecules enables the development of biodevices able to detect particular
materials. In addition, by taking the bioelectrochemical approach, the interaction
between a biosystem and nanostructured materials can be investigated at the molec-
ular level, where many molecular mechanisms are elicited through redox reactions.
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The combination of new nanomaterial components and biological molecules
develops new nanoscale systems for future medical, biological, and electronic
applications (Crespilho 2012). A biological event such as an antibody–antigen
binding reaction and the transformation of a substrate via an enzyme or electron-
transfer reaction of a redox protein using electrochemical procedures can lead to the
development of new sensors (Murphy 2006). A biosensor can be defined as a sensing
device or a measurement system that approximates the amount of a substance by
assessing biological interactions and then translating these interactions into readable
data with the help of transduction and electromechanical clarification (Purohit et al.
2020; Roy et al. 2019).

The basic components of biosensors include a detector, a transducer, and a
bioreceptor. That is, a biosensor contains a bioreceptor mixed with a transducer
and an electronic system that detects analytes. These analytes include great number
of disease markers, biomolecules, etc. (Prajapati et al. 2020).

The principal function or goal of a biosensor is to sense a specific biological
substance. Often, these substances are antibodies, proteins, enzymes, etc. (Malik
et al. 2013). Developments in the field of nanotechnology propel the progression of
biosensors. These biosensors gain selectivity, stability, sensitivity, linearity, and
reproducibility thanks to their new properties. The research on biosensors is multi-
disciplinary, which means that it combines various scientific disciplines, such as
electronics, food processing, nanotechnology, medical sciences, etc. In fact, biosen-
sor technology has provided a strong platform for improving quality of life. In
addition, the incorporation of nanotechnology into biosensor research has brought
it more research interest and more high-quality production (Prajapati et al. 2020). A
variety of nanoparticles containing nanowires and nanotubes, based on metals,
semiconductors, polymeric species, or carbon, have been broadly studied for their
ability to increase biosensor responses. Nanoparticles can be used to complete
various tasks, such as modifying electrode surfaces and improving biological recep-
tor molecules like enzymes, antibodies, and oligonucleotides (Murphy 2006). The
classification of nanobiosensors varies depending on the nature of the nanomaterials
that are combined in the biosensing operation (Mahato et al. 2020; Kumar et al.
2019; Mahato et al. 2018).

In addition, we categorize biosensors on the basis of two criteria, namely the type
of substance to be analyzed and the signal transduction mechanism used. Biosensors
follow the convention of being named after the nature of the analyte; for instance,
they are named antigen biosensors when they sense antigens and enzyme biosensors
when they sense enzymes. Similarly, biosensors can be divided according to their
sensing mechanism into the following four types: (a) optical, (b) calorimetric,
(c) electrochemical, and (d) acoustic. Each of these groups of sensors is based on
the transduction mechanism and includes a series of overlapping sensors subsumed
under it. For example, electrochemical sensors have potentiometric and amperomet-
ric biosensors, and optical biosensors carry optical fiber–based sensors. By studying
various nanobiosensors, we can learn which characteristics of nanomaterials
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improve various sensing mechanisms. In fact, nanoparticle-based biosensors use
metallic nanoparticles as amplifiers of biochemical signals. Further, nanobiosensors
that use carbon nanotubes as amplifiers of the reaction are nanotube-based sensors,
while biosensors that use nanowires for charge transportation and as charge carriers
are nanowire-based biosensors. There are also quantum dots–based sensors, which
use quantum dots as the contrast factors to improve optical responses. The major
classes of nanobiosensors are as follows: (a) nanoparticle-based sensors,
(b) magnetic biosensors, (c) electrochemical biosensors, (d) nanotube-based sensors,
and (e) nanowire-based sensors (Malik et al. 2013). Electrochemical biosensors
simplify or analyze biochemical reactions by using electricity.

These devices are often based on metallic nanoparticles. The chemical reactions
among biomolecules can be easily and efficiently carried out with the help of
metallic nanoparticles, which are crucial in immobilizing one of the reactants. This
ability makes these reactions very material specific and eliminates the possibility of
generating undesirable side products. Table 1.1 shows an overview of the nano-
materials that are used for improving biosensor technology. Nanobiosensors have
biomedical, diagnostic, environmental, and other applications (Malik et al. 2013).

Nanomaterials are special candidates in many biofuel systems thanks to their
large surface areas and specific characteristics: durability, efficient storage, high
catalytic activity, crystallinity, stability, and adsorption capacity. The effects on the
metabolic reactions of bioprocesses generating biofuel are increased with nano-
materials such as nanotubes, metallic nanoparticles, and nanofibers. Nanoparticles,
which are commonly used to reduce inhibitory compounds and as catalytic agents,
help increase the activity of anaerobic consortia and transmit electrons in order to
increase the process efficiency. Nanomaterials such as nanocrystals, nanodroplets,
and nanomagnets are also utilizing such nanoadmixtures to increase the mixing
performance of biofuel with diesel and petrol/gasoline (Nasrollahzadeh et al. 2019).

Table 1.1 Overview of nanomaterials that are used for sensing technology

Nanomaterial Benefits References

Carbon
nanotubes

Superior electrical communication, improved
enzyme charging, and superior aspect ratios

Malik et al. (2013) and
Zhao et al. (2002)

Nanoparticles Excellent bioanalyte charging, improved
immobilization, and fine catalytic attributes

Luo et al. (2006) and
Merkoçi et al. (2005)

Quantum
dots

Size-adjustable band energy, high fluorescence,
quantum confinement for the charge bearer

Wang et al. (2002) and
Huang et al. (2005)

Nanowires Strong electrical and sensing attributes for
chemical sensing and biosensing, better charge
conduction, high versatility

Malik et al. (2013) and
Mackenzie et al. (2009)

Nanorods Excellent at finding specific answers, good
plasmonic substances that can combine with
sensing and size-adjustable energy regulation,
compatible with Microelectromechanical systems
(MEMS)

Malik et al. (2013) and
Ramanathan et al. (2006)
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8 Conclusions

Nanobioelectrochemistry shows a lot of promise in modeling new forms of matter by
collecting molecules from biological structures, substances, and systems. Using
nanosize substances brings a substantial increase in surface area and possible
benefits from their unique properties at that size. At the nanoscale, life is a complex
nanotechnological system containing a series of self-assembling processes. Nano-
bioelectrochemistry promises to make medical advances such as early detection, fast
analysis by using a lab-on-a-chip, tissue regeneration, and new medicines. Nano-
medicine requires carrying out repairs at the cellular level inside the human body,
where the minute size of nanostructures can work well with the cell surfaces of
biomolecules.
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Abstract

Various organs or tissues of living things can be damaged by diseases or biolog-
ical, physical, and chemical damages. Their treatment has led to the development
of numerous new biomaterials that enable the regeneration of many living things.
Biomaterials constitute an important part of the materials consumed in the health
sector today, and their market shares in the world are increasing day by day. When
materials are reduced to nano-dimensions, their biological, physical, and chem-
ical properties and functions change significantly and show improvements in the
desired direction for many applications. Biomaterials have helped millions of
people achieve a better quality of life in almost every corner of the world.
Nanobiomaterials (NBMs) are used in many fields, and their most critical appli-
cations can be summarized as drug delivery, antibacterial applications, and
bioimaging. Nanomaterials have significant toxicity values due to their high
surface area and activity. In this chapter, a classification of NBMs has been
made, and various properties have been reviewed. First, NBMs were divided
into natural and synthetic. Two classes of natural biomaterials, protein-based and
polysaccharide-based, were investigated. Synthetic biomaterials are divided into
six groups as metallic, ceramic, polymeric, carbon-based, composite, and com-
bined, and the general structures of the materials in this subgroup are reviewed.
Then, the toxic, mechanical, electrical, magnetic, thermal, optical, and smart
properties of NBMs were investigated. Also, drug delivery, antibacterial,
bioimaging, tissue engineering, and infection properties of NBMs were
discussed. Finally, after focusing on the functionalization of NBMs, the study’s
general findings are summarized in the conclusion section, and a perspective on
the future of these materials is given.

Keywords

Nanobiomaterials · Smart biomaterials · Drug delivery · Tissue-engineering ·
Functionalization
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1 Introduction

Many acceptable definitions have been made for the biomaterial to date. Some of
these definitions are as follows; “it is a pharmacologically and systemically inert
material fabricated to be combined with or placed within living systems” or “an
inanimate material used in any device that will interact with the biological systems”
or as stated by the US National Institute of Health, “biomaterial is any substance
other than drugs that can be utilized for any time to maintain or improve the quality
of life of the individuals, and to perform any tissue, organ or body function partially
or completely” (Thomas et al. 2018).

Various tissues or organs of living things can be damaged by diseases or biolog-
ical, physical, and chemical destructions, and their treatment, regardless of tissue or
organ transplantation, has led to the improvement of a large number of novel
materials that allow the regeneration of many tissues and serve as scaffolds or
implants. Great efforts are being made worldwide to develop novel biomaterials to
improve human living standards by restoring tissue with scaffolds or replacing
dysfunctional organs. Due to the exponential growth of the population and the
increasing life expectancy, the need for a wide variety of biomaterials that can repair,
regenerate, or replace hard and soft tissues like cartilage, bone, skin, and blood
vessels is increasing day by day (Thomas et al. 2018). The global biomaterials
market, which was USD 70.90 billion in 2016, is estimated to reach USD 149.17
billion in 2021 (Seifalian 2019). Today, many biomaterials made from organic and
inorganic nature materials are widely used in therapeutic medicine, especially for
device-essenced treatments, porous scaffolds in tissue regenerations, drug delivery
systems, and bioimaging for diagnosis.

The most widely used metal implants in biomedical implementations were
developed after the invention of stainless steel in 1913. The most important proper-
ties of first-generation metal implants developed in the 1960s and 1970s were
biologically inertness. Second-generation biomaterials produced from bioactive
materials with resorbable or bioactive properties were developed in the mid-1980s.
Third-generation biomaterials currently being studied are combined with the multi-
ple biological functions to activate genes and cells to stimulate the regeneration,
heal, or repair of living tissues after implantation (Yang et al. 2017).

Tissue engineering (TE) aims to regenerate, reproduce, and repair tissues or
improve regeneration rates in cases where tissue damage or dysfunction occurs
and these tissues cannot heal themselves. Biomaterials help tissues to regain their
natural functions by interacting between natural healing processes and medicines.
Thus, biomaterials must be able to mimic the molecular structure of tissues and
provide a protective extracellular medium. To achieve excellent results in TE
implementations, biomaterials must have impressive biocompatibility, not cause
any adverse reactions, and be enormously porous structures with interconnected
channels for cell growth and metabolism. Also, their bioabsorbability or biodegrad-
ability rates should be suitable for use in real clinical implementations. Apart from
these, they must have good mechanical features to withstand any stress, an
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appropriate surface structure for cellular adhesion, and the ability to be easily
machined into three-dimensional shapes and sizes for a wide variety of
implementations (Lin et al. 2019).

2 Material-Essenced Classification of Nanobiomaterials

Biocompatibility is the acceptance of implanted materials by surrounding tissue or
organ in living things. Biomaterials can be primarily classified according to their
biocompatibility as bioinert, bioactive, and bioabsorbable (Thomas et al. 2018):

Bioinert biomaterials refer to materials that produce a minimum adverse response to
tissues or organs in the living things after contact with biological systems.
Titanium, stainless steel, zirconia, alumina, and polyethylene used in dental
implantation can be given as examples of this class. But bioinert biomaterials
coated with fibrous capsules for their functionalities provide to tissue combina-
tion via implantation.

Bioactive biomaterials interact with the soft tissue of living things via stimulating
mechanisms, initiating repair and regeneration processes. Synthetic hydroxyapa-
tite, bioglass, glass-ceramic, and bioabsorbable tricalcium phosphate are the
finest examples of this group. They are often coated on the surface of metal
implants to increase their biocompatibility.

Bioabsorbable biomaterials generally interact with physiological fluids after
implantation into the living things, dissolve in the biological environment, and
then reabsorb into the human body through multiple metabolic processes and are
gradually replaced by lately formed tissues like skin and bones. Polylactic-
polyglycolic acid copolymers, gypsum, tricalcium phosphate, calcium carbonate,
and calcium oxide are biomaterials widely used in the past three decades.

Furthermore, biomaterials can be categorized as synthetic and natural biomate-
rials depending on available sources. Additionally, natural biomaterials are split into
protein-essenced and carbohydrate-essenced biomaterials. Synthetical materials are
studied as metals, ceramics, polymers, composites, and combined biomaterials
(Thomas et al. 2018).

2.1 Natural Biomaterials

Natural biomaterials are substances used to produce scaffolding or other implants
obtained from natural resources or consisting of their forms modified with certain
chemicals. Natural biomaterials can be split into two major groups as polysaccharide
and protein-structured due to the nature of their origin (Barua et al. 2018).
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2.1.1 Protein-Essenced Natural Biomaterials
Protein-based biomaterials consist of amino acids as the main component and certain
recombinant proteins. They contain some biological and mechanical patterns
obtained from natural proteins that ensured constructional brace and direct tissue
or cell behavior. Fibrin, collagen (Col), and silk are the veriest studied protein-
essenced natural biomaterials.

Silk is a protein-essenced polymer transformed into fiber by certain Lepidoptera
larvae, including silkworm, spider, scorpion, mite, and fly. Along with water and
some organic solvent-soluble gelatin materials, silk protein has been broadly utilized
to produce composite scaffolds with 3D porous for renewal of skin, bone, and
ligament tissues.

Collagen is a protein that ensures structural stability and strength in tissues,
including tendons, cartilage, skin, bone, and blood vessels in the body. Col cross-
linked with chitosan fibers, Hap, and mesenchymal stem cells has been utilized to
fabricate porous scaffolds to repair bone tissues.

Fibrin, a natural polymer, is derived from fibrinogen protein that provides cell
attachment by inducing angiogenesis, supporting many living tissues and wound
healing. Fibrin-essenced hydrogel scaffolds are commonly utilized in treating carti-
lage and bone tissue as examples of TE implementation.

2.1.2 Polysaccharide-Essenced Natural Biomaterials
Natural polymers mimic the natural macromolecular environment of cells and
exhibit exceptional biocompatibility with favorable mechanical properties and the
ability to be loaded with growth elements essential for bone formation.
Polysaccharide-essenced biomaterials are native polymers derived from polysaccha-
rides containing various sugar monomers. Polysaccharides, highly bioactive for TE
implementations, are attained from animal or plant sources. Polysaccharide bio-
materials like hyaluronic acid, chitosan, alginate, and agarose have been widely
utilized to develop scaffolds in TE.

Chitosan is a significant linear structured polysaccharide attained by the partial
deacetylation of chitin, which is found as an essential constituent in the cell walls of
yeast and fungi or exoskeleton of arthropods, and some parts in fish, jellyfish, crab,
lobster, shrimp, coral, ladybug, butterfly, and invertebrates. Chitosan has proven to
be a biomaterial that can be used to fabricate various poriferous composite scaffolds
(Azmana et al. 2021).

Alginate, which is sodium, magnesium, or calcium salt of alginic acid, is a
biopolymer formed of unbranched exopolysaccharides obtained from particular
seaweed, brown algae, and bacteria. Alginate is used widely in biomedical
implementations as oral transporting templates for protein drugs, scaffolds for
wound healing and TE, and microencapsulation of cells and other nanobiomaterials
(NBMs) (Wang et al. 2021).

Hyaluronic acid is a polysaccharide found in the extracellular matrices of tissues
and supports early inflammation, crucial for wound heal. Hyaluronic acid is com-
monly used in the fabrication of composite bone skeletons. It has good
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biodegradability, biocompatibility, the capability to sustain a hydrated medium
useful for cell percolation, and unique viscoelastic properties (Dovedytis et al. 2020).

Agarose is a seaweed polysaccharide attained via the extraction of red algae and
particular seaweeds. Agarose-essenced hydrogel and composite scaffolds prepared
from agarose with HAp find their implementations in the engineering for bone tissue
(Zarrintaj et al. 2018).

Gellan Gum (GG) and Derivatives, fabricated via fermenting the Sphingomonas
elodea bacteria that live on Elodea Canadensis algae, are extracellular, anionic, and
high molecular weight polysaccharides. GG has been used in various cellular and
acellular TE implementations like the regeneration of intervertebral discs to enhance
their mechanical features, checking the blood vessel growth and endothelial cells
percolation (Pina et al. 2015).

2.2 Synthetic Biomaterials

Synthetical biomaterials are generally made from artificial ingredients. It is likely to
divide synthetic biomaterials into five main categories: metallic, ceramic, polymeric,
carbon, and composites.

2.2.1 Metallic Biomaterials
Metals are one of the furthermost commonly utilized scaffolding materials to
produce implants for load-bearing situations. For example, metallic implants are
generally preferred in many of the most widespread orthopedic surgeries. These
implants include screws, simple wires, joint prostheses for shoulders, hips, knees,
ankles, etc. Furthermore, metal implants are widely preferred in cardiovascular
surgery, dental materials, and maxillofacial surgery, as well as orthopedics. The
most frequently used metals and their alloys in medical device implementations are
stainless steel, iron and titanium alloys, magnesium and zinc alloys, cobalt-essenced
alloys, and zirconium alloys (Ping 2014).

2.2.2 Ceramic Biomaterials
Ceramic materials have usually been utilized to restore teeth in dentistry. These
materials are used to produce various biomaterials such as dental crowns, cements,
and prostheses. Certain ceramic scaffolds have been employed in joint replacement
expansion and bone reparation. But, their use in load-bearing implementations is
quite limited due to their weak fracture toughness. This group includes HAp,
biphasic CaP, and β-tricalcium phosphate (HAp and β-tricalcium phosphate mixture)
and apatite/wollastonite. These glass-type ceramics can be suitable matrices in bone
renewal applications because of their micro/nanostructures and advanced mechani-
cal features, for example, they can be used as intramedullary plugs to replace the
total hip. The cytocompatibility of glass-ceramics functionalized by lysine has
increased (Long et al. 2014).
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2.2.3 Polymeric Biomaterials
Various polymers have been broadly utilized as biomaterials in many medical
applications. Their implementations cover various areas from facial prostheses to
tracheal tubes, heart components, liver parts, kidneys, prostheses, knee, and hip
joints. Apart from these, polymeric biomaterials are widely used to prepare sealants,
medical adhesives, and coatings for various functions such as imparting hydrophilic/
hydrophobic properties or increasing biocompatibility. The physical features of the
polymers used as biomaterials are very similar to soft tissue and are highly beneficial
for repairing vascular walls, cartilage, tendon, and skin, as well as drug delivery and
the like. While polyethylene is utilized instead of joint prostheses, polycaprolactone
is used for absorbable screws, sutures, and plates to straighten the fractures (Teo et al.
2016).

2.2.4 Carbon-Essenced Biomaterials
Carbon-essenced nanomaterials (NMs) comprise carbon-essenced quantum dots,
graphene oxide, graphene and its derivatives, carbon nanotubes, fullerenes, and
nano-diamonds. These NMs have received significant attention in a variety of fields,
inclusive of biomedical implementations, because of their matchless structural sizes
and outstanding mechanical, optical, thermal, electrical, and chemical properties.
Among the many applications, capacious studies have recently been performed on
the cells and tissues imaging and the delivery of the therapeutic molecules for the
reparation of tissue injuries and disease treatment. Carbon-essenced NMs have
become nominee-imaging agents for tumor diagnosis due to their biocompatibility,
wide-range single-photon properties, and easy functionalization (Patel et al. 2019).

2.2.5 Composite Biomaterials
The most efficient composite NBMs used in dentistry are dental cements and
restoration materials. Carbon-strengthened polymers, and various carbon-carbon
composites are widely preferred for joint implantation and bone reparation due to
their low elastic modulus. In addition, composite biomaterials are widely used for
prostheses limbs. Their low density/weight and high strength properties made
nanocomposites the superior scaffolding for such implementations (Ebara et al.
2014).

2.2.6 Combined Biomaterials
In recent years, research has focused on improved structure and dimensionally stable
biomaterials. Col/functionalized multiwalled carbon nanotube/chitosan/HAp com-
posite scaffolds have been extensively studied as an example of a natural/synthetic
biomaterial combination (Türk et al. 2018). Aliphatic polyesters such as polylactic
acid, polyglycolic acid, and their copolymers are widely utilized in surgery stitches,
drug-delivery systems, and TE. Furthermore, various copolymers are utilized as
biodegradable matrices for cell microencapsulation and drug delivery systems (Ali
et al. 2013).

Properties of fabricated biomaterials can be varied via blending, chemical mod-
ification, and copolymerization. Natural/natural combinations of biomaterials
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consisting of wood, bone, cartilage, dentin, collagen, and skin are used as absorbable
biomaterials such as spongy wound dressings, drug delivery microspheres, and
polyamino acids (Lakes 2000).

A smart drug delivery system consisting of NCQDs-based Dox and HA can be
given as another combined biomaterial (Fig. 2.1). In this study (Türk et al. 2021), the
synthesized combined biomaterial is an injectable hydrogel formed by in situ self-
crosslinking, and it was observed that it is pH sensitive and the combined

Fig. 2.1 (a) Schematic illustration of tumor cell-triggered release mechanism of NCQDs-essenced
injectable self-cross-linking and in situ producing hydrogel as a combined biomaterial; (b) mor-
phology of NCQDs/HA/Dox (0.6/0.2/0.2 wt/vol) combined hydrogel; (c) antibacterial activity of
NCQDs/Dox (left, 0.6/0.2 wt.) and NCQDs/HA/Dox (right, 0.6/0.2/0.2 wt) versus S. aureus
bacteria on agar medium; and (d) the multicolor bioimaging potency of NCQDs (1 μg/mL) cultured
in MCF-7 and L929 cell lines shows DAPI (Blue), GFP (Green), and RFP (Red). (From Türk et al.
(2021), with permission)
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biomaterial. It has increased antibacterial properties and also can be used in the field
of multicolor bioimagination.

3 Properties of Nanobiomaterials

For the selection of NBMs to be used in any biomedical application, it is essential to
know their properties such as toxicity, mechanical, electrical, magnetic, thermal,
optical, and smartness.

3.1 Toxicity Properties

Nanomaterials (NMs) are regarded destructive as they can pass through the cell
dermis. NMs can have considerable toxicity values because of their large surface
areas and superior reactivities. While NMs cause irritation and carcinogenic effects
when in contact, if inhaled, they are entrapped in the lungs because of their
extremely low mass and cannot be excreted. The toxicity of NMs depends on several
factors such as duration of exposure and dose, aggregation and concentration,
particle size and shape, surface area, crystal structure, surface functionality, and
pre-exposure effect (Jeevanandam et al. 2018). Figure 2.2 shows the nanoparticles
(NPs) species, experimental models, and toxic properties of NPs.

Fig. 2.2 Kinds of NPs, experimental models, and toxic properties of NPs. (The figure was adopted
and reproduced with permission from Kumar et al. (2017); Tynga and Abrahamse (2018))
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3.2 Mechanical Properties

The mechanical properties of a material are defined by its reaction to physical forces
it is exposed to. The mechanical properties of biomaterials are examined in two
parts: elastic and viscoelastic properties and final properties such as plasticity, fatigue
damage, fracture, and so on (Capurro and Barberis 2014). It is vital to know the
biomaterials’ mechanical features to be used in different biomedical applications.
For example, by adjusting the elastic modulus of the biomaterial used as an implant
between 4 and 30 GPa, the bone can be protected from stress. Furthermore, the
biomaterial should be of high strength and low modulus in order to extend the life of
the implant and avert loosening and not require revision (Hussein et al. 2015).
Because NMs have higher surface tension values due to their higher tensile strength
than bulk materials, they allow more robust connections between different clusters of
particles. Thus, NMs can tolerate higher tensile or stretching forces without deteri-
oration (Hakkani 2020).

3.3 Electrical Properties

Electroactive biomaterials are new posterity smart materials that enabled electrical
signals’ direct transmission through controlling electrical potential. Electroactive
biomaterials can adapt their physical, chemical, and electrical features to the require-
ments of the implementation area. Conductive polymers, photovoltaic and piezo-
electric materials, and electrets are biomaterials with electroactive properties
(Tandon et al. 2018).

Electrical stimulation and controlled drug delivery are candidates for promising
treatment methods for enhanced wound healing in damaged tissues with electro-
active biomaterials. Conductive polymers and piezoelectrics as electroactive bio-
materials have shown encouraging results in treating injuries to tissues such as skin,
nerves, and bones. Electroactive matrices, especially piezoelectric ones that exhibit
electrical and electromechanical properties, have a strong potential to build active or
smart scaffolds that properly regenerate certain tissues, and especially increase the
functionality of tissues in such as muscle and bone tissues (Ribeiro et al. 2015;
Tandon et al. 2018).

3.4 Magnetic Properties

Among various functional NMs, magnetic nanoparticles (MNPs) have been expan-
sively studied for different biomedical implementations, including medical imaging,
therapy, drug delivery, magnetic separation, and biosensors. In particular,
biocoherent iron oxide-essenced MNPs have been used as cancer imaging and
therapy, magnetic resonance contrast agents, and iron supplementations and are
ratified by the FDA for clinical implementations. The dimension, shape, and size
distribution of MNPs greatly affect their magnetic properties (Kang et al. 2017).
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Instead of choosing between natural or synthetic materials, it is often an excellent
alternative to use them together. Combinations of MNPs with natural polymers are
widely used to prepare advanced magnetic scaffolds in TE applications (Li et al.
2012). These magnetic scaffolds provide some extra advantages other than their
using purpose: (i) Due to the ferromagnetic properties of magnetic scaffolds, the
regions where they are located can be followed in vivo via magnetic resonance
imaging; (ii) cell adhesion, proliferation, and differentiation to MNPs in scaffolds
can easily occur during in vitro studies; and (iii) one of the most important features of
this type of magnetic scaffold is that they gain magnetic momentum with an exterior
magnetic field and act like magnets. Thus, they attract functionalized MNPs that are
injected imminent to their implanted area. This situation allows MNPs loaded with
drugs, cells, and growth factors to be directed and accumulated into the area to be
treated after being injected (Li et al. 2012; Ziv-Polat et al. 2012).

3.5 Thermal Properties

Polymeric, metallic, ceramic, and composite NBMs, separately or together, are
widely used in the biomedical field. These NBMs have different thermal properties
such as expansion and contraction with temperature change, for example, polymeric
materials expand more than metallic and ceramic materials. Due to the lowest
thermal expansion coefficient, ceramic NBMs used in biomedical applications may
hardly expand at all. The matrix that makes up the composite NBMs and the
expansion of other materials that act as reinforcements must be compatible with
each other. The possible cracking problem in interfaces of the composites could be
solved by using the coating materials having the properties in between matrix and
reinforcement.

It is vital to know the thermal features of biomaterials to solve many critical
medical problems. Temperature changes occurring in organs are a native result of
any heat exchange process. Hence, it is necessary to use ceramic, polymeric mate-
rials, or their composites with low-heat conduction coefficients to provide cryopres-
ervation of the organs. Safe, simple, hemostatic, fast, and at the same time limiting
cryosurgery has been used successfully in extreme cold surgeries for almost
100 years to prevent or destroy tissues. Another advantage of cryosurgery is that
relatively difficult accessible parts of the organs can be approached without much
interruption in the upper structures. Stainless steel, titanium alloys, and ceramic
biomaterials are widely used in cryosurgery.

Thermal stress exhibits detrimental effects causing numerous physiological devi-
ations of medical importance. Notable examples are heat stroke, burn injury, heat
fatigue, dip injury, frostbite, and accidental hypothermia. Irreversible tissue damage
caused by thermal injuries are challenging problems to solve.

Surgical hypothermia has regained attention in the last 10 years, as many studies
to repair complex cardiac lesions have been conducted under conditions of hypo-
thermic cardiac arrest. When working under hypothermia conditions, stainless steel
and titanium alloys resistant to these conditions are used (Frederick Bowman et al.
1975).
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3.6 Optical Properties

The optical features of NMs are one of their most charming and valuable properties
enabling them to find many application areas. Optical detectors, sensors, laser,
imaging, screen, phosphorescence, photoelectrochemistry, photocatalysis, solar
cell, and biomedicine are implementations based on the optical features of NMs.
The optical features of NMs are particularly dependent upon variables like shape,
size, and surface properties, as well as further parameters such as doping material,
quantity, and nearby microenvironment or interaction with other nanostructures.
Similarly, their shape can have an important effect on the optical features of metal
nanostructures. While the optical features of metal NPs alter very little as the
nanoparticle grows, when anisotropy is adjoined to the nanoparticle, for example,
the growth of nanorods, their optical properties vary meaningfully. Quantum dots
(QDs) are colloidal luminescent NMs with advanced optical features such as wide
excitation and narrow emission spectra, and high photoluminescence. Because of
these properties, QDs are widely used in light-emitting diodes, sensors, solar cells,
and biomedical diagnostics. The most critical parameters for using QDs in biological
implementations are luminescence intensity, water solubility, and toxicity time
against cells. As shown in Fig. 2.3, fluorescent carbon QDs attract attention as
easy-to-synthesis NBMs used in bioimagining, optoelectronic, biomedicine, and
biosensing applications due to their multicolor emission properties (Mazrad et al.
2018).

Fig. 2.3 Survey of the resources, fabrication methods, and implementations of fluorescent carbon
QDs. (Reproduced from Mazrad et al. (2018) with permission from The Royal Society of
Chemistry)
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3.7 Smart Biomaterial Properties

Smart drug transport systems (Fig. 2.4) utilizing liposomes as nanocarriers contain
(i) smart nanocarriers carrying anticancer drugs to the cancer area, (ii) targeting
structures to find the cancered area, and (iii) stimulating methods to release pre-
accommodated loads in the cancer cell area (Hossen et al. 2019).

Particles with sizes of 1–100 nm are commonly recognized as NPs. Presently,
NPs are described as volume-specific surface areas. Naturally, particles with a
volume-specific surface area identical to or more than 60 m2/cm3 are described as
NPs. NPs are named nanocarriers when they function as transport for further sub-
stances. Traditional nanocarriers do not have the capability to transport and release
drugs at the correct dose in the specified area under internal or external excitations.
Thus, archetypal nanocarriers are not smart drug transport systems, but they can be
made smart by modification or functionalization. Smart nanocarriers should have the
following features. First, smart nanocarriers must evade the purging process of the
immune system of the body. Second, they must only be amassed at the targeted area.
Third, the smart nanocarrier should deliver the drug at the targeted area to correct
concentrations under internal or external excitations (Peer et al. 2007).

In the last decade, as well as nano-/micro-sized fibrous structures, more impor-
tance has been given to mono fibers structures due to the features of nanoscale
structures such as more porosity, a large number of pores, and high specific surface
area. Fibrous structures are widely utilized in cell culture scaffolds for wound
dressing and TE applications, especially due to the similarity of nanofibers to the
extracellular matrix, which is a biomimetic possession. The use of smart fibers as
biomaterials is fairly new; though, they have been utilized in this manner for less

Fig. 2.4 Anticancer drug loading and releasing mechanisms of liposome-essenced smart drug
transport systems used in cancer therapies. (From Hossen et al. (2019), with permission)
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than a decade due to the instability of fibrous structures in aqueous solutions both
above and below the lower critical solution temperature. Smart fibers, which are
generally produced from heat-sensitive polymers, dissolve rapidly, and their struc-
ture is degraded during biomedical implementations as they have high water solu-
bility; therefore, they must be bonded with strong cross-links in order to maintain
their structure (Kim and Matsunaga 2017).

4 Applications of Nanobiomaterials

Applications of NBMs are constantly increasing. The most critical applications of
NBMs can be summarized as topics such as TE, drug delivery, antibacterial appli-
cations, bioimaging, and infection field.

4.1 Drug Delivery

Developments in biomaterials used in drug delivery systems provide considerable
advances in pharmacy, medicine, and biology. Multidisciplinary partnerships
betwixt biologists, physicists, chemists, clinicians, and engineers fabricate innova-
tory materials and strategies to treat various diseases. Incredibly, last progress
contains significant advancements in materials using for autoimmune diseases,
cancer immunotherapy, and genome editing (Fenton et al. 2018).

Traditional drug delivery systems used for chemotherapeutic agents encompass
numerous critical topics correlated with poor specificity, sensitive toxicity, and
induction of drug resistance, which cause the therapeutical efficacy of most drug
systems to diminish delicately. Nano-carrier-essenced systems are specialized plat-
forms for the delivery of chemotherapeutically effective drugs, usually constituted of
colloidal NPs of nano-sizes (generally <100 nm) characterized via greater surface/
volume ratios. These prototypical nanosized systems have made possible active
(inclusion of anticancer) drugs to be effectively delivered to diseased tissues. The
general purpose of nanocarrier employment in drug transport implementations is to
effectively cure a disease by minimal side influence, thus benefiting from the
(patho-) physiology of the diseased tissue micromedium to improve therapeutic
outcomes sensitively.

Novel smart nanostructured drug delivery systems can be separated into inorganic
and organic nanocarriers by nature, while their physiochemical features can be
adjusted by changing their compositions (inorganic, organic, hybrid, or composite),
shapes (hyperbranched, rod, cube, sphere, and multilayered or multilamellar struc-
tures), sizes (great or small sizes), and surface features (surface charge, surface
modification by functional groups, various coating processes, PEGylation, or bond-
ing of targeting components). Although some nanocarrier-essenced systems have
been ratified for the therapy of different diseases (inclusive of tumors), other studies
are ongoing at various stages of clinical trials (Ventola 2017).
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With growing awareness of cancer stem (like) cell biology and the advent of
nanotechnology, the past decade has seen a large array of engineered systems
forming to reach the goal of cancer stem (like) cell-targeting. Recorded nano-types
introduced and tested to degrade cancer stem (like) cells by alteration of transported
cargo and nanocarriers are summarized in Fig. 2.5 (Shen et al. 2016).

4.2 Antibacterial Applications

Antimicrobial NMs have attracted great attention in both academic research and
daily practice. Instead of using active antimicrobial polymers that kill microbes
directly, it would be a better choice to use nonactive antimicrobial polymers that
prevent bacterial attachment and growth. The biocide release system of three bonded
or leach polymers among the biocide releasing polymers, biocidal polymers, and
polymeric biocides shows the most potential due to their controlled release proper-
ties. In spite of the significant advances in the developments of antimicrobial poly-
mers, further studies are needed to elucidate the mechanisms that precisely explain
antimicrobial interactions with microbes. Especially, elucidating the mechanisms
associated with biofilm requires an intense effort to develop promising antimicrobial
materials. A polymer that combines various antimicrobial mechanisms in its

Fig. 2.5 Various approaches to target cancer stem cells using different anticancer therapeutics,
whose efficacy has increased with the advancement of drug delivery systems. Four groups of NPs
delivery systems are used for cancer stem cells-essenced therapy; (a) Transport of chemical agents
specific to cancer stem cells; (b) transport of nucleic acid drugs specific to cancer stem cells; (c)
combination application of customary anticancer drugs and chemical agents specific to cancer stem
cells; (d) combination application of customary anticancer drugs and nucleic acid drugs specific to
cancer stem cells; and (e) use of some NPs modified with ligands or antibodies for specific targeting
to cancer stem cells. (From Shen et al. (2016), with permission)
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structure can contribute to the emergence of a more effective antimicrobial material
(Huang et al. 2016).

Hydrogels can be used as alternative and suitable antibacterial biomaterials
instead of conventional antibiotic treatments. Local application, enhanced biocom-
patibility, controlled and longtime release, stimulated on-off release, and increased
mechanical toughness are prominent features that a spacious variety of hydrogels
can ensure, and this is accurately what antibacterial biomaterials need. Hydrogels
with antibacterial properties can be broadly used in urinary tract coatings, gastroin-
testinal infections, catheter-related infections, osteomyelitis, wound dressings, and
contact lenses. Considering the current investigations on the enhancement and
implementation of antibacterial hydrogels, many researchers are investigating com-
binations of hydrogels made of PEG, polysaccharides, or other hydrophilic polymers
with various bactericidal agents. Biodegradability and biocompatibility are
extremely significant necessities for the therapeutic use of hydrogels. Also,
hydrogels used as a drug carrier should have high drug loading efficiency. As for
the side effects, once hydrogels are biodegraded, they should not cause inflammation
at the adjacent connective tissues. Given the aforementioned factors, smart hydrogel
systems should be benefited to overwhelm the difficulties caused by local anti-
bacterial drugs (Lin et al. 2019).

4.3 Bioimaging

The advantages of MNPs offer the potential to be used in many medical
implementations like diagnosis, bioimaging, drug delivery systems, and therapy.
MNPs, particularly superparamagnetic iron oxide NPs, developed with various
formulations for use in medical and clinical applications such as imaging and
therapeutics, have been extensively researched in the last decade. The biocompati-
bility and targeting-ability of MNPs can be evolved via the surface coating, which
allows modification of surface properties, inclusive of chemical functionalities and
physical features. But the covering material should be selected extremely carefully to
provide the expected surface properties for a particular biomedical implementation.
Usage of biocompatible polymers as coating material possesses unique advantages,
such as boosting colloidal stability, hindering aggregation, avoiding the uptake of
NPs by the reticuloendothelial system, and supplying a large surface for ligands
conjugation like biomolecules and peptides with great affinity to targeted cells. More
investigation is required to better figure out the physicochemical features of MNPs
and how they act in vivo in order to gain broader acceptance of their potential in
clinical implementations. Due to the difficulties encountered in using MNPs in vivo,
their optimal safety and efficiency have not been wholly reached. But these short-
comings can be eliminated by improving magnetic targeted carriers through preclin-
ical experiments and ongoing studies (Mohammed et al. 2017).

Graphene-essenced NMs have been widely used as imaging contrast components
in various bioimaging implementations. Dyes, photosensitizers, QDs, gold nano-
clusters, or up-conversion NPs, functionalized graphene oxide (GO)/reduced GO
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(rGO), are commonly utilized for fluorescence imaging. GQDs and their derivatives
have also been used in fluorescence imaging and two-photon fluorescence imaging
applications due to inherently photoluminescence. GOs were utilized for Raman
imaging, which can be more improved by participating Ag, Au, or Pt NPs due to the
inherent potent Raman signals of the D and G bands. Radionuclide-labeled GOs
were investigated for single-photon emission-/positron emission-computed tomog-
raphy imaging. For magnetic resonance imaging, paramagnetic metal ions or
GO/rGO modified with iron oxide NPs have been developed. rGOs or photosensi-
tizers-/dyes-modified GOs with potent optical absorption in the near-infrared region
are appropriate for photoacoustic imaging. Multiple imaging can be performed with
a combination of other materials with certain features on GOs. Graphene-essenced
NMs will continue to play important roles in various bioimaging applications (Lin
et al. 2018).

4.4 Tissue Engineering

Regenerative medicine and TE are increasingly developing fields because of numer-
ous new tissue replacement and application approaches. Extension of information,
including manufacturing biomaterials with developed biological and physicochem-
ical properties, the prosperous extraction and preparation of stem cells, proliferation
and division parameters, and biomimetic mediums, offer us matchless occasions to
enhance diverse scaffold forms for TE. Advances in soft tissue regeneration or
reconstruction show that new regenerative treatments are crucial in situations of
serious soft tissue forfeit, trauma, diseases, congenital defects, and aging. Among the
diverse scaffolds and biomaterials verified for soft tissue regeneration or reconstruc-
tion, artificial material sorts have attracted countless interest because of their adjust-
ability, high versatility, and easy functional ability properties to provide better
biocompatibility (Janoušková 2018).

On the other hand, treating critical-sized bone defects using biomaterials is a very
important alternative to conventional treatments, including metal implants, allo-
grafts, and surgical reconstructions. Chitosan, a natural biopolymer with adjustable
biological and chemical features, has been widely investigated for its use in bone
regeneration implementations. But, the properties of chitosan, such as water-
insolubility, hemo-incompatibility, faster in vivo depolymerization, and poor anti-
microbial, significantly limit its potential for repair bone defects. Modifying the
chitosan structure with different chemically functional groups offers solutions to
such limitations (Logithkumar et al. 2016). Some examples of biomaterials used in
the TE discipline are given in Table 2.1.

4.5 Infection

The body is protected from many exterior factors such as chemicals, pathogens,
irritants, and harmful substances through the skin. When the skin is damaged or
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worn, due to the fact that the body becomes sensitive to wound infection and
microbial invasion, the formed wound healing is delayed and in some cases, life
can be endangered. It is necessary to cover the wound with a suitable material to
ensure effective healing of wounds and prevent infections. In the past, animal fats,
honey pastes, plant fibers, and various biopolymers have been widely used as wound
dressings. No wound dressing is perfect but should meet the minimum necessities
such as esthetics, cost-effectiveness, quickly healing, and infection prevention,
during treating wounds. Natural polymers have long been used as wound dressing
and skin replacement materials because of their biodegradability, excellent biocom-
patibility, good mechanical strength, and other physical features. Moreover, biolog-
ical dressings have better air and water permeabilities, as well as the ability to resist
bacterial invasion and prevent infection. Bioactive compounds such as antibacterial

Table 2.1 Some biomaterials instances utilized in TE discipline

Biomaterials

Biomedical applications

References
Orthopedic
devices

Drug
delivery

Dental
devices Others

Hydrogels √ Ophthalmological Banigo et al. (2019)

Silk fibroin √ √ Sitarski et al. (2018)

Hyaluronic acid √ √ Sitarski et al. (2018)

Polyethylene glycol √ √ Sitarski et al. (2018)

Poly ε-caprolactone √ √ Sitarski et al. (2018);
Kress et al. (2012)

Polylactic acid √ √ Kress et al. (2012)

Gelatine √ √ Kress et al. (2012)

Hydroxyapatite √ √ √ Banigo et al. (2019);
Kress et al. (2012)

β-tricalcium
phosphate

√ √ Kress et al. (2012)

Glass ceramic √ √ Kress et al. (2012)

Alumina √ √ Banigo et al. (2019)

Magnesium alloys √ √ Kress et al. (2012)

Titanium √ √ Banigo et al. (2019)

Stainless steel √ Stents Banigo et al. (2019)

Dacron Vascular grafts Banigo et al. (2019)

Silicone rubber Catheters, tubing Banigo et al. (2019)

Poly(methyl
methacrylate)

Intraocular lenses,
bone cement

Banigo et al. (2019)

Cellulose Dialysis
membranes

Banigo et al. (2019)

Polyurethanes Catheters,
pacemaker leads

Banigo et al. (2019);
Kress et al. (2012)

Collagen Ophthalmologic,
wound dressings

Banigo et al. (2019);
Sitarski et al. (2018);
Kress et al. (2012)

Poly(lactic-co-
glycolic acid)

Liver and ligament
tissue

Sitarski et al. (2018);
Kress et al. (2012)
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agents, vitamins, growth factors, and the like can be added to biological dressings,
and then through the leisurely and controlled release of bioactive components in the
dressing, both infection formation is prevented, and tissue regeneration and wound
healing accelerate. Considering that the expectations for skin regeneration and the
care of various wounds are increasing day by day, biological dressings with very
superior properties to conventional natural wound dressings can be developed using
NMs (Wang et al. 2020).

Wounds types vary widely depending on the reasons they occur, and they have
their own discriminating healing times and needs. Due to this awareness, many
wound dressings with various properties have been developed. While developing
different wound dressings, different NMs such as hydrogels, hydrocolloids, silk, and
collagen-based dressings, foam dressings, alginate dressings, and synthetic polymer
films were used, considering the wound healing properties and mechanisms of each.
Recently, research on the development of wound dressings with superior properties
by coating natural and synthetic polymers to ultrathin films and nanofibers using the
electrospinning method has intensified (Mir et al. 2018; Wang et al. 2020).

5 Functionalization of Nanobiomaterials

Biocompatibility and surface features of biomaterials are extremely important in
their applications in biological systems. Hence, there is serious requirement to
change the surface of the biomaterial to improve their performances in such systems.
The surface possessions of the biomaterial can be changed by modifying its surface
without altering itself. To change the surface properties of NBMs, various physical
or chemical processes are generally applied to atoms, molecules, or functional
compounds on their surfaces, or their surfaces are coated by a thin film of diverse
materials. Surface modification processes applied to NBMs can develop their bio-
compatibility, adhesion, corrosion resistance, energy, deterioration, and tribological
features (Uwais et al. 2017).

The physicochemical properties of biomaterial surfaces, such as functional
groups, hardness, topographic properties, and interfacial free energy, can signifi-
cantly affect the biochemical reaction mechanisms in the biological environments in
which these materials are used (Fig. 2.6). Also, widely used chemical processes and
physical techniques for the modification of surface features can affect the interac-
tions between biomaterials and cells (Rahmati and Silva 2020).

When the literature on coatings utilized to alter the surface properties of bio-
materials is examined, in studies using carbon nanotube/HAp biocomposite coatings
prepared by growing HAp on carbon nanotubes, improved fracture toughness and
strength with osteoblast cell proliferation features were observed (Devgan and Sidhu
2019).

Biomaterials with superior properties can be obtained by combining the advan-
tages of carbon nanotubes and different proteins to treat many diseases. Proteins can
make carbon nanotubes soluble, arrange them concerning their size and steric
properties, coat their surfaces, and make them biocompatible. In contrast, carbon
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nanotubes can immobilize enzymes, forming functional biomaterials used in a
variety of implementations (Nagaraju et al. 2015).

The formation of surfaces to which cells can adhere by coating biomaterials can
form advantages or disadvantages in accordance with conditions. In some applica-
tions, the adhesion, spread, and division of cells to the surface of the biomaterials
used will be extremely important. In contrast, in other cases, such biological
activities on the biomaterial will cause the failure of the biomaterial and conse-
quently the need for replacement or removal. The adhesion of bacteria to the surface
of biomaterials is an example of undesired cell adhesion and causes the biomaterials
used to fail (Ferreira et al. 2015). Appropriate biocompatible materials for surface
modification of metallic biomaterials are comparatively given in Table 2.2.

6 Conclusion and Future Perspectives

Although we consider biomaterials a relatively young field, their origins date back
thousands of years. However, the development of the field of biomaterials took place
after the Second World War. Also, in the first few decades after World War II, many
national and international standards have been developed that require rigorous
testing prior to implantation. Biomaterials constitute an important part of the mate-
rials consumed in the health sector today, and their market share in the world is
increasing day by day. Some of the most common medical devices with a significant
biomaterial component include replacement heart valves, synthetic vascular grafts,

Fig. 2.6 Explanation of the role of physicochemical features of the surface in guiding the
responses of biological systems against biomaterials. Physicochemical characteristics resulting
from various functional groups on the surface of biomaterials can direct signal ways between
cells and molecules. (Published by The Royal Society of Chemistry (Rahmati and Silva 2020))

38 S. Türk et al.



Table 2.2 Some biocompatible materials for surface coating of metallic biomaterials

Coating biomaterials Advantages Disadvantages References

Hydroxyapatite High bioactivity
High biocompatibility

Low strength
Very brittle
Low load-bearing
capacity

Chocholata et al.
(2019); Uwais
et al. (2017);
Tarun et al. (2011)

Tricalcium
phosphate

Supports in vivo
osteogenic
differentiation

Incompressible nature
Slow degradation

Chocholata et al.
(2019); Tarun et al.
(2011)

Bioactive glasses Improve osteogenesis
and differentiation

Low brittleness and
strength

Chocholata et al.
(2019); Uwais
et al. (2017)

Tantalum High bioactivity
High corrosion
resistance

Low elasticity modulus
High affinity to oxygen

Uwais et al. (2017)

Agarose No need cross-linking
agents
Little inflammatory
response in vivo
Wide range of gelling
and melting
temperatures

Poor cell attachment Chocholata et al.
(2019)

Collagen Enzymatically
biodegradable

Complex structure Chocholata et al.
(2019); Tarun et al.
(2011)

Gelatin Enzymatically
biodegradable

Poor mechanical
properties

Chocholata et al.
(2019); Tarun et al.
(2011)

Fibrin Induce improved
cellular interaction
High biocompatibility

Rapid degradation
in vivo
Difficult to maintain
structural integrity

Tarun et al. (2011)

Poly(ethylene
glycol)

Biocompatible
Hydrophilic

Poor cell adhesion Sitarski et al.
(2018)

Polyurethanes High biocompatibility
Excellent mechanical
properties

Toxicity of degradation
products (from aromatic
diisocyanate component)

Chocholata et al.
(2019); Uwais
et al. (2017);

Poly(α-hydroxy
acids)

Degradation products
can be excluded from
the body

Degradation by bulk
erosion
Hydrophobicity of the
polymer surface
Relatively poor
mechanical properties

Chocholata et al.
(2019)

Poly(ε-caprolactone) A low melting point
Nontoxic
Biodegradable

Hydrophobicity
Slow degradation

Chocholata et al.
(2019)

UHMWPE High abrasive
resistance
High-impact strength
Low coefficient of
friction

Low load-bearing
capacity
Thermal instability

Uwais et al. (2017)
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hip and knee prostheses, heart-lung machines, and kidney dialysis equipment. When
materials decrease to nanoscale sizes, their biological, physical, and chemical fea-
tures and functionalities change significantly, and they show improvements in the
desired direction for many applications. NMs possess a long history; however, major
advances in nanoscience and nanotechnology have only been in the last two decades.
The application of nanotechnology to biomaterials has become widespread after
these advances.

Biomaterials have helped millions of people in almost every corner of the world
achieve a better quality of life. Although the use of biomaterials has been widespread
for thousands of years, developments in this area are still ongoing. Nanomaterial
manufacturing methods can be used to produce biomaterials that will interact with
biological systems in the body from natural biocompatible materials.

NBMs are used in many fields, and their most critical applications can be
summarized as drug delivery, antibacterial applications, bioimaging, TE, and infec-
tion fields. NMs have significant toxicity values due to their high surface areas and
activities. NMs can cause irritation, and show carcinogenic effects. If inhaled, they
are trapped in the lungs due to their low mass and cannot be expelled. The toxicity of
NMs depends upon numerous influences like concentration, exposure time and dose,
particle size, surface area, crystal structure, and surface functionality. The biocom-
patibility and surface features play an important role in the responses of the bio-
materials. Therefore, there are serious requirements to adapt the surface of the
biomaterials to improve their performances in biological systems. Devoid of altering
the bulk materials, their surface features can be changed by surface modifications.
Why and how the toxic effects of NBMs on the body of human occur have been
known, but more research is needed on their influences on health before they can be
applied to human subjects.

The design and fabrication of new generation personalized NBMs will be carried
out using advanced methods such as nanotechnological processes, computational
and mathematical models, and 3D printers. Thus, the use of computer-aided design
and manufacturing techniques in developing and producing novel NBMs will lead to
promising advances.
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Abstract

Today, health care is recognized as a combination of prevention, diagnosis, and
treatment of any human diseases that is persistently evolving with efficacious,
rapid, and useful technologies. High standard systems of health care management
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that are gained by making decisions at the right time and on the basis of fast
diagnostics, informatics analyses, and smart data analyses are of great signifi-
cance to provide health care with better quality. In this regard, point-of-care
(POC) technologies ensure rapid detection of various analytes next to the patients
and simplify better diagnosis, monitoring, and management of diseases. In this
way, rapid development of nanobiotechnology that is known as the unique
integration of nanotechnology and biotechnology offers considerable improve-
ments in POC evaluations. Although nanobiotechnology is still in its initial
stages, this multidisciplinary field is leading the science of POC devices more
and more closer to a wider range of applications. Nowadays, nanomaterials are
important components in this field since they clearly increase the efficiency of
POC devices. It seems that in the near future, these developments will affect
almost all fields of medicine, so that POC devices based on nanomaterials will be
available in such a perfect format that presents trustworthy clinical analyses
everywhere.

Keywords

POC · Nanobiomaterials · Diagnosis · Biosensors · Drug delivery

1 Introduction

In 1959, the modern nanotechnology father, Richard Feyman, explained a process
that permits manipulation and control of molecules and atoms via extremely accurate
apparatus. The procedure can be used to design and fabricate systems atom by atom,
at the nanoscale level. Several years later, in 1974, Norio Taniguchi defined and
introduced the term “Nanotechnology” in a scientific conference (Wu and Yang
2001; Wu et al. 2002). Nanotechnology, the basic technology of the twenty-first
century industrial revolution, refers to a leading multidisciplinary field of knowledge
which combines various sciences, namely, engineering, biology, chemistry, physics,
informatics, and medicine. It is a promising technological area of knowledge with
excellent potential to conduct significant advancements in real life. Today, new
nanomaterials, nanodevices, and biomaterials are produced and monitored using
nanotechnology methods to study and adjust the responses, operations, and features
of different living and nonliving substances with sizes less than 100 nanometers
(Fiiipponi and Sutherland 2012; Baranwal et al. 2018). Nowadays, the broad appli-
cation of nanomaterials in different mechanical and electronic systems, tissue engi-
neering, magnetic and optical elements, quantum computing, and a variety of
biotechnologies with dimensions below 100 nanometers and the tiniest characteris-
tics, from economical point of view, is the most important aspect of nanotechnology.
Due to the increasing production of nanomaterials, the fabrication of nanoproducts is
also enhancing rapidly. Fabrication of the aforementioned nanomaterials with sig-
nificant properties will lead to considerable changes in human beings lives, envi-
ronment, health, etc. Nanotechnology, the novel frontier of twenty-first century, has
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appeared as a flexible platform that could present eco-friendly, cost-effective, and
efficacious answers for the sustainable problems and challenges that human beings
will face. Materials, at the nanoscale, have new characteristics such as enhanced
strength, electrical conductivity, and resiliency. Based on these features, nanotech-
nology and nanomaterials provide us the latest potential applications in various
kinds of industries. They are used in the field of health and medicine for treating
or diagnosing different kinds of diseases, in electronics and space exploration,
protecting and monitoring the environment, energy generation and storage, improv-
ing food quality and crop production, and so on (Fakruddin et al. 2012; Nouailhat
2010). Some of the outstanding applications of nanotechnology are demonstrated in
Fig. 3.1.

2 Nanobiotechnology

Biotechnology, as well as nanotechnology, is of utmost importance in the recent
century. It is involved with the physiological processes such as metabolisms of
microorganisms and other kinds of biological substances. Meanwhile, as mentioned
before, in nanotechnology, the aim is to develop devices, materials, or other kinds of
structures with at least one dimension below 100 nanometers. Therefore, by linking
these technologies, nanobiotechnology, as a nanotechnology area which concen-
trated on the biological fields, emerged. As a matter of fact, nanobiotechnology is a
unique integration of nanotechnology and biotechnology that can lead to the fusion
of classical microtechnology and molecular biology in real. Using this approach and
through combining or imitating biological systems or via fabrication of tiny tools to
investigate or modulate various attributes of biological systems based on molecules,
machines of atomic/molecular grade can be constructed. Accordingly, nano-
biotechnology, by merging advanced applications of nanotechnology and informa-
tion technology into current biological matters, can facilitate diverse paths of life

Fig. 3.1 Different applications of nanotechnology in human life
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science. Moreover, it has the potential to eliminate the apparent borders among
chemistry, physics, and biology and form our opinions and knowledge. It is believed
that integration of engineering and molecular biology will lead to a new group of
multifunctional systems for chemical and biological analyses with much better
specificity, sensitivity, and higher rates of detection versus the current devices
(Maheshwari et al. 2019b; Thirumavalavan et al. 2016; Gartland and Gartland 2018).

3 Nanobiotechnology Applications

3.1 Diagnosis

Heath and medicine are two of the most promising and interesting fields of nano-
biotechnology. This field of science presents potential advancements in cancer
treatment, medical diagnosis and treatments, pharmaceuticals, tissue regeneration,
implantable materials, and multifunctional devices, which combine multiple of the
abovementioned operations. Such developed applications will surely convert the
basis of prevention, diagnosis, and treatment of diseases in the near future. Today, for
most diseases, the diagnostic methods depend on the appearance of visible symp-
toms. On the other hand, over time, the chances of treatments being effective may be
reduced. Thus, early detection of diseases increases the likelihood of cure. As a
consequence, it is better to diagnose and treat diseases before the onset of symptoms.
One of the most essential aims of nanobiotechnology is the development of novel
approaches to diagnose diseases with cheaper materials at the early stage (Suh et al.
2009).

3.2 Drug Delivery

Monitored drug delivery systems are applied to better the therapeutic effectiveness
and drugs safety. In this respect, nanobiotechnology products can make drug deliv-
ery better via the targeted method by accumulating the nanoproducts on the site of
diseased tissue at a rate determined on the basis of the environment’s distinct
pathophysiology. To this end, as the therapeutics, nanoparticles can be transferred
to the targeted sites where are not easily reachable for standard drugs. For example, if
a drug can be chemically bound to nanoparticles, then it can be led to the infection or
disease site through magnetic or radio signals. Also, they can be designed in such a
way to release at certain times when external stimulants are provided or particular
molecules are available. Meanwhile, adverse effects of potent therapeutics can be
prevented via decreasing the effective dosage for treatment (Patra et al. 2018). Drugs
encapsulation in nanoscale materials (like nanoshells, organic dendrimers, and
hollow capsules based on polymers) lead to their controlled release much more
accurately than before. They are designed with the aim of carrying a therapeutic
payload (gene therapy or chemotherapy and radiation) and for imaging usages. In
this way, several agents that cannot be taken orally by cause of their insignificant
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bioavailability can now be applied in therapy using nanotechnology. Nanosized drug
formulations extend drugs’ half-lives by increasing their formulation retention via
bioadhesion. Also, for agents which are prone to denaturation or degradation when
exposed to excessive pH, they propose protection. Delivery of antigens in vaccina-
tion is another example of broad nanobiotechnology applications. Moreover, current
developments in encapsulation and advancement of appropriate animal models
displayed that nanoparticles and microparticles have the capability of increasing
immunization (Amna et al. 2020; Shi et al. 2010).

3.3 Agriculture

Nanobiotechnology is a new field of science in agriculture that offers modern
facilities to attain high levels of productivity at a controllable cost in the course of
production and marketing of crops. Moreover, it has the capability to making
fundamental changes to agriculture through the replacement of traditional farming;
zerovalent nanoparticles can remediate soils that are contaminated with pesticides
and heavy metals. Furthermore, delivery systems for pesticides using bioactive
nanoencapsulation are being processed. Also, using nanofabricated materials that
are designed based on plant nutrients, more nutrients can be transmitted to the soil.
Moreover, more productive products are produced through genetic manipulation,
decreasing the need for irrigation, fertilizers, and pesticides, and increasing resis-
tance against various diseases (Jampílek and Kráľová 2015; Sekhon 2014).

3.4 Food

Nanobiotechnology research in food results in stopping food spoilage and poisoning.
They contain changes in the composition of foods, organic combinations, and other
food chemicals; detection and measuring pathogens using biosensors; and preserva-
tion of fruits using edible films. In recent years, nanobiotechnology has received a lot
of attention in the food packaging sector. This research mainly involves the addition
of biosensors, antimicrobial agents, antioxidants, and other nanomaterials to this
section. Also, the potential capabilities of bio-nanocomposites and bio-based mate-
rials for food packaging are under consideration. Additionally, with the aim of
improving the product’s properties, food-based nanoparticles have been used in
the pharmaceutical, medical, and cosmetic industries (Duncan 2011; Purohit et al.
2020; Bajpai et al. 2018). Numerous types of biosensors used in food quality
assessment have been shown in Fig. 3.2.

3.5 Tissue Engineering

In recent years, tissue engineering is of great importance due to in vitro creation of
new tissues using cells or their combinations. After that, the as-prepared tissue can
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be replaced in the body via surgery. Also, tissue engineering stimulates regeneration
through the insertion of implants, bionanoconstructs, and bio-mimicked scaffolds
next to the damaged tissues (Maheshwari et al. 2019a). It is principally interested in
materials that mimic the native issues in the body or are similar to them, either from
patients or other persons or from the sources of other mammals. Nanobiotechnology
in the field of tissue engineering results in the creation of biosynthetic tissues,
nanoscale bio-mimicked scaffolds, and prosthetic implantable devices that provide
a more viable and biocompatible microenvironment for cell growth in an end-stage
diseased organ such as an ear, eye, joint, or heart, or for growing artificial organs.
Moreover, nanoscale biomaterials have the ability to bio-mimic the native tissues
like bone marrow, cardiac tissues, extracellular fluids, etc. Additionally, nano-
biotechnology has transformed tissue engineering in the case of skin regeneration
via applying biomaterials, cell therapy, injectable biopolymers, and growth factors,
especially in chronic wounds, bruises, and severe burns, in which the current
treatments cannot prevent scars. Figure 3.3 demonstrated some of the biomedical
applications of nanobiotechnology (Atala 2005; Wheeldon et al. 2011).

4 Nanobiomaterials

The term “biomaterials” mainly refers to the group of materials that are utilized for
biomedical usages and can be applied for treatment, strengthening, or replacement of
any organ, tissue, or function in the body. In fact, the purpose of the development of
these nonviable materials is to interact with the body’s biological system. Over the
recent decade, the entry of biomaterials development into the era of nanotechnology
has been obvious. One of the most interesting developments in biomaterials science
and engineering is the possibility of designing novel materials for different biolog-
ical applications at the level of nanoscale. These nanoscale materials are of the most
importance among the nanotechnology products. They can present specific

Fig. 3.2 Various kinds of biosensors for food safety assessments
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electrical, mechanical, and optical characteristics versus the other macroscopic or
microscopic structures. Nanotechnology-derived biomaterials, which are commonly
known as nanobiomaterials, specifically are materials in nanometer size with struc-
tures and components that exhibit new and remarkably changed characteristics.
More importantly, they have important effects on medical science and the treatment
of diseases. They are broadly employed in a wide spectrum of biomedical and
biological applications, such as drug delivery, artificial implants, and medical imag-
ing. Modern self-assembled materials, such as hydrogels, ceramics, polymers, and
metals, are examples of nanobiomaterials. Undoubtedly, rapid advancements in
nanotechnology and considerable developments in nanobiomaterials not only
resulted in the creation of novel materials and instrumentation for biomedical
usage but also changed the way of applying them in science and technology.
Actually, it created a novel multidisciplinary area including nanotechnology, mate-
rials science, and biology (Singh et al. 2016).

4.1 Nanobiomaterials Classification

The engineering of nanobiomaterials for diverse biological uses is an emerging area
in nanotechnology. It provides phenomenal materials with unique properties and
structures to solve conventional biomedical puzzles. Aiming to avoid the negative
effects of nanobiomaterials on the body, it is necessary to check their categories
before applying them in medical applications. Nanobiomaterials include a broad
range of biomaterials, comprising natural and artificial ones, employed for different
applications. Accordingly, they can be categorized into three major classes: the first
class is based on natural biomaterials; the second class is based on artificially

Fig. 3.3 Biomedical applications of nanobiotechnology
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engineered biomaterials; and the third class is created as a result of advanced bio-
materials engineering technology. This category, which plays between the first two
ones, is named combined biomaterials. Based on the foregoing, Fig. 3.4 exhibits the
nanobiomaterials classification block diagram.

4.1.1 Natural Biomaterials
This group is made up of materials that have similar structures to the native ones and
are used with the intention of substituting, repairing, or augmenting body organs or
tissues. In the human body, natural biomaterials can be classified into hard, soft, and
cell types. By virtue of their advantages, especially shape and mechanical compat-
ibility, natural biomaterials find extensive applications versus synthetic ones (Ige
et al. 2012).

4.1.2 Synthetic Biomaterials
Synthetic biomaterials are man-made materials employed to substitute organs or
restore body function. They are used continuously in direct or indirect connection
with body fluids. These artificial materials can be categorized into four major groups:
metallic, ceramic, polymeric, and composite biomaterials. Nowadays, some of them
are commercialized and used in clinical applications, namely, intraocular lenses,
Dacron, and metal hips. Nevertheless, they suffer from a number of disadvantages,
including their composition and structure, which are not the same as the native ones.
Also, their ability to remodel and their biocompatibility are poor. Thus, in order to
overcome these disadvantages, other kinds of biomaterials were developed. In this
context, naturally derived types have attracted the wide attention of scientists all over
the world (Wieling 2008).

Fig. 3.4 Nanobiomaterials classification
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4.1.3 Combined Biomaterials
Over the past decades, scientists, using natural/natural or natural/synthetic combi-
nations of biomaterials, have developed the advanced forms of them, which are
stable in terms of dimensions. A number of advantages and disadvantages of this
type of biomaterials are listed in Table 3.1.

As mentioned before, nanobiomaterials consist of a broad spectrum of nanoscale
devices and particles that are produced with the aim of biomedical and biological
applications such as nanopharmaceutics, drug delivery, and multiple therapeutic
applications. In fact, they have very broad and diverse potential applications.
Generally, they are eminently employed in bioimaging and biosensors, as bio-
markers for diagnosis, as nanocarriers, nanobots, and biocatalysts, in drug and
gene delivery, preclinical diagnosis, molecular imaging for CT scanning and MRI,
in cancer therapy, and so on. Accordingly, another way to classify nanobiomaterials
is on the basis of their nature and potential applications. Figure 3.5 displays the
major categories of nanobiomaterials based on their applications (Park and Bronzino
2002).

Some kinds of nanobiomaterials are described below.

4.1.4 Metallic Nanobiomaterials
Metallic nanobiomaterials are a group of nanobiomaterials that have attracted the
attention of a great number of researchers to develop methods for their synthesis,

Table 3.1 Combined biomaterial characterizations

Advantages Disadvantages

Outstanding
biocompatibility

Having xenografts and allografts associated inflammation and
infection and perceived ethical

Easy degradation and
resorption

Morbidity and inadequate supply

Fig. 3.5 Main classifications of nanobiomaterials
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characterization, and application. They are metals in nanosize that have at least one
dimension less than 100 nanometers. These kinds of nanomaterials are widely
categorized into four main classes: nanoparticles (0D); nanorods, nanowires, and
nanotubes (1D); nanoplatelets, sheets, and layers (2D); and nanoshells and other
kinds of nanostructures (3D). The initial usage of these nanomaterials was their
application in the medieval period in the production of stained glasses that were
applied to decorate porcelain ware and cathedral windows. However, the earliest
report of the scientific discovery of metallic nanomaterials was in 1857, by Michael
Faraday. Up until now, scientists have paid lots of attention to these materials thanks
to their desirable attributes for essential needs and commercial productions. At the
moment, among the industrial sections, biomedical engineering is strongly focused
on the use of different nanomaterials. Gold (Au), copper (Cu), silver (Ag), zinc oxide
(ZnO), iron oxide (Fe2O3), titanium dioxide (TiO2), selenium (Se), platinum (Pt),
palladium (Pd), and gadolinium (Gd) are the most widely applied metallic nano-
materials in biomedical and biological applications. Among them, Cu, Fe, Ag, and
Au are the most broadly explored ones. Research in synthetic biology and metallic
nanomaterials is linked to each other. More importantly, metallic nanomaterials, as
well as the others, can be synthesized and even modified with suitable functional
agents which let them bind to ligands, drugs, and antibodies, which are of high
interest and importance in biomedical science. Figure 3.6 shows the main application
areas of metallic nanobiomaterials (Mody et al. 2010).

Fig. 3.6 Main application areas of metallic nanobiomaterials
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4.1.5 Ceramic Nanobiomaterials
Over the recent decades, remarkable advancements in the ceramics field have
resulted in the improvement of nanobiomaterials for scaffolds of tissue engineering,
hip replacements, and dental implants. Ceramic nanobiomaterials, such as
hydroxyapatite-tricalcium phosphate (HA/TCP), silicon nitride, alumina, and zirco-
nia, have a lot of desirable properties, namely, biocompatibility, chemical stability,
low density, and good wear resistance (Chen et al. 2009).

4.1.6 Organic Carbon-Based Nanobiomaterials
They are nanoscale structures that are created by organic materials and have attracted
significant attention in life and materials science. Fullerenes and carbon nanotubes
(CNTs) are two of the prominent carbon-based nanomaterials that are extensively
employed in biomedical applications. CNTs are graphene-based cylindrical struc-
tures with exceptional chemical and physical characteristics such as excellent elec-
trical and thermal conductivity and supreme mechanical strength, while fullerene,
also known as buckyball, is a hollow geodesic structure made completely up of
carbon. It is reported to exhibit antiviral and antioxidant activity. These carbon-based
nanomaterials are hydrophobic; therefore, diverse surface modification techniques
have been applied to make these nanostructures water soluble for biomedical
purposes. Hence, by virtue of their unique photochemical and photophysical char-
acteristics, they have been employed in different biomedical applications, including
cell tracking, pressure sensors, tissue engineering, protein and gene microarrays,
photoacoustic, microwave, etc. (Sinha and Yeow 2005).

4.1.7 Polymeric Nanocomposites and Nanobiomaterials
In the production of polymeric nanobiomaterials, both synthetic and biological
polymers can be used. Biological polymers comprise proteins (silk, fibrin gel, and
collagen) and polysaccharides (alginate, derivatives of hyaluronic acid, chitin/
chitosan, and starch). The synthetic ones contain polylactic acid (PLA), poly-
hydroxybutyrate (PHB), poly-Ɛ-caprolactone (PCL), and polyglycolic acid (PGA).
Biocompatibility that facilitates tissue regeneration and cell adhesion is the major
advantage of applying biological polymers in developing nanobiomaterials. Never-
theless, the disadvantage of these polymers is their poor mechanical features. In fact,
in terms of mechanical strength, synthetic polymers are better than biological types.
In addition, they can be manipulated synthetically to let biological degradation.
However, they display lower biocompatibility versus biological polymers. Poly-
meric nanocomposites are composites in which nanomaterials are utilized as fillers
to improve their surface or bulk characteristics. By virtue of their role in improving
the polymer matrix’s physicochemical attributes, these nanomaterials have received
a lot of attention. Carbon-based nanoparticles, metal nanoparticles, and hydroxyap-
atite (HA) are the common nanomaterials applied as fillers in the matrix polymer
(Sitharaman et al. 2008).
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4.1.8 Organic-Inorganic Hybrid Nanobiomaterials
The most important improvement in this field was accelerated by several applica-
tions in physics, chemistry, medicine, life science, and technology. They include two
or more various elements, usually inorganic elements (metal particles or clusters,
oxides, salts, sulfides, metal ions, nonmetallic components and their derivatives, and
so on) and organic elements (organic molecules or groups, biomolecules, ligands,
polymers, pharmaceutical matters, etc.), which are connected to each other using
special interactions that lead to the synergistic increase of their functional character-
istics. A wide range of interactions, including the construction of molecules
(π-complexation, covalent bonds, etc.), nanoscale binding, microstructuring (coop-
erative interactions in several modes), and self-assembly (different intermolecular
interactions containing H-bonding, electrostatic interactions, dispersion interactions,
and so on). The mixture of various elements and structural designs using diverse
kinds of interactions leads to an almost unlimited diversity of unique materials for
specific applications. These kinds of nanobiomaterials can be classified into three
major groups based on the materials applied for the formation of either the hybrid
core or its shell: (a) Nanoparticles with an inorganic core which is surrounded by
organic layers that are linked to each other covalently and form the outer layer that is
also known as the shell. This shell characterizes the hybrid’s chemical features and
the interaction with its surrounding environment, while the physical features of the
aforementioned hybrid are based on the shape, size, and type of its organic core.
(b) Hybrids of organic core/inorganic shell, in which the shells are made up of
silicone, silica, or metals (gold or silver) while the organic cores are composed of
polylactide, polyethylene, or polymers. These kinds of hybrids are broadly applied in
joint replacements owing to their supreme strength and excellent resistance to
abrasion and corrosion. (c) Organic/inorganic hybrids based on dendrimers that
have a core based on either metallic (copper, silver, or gold) or semiconductor
quantum dots (cadmium selenium (CdSe) or cadmium sulfur (CdS)). They let
controlled surface chemistry to gain favorable nonimmunogenic characteristics and
biocompatibility. They have the potential to be used as probes for MRI, X-ray
computed tomography (CT), and fluorescence imaging (Lazić and Nedeljković
2019).

5 Nanobiomaterials Applications

As mentioned in previous sections, nanomaterials apply nanoscale engineering
knowledge and system combinations of the available materials to create superior
materials and crops. Nanomaterials’ extensive applications have led to their strong
presence in diverse areas such as health care, prostheses, implants, defense, surveil-
lance, security, energy generation and its conservation using special materials and
extremely efficient batteries, smart textiles, etc. Nanobiomaterials research is a novel
interdisciplinary frontier in materials and life sciences fields. Significant develop-
ments in nanomotors, nano-biochips, nanosized biomimetic materials, nanoscale
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systems of drug delivery, nanocomposites, nanobiosensors, interface biomaterials,
etc., have a great prospect in clinical medicine, defense, and industrial applications.

5.1 Tissue Engineering

It is a novel field with the intention of growing living organs and tissues using natural
or synthetic scaffolds to regenerate or substitute worn-out or damaged organs and
tissues. Fundamentally, scaffolds are synthetic substrates that support the differen-
tiation and proliferation of cells as well as maintaining their stability. The perfect
scaffold should have sufficiently large pore networks that are open enough for
penetration of blood vessels and cells. Moreover, they should be able to attach to
the bones. The appropriate scaffold for orthopedic usage should do the initial
mineralization, help with the formation of new bone, and concurrently allow for
the substitution of new bone. Polymers of polyglycolic acid and polylactic acid and
the biodegradable elastomer of polyglycerol sebacate have been utilized for tissue
engineering purposes. Additionally, artificial hydrogels are noteworthy for the
improvement of scaffolds by virtue of their hydrophilicity, tissue-like structure,
and excellent biocompatibility. Furthermore, in order to replace the heart valve and
develop cell growth on it, hydrogels of polylactic acid-γ-polyvinyl alcohol have been
created (Choudhary et al. 2007).

5.2 Drug Delivery

Nanobiomaterials are extensively used in drug delivery systems for treating different
kinds of diseases. Particularly, they are employed as carriers in drug delivery systems
and span a broad range of geometries, chemistries, and forms. Up until now,
approximately all the materials (such as metals, polymers, semiconductors,
ceramics, sol-gels, etc.) in zero to three dimensions have been employed to deliver
different kinds of biomolecules and small-molecule drugs with bio-distribution and
particular kinetics of release. In fact, for drug delivery systems, nanobiomaterials are
reservoirs with controlled release. These systems can be constructed with controlled
size, shape, morphology, and composition. Their surface characteristics can also be
managed to improve immunocompatibility, cellular uptake, and solubility. The
restrictions of prevalent delivery systems include possible cytotoxicity, finite
targeting capabilities, and suboptimum bioavailability. Versatile and favorable nano-
scale kinds of drug delivery systems comprise nanoparticles, nanotubes, nano-
capsules, dendrimers, and nanogels. They can be employed to deliver diverse
groups of bio-macromolecules (proteins, peptides, artificial oligodeoxynucleotides,
plasmid DNA, etc.) as well as small-molecule drugs (Fattal and Barratt 2009).
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5.3 Biomimetics

These kinds of materials completely include synthetic metals, ceramics, or polymers
with bulk or surface modifications leading to the material’s biocompatibility and
their suitability for tissue engineering or tissue implants. Innumerable composites
were developed, composed of nanocomposites with both organic-inorganic and
biological bases. They are made to imitate the tissues and produce 3D scaffolds,
which can help with special cell functions including cell growth, differentiation,
adhesion, and expression of tissue-specific types of genes while preventing reactions
that are toxic and immune responses. In the case of hard tissues, nanobiomaterials
based on metal and ceramic have been applied for teeth and bone implants. They
mimic the durability, biocompatibility, stable adhesiveness, and support of in vivo
natural structures (Webster et al. 2000).

5.4 Bioimaging

This kind of imaging strongly depends on the advancement of complicated probes
with the aim of detecting and studying biological procedures at the molecular and
cellular levels. Nanosized probes have displayed exceptional benefits compared to
the agents, which are molecule-based. The aforementioned advantages are com-
posed of the ability to integrate several features (such as multiple kinds of contrast-
creating materials), generate better contrast, and the feasibility to contain high
payloads of drugs. Therefore, diverse promising agents and novel systems for
imaging have been created based on nanomaterials. In this regard, the application
of nanoparticles has increased the advancement of diagnostic agents in bioimaging.
Recently, nanoparticles, known as multimodal agents, have attracted much attention
for imaging, therapy, and diagnosis. For instance, quantum dots (QDs), by virtue of
their size-tunable narrow emission spectra, long photostability, and supreme bright-
ness, have been broadly employed as probes in systems of optical imaging. QDs
targeting using different antibodies could lead to various pathology diagnoses. In
addition, nanoparticles of dendritic manganese developed as contrast agents in MRI
resulted in enhancements of relaxivity and hydrophobicity. Also, superparamagnetic
iron oxide (SPIO) nanoparticles were explored for different applications (Sitharaman
et al. 2008).

5.5 Biofunctionalized Nanoelectromechanical Systems
(BioNEMs)

Nanoelectromechanical systems (NEMs), the nanoscopic apparatus with a length of
less than 100 nanometers, have the capability to merge mechanical and electrical
components. The NEMs made using novel nanobiomaterials are applied as
BioNEMs for clinical and biological usages. They recognize variations induced by
analytes, which quantifiably change the properties of the dynamical devices. Hence,
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they are known as intelligent nanosystems that have the ability to sense, process,
and/or actuate. The variations in features of dynamical systems include variations of
the properties of the nanomechanical device (particularly the force constant), alter-
ations to the system damping, and the direct imposing of extra forces on the
apparatus. The BioNEMs are applied as tweezers with the aim of handling the
manipulation of single molecules (nanomolecules) like proteins and DNA to provide
extremely useful and valuable data about the composition of molecules, the organi-
zation of chromatin, or the dynamics of biomolecular interactions. In general, the
tweezer tips are made in such a way that they allow the detection of variations in the
applied electric field in molecular solutions to realize their dynamics (Strick et al.
2000).

5.6 Point-of-Care (POC) Diagnostics

Over the past few years, the advancements in medical science have been remarkable.
However, lack of on-time detection or proper monitoring of diseases is still the
leading cause of death. Diabetes, respiratory infections, bacterial infections, namely,
diarrheal diseases or tuberculosis, and ischemic heart disease are examples of the
worldwide main causes of death. But they can be prevented by proper early
detection. Today, there are potential tools and technologies to detect all kinds of
diseases. In this respect, in order to provide superior health care, it is of vital
importance to present health management with superior quality. Also, higher stan-
dards in the management of health care can be gained by making the best decisions
on time on the basis of timely diagnostics, informatics, and smart data analyses. This
needs smart diagnostic devices, therapeutics, and analytical tools to improve health.
Disease progression efficacious management and monitoring that is too important to
realize and manage epidemic diseases, rely on therapeutic optimizations. Therefore,
developing smart diagnostic tools, namely, point-of-care systems, with the aim of
personalizing health care is crucial. These kinds of devices can carry out precise
diagnostics and rapid tests at or near the place where the patient first encounters the
system of health care (Chandra 2016). They are also known as bedside tests. The
ideal kinds of POC devices should be straightforward and simple enough to be easily
used even by users who have no laboratory or medical knowledge. Additionally,
cost-effectiveness is a significant and desirable property of POC devices to ensure
that everyone can provide them everywhere (Syedmoradi et al. 2017). Accordingly,
by virtue of its low cost, abundance, biosustainability, and recyclability, paper is one
of the most favored materials which is used as a substrate in POC systems. POC
devices have a fast turnaround period (almost 15 min) and provide practical data that
can guide a considerable variation in disease management. Quick results decrease
the necessity for several patient visits, authorize on-time treatments, and ease the
control of infectious disease prevalence. Additionally, they decrease the trust in
possible therapy. Fast diagnostic experiments function via the detection of analytes,
which are extracted from or found in clinical samples. Moreover, the other attributes
that POC devices should have are sensitivity (the ability to distinguish between the
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same values), selectivity (the quality to respond to a special parameter or analyte and
not to be influenced by interferences), and robustness (the capacity to endure the
variations of environmental conditions). There are various approaches in POC
systems for signal production, and in most of them, the selected method is based
on the applied transducer. In this respect, electrochemical and optical devices are
likely the most desired ones. Glucometers and pregnancy tests are examples of these
kinds of POC devices. POC systems can be classified into two groups: small
handheld devices and larger bench-top instruments. Handheld systems are made
based on microfabrication methods that automatically perform sample preparation,
steps of assay, analytes, and signal detection. They propose quantitative or qualita-
tive evaluations of a broad spectrum of analytes. The latter ones are basically
miniaturized forms of laboratory instruments that have been reduced in both com-
plexity and size. Actually, recent advancements in these devices are the consequence
of continuous developments in microfluidic, lab-on-a-chip technologies, biosensors,
assay formats, bioanalytical platforms, and supplementary technologies. The fol-
lowing are examples of POC testing systems (Vashist 2017; Noah and Ndangili
2019). Figure 3.7 shows the comparison of common testing processes and point-of-
care testing.

5.7 Strip-Based Tests: Capillary Flow Assays

5.7.1 Dipsticks
Analytical devices that have emerged based on paper, appearing as dipstick tests and
paper-based indicators, have been employed for rapid determination of a broad
spectrum of analytes owing to their uncomplicated design, facile production, and
ease of use. These paper-based dipsticks were first created in the 1950s, aiming to
detect the glucose level in urine samples. Today, urine test strips are used to measure
metabolic products such as glucose, salt, and protein in patients with diabetes or
nephritic diseases (Liana et al. 2012).

5.7.2 Lateral Flow Assays (LFA)
The capillary flow assay platform, which is also recognized as a test strip or LFA, is a
promising apparatus to detect various analytes at home and in POC applications.
They offer a relatively rapid and low-cost test with the ability to be performed by
untrained people in regions where no complicated laboratory instrumentations are
available. In these kinds of sensing platforms, the liquid specimens move across a
membrane, which is paper-based too, via capillary force. More importantly, in LFA,
no pressure is applied. They need small amounts of liquid specimens and 5–15 min
for the detection of analytes in samples (Yamada et al. 2015). In the presence of
antibodies and their fragments as bioreceptors, the platform is known as “lateral flow
immunoassay (LFIA).” Commercially, they are one of the most prosperous micro-
fluidic POC systems. Nucleic acid lateral flow immunoassay (NALFIA) is a novel
and promising use of LFA for the determination of genetic materials. This test is
designed in order to study the presence of a double-stranded sequence of nucleic acid
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after amplification that is unique to the organism studied via primers with two
various tags. Another kind of this test is the “nucleic acid lateral flow assay
(NALF),” which is specific hybridization between amplicons and the immobilized
probes (Goudarzi et al. 2015).

5.7.3 Advancements of Capillary Flow Assays
Lab-on-paper or paper-based microfluidics are a group of microfluidic approaches
that present a modern platform for fluid analyses and handling for different medical
utilizations such as disease screening and health care in developing countries
(Gomez 2014). These devices merge the user-friendliness, disposability, portability,
and cost-effectiveness of paper-based strip tests with the complications of the
conventional POC systems. In essence, these analytical apparatuses demonstrate a
novel category of POC tools that combine the flexibility of test strips with a number
of microfluidic system capabilities. Paper is a very cheap and ubiquitous cellulosic
material, so it is an attractive substrate for microfluidic systems. It is suitable for a
variety of medical applications. Also, it transports liquids through capillary forces
without any external force. In addition, its chemical composition and high ratio of
surface area to volume allow the easy physical immobilization of chemicals onto its
surface. Cellulose is a main constituent of the walls in plant cells. It has a few agents
of carboxylic acid (-COOH) and many hydroxyl groups (-OH) on the surface of
fibers (Alila et al. 2005). They can be employed as scaffolds for the chemical and
physical immobilization of biomolecules. Usually, covalent bonds are applied for the
bioactive compounds strong attachments. Molecules nonspecific adsorption at the
surface is a problem in utilizing paper as the substrate. This disadvantage can result
in the reduction of the number of analyte molecules that reach the test area and need
to be offset via calibration. By developing microchannels that are patterned on the
substrate (paper), liquid flows are restricted inside the channels. Therefore, liquid
samples can be conducted in a controlled procedure. Up until now, a spectrum of
two- and even three-dimensional microfluidic channels has been established in
papers. They are capable of transforming liquids in predefined pathways, separately,
to carry out single or even multistep assays and measure the concentrations of
various analytes in our body fluid. Practically, several methods can be utilized for
creating microfluidic paper-based analytical devices (μPADs), including etching,
photolithography, writing, printing, dipping, spraying, and stamping (Dossi et al.
2013). The main basis of these techniques is to design hydrophobic-hydrophilic
contrast on the paper in order to create capillary channels at the microscale on the
fibers of the paper. Aiming to choose the appropriate technique, a wide range of
parameters, including material costs, simplicity of the production process, instru-
ment availability, and the considered applications of microfluidic paper-based
devices, should be investigated. One of the most common methods with minimum
hydrophobic material consumption is printing. Wax printing and inkjet printing
using alkyl ketene dimer (AKD) are two promising techniques as a result of
their rapid and easy fabrication procedures and patterning low-cost agents. Both
of these techniques can fabricate several devices and multiple zones on a small
piece of paper. Electrochemical, colorimetric, chemiluminescence,
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electrochemiluminescence, and fluorescence are detecting methods that have been
applied in μPADs for detecting analytes (Cate et al. 2015; Cho et al. 2015).

6 POC Assay Based on Printed Electrodes

The technology of screen printing is one of the most broadly used techniques of
microfabrication for the fabrication of very low cost and yet significantly reproduc-
ible kinds of electrochemical biosensors in large scale (Mahato et al. 2018). This
technology proposes inexpensive and simple approaches to fabricate disposable
systems at large scale for on-site, rapid, real-time, and low-cost analyses or moni-
toring various clinical biomarkers (Omidfar et al. 2011; Omidfar et al. 2012). Recent
advancements in nano-characterization and microfabrication have resulted in the
preparation of these disposable and inexpensive devices via printing different self-
made or commercial inks on various kinds of substrates. Plastics (polycarbonate and
polyvinyl chloride), alumina, and ceramics are usual matrices in the fabrication of
screen-printed electrodes (SPEs), although, fiberglass, silver, iron, and gold are also
not uncommon. The surface of these electrodes can be simply modified using
different materials to meet several aims related to various analytes and to attain
diverse betterments in their stability, sensitivity, and selectivity (Ahmed et al. 2016;
Daneshpour et al. 2016). They usually include three electrodes: the working elec-
trode, which is the major one and the electrochemical reactions take place on their
surface, and the reference and counter electrodes, both of which are applied with the
aim of completing the electronic circuit. Carbon and silver inks are the most
common pastes used in the course of SPEs printing procedures. The working
electrodes are usually printed applying inks based on carbon, while silver inks are
used to print conductive tracks. Other materials like platinum and gold inks also can
be used for SPEs preparation. It has been proven that changes in the composition of
inks such as type and particle loading or size can remarkably affect the electron
transfer and vary the fabricated biosensors analytical performance totally. Their
compositions specify the sensitivity and selectivity needed for each test. During
the analysis and detection processes, unknown ingredients in inks can lead to
unpredictable outcomes. These pastes are often made on the basis of polymeric
binders with graphite or metallic dispersions. Additionally, they can contain medi-
ators, cofactors, and stabilizers as functional materials (Ahmed et al. 2016). Partic-
ularly for sensing usages, carbon-based inks are more attractive because of their low
background currents, chemical inertness, low cost, and wide potential windows.
While gold paste, due to its higher cost, is less applied in SPEs versus carbon.
Despite that, preparation of self-assembled monolayers (SAMs) via strong bonds of
Au-S increases the interest in applying gold in the production of SPEs. The low rate
of electron transfers or the printing ink’s adhesion to the surface of the substrate can
be improved by employing diverse materials. Resins, cyclohexane, ethylene glycol,
and cellulose acetate are examples of adhesive materials that can be utilized to attach
the inks to the electrode substrate. Aiming to improve the selectivity, sensitivity, or
ratio of signal to noise (S/N), additives can be combined with the printing inks. High
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versatility is one of the SPEs major advantages. This property is mainly due to the
broad range of methods for modification of the surfaces of electrodes via changing
the composition of inks or deposition of different materials such as enzymes, poly-
mers, metal films, etc., on the surfaces of electrodes (Rao et al. 2006; Taleat et al.
2014). Moreover, significant developments were made in the production of SPEs
through the application of nanostructured materials. Recently, CNTs, metallic nano-
particles, graphene, various nanowires, and their nanocomposites have also been
employed in the aforementioned pastes or as the next step on the working electrodes
(Daneshpour et al. 2016; Khorsand et al. 2013).

7 POC Assays Based on Nanomaterials

The relationship between nanotechnology and medical diagnostics, treatments,
monitoring, and therapeutics has provided “Nanomedicine” as a novel concept in
the world of science. It is an interdisciplinary field in science in which numerous
scientists with diverse expertise, namely, chemists, biochemists, mathematicians,
physicians, computer scientists, and engineers must work together (Vinogradov and
Wei 2012; Quesada-González and Merkoçi 2018). A broad spectrum of nano-
materials and nanocomposites of them have been extensively applied in medicine.
They have presented a number of the most promising outcomes in imaging, thera-
peutics, and diagnostics (Baker 2010; Chi et al. 2012; Kumar et al. 2019). Over the
recent decade, nanomedicine has been widely studied and a considerable amount of
literature has been published. Especially, CNTs, metal nanoparticles, and graphene
and their nanocomposites have been broadly used for the development of POC
biosensors. Nanomaterials can be used for loading signal markers as carriers or as
signal reporters for specific and sensitive determination of analytes. Also, as the
functional substances on the electrode surface, they can accelerate the rate of
electron transfer. Their chemical and physical features such as shape, size, construc-
tion, composition, etc., can be improved to produce appropriate materials with
different specific properties (Yang et al. 2013). Nanomaterials are capable of
improving the specificity and sensitivity of detection devices as well as increasing
the reliability and reproducibility of tests owing to their exceptional characteristics
such as chemical stability, good electrical features, and excellent surface-to-volume
ratios (Holzinger et al. 2014). In addition, the integration of these materials in micro-
biosensors provides easy-to-use, inexpensive, and portable sensors by virtue of the
simplicity of the miniaturization of the system transduction and these materials
(Sadabadi et al. 2013). Applying nanomaterials to biosensing systems allows the
simultaneous detection of multiple biomarkers and the timely diagnosis of various
diseases. They also offer the possibility of detecting ultra-trace amounts of analytes
and the design of rapid, inexpensive, and ultrasensitive assays with minimum
amounts of specimens (Janegitz et al. 2014). Nevertheless, the major promising
usage of nanotechnology will be in POC devices, which will let the physicians of
primary care and patients to attain clinical diagnostic measurements at their own
respective settings. The aforementioned developments in this field will be widely
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useful in varying the late-stage and expensive diagnosis and socially onerous
treatments to cheaper and less invasive on-time diagnosis (Song et al. 2014). In
the following, a number of the most common nanomaterials used in the production
of POC systems will be reviewed.

7.1 Nanoparticles

Over the last decade, metallic nanoparticles owing to their variety and broad
applications have attracted the attention of many scientists and researchers. By virtue
of their excellent surface area and small size, they offer exceptional physical,
chemical, and electronic characteristics, which are interestingly useful for develop-
ing reliable POC tests performed in screen-printed and microfluidic devices
(Medina-Sánchez et al. 2012).

7.1.1 Gold Nanoparticles (AuNPs)
Up until now, among the various nanoparticles, AuNPs (containing gold nanorods,
hollow nanospheres, and nanorings) are the most preferred ones, which are applied
as the label in producing the suitable signals and consequently, providing the
increase and advantage versus the molecular reagents. In addition to good biocom-
patibility, excellent stability, and simple functionalization, AuNPs have outstanding
optoelectronic features that are affected by their shape, size, and surroundings.
Generally, they are synthesized via liquid or colloidal chemical synthesis by reduc-
tion of the tetrachloroauric (III) acid solution in water. Through controlling different
synthesis conditions, including reaction steps, thermal conditions, and the applied
reducer, nanoparticles of various shapes and sizes can be synthesized. This can
improve their effectiveness and usage in various applications (Omidfar et al. 2013).

7.1.2 Magnetic Nanoparticles
They have found broad usage in catalysis, magnetic fluids, bioseparation, drug
delivery, medical imaging, treatment of hyperthermia, and targeted detection. More-
over, owing to their excellent properties (low cost, easy manipulation via magnetic
field, and simple size control), they have been employed as an important element in
biosensing devices in modern biomedical applications. More importantly, using
suitable strategies of surface functionalization, the use of these nanoparticles can
be increased while enhancing their stability (Mahdavi et al. 2013).

7.1.3 Carbon-Based Nanomaterials

CNTs
Since the early 1990s, CNTs have attracted remarkable attention by virtue of their
supreme electrical, chemical, and physical properties. They are mainly categorized
into two groups: single-walled and multi-walled CNTs. They are applied in various
modern devices and technologies due to their excellent specificity, low cost, user-
friendliness, and sensitivity. CNTs are under consideration for employing in POC
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devices in order to study biological analytes such as DNA, proteins, viruses, and
glucose (Gao et al. 2014).

Graphene
Graphene has attracted the great attention of scientists due to its interesting thermal,
electronic, and mechanical features. Recently, this honeycomb lattice and its deriv-
atives have become a favorable platform used for sensitive clinical monitoring and
POC diagnostics, including lab-on-a-chip technologies and screen-printed electrodes
based on graphene (Pumera 2011).

Silver Nanoparticles (AgNPs)
Silver is an important metal in the history of medical treatment. Nanoparticles of
silver are one of the most applied nanomaterials all over the world. Based on their
applications, they are synthesized in multiple shapes, while spherical AgNPs are the
most commonly applied form of them. AgNPs have excellent electrical, thermal, and
optical characteristics. These days they are used in various products from photovol-
taics to chemical and biological sensors. The features of AgNPs appropriate for use
in human treatments are still under assessment for investigating their potential
toxicity, efficacy, and costs (Chaloupka et al. 2010). However, based on their
novel optical characteristics, AgNPs are broadly used in photonic devices and
molecular diagnostics (Al-Saedy et al. 2020). Moreover, AgNPs have a series of
properties such as simple synthesis process, high surface to volume ratio, tunable
morphology, intracellular delivery system, etc., which make them appropriate for
different biomedical applications. In this respect, for tissue regeneration, AgNPs are
considered as gene delivery systems. Also, they have been used in various thera-
peutic applications. Up until now, cancer therapy (Jeyaraj et al. 2013), antimicrobial
activities (Durán et al. 2016), catalysis (Bindhu and Umadevi 2015), antibacterial
activities (Gnanadesigan et al. 2012), antiviral activities (Xiang et al. 2013), anti-
fungal treatments (Tran and Le 2013), wound healing and dressing (Leaper 2006;
Wilkinson et al. 2011), tissue engineering, implanted material, medical devices
(prostheses, catheters, and vascular grafts) and diagnostic applications in dental
preparations, biosensing devices, and antipermeability agents are examples of
AgNps most common biomedical applications (Chaloupka et al. 2010; Graham
et al. 2006; Zhao and Tripp 2007).

8 Conclusions

Over the recent decade, several modern POC devices have been developed in
academic studies and commercial productions. Through offering fast and accurate
tests at patients’ locations, these assays optimize the procedure of diagnosis, improve
therapy management, and permit attaining cost-effective and efficient clinical
results. Actually, it can be deduced that POC devices have the potential to transform
the health care system in both developing and developed countries. In this regard, the
synergy of nanostructured materials with diverse biosensing devices and
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communication technologies may result in the creation of innovative POC devices,
which are sensitive, selective, affordable, easy to use, portable, rapid, and robust for
diagnostic applications.
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Abstract

The development of ready-to-use point of care sensing devices is of paramount
significance in healthcare and for the well-being of society. The aim of this
chapter is to provide an overview of recent progress in the development of
nanoelectrochemical biosensors for clinical diagnosis. The use of nanomaterials
in connection with electrochemical sensors can greatly increase its performance,
allowing for the detection of very low levels of clinical biomarkers and aiming in
the quest for identification of new ones. In this chapter, selected examples on the
design and applications of relevant enzymatic and nonenzymatic biosensors,
immunosensors, genosensors, and cytosensors are given. Important diseases
such as cancer and bacterial infections are specifically covered, to conclude
with future perspectives of such a novel area of research.
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1 Introduction

The development of fast, sensible, and ready-to-use point of care and sensing
devices is of paramount significance for clinical diagnosis. Indeed, the fast diagnosis
of biomarkers, such as proteins, circulating RNA, bacteria, and endotoxins, allows
for immediate treatment, decreasing overall sanitary costs and improving the health
and well-being of populations (Chandra 2016; Chamorro-Garcia andMerkoçi 2016).
Biosensors are analytical devices that rely on biological elements-receptors for
recognition of the analyte. The receptor is integrated within a physical or chemical
transducer. Such devices generate a digital electronic signal in response to the target
analyte, which is subsequently converted into a measurable response, allowing for
fast and specific detection of a myriad of analytes with negligible sample treatment
(Turner 2000; Mahato et al. 2018b; Purohit et al. 2020). In electrochemical bio-
sensors, electrical signal changes in response to the analyte are measured by
amperometry, potentiometry, impedance spectroscopy, or conductometry. Since the
first glucose sensor in 1967 (Updike and Hicks 1967), a myriad of biosensors for
healthcare monitoring and diagnosis have been developed.

Advances in nanofabrication and nanotechnology revolutionize many aspects in
chemistry and overall science. In the biosensors field, nanomaterials (NMs) can be
combined with the transducer leading to the so-called nanobiosensors or nano-
electrochemical biosensors (Mckeating et al. 2016; Mahato et al. 2018a). To this
end, different nanoparticles, nanomaterials, and nanostructured surfaces have been
explored. Nanomaterials possess sizes ranging from 1 to 100 nm in a 0 dimensional
(D), 1D, 2D, or 3D structure arrangement, with a high volume-to-surface ratio. Such
remarkable properties can greatly benefit electrochemical sensing thorough signal
amplification, also facilitating electrode surface modification with different recep-
tors. As such, such functional nanomaterials have been used in electrochemical
sensing to increase the surface area of the electrode –increasing the sensitivity –
facilitating thus the immobilization of different receptors, to enhance electronic
transfer and even as efficient tags (Wongkaew et al. 2019; Zhang et al. 2021).
Figure 4.1 illustrates a summary of different nanomaterials explored for connection
with electrochemical biosensors. These include metallic and semiconductor nano-
particles (NPs), carbon NMs, and other 2D like NMs, mesoporous and nanoporous
structures, and nanopillar structures. For modification, antibodies, DNA, or whole
cells can be incorporated and used as the specific bioreceptors.

The aim of this chapter is to give an updated summary in the development of
nanoelectrochemical biosensors for clinical diagnosis. The chapter is organized
according to the type of bioreceptor used for connection with different NMs. In
each subsection, comprehensive tables comparing the strategies will be included,
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along with an overview of different sensors for the determination of relevant bio-
markers of important diseases such as bacterial infections, cancer, etc., to finish with
brief conclusions and some future perspectives.

2 Enzyme- and Non-Enzyme-Based Nanoelectrochemical
Biosensors

Enzyme-based electrochemical biosensors have an immobilized enzyme on the
working electrode. In this case, the enzyme is the selective probe that catalyzes the
generation of electroactive products in response to a specific analyte. The most
known enzymatic sensor is the glucose biosensor, which use glucose oxidase
(GOx) to convert glucose into measurable hydrogen peroxide (Yoo and Lee 2010).

Fig. 4.1 Classification of nanomaterials used for electrochemical biosensing. (Reprinted with
permission from (Wongkaew et al. 2019). Copyright 2019, American Chemical Society)
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The main enzymatic electrochemical sensors suffer from the low stability of
enzymes, which are prone to inactivation, and the efficient immobilization in the
electrode with adequate conformation to avoid loss of catalytic activity. Nano-
materials can offer a convenient solution to avoid the abovementioned challenges,
incrementing the overall surface area for enzyme immobilization, protecting the
enzyme, or providing adequate functional groups to avoid conformational changes.
Recent advances also illustrate the enzyme-mimic activity of some nanomaterials,
allowing the replacement of enzyme, increasing the overall stability since a synthetic
material is used, without hampering the analytical performance (Dong et al. 2021).
Table 4.1 lists a summary of recent (last 3 years) enzymatic and nonenzymatic
biosensors based on nanomaterials. As can be seen, most applications have been
devoted to glucose and hydrogen peroxide detection. In addition, current trends are
aimed at the replacement of enzymes with NPs based in oxides and carbon nano-
materials as an alternative to enzymes due to the abovementioned drawbacks.

2.1 Enzyme-Based Nanoelectrochemical Biosensors

Recent trends in nanomaterial-based electrochemical biosensors rely on the use of
nanostructured materials to enhanced enzyme immobilization and increase the
electronic transport properties. Three-dimensional (3D) carbon nanostructures con-
tain macropores and micropores and a cage structure for the immobilization of
enzymes, which can be very beneficial in electrochemical sensing. For example,
an enzymatic electrode for glucose detection has been assembled by immobilization
of GOx in a 3D graphene framework prepared by coating mesoporous silica with
graphene (see Fig. 4.2). The large surface area of the 3D template and enhanced
electron and mass transfer rate improve glucose sensing when compared with
common electrodes and flat materials (Shen et al. 2019). Thus, as illustrated in
Fig. 4.2c, the cyclic voltammetry (CV) signals greatly increased along with the scan
rate. 3D graphene in connection with MXenes (Ti3C2Tx) have been also explored for
glucose sensing in human serum samples. The incorporation of the MXene material
increase the hydrophilicity of the networks and the surrounding environment,
increasing the enzyme affinity due to this facilitates GOx access to the internal
pores. Such biosensor displays excellent performance in raw human serum (Gu et al.
2019).

Cholesterol detection is of great importance to prevent serious cardiovascular
diseases. Electrochemical cholesterol detection can be achieved using cholesterol
esterase or cholesterol oxidase that ultimately generate hydrogen peroxide, which
can be measured in Pt electrodes. Yet, these electrodes have low sensitivity, and as an
alternative, novel nanomaterials have been explored. Eom et al. (2020) explored the
use of Pt nanoclusters for cholesterol determination in saliva samples. The resulting
electrodes possess enhanced electron transfer properties, allowing for the detection
of cholesterol in saliva samples with low limit of detection (2 μM) and good
specificity.
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Table 4.1 Enzymatic and nonenzymatic biosensors based on nanomaterials

Nanomaterial Analyte Sample
Analytical
characteristics References

Enzymatic sensors

3D graphene Glucose – – Shen et al. (2019)

Ti3C2Tx

MXene–graphene
Glucose Serum LOD: 0.1 mM Gu et al. (2019)

MWCNTs Abiraterone Serum LOD: 230 nM Aliakbarinodehi
et al. (2018)

Pt nanoclusters Cholesterol Saliva LR: 2–486 μM
LOD: 2 μM

Eom et al. (2020)

Nonenzymatic sensors

GO/MoS2 aerogel Glucose – LR: 2–20 mM
LOD: 0.3 mM

Jeong et al. (2017)

MWCNTs/ZnO QDs Glucose Urine LR: 0.1–2.5 μM
LOD: 0.2 μM

Vinoth et al.
(2021)

MWCNTs-Z-AuNiNPs Glucose Serum LR: 1–1900 μM
LOD: 0.063 μM

Amiripour et al.
(2021)

Carbon cloths/MOF-74
(Cu)

Glucose Serum LR: 1–100 μM
LOD: 0.41 μM

Hu et al. (2020)

AuSn alloys Glucose – LR: 2–8110 μM
LOD: 0.36 μM

Pei et al. (2018)

ZnO on carbon cloth Glucose Serum LR: 1–1450 μM
LOD: 0.43 μM

Wang et al.
(2020b)

CuO nanocuboids Glucose – LOD: 0.6 mM Lynch et al. (2020)

CuO nanobelts Glucose Serum LR: 0.1–2000 μM
LOD: 60 nM

Li et al. (2020)

CeO2@CuO NPs Glucose Serum LOD: 0.02 μM Dayakar et al.
(2018)

C3N4/Co(OH)2 Glucose Serum LR: 0.03–420 mM
6.6–9800 μM

Tashkhourian et al.
(2018)

Cu nanoflowers/
AuNPs

Glucose Biofluids LR: 0.001–0.1 mM
LOD: 0.02 μM

Baek et al. (2020)

Co3O4 nanobooks Glucose Serum LOD: 7.9 μM Wang et al.
(2020a)

Co/Cu nanocolumn
arrays

Glucose Serum LR: 0.005–1 mM
LOD: 0.4 μM

Pak et al. (2020)

Ni nanopillar arrays Glucose Blood LR: 0.01–12 mM
LOD: 0.44 μM

Ding et al. (2020)

RhO nanocorals Glucose Serum LOD: 3.1 μM Dong et al. (2018)

Co3O4 needles on Au
honeycomb

Glucose Saliva LR: 20–100 μM Coyle et al. (2019)

CB/PdCu Hydrogen peroxide Cellular media LR: 0.4–5000 μM
LOD: 0.054 μM

Liu et al. (2019)

2D Cu-tetrakis
(4-carboxyphenyl)
porphyrin MOF

Hydrogen peroxide Cellular media LOD: 0.13 μM Qiao et al. (2021)

Fe-hemin-MOFs Hydrogen peroxide Cellular media LOD: 0.6 μM Zhao et al. (2020)

CuCo2O4 nanosheets Hydrogen peroxide Cellular media LR: 1–730 μM
LOD: 0.16 μM

Xie et al. (2020)

(continued)
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2.2 Nonenzymatic Nanoelectrochemical Biosensors

Enzyme-free electrochemical biosensors are replacing the traditionally used
enzyme-based sensors as reflected by the increasing number of publications during
the last 3 years (see Table 4.2). In addition, the performance of the new sensors is
equal and even better to the traditional ones. Most works are related with glucose and
hydrogen peroxide detection, with few applications for the determination of neuro-
transmitters and other analytes such as dopamine.

Carbon-based nanomaterials have been greatly explored in electrobiosensing for
glucose and other bioanalytes detection due to a remarkable electron transfer along
with the large surface-to-volume ratio. Combined with other nanomaterials, highly
selective and sensitive enzyme-free detection can be achieved (Cai and Chen 2004).
As in the case of enzymatic sensor, a 3D graphene aerogel has been combined with
MoS2 for glucose detection via flow injection amperometric detection (Jeong et al.
2017). The resulting 3D biosensor exhibits better analytical performance than 2D
MoS2/rGO-based biosensor, which was attributed mainly to an improved diffusion
of the ions due to the particular 3D structural conformation. Detection was achieved
with a LOD of 0.3 mM. MWCNTs were combined with immobilized ZnO QDs,
resulting in a nanocomposite material with synergetic properties for glucose detec-
tion at a LOD as low as 200 nM in urine samples with high selectivity (Vinoth et al.
2021). Similarly, MWCNTs have been combined in a nanozeolite as a substrate for
AuNiNPs immobilization for direct detection of glucose in human serum samples
with a LOD of 63 nM (Amiripour et al. 2021). A carbon cloth has been used as
template for the immobilization of a MOF-74(Cu) by bottom-up self-assembly. The
resulting nanohybrid oxidizes glucose into gluconate, improving the redox proper-
ties as compared with the MOFs or carbon cloth alone. As such, a LR from 1.0 to
1000 μM was obtained, with a LOD of 410 nM for glucose detection in human
serum (Hu et al. 2020). Similarly, ZnO have been explored in connection with a

Table 4.1 (continued)

Nanomaterial Analyte Sample
Analytical
characteristics References

CuO-ZnO Hydrogen peroxide – LR: 3–530 μM
LOD: 2.4 μM

Daemi et al.
(2019)

Ag nanosheets Hydrogen peroxide Cellular media LR: 6–6000 μM
LOD: 0.17 μM

Ma et al. (2018)

Ag2WO4 nanorods Hydrogen peroxide – LR: 0.06–2.4 mM
LOD: 6.25 μM

Koyappayil et al.
(2020)

Hollow sphere NiS Lactic acid Urine LR: 0.5–89 μM
LOD: 0.023 μM

Arivazhagan et al.
(2020)

MWCNTs/Mo Dopamine Serum LR: 0.01–1609 μM
LOD: 1.3 nM

Keerthi et al.
(2019)

Ni6MnO8@C
nanosheets

Epinephrine Serum LR: 0.01–800 μM
LOD: 3.33 nM

Lei et al. (2021)

LOD limit of detection, LR linear range MWCNT multi-walled carbon nanotubes, QDs quantum dots,
MOF metal-organic framework, CB carbon black
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carbon cloth for the same application. The resulting nanobiosensor has excellent
analytical performance with a LOD of 430 nM (Wang et al. 2020b). Nanoporous
gold/Sn alloy has been employed as substrate to fabricate a nanoporous film for
amperometric glucose detection in alkaline media. Excellent analytical performance
with a low LOD of 360 nM was obtained (Pei et al. 2018).

Layered double hydroxides and copper have been used for direct detection of
glucose, avoiding the use of enzymes, due to mainly the hydrophilicity and adequate
dispersion in aqueous media (Lynch et al. 2020). The preparation of the oxides into
ordered nanostructures can improve the analytical performance. For example, CuO
nanobelts have been used for glucose determination in serum samples, with a wide
linear range and excellent LOD of 60 nM (Li et al. 2020). CuO materials have also

Fig. 4.2 3D Graphene electrodes for enzymatic glucose detection. (a) Schematic of the prepara-
tion. (b) Scanning-electron microscopy images showing the morphology of the 3D composites. (c)
Cyclic voltammograms at different scan rates under the presence of glucose. (Reprinted with
permission from Shen et al. (2019). Copyright 2019, Elsevier)
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Table 4.2 Immunosensors based on nanomaterials

Nanomaterial Analyte Sample Analytical characteristics References

Magnetic beads SARS-CoV-2 Saliva LOD: 8 ng mL�1 Fabiani
et al. (2021)

CNTs/CuAu on
carbon nanospheres

Carcinoembryonic
antigen

Serum LR: 0.025–25 ng mL�1

LOD: 0.5 pg mL�1
Tran et al.
(2018)

CoS2@C hollow
nanotubes as
secondary antibody
tags

Carcinoembryonic
antigen

Serum LR: 0.001–80 ng mL�1

LOD: 0.3 pg mL�1
Ma et al.
(2019a)

Au@PtPd nanorods
as secondary
antibody tags

Carcinoembryonic
antigen

Serum LR: 0.005–100 ng mL�1

LOD: 17 fg mL�1
Jia et al.
(2020)

MoS2 nanoflowers
decorated with
Au@AgPt
nanocubes as
secondary antibody
tags

Carcinoembryonic
antigen

Serum LR: 0.01–100 ng mL�1

LOD: 3 fg mL�1
Ma et al.
(2019b)

Worm-like Pt as tags
for the secondary
antibody

Alpha fetoprotein Serum LR: 0.0001–100 ng mL�1

LOD: 0.028 pg mL�1
Li et al.
(2021)

Mesoporous silica
coated Au nanorods

Procalcitonin Serum LR: 0.001–100 ng mL�1

LOD: 0.39 pg mL�1
Feng et al.
(2021)

IRMOFs and
Pd@PtRh hybrids as
secondary antibody
tags

Procalcitonin Serum LR: 0.002–100 ng mL�1

LOD: 7.8 fg mL�1
Dong et al.
(2020)

Cu3(PO4)2
nanoflowers

C-reactive protein – LR: 0.005–1 ng mL�1

LOD: 1.3 pg mL�1
Tang et al.
(2019)

Porous graphene
decorated with
Pd@Au nanocubes
supported on
β-cyclodextrins

Cardiac troponin I Serum LOD: 33 fg mL�1 Zhang et al.
(2019)

MOF/rGO/AuPt Lymphocyte
activation gene-3

Serum LR: 0.01–1000 ng mL�1

LOD: 1.1 pg mL-1
Xu et al.
(2018)

AuNPs-PtNPs-
MOFs

Nuclear matrix
protein 22

Urine LR: 0.005–20 ng mL�1

LOD: 1.7 pg mL�1
Zhao et al.
(2019)

rGO-TEPA-Thi-Au
RuPdPt NPs as
secondary antibody
tag

Monocyte
chemoattractant
protein-1

Serum LR: 0.02–1000 pg mL�1

LOD: 9 pg mL�1
Mao et al.
(2019)

AuNPs on PPY
nanosheet
RhPt nanodendrites
as secondary
antibody tags

Hepatitis B surface
antigen

Serum LR: 0.0005–10 ng mL�1

LOD: 166 fg mL�1
Pei et al.
(2019)

PPY polypyrrole
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been combined with other oxides, such as CeO2, resulting in a composite material
with synergetic properties, i.e., enhanced electron transfers due to the combination of
the electronic levels. Indeed, enhanced analytical properties with a LOD of 20 nM in
serum were achieved (Dayakar et al. 2018). Co(OH)2 has been electrodeposited on
graphitic carbon nitride (C3N4) and used for glucose detection in raw human serum.
The synergetic effect among both nanomaterials allows to increase the electronic
transfer for enhanced detection at nM ranges (Tashkhourian et al. 2018).

Another convenient strategy to increase sensitivity and selectivity in non-
enzymatic glucose sensing relies on the preparation of well-defined nanostructures
with the aim to increase the overall native electrocatalytic activity of different
nanoparticles. As such, Cu nanoflowers decorated with AuNPs (Baek et al. 2020),
Co3O4 nanobooks (Wang et al. 2020a), Co/Cu nanocolumn arrays (Pak et al. 2020),
Ni nanopillar arrays (Ding et al. 2020), RhO nanocorals (Dong et al. 2018), or Co3O4

needles on Au honeycomb (Coyle et al. 2019) have been applied to electrochemical
glucose detection in human serum and saliva with LOD within the nM range and
excellent operation linear ranges (see Table 4.1 for more details).

Hydrogen peroxide is another relevant bioanalyte of great importance to detect
cell stress in the diagnosis of serious illnesses such as heart attacks and even cancer.
In addition, most enzymatic sensors are based on the direct measurement of hydro-
gen peroxide, thus such biosensors can be also applied in the detection of a myriad of
analytes only limited by our imagination (Zhang and Chen 2017; Miller et al. 2005).
Traditionally, Pd was the most used noble metal for hydrogen peroxide detection
using nonenzymatic methods, due to its excellent catalytic properties for peroxide
decomposition and subsequent electronic transfer generation. Yet, such metal is
highly expensive, thus recent trends are aimed at exploring alternative nanomaterials
with high electrocatalytic activity. Bimetallic PdCu NPs have been combined with
CB to detect hydrogen peroxide generated from RAW 264.7 cells in physiological
media. The CB possesses a large density of highly active sites and results in a low
LOD (54 nM) for in situ detection of hydrogen peroxide (Liu et al. 2019). Figure 4.3
illustrates the schematic of the procedure for real-time detection along with
corresponding chronoamperometric response. A 2D Cu-tetrakis(4-carboxyphenyl)
porphyrin (TCPP) MOF hybrid have been used for hydrogen peroxide determination
in cellular media by square-wave voltammetry, providing a LOD of 130 nM (Qiao
et al. 2021). Similarly, a hemin-based MOF was used for hydrogen peroxide
monitoring in living cells with a LOD of 600 nM (Zhao et al. 2020). Cu and Cu
oxide nanohybrids can also be used for peroxide detection following a similar
principle to that explained for nonenzymatic glucose biosensors (better dispersibility
and electronic transfer) at the nM range (Xie et al. 2020; Daemi et al. 2019). Ag is an
alternative metal to Pd with similar catalytic properties for peroxide decomposition.
The performance is limited, yet, by dissolution of the silver. For example, concave
Ag nanosheets allow for the detection of peroxide released from SH-SY5Y cells
with a LOD of 170 nM and LR of 5–6000 μM (Ma et al. 2018). Ag NPs have been
assembled into Ag2WO4 nanorods, leading to a nanohybrid very promising for
peroxide detection at μM levels (Koyappayil et al. 2020).
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Lactic acid is a nonspecific biomarker that can be nevertheless monitored to
follow lactic acidosis, related to serious illnesses such as sepsis or to follow the
metabolism during intense exercise (Gladden 2004). Hollow sphere structured NiS
have been used for enzyme-free electrochemical sensing of lactic acid in urine. The
material acts as enzyme mimic for the electrocatalytic oxidation of lactic acid into
pyruvic acid. Excellent analytical performance with a LOD of 23 nM (Arivazhagan
et al. 2020) is achieved. Dopamine is another important clinical biomarker moni-
tored in neurological diseases. Molybdenum nanoparticles have been assembled into
MWCNTs and used for the electrochemical detection of such important analyte with
a low LOD of 1.3 nM directly in human serum (Keerthi et al. 2019). Epinephrine,
another important neurotransmitter, can be determined in human serum using a
nonenzymatic sensor constructed using Ni6MnO8@C nanosheets with a LOD of
3 nM (Lei et al. 2021).

3 Nanoelectrochemical Immunosensors

Immunoassays rely on antigen–antibody recognition, both in competitive or non-
competitive modes (Darwish 2006; Wan et al. 2013). Table 4.2 lists a summary of
recent nanoelectrochemical immunosensors for clinical diagnosis of virus, proteins,
and biomarkers of cancer and infectious diseases (Pallela et al. 2016; Chandra et al.
2015). In most of them, the nanomaterial increases the overall surface area and
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conductivity of the electrode to improve the analytical signal or is used as tag of the
secondary antibody. More details are given below.

Magnetic beads composed of Fe2O3 or other magnetic materials and coated with
silica have been widely used to perform immunoassays for clinical diagnosis due to a
better control of the immobilization of the antibody. In addition, the washing and
modification steps can be easily controlled by magnetic actuation, facilitating the
overall process. A wide variety of magnetic beads are commercially available. As a
representative example, a very recent sandwich immunoassay for SARS-CoV-2
coronavirus detection relies on the modification of magnetic beads with a specific
antibody targeting the spike and nucleocapsid protein of the virus. The secondary
antibody is tagged with alkaline phosphatase as immunological label. After the
immunoassay, the magnetic beads were dropped onto a carbon black screen-printed
electrode and mixed with 1-naphthyl phosphate to generate 1-naphtol as electro-
active material. The use of carbon black greatly enhanced the analytical signal,
achieving a LOD of 8 ng mL�1. The method was applied to the direct analysis of
the virus in saliva samples (Fabiani et al. 2021).

Several competitive and sandwich-type electrochemical immunoassays have
been devoted for the detection of carcinoembryonic antigen protein, which is present
in serum at abnormal levels in cancer patients and can also act as a biomarker.
Carbon nanospheres modified with carbon nanotubes-Cu-Au arrays provides a high
density of active sites and rough area for the immobilization of carcinoembryonic
antibody for the detection of such analyte. Excellent analytical performance for
detection in serum samples is achieved, with a wide LR (0.025–25 ng mL�1) and
a LOD of 0.5 pg mL�1 (Tran et al. 2018). Nanomaterials containing high surface
area and electrocatalytic activity have been also used as tags of the secondary
antibody in the detection of the carcinoembryonic antigen. Thus, CoS2@C hollow
nanotubes have been used as tags with electrocatalytic ability towards hydrogen
peroxide reduction in the detection of such analyte in a sandwich format. The signal
produced was monitored by current response, with a low LOD of 0.3 pg mL�1 due to
the amplification of the signal by the rough nanomaterial (Ma et al. 2019a). In a
similar configuration, Au@PtPd nanorods have been also used as tags for the
secondary antibody. In this case, a doubled amplification strategy in the sandwich
assay was adopted by modifying the electrode with MoS2/CuS-Au hybrids to
increase the loading of primary antibody. After carcinoembryonic antigen and
interaction with the Au@PtPd tagged secondary antibody, an excellent LOD of
17 fg mL�1 was achieved in serum samples (Jia et al. 2020). Such LODs have
been further decreased to 3 fg mL�1 in a similar sandwich assay using trimetallic
yolk-shell Au@AgPt nanocubes loaded on MoS2 nanoflowers as secondary anti-
body tag (Ma et al. 2019b). Alpha fetoprotein is another important complementary
cancer biomarker for liver cancer diagnosis and monitoring of treatment. Worm-like
platinum nanoparticles have been used as tags for the secondary antibody in the
determination of such compound in serum samples. The signal amplification and
catalytic abilities of such tags result in a low LOD of 0.03 pg mL�1with good
accuracy as compared with the standard method (Li et al. 2021).
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Procalcitonin is a relevant protein used in the diagnosis and prognosis of septi-
cemia. PCT content in the serum of healthy people is extremely low (0.1 ng mL�1),
thus an increase of such levels is a good indicator of infections and septicemia. An
immunoassay method for the analysis of PCT was assembled by immobilizing
porous silica-coated gold nanorods containing electroactive thionine on the electrode
surface. The rods act both as containers for the electroactive materials and increase
the surface area for the immobilization of the specific antibody. The immunosensor
exhibited a good LR (0.001–100 ng mL�1) with a LOD of 0.4 pg mL�1 (Feng et al.
2021). A sandwich immunoassay was assembled by using an organometallic frame
(Au/IRMOF-3) for electrode modification and primary antibody immobilization and
Pd@PtRh nanorods as secondary antibody labels for hydrogen peroxide reduction.
The amplification strategy allows for procalcitonin detection at 7.8 fg mL�1 levels in
serum samples (Dong et al. 2020). C-reactive protein is another typical biomarker
used for the monitoring of infections, which in some cases is monitored along with
procalcitonin. Cu2(PO4)2 nanoflowers have been explored as tags in the secondary
antibody for the detection of such analyte via peroxide reduction with a LOD of
1.3 pg mL�1 (Tang et al. 2019).

Cardiac troponin is a relevant biomarker used for the monitoring of myocardial
infracts. A sandwich-type immunoassay was designed by using porous graphene
decorated with Pd@Au nanocubes functionalized with β-cyclodextrins. To further
amplify the electrochemical signal, the electrode surface was modified with AuNPs/
carbon spheres nanocomposites for immobilization of a high loading of primary
antibody. The immunosensor exhibited high selectivity, with a low LOD of
33 fg mL�1 in serum samples (Zhang et al. 2019). Lymphocyte activation gene-3
protein is a type I transmembrane protein that holds considerable promise in the
detection of diseases such as HIV, cardiovascular diseases, etc. A sandwich
immunosensor for the detection of such biomarker was assembled by using
MOFs@AuPt hybrids on rGO as nanomaterial for electrode modification and
immobilization of the primary antibody and silica nanoparticles tagged with the
secondary antibody. The silica-antibody 2 is used as signal-decreasing label due to
the steric hindrance property. For the electrode configuration and signal profile, see
Fig. 4.4. The immunosensor exhibited a wide LR with a low LOD 1.1 pg mL�1 with
excellent performance in serum samples (Xu et al. 2018).

Nuclear matrix protein 22 has been recognized as a urinary biomarker for the
detection of bladder cancer. The determination of such compounds was assembled
by using rGO for supporting AuNPs-PtNPs-MOFs. This increased the loading of the
specific antibody, allowing for the direct detection of such analyte in urine samples
with a LOD of 1.7 pg mL�1 (Zhao et al. 2019). Monocyte chemoattractant protein-1,
a cardiovascular biomarker, have been determined directly in serum samples with a
sandwich immunoassay using RuPdPt NPs as secondary antibody tags and rGO for
electrode modification, with a LOD of 9 pg mL�1 (Mao et al. 2019). Similarly, RhPt
nanodendrites have been used as tags for the secondary antibody in the detection of
hepatitis B surface antigen with high selectivity and a LOD as low as 166 fg mL�1

(Pei et al. 2019).
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4 Nanoelectrochemical Genosensors

Electrochemical genosensors rely on the use of single-stranded DNA as recognition
probes immobilized onto the electrode surface. In the presence of the target analyte,
hybridization occurs, generating an electrochemical signal by different mechanisms,
as will be further explained. In this type of sensors, nanomaterials can be used for
modification of the electrode to increase the surface area for probe immobilization or
as tags to generate the electrochemical signal (Sadighbayan et al. 2019; Manzanares-
Palenzuela et al. 2015). Table 4.3 lists a summary of recent nanoelectrochemical
genosensors applied for clinical diagnosis.

CdS nanosheets have been electrodeposited in a carbon electrode and used as
transducer in a genosensor for Leishmania infantum detection in skin cells. Such
disease is caused by the intracellular pathogen Leishmania, infecting macrophages
and dendritic cells and causing severe adverse health effects. The proposed
genosensor is constructed by immobilization of specifically designed oligonucleo-
tides, which hybridized selectively in the presence of the target analyte.
Impedimetric detection was performed without the need of any additional tag with
an excellent LOD of 1.2 ng μL�1 (Nazari-Vanani et al. 2020). In another sensor for
Leishmaniosis detection, gold nanoleaves were explored for electrode surface mod-
ification and immobilization of the specific DNA. After hybridization, methylene
blue was used as redox marker for detection via differential pulse voltammetry
measurements. The peak current of the biosensors was higher after interaction
with the specific analyte and hybridization, due to methylene blue can interact
with both DNA strands, incrementing thus the analytical signal. A LOD of
0.07 ng μL�1 was achieved (Moradi et al. 2016). The detection of the infectious
bacteria Enterococcus faecalis detection have been achieved using electrodeposited
gold nanostructures in connection with toluidine blue as redox probe. Such bacteria

Fig. 4.4 Sandwich immunoassay for lymphocyte activation gene-3 protein detection in serum
using MOFs@AuPt hybrids on rGO as nanomaterial for electrode modification and silica nano-
particles tagged with the secondary antibody. (Reprinted with permission from Xu et al. (2018).
Copyright 2018, Elsevier)
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can cause infections and adverse health effect in elderly immunocompromised
patients. Differential pulse voltammetry was used to monitor DNA hybridization,
achieving a low LOD of 30 ng μL�1 in the detection of such bacteria in relevant
clinical samples (Nazari-Vanani et al. 2018).

Genosensors can be also useful for the detection of specific biomarkers beyond
the identification of microorganism as previously described. Hemoglobin A1c can be
used for long-term monitoring of diabetes. A genosensor for the identification of
such compounds directly in blood samples was assembled by using rGO/gold for
modification of the electrode and modification with the thiolated DNA aptamer as
specific probe. As redox label, the Fe(CN)6 system was used. Figure 4.5 illustrate a
schematic of the detection protocol and representative signals. The detection relies
on the decrease of the peak current in the presence of the target analyte, reaching
LODs of 1 nM (Shajaripour Jaberi et al. 2019).

Micro-RNA-21, a novel cancer biomarker, have been detected using a genosensor
assembled using SWCNTs/dendritic gold nanostructures in the electrode for self-
assembly or the specific receptor. The target miRNA-21 was labeled with cadmium
ions as redox mediators. The oxidation of the Cd ions was measured by differential
pulse voltammetry, achieving a LOD of 0.01 fM in serum samples (Sabahi et al.
2020). MWCTs/rGO hybrids were used for the assembly of a genosensor for HPV
detection using anthraquinone as redox mediators due to its binding capacities with

Table 4.3 Genosensors based on nanomaterials

Nanomaterial Analyte Sample
Analytical
characteristics References

CdS nanosheets Leishmania
infantum

Skin LR: 5–50 ng μL�1

LOD: 1.2 ng μL�1
Nazari-Vanani
et al. (2020)

Au nanoleaves Leishmania
parasites

Skin LR: 0.5–20 ng μL�1

LOD: 0.07 ng μL�1
Moradi et al.
(2016)

AuNPs Enterococcus
faecalis

– LOD: 30 ng μL�1 Nazari-Vanani
et al. (2018)

rGO-Au Hemoglobin
A1c

Blood LR: 0.001–14 μM
LOD: 1 nM

Shajaripour
Jaberi et al.
(2019)

SWCNT-grafted
dendritic Au
nanostructure

miRNA-21 Serum LOD: 0.01 fM Sabahi et al.
(2020)

MWCNTs-rGO HPV16 – LR: 0.009–11 μM
LOD: 1.3 nM

Farzin et al.
(2020)

GO Hepatitis C
virus

Serum LOD: 1.4 nM Oliveira et al.
(2019)

WS2/Au Maternally
expressed
gene3

Serum LR: 1 fM-100 pM
LOD: 0.3 fM

Li et al. (2018)

Co oxide nanoflakes Influenza A Huma
swabs

LR: 0.5–10 ng μL�1

LOD: 0.3 ng μL-1
Mohammadi
et al. (2017)

SWCNTs single-walled carbon nanotubes
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the DNA (Farzin et al. 2020). Hepatitis C virus determination have been also
achieved by electrode modification with GO using the Fe(CN)6 system as redox
mediator (Oliveira et al. 2019). 2D nanomaterials analogous to graphene, such as
WS2, have been used for electrode modification, following assembly of gold for
immobilization of specific DNA probes for the determination of maternally
expressed gene3 RNA, a biomarker for the detection of lung cancer. Using ferrocene
and methylene blue as redox probes, an LOD of 0.3 fM was achieved (Li et al. 2018).
Cobalt oxide nanoflakes have been used for electrode modification and immobili-
zation of single-stranded DNA specific to influenza A. Using methylene blue as
redox indicators, direct detection from human swab samples was achieved with a
LOD of 0.3 ng μL�1 (Mohammadi et al. 2017).

5 Nanoelectrochemical Cytosensors

Cytosensors rely on the capture of cells, normally cancer cells, using electrodes
modified with specific receptors (aptamers, antibodies, etc.) that can interact with the
cells via specific binding with overexpressed components on the surfaces of cancer
cells such as glycans, etc. The nanomaterials here can play a vital role for increasing

Fig. 4.5 Genosensor for Hemoglobin A1c detection in blood. (Reprinted with permission from
Shajaripour Jaberi et al. (2019). Copyright 2019, Elsevier)
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the surface area of the electrode for the incorporation of a higher amount of receptors
(Xu et al. 2020). Table 4.4 lists some representative cytosensors based on nano-
materials for the detection of cancer cells.

A sensor for the detection of circulating tumor cells has been assembled using
AuNPs acetylene black for electrode modification and assembly of specific anti-
bodies. Pt@Ag nanoflowers were used as tags of the secondary antibody after
MCF-7 cell capture, for reduction of peroxide and highly selective detection in
blood samples with a LOD of 3 cells mL�1 (Tang et al. 2018). The detection of
such MCF-7 has also been performed using graphene/iron oxide nanoparticles for
electrode modification and immobilization of a specific aptamer for specific detec-
tion with a LOD of 6 cells mL�1 in blood samples (Zhang et al. 2020).

Peptide nanoparticles were used for modification of a pencil graphite electrodes in
the detection of DLD-1 cancer cells by electrochemical impedance spectroscopy,
with a LOD of 100 cells mL�1 (Yaman et al. 2018). Folic acid functionalized nano-
silica was used as electrode modification materials for the detection of HT 29 colo-
rectal cancer cells with a LOD of 50 cells mL�1 (Soleymani et al. 2019).

6 Conclusions

Electrochemical biosensors are highly useful tools in clinical diagnosis, allowing for
fast detection directly in the samples using very low volumes. The use of nano-
materials and nanostructures in connection with electrochemical sensors can greatly
increase the performance, allowing for the detection of very low levels or clinical
biomarkers and aiming in the quest for identification of new ones, which were not
possible to detect due to the low performance of traditional sensors. Enzymatic
electrochemical biosensors were the most employed in the last 20 decades. The field
is evolving now to adapt the working principle of enzymatic biosensors using NMs
as enzyme mimics, solving the problems of enzyme instability and loss of activity
due to changes in conformation after immobilization. NMs can also be used to
modify the working electrode to increase the surface area for the incorporation of a
large number or receptors or to increase the electronic transfer properties. For
example, immunosensors and genosensors based on NMs explore the large surface

Table 4.4 Cytosensors based on nanomaterials

Nanomaterial Analyte Sample
Analytical
characteristics References

AuNPs and Pt@Ag
nanoflowers as tags

Circulating
tumor cells

Blood LOD: 3 cells mL�1 Tang et al.
(2018)

Iron oxide NPs MCF-7 cells Blood LOD: 6 cells mL�1 Zhang et al.
(2020)

Peptide nanoparticles DLD-1 cells LOD: 100 cells
mL�1

Yaman et al.
(2018)

Folic acid functionalized
silica NPs

HT 29 cells Serum LOD: 50 cells mL�1 Soleymani
et al. (2019)
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area for the incorporation and protection a larger number of antibodies or DNA to
decrease the LOD to fM levels for practical applicability. Compared with the
progress in the previous configurations, cytosensors are still under development
due to the complexity for specific detection and the low abundance of circulating
tumor cells in blood.

Future efforts should be aimed at the portability and end-user applicability of the
previously mentioned nanomaterials-based biosensors. Great progress in this direc-
tion have been made with the development of wearable biosensors, which can
greatly benefit from the great properties of NMs for further development in the
not-so-distant future.
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Abstract

The current challenges in Analytical Chemistry have demanded the use of
nanostructured materials associated with biomolecules, which have emerged as
an essential strategy for the development of biosensors comprising many different
analytical techniques. The nanobiomaterials have enabled the development of
multifunctional analytical platforms by the combination of interesting features to
improve analytical parameters, including high surface area, biocompatibility,
specificity, and stability. Also, the possibility of increasing charge transfer rates
and tuning of surface plasmons has been established as an exceptional tool for
signal enhancement in electrochemical and optical analysis, respectively. This
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chapter presents the recent achievements in the development of biosensors,
emphasizing the inherent versatility and application for environmental monitor-
ing, clinical diagnoses, and point-of-care analysis.

Keywords

Nanomaterials · Biosensors · Sample analysis · Electrochemistry

1 Introduction: Use of Nanobiomaterials in Biosensors

The use of nanobiomaterials in the development of biosensors has gained strength in
recent years, particularly due to their outstanding features, including stability, bio-
compatibility, the possibility of miniaturization, and signal enhancement, presenting
a great range of applications in several areas. In this sense, the use of nanosized
materials, such as metallic nanoparticles, graphene, carbon nanotubes, quantum
dots, and magnetic nanoparticles, has emerged as an expanding field of study.
These materials function as sensor components owing to attractive physicochemical
properties, such as high surface area (Paul and Sharma 2020), which is very desirable
for immobilization of biomolecules, acting as a biorecognition element integrated
within a transducing system. The wide group of proteins includes a collection of
multifunctional elements that often appear as a preferable choice for attachment on
the transducer’s surfaces in biosensor manufacturing (Fig. 5.1). Enzymes, anti-
bodies, and even structural proteins can carry the recognition of target molecules
out through catalysis, affinity, or any signaling process that allows specific identifi-
cation (Kurbanoglu et al. 2020; Zhu et al. 2020; Oliveira et al. 2020).

Fig. 5.1 Construction of biosensors with nanobiomaterials
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Thus, new electrochemical or optical devices containing nanomaterials associated
with biological materials bring new perspectives that have triggered the interest of
researchers. Nanobiomaterials have achieved promising results in terms of improved
sensitivity, stability, low limits of detection, response speed, and noise reduction. For
this reason, significant advances have been accomplished in environmental moni-
toring, food quality control, and especially in clinical analysis to diagnose infectious,
congenital, and hereditary diseases.

2 Use of Gold Nanoparticles in Electrochemical Biosensors

Among the numerous nanoparticles explored for the development of nano-
biomaterials, the gold nanoparticles (AuNPs) present great interest in the area of
biosensors due to the low toxicity, surface reactivity, and localized surface plasmon
resonance (LSPR) phenomena. The AuNPs can be purchased from commercial
sources or synthesized in laboratories by simple or laborious procedures, according
to the size and shape of interest, which significantly affect the sensor performance
and the immobilization of biomolecules on the transducer surface. On this matter, the
fabrication of biosensors has improved thanks to the functionalization of nano-
particles surfaces with different functional groups for further attachment of bio-
molecules. A enzyme biosensor based on an AuNP is combined with a multi-
nanomaterial electrode film modified with acetylcholinesterase for the detection of
the insecticide paraoxon (Jia et al. 2020). The device operated via differential pulse
voltammetry (DPV) presented a current response of 0.49 V (vs. Hg/Hg2Cl2sat)
during the hydrolysis process of acetylcholine chloride, in addition to a sensitivity
of 4.44 uA μg�1 mL�1 and a limit of detection (LOD) of 0.0014 μg mL�1. The use of
nanobiomaterials led to improved catalytic processes, decreased toxicity, and greater
efficiency in enzymatic immobilization methods. A label-free immunosensor pro-
posed by Choosang et al. (2020) for the determination of human serum albumin
(HSA) was built over a carbon screen-printed electrode (SPE) modified with ferro-
cene nanocomposite as an immobilized redox probe and AuNPs to anchor anti-HSA
antibodies. The proposed sensor presented a LOD of 5.4 � 10�10 μg mL�1 and
showed stability of approximately 30 days. Label-free immunosensors do not require
markings to detect target molecules, having an advantage over another electrode
framework by simplifying the assembly process. Since the labeling steps are elim-
inated, the time and reagent consumption are reduced. Other examples of
immunosensors for HSA detection are described in Table 5.1.

Also developing label-free immunosensors, Zhao et al. (2019) determined the
nuclear matrix protein 22 in urine samples, using AuNPs in conjunction with
platinum nanoparticles (PtNPs). The target protein is a urinary biomarker used in
bladder cancer detection and its monitoring is essential for diagnosis and prevention.
The authors’ work demonstrated a LOD of 1.7 pg mL�1 and was considered a
reliable approach for the detection of protein biomarkers in urine. Proteins can also
be determined using electrochemical biosensors, as they combine the advantages of
simplicity, low background signal, and high sensitivity. This way, the work of Liu
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et al. (2018) demonstrates the detection of C-peptide through the functionalization of
AuNPs with a LOD of 14.2 ng L�1. Recent advances in nanobiotechnology for the
development of biosensors with virus detection capability, such as MERS-CoV and
SARS-CoV-2, are addressed (Qiu et al. 2020; Layqah and Eissa 2019).

3 Use of Magnetic Nanoparticles in Electrochemical
Biosensors

The use of magnetic nanoparticles (MNPs) has increased in the electrochemistry
field due to the versatility of applications, their varied size from nm to μm, and
intrinsic properties, such as super magnetic behavior and high saturation magneti-
zation (Nkurikiyimfura et al. 2020), which allowed the advance of new analytical
methodologies for biomedical analysis. MNPs applied in electrochemistry accelerate
analytical signal transduction, reflecting as a sensitivity gain of biosensors in the
detection of various analytes. For its synthesis, several processes are described in the
literature, such as the synthesis in microemulsions (Chin and Yaacob 2007), synthe-
sis through electrospray (Basak et al. 2007), electrodeposition (Janegitz et al. 2012)
flow injection (Salazar-Alvarez et al. 2006), and microfluidic flow (Abou-Hassan
et al. 2010). All the synthetic routes are performed according to the system’s need to
the function of MNPs, aiming for better dispersion and biocompatibility by the
attachment of proper functional groups. In consequence, the use of MNPs shows
great potential in the development of biosensors, by increasing their sensitivity and
stability for the detection of pathogenic targets, in addition to facilitating the process
of immobilization of enzymes. In this context, He et al. (2020) immobilized the
enzyme tyrosinase (Tyr) in GCE with biochar nanoparticles (BCNPs) functionalized

Table 5.1 Comparison of different electrochemical immunosensors for HSA

Electrode materials Detection Linear range LOD References

Ab/AuNPs/HDT/
AuNPs/MWCNT-
CILE

EIS 0.1 to 100 μg mL�1 15.4 ng mL�1 Arkan et al.
(2014)

Ab/PS-Ag/SPCE EIS 30 to 300 μg mL�1 1.0 μg mL�1 Shaikh et al.
(2019)

Ab/COOH-SPCE Amperometry 10 to 300 μg mL�1 9.77 μg mL�1 Tsai et al.
(2016)

Ab/AuNPs/PVA/
SPCE

DPV 2.5 to 200 μg mL�1 25 μg mL�1 Omidfar
et al. (2011)

Ab/AuNPs/TU/
AuNPs/Pty/Au

Capacitive 6.8 � 10�12 to
6.8 � 10�3 mg L�1

6.8 �
10�15 mg L�1

Samanman
et al. (2012)

Ab antibodies, AuNPs gold nanoparticles, HDT 1,6-hexanedithiol, MWCNT multi-walled carbon
nanotube, CILE carbon ionic liquid electrodes, EIS electrochemical impedance spectroscopy, PS
polystyrene, Ag silver, SPCE screen-printed carbon electrode, COOH carboxylic acid, PVA poly-
vinyl acetate, TU thiourea, Pty poly-tyramine, Au gold electrode, DPV differential pulse
voltammetry
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with Fe3O4 nanoparticles (MNPs) and carboxylic functional groups (-COOH). Due
to the biocatalytic activity to Tyr and conductivity provided by BCNPs, the
bisphenol A detection signal was significantly improved, presenting a limit of
detection (LOD) of 2.78 nM with linear ranges from 0.01 to 1.01 μM. Other
examples of Tyr immobilization in Fe3O4-chitosan magnetic nanoparticle com-
pounds are described recently (Zhou et al. 2018; Polatoğlu 2019). The MNPs can
also be used for the detection of protein biomarkers in the detection of varieties of
cancer due to synergic exploration in electrochemical biosensors. As previously
mentioned, the size and three-dimensional shapes of MNPs can provide excellent
versatility for bioassays with biomolecules of different sizes. Once the biosensor
surface has been modified, the use of an external magnet favors the maneuvering of
the magnetic nanoparticles together with the genetic material at the base of the
transducer, thus reducing additional modification steps. In this perspective, Luo et al.
(2020) presented the use of magnetic nanospheres remodeled with anti-EpCAM for
the detection of circulating tumor cells (CTSs) of breast cancer MCF-7. The CTCs
were isolated on the transducer surface of a photoelectrochemical biosensor. The
photoelectrochemical method in this perspective gains prominence in the develop-
ment of biosensors since it opens possibilities in the improvement of sensitivity and
by presenting a low noise signal. Its operation occurs through an excitation source,
where it is possible to project such devices to detect signal transduction on the
surface of organic and inorganic materials, using potentiometric or amperometric
detection.

4 Use of Carbon-Based Nanomaterials in Electrochemical
Biosensors

High-performance electrochemical biosensors require electrode materials owing to
high conductivity and fast electron transfer rate, as well as a substrate that allows the
easy anchoring of biomolecules. These characteristics are essentially found in
carbon-based materials containing sp2 hybridization with the elevated number of
conjugated atoms and endowed with appreciable surface area, such as carbon
nanotubes (Janegitz et al. 2011), graphene (Janegitz et al. 2017), and, the least
known, carbon black (Vicentini et al. 2016) (Fig. 5.2).

Graphene, for example, is a semi-infinite-sized one-atom-thick 2D-foil, which
makes its surface area incredibly high. Such a property associated with the equally
notable conductivity enables the development of third-generation electrochemical
biosensors (López Marzo et al. 2020; Díaz Nieto et al. 2018). Graphene also presents
two different derived forms: graphene oxide (GO) and reduced graphene oxide
(rGO). GO has an increased interlayer space and is rich in oxygenated functional
groups that give greater hydrophilicity and good capacity for protein binding, both
covalently and electrostatically. Meanwhile, having a reduced oxygen content, rGO
is endowed with better electrical conductivity, around eight orders of magnitude
larger than GO. The choice of graphene form will depend, of course, on the sensor
purpose (Taniselass et al. 2019; Felix et al. 2015).
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Reduced graphene oxide (rGO) was applied together to Fe3O4 magnetic nano-
particles for the determination of glucose by a third-generation biosensor proposed
by Pakapongpan and Poo-arporn, including a novel enzyme immobilization proce-
dure based on electrostatic pairing between positively charged F3O4 and negatively
charged glucose oxidase (GOx) at pH 7.0 (Pakapongpan and Poo-Arporn 2017).
Third-generation biosensors are known for the ability to promote direct electron
transfer between enzyme cofactor and the electrode surface. In this case, intensive
electrochemical characterization suggested that rGO directly exchanges charge with
GOx from flavin adenine dinucleotide (FAD). However, Bartlett and Al-Lolage
recently claimed that it lacks strong evidence to support the hypothesis of direct
charge transfer between GOx and carbon materials such as graphene and nanotubes
(Bartlett and Al-Lolage 2018). Regarding enzyme-based biosensors, GOx is usually
presented as a general model for new analytical methodologies, especially due to its
robustness towards abrupt oscillations in the chemical environment. Also, they have
been provided easy probing for either electrochemical or spectroscopic techniques
and has a well-known reaction mechanism. Once this model is revealed to be
promising, it turns into a “proof of concept” that can be applied to other enzymatic
reactions or protein interactions.

Exploiting the presence of high-numbered oxygenated terminal groups in GO,
Kazemi et al. (2016) reported an impedimetric immunosensor for the detection of
cardiac troponin I, a biomarker protein for heart attack. In this work, GO was
converted into a porous nanosheet framework, preserving the oxygenated groups.
The resulting porous graphene oxide (PrGO) is endowed by a larger surface area
compared to non-treated GO, increasing the efficiency of immobilization of anti-
cardiac troponin I immunoglobulin on GCE by the covalent attachment of amino-

Fig. 5.2 Carbon-based nanomaterials for manufacturing of protein-based biosensors
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terminated antibody and carboxyl-terminated PrGO. The performance of the
immunosensor was evaluated by cyclic voltammetry and electrochemical impedance
spectroscopy, showing a significant intensification of charge transfer resistance in the
presence of the target protein, indicating the biorecognition response. Further study
of analytical performance resulted in a wide linear concentration range from 0.1 to
10 ng mL�1 and a LOD of 0.07 ng mL�1. Additionally, the evaluation of potential
interfering of serum albumin and myoglobin showed that the sensor was suitable for
analysis of blood samples.

As a noteworthy nanomaterial, carbon nanotubes (CNT) have physicochemical
properties similar to graphene, which differ in conformational structure. CNT are
based on a tubular framework built through rolled concentric graphene foils, gener-
ating the called multiple-walled carbon nanotubes (MWCNT) (Vicentini et al. 2013).
Or, they can be found as a single sheet or simply a single-walled carbon nanotube
(SWCNT), being both attractive as biosensor material and being able to undergo a
functionalization process to immobilize biomolecules (Arduini et al. 2014; Liu et al.
2005; Ortolani et al. 2019). To demonstrate the possibilities of this material, Gulati
et al. (2019) and Silva et al. (2014) used vertically aligned MWCNT dispersed on a
flexible PET substrate to produce an impedimetric immunosensor for leukemia-
related K-562 cells. The modification process started with the treatment of nanotubes
with oxygen plasma, to provide oxygenated groups and improve antibody covalent
attachment. The extensive morphological characterization analysis of the resulting
electrode showed that the aligned framework of MWCNT allowed an increased
surface area and electron transfer, resulting in a larger charge transfer resistance
variation response. The sensor presented a very extensive linear range of 1.5 � 102

to 1.5 � 107 cells mL�1 and a striking LOD of 10 cells mL�1, demonstrating its
suitability to perform diagnostic analysis.

The underexplored carbon material is carbon black (CB), which emerges as a
non-expanse alternative for electrode fabrication. CB is a petroleum-derivative
nanoparticle-like material with particle size varying between 3 and 100 nm, and it
is generally found in industrial process applications, presenting comparable features
to graphene and CNT, including high electrical conductivity and elevated surface
area. The interest in CB rises to supply the increasing demand for fast, low cost,
disposable/reusable, and reliable analytical devices for diagnosis and substances of
environmental interest. For this reason, CB has been subjected to study for its
application in the production of electrochemical analytical devices. Additionally,
CB has high adsorption potential and its structure contains oxygenated functional
groups localized on its edges that allow the functionalization by the anchoring of
other molecules, which confers great suitability for the development of biosensors
(Silva et al. 2017; Laurinavicius et al. 2013; Ma et al. 2007).

The use of CB on enzyme-based biosensors has already been reported. Arduini
et al. (2014), for example, proposed detection of paraoxon through its inhibition
activity over the butyrylcholinesterase. The enzyme was immobilized on CB nano-
particles using glutaraldehyde as a cross-linking agent to produce a modified SPE. In
this system, the analytical signal was based on the variations of the oxidation current
by using the electrochemical probe thiocholine, the main product of enzymatic
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hydrolysis of butyrylcholine. The sensor also presented an excellent response for
thiocholine oxidation, which occurred at lower potential (300 mV vs. Ag ink) when
compared to bare SPE and other electrode modified with carbon nanomaterials,
including carbon nanotubes CNT and rGO (Liu et al. 2005; Li et al. 2013). Also, the
biosensor was successfully applied to the analysis of the organophosphate in waste
and drink water samples with no pretreatment, showing a LOD of 5 μg L�1, as well
as presenting high operation and shelf stability.

Xiao-He et al. (2007) studied the efficiency of GOx immobilization on aniconic
polymer-grafted CB supported on hydrophilic fumed SiO2 nanoparticles as hybrid
material for modification of carbon paste SPE. They managed how to manipulate the
material architecture to improve the conformational exposure of hydrophilic and
hydrophobic regions of GOx. The resulting material was evaluated to enhance the
enzymatic kinetic process and to achieve a better electrode response in chronoam-
perometric assay.

Quantum dots are also excellent platforms for electrochemical detection of tumor
biomarkers. For example, Hasanzadeh et al. (2018) proposed a voltammetric
immunosensor for ultrasensitive detection of cancer antigen 15-3 (CA15-3) in
unprocessed human plasma and lysates of breast cancer cells MCF-7 using electro-
chemical gold nanospheres (AuNSs) mounted on violated GQDs. The
immunosensor has shown a LOD of 0.11 U mL�1, demonstrating considerable
analytical performance. Liu et al. (2013), in the same perspective, proposed an
amperometric enzymatic immunosensor amplified sensitivity for the determination
of the tumor marker alpha-fetoprotein (AFP) with a set layer by layer of poly
(3,4-ethylenedioxythiophene) (PEDOT)/nano-Au/Azure I/ZnSe QDs on the surface
of the Pt electrode. The immunosensor exhibited high sensitivity, fast analytical
time, a low LOD of 1.1� 10�6 ng mL�1, and an impressive linear range response to
AFP from 5 � 10�5 to 250 ng mL�1. Another example of immunoassay was
performed by Liu et al. (2016) for the detection of Golgi-73 protein, a biomarker
for the liver tumor, using quantum points of CdTe/CdS modified with manganese.
First, CdTe/CdS QDs modified with Mn functionalized with carboxylic were syn-
thesized. Then, the A/G protein agarose granules were specifically combined with
the Ab conjugated with QDs to form the QD-Ab-granules conjugate. The biosensor
presented the clinical testing potential for the Golgi-73 biomarker with a LOD of
10 ng mL�1. It has been observed in the cited examples of immunosensors that these
may vary according to the type of transducer used as well as the type of antigen and
antibody immobilized on the surface of the transducer.

5 Use of Hybrid Nanoparticles in Electrochemical Biosensors

Other examples of nanomaterials used in biosensors are oxide/hydroxide-based
hybrid nanoparticles, which have demonstrated innovative ideas in the field of
materials science. This interest is related to the fact that metallic oxide or hydroxide
nanostructures present interesting applications for the manufacture of optical, elec-
tronic, and electrochemical devices on a miniaturized scale. Before the synthesis of
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these nanostructures, the bandgap and pore size distribution must be taken into
consideration, because in this way, it is possible to orient the material in different
matrices and quantitative analytical applications in electrochemical analysis. These
nanoparticles can be synthesized from the reduction of a metallic precursor or by
processing routes such as hydrothermal, coprecipitation, chemical decomposition,
electrodeposition, and sol-gel. The sol-gel method stands out, considering several
factors, such as the ease of preparation (high purity and homogeneity), the acid
characters of Brønsted and Lewis, those of high surface area and high thermal and
chemical stability (Blasques et al. 2020; Martins et al. 2014). Based on the charac-
teristics addressed, the work of Peng et al. (2014) develops a new platform for the
manufacture of a glucose biosensor, where it was built by imprisoning GOx in an
organically modified (ormosil)/chitosan (CS)/graphene oxide nanocomposite. The
graphene acted as support in the GO immobilization process, as well as in the
promotion of electron transfer on the electrode/solution surface. The biosensor
designed for glucose displayed a wide and useful linear range of 0.02–5.39 mM
with a low LOD of 6.5 μM. Another work was presented by Kochana et al. (2015),
where a tyrosinase (Tyr) based biosensor for bisphenol A (BPA) detection in a loop-
flow system was developed. The Tyr was trapped in the sol-gel matrix of modified
TiO2 with MWCNTs and Nafion. The MWCNTs facilitated the electrical conduc-
tivity of the material and helped in the enzyme immobilization. Other researchers
have reported the use of metal oxides synthesized in sol-gel matrices, such as Glezer
and Lev (1993), which took advantage of the high conduction of vanadium pentox-
ide to project a glucose biosensor. Liu et al. (2003) proposed a new enzyme
biosensor based on a mesoporous matrix of ZrO2. Zirconia was chosen by the
authors due to its excellent chemical inertness and biocompatibility, as well as its
acidic and basic properties. It should be noted that in all the synthesis routes
presented, some desirable characteristics should be taken into consideration, such
as pore volume, high surface area, type of porosity (microporous, mesoporous, and
macroporous), leading to a better cost-benefit for immobilization of enzymes.

6 Quartz Crystal Microbalance-Based Biosensors

Quartz crystal microbalance (QCM) is also an example of the usual system in the
development of interfacial-based analysis and that with the combination of nano-
biomaterials has presented performance improvements regarding sensitivity and
selectivity for the detection of several analytes. QCM is an analytical technique
that is based on piezoelectric principle, where typically occurs a gravimetric loading
on a quartz crystal surface, leading to a decrease in the resonant oscillation frequency
of the crystal, which is interpreted as mass variation proportional to the load (Dayal
et al. 2019). However, other mechanical properties, including density and viscoelas-
ticity can also be tracked by this technique, as well as the dynamics of interfacial
chemical events. This working principle allows that specific affinity interactions
between the piezoelectric surface and a target molecule to be monitored with no
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trouble, making QCM platforms a very convenient transducer for protein-based
biosensing, especially for label-free immunosensors.

To mediate and improve the interactions of the crystal surface, nanomaterials
arise as an important component for piezoelectric biosensor manufacturing, since
they can provide an extensive matrix that facilitates biomolecules attachment.
Additionally, the typical increase of surface area assigned to nanoparticles directly
affects the number of binding sites, yielding significant signal amplification. Con-
sidering such characteristics and principles, Pohanka established a piezoelectric
biosensor based on magnetic nanospheres for the detection of tumor necrosis
factor-alpha (TNFα) (Pohanka 2018). In this study, the immobilization of the
antibody TNFα on the surface of the QCM sensor was reported, where it demon-
strated a LOD of 1.62 pg mL�1. Following the same principle of the previous work,
Pirich et al. (2017) used a piezoelectric immunochip coated with cellulose crystal
nanofilm for the detection of the NS1 antigen of dengue fever.

Besides the great applicability for immunosensor development, the association of
metallic nanoparticles with QCM also has been shown to be suitable for building
enzymatic biosensors. Since enzyme-substrate reaction can induce secondary events
that change the oscillating crystal frequency, a readable signal can be produced for
specific biochemical recognition of target molecules. A compelling methodology
centered on this principle was presented in a study conducted by Park and Lee
(2018), where the signal response of enzymatic biosensor for the detection of
glycated hemoglobin (HbA1c) was based on mass changes caused by the increase
in the size of the AuNPs attached on the sensor surface via conjugated thiol
terminated self-assembled monolayers. The nanoparticle enlargement was triggered
by a reaction catalyzed by the enzyme fructosyl amino acid oxidase, which uses
HbA1c as the substrate for proteolytic digestion, H2O2 in a media containing Au3+

ions that are readily reduced to metallic form and deposited on nanoparticles surfaces
that act as nucleation sites for Au staining. The QCM HbA1c enzymatic assay was
applied in whole blood analysis, achieving a LOD of 0.147% related to the total
hemoglobin. Although the studied HbA1c concentration range (4.61–13.5%) pre-
sented a nonlinear behavior, the presented methodology has shown enough sensi-
tivity and reproducibility, being considered a useful platform for clinical analysis.

7 Nanobiomaterials for Optical Analysis

While in electrochemistry metallic nanoparticles offer interesting applications with
the aim of increase of electroactive area, promote the arising of electrocatalyst sites,
and speed up charge transfer rate to improve analytical features, in spectroscopic
techniques, they can have valuable use to generate and/or significantly intensify
analytical signal through localized surface plasmon tuning. Optical techniques based
on surface-enhanced Raman scattering (SERS) and localized surface plasmon reso-
nance (LSPR) can use space-confined electrical oscillations on nanoparticles sur-
faces caused by incident radiation to investigate variations in the localized chemical
environment. Furthermore, resonating plasmon absorption in the visible spectrum
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associated with metallic nanostructures, especially gold and silver nanoparticles,
may occasionally be useful for colorimetric analysis. Conventional surface plasmon
resonance (SPR) spectroscopy can also gain improvements by using nanomaterials,
like signal enhancement by inducing LSPR phenomena, or promoting feasibility for
biomolecules attachment (Mohammadzadeh-Asl et al. 2018).

Metal nanoparticles comprise a range of important substrates for SERS. The
eventual attachment of a molecule on nanoparticles can create a Raman hot spot,
that is, micro- or nanosized restricted regions localized on the metallic surface with
high roughness, such as nanoparticles, where there is intense local field enhance-
ment. The localized surface plasmon interaction with incident radiation is considered
to be the main cause of this produced enhancement (McNay et al. 2011). Moreover,
the light absorption of the same localized plasmons can give information of molec-
ular targets by changes in absorption patterns as they interact with the surface of the
nanoparticles. This information is interpreted as small changes in the absorbance
wavelength. That is the basis of LSPR spectroscopy. On the other hand, conventional
SPR signal is acquired from changes in minimum reflection angle on incident light
source due to local refractive index indicating variations on surface plasmon profile
caused by adsorptive interactions of interesting species with the surface of a contin-
uous metal layer.

Returning to glucose enzymatic analysis, it is known that most methodologies for
GOx-based glucose detection are based on H2O2-derived signals due to its high
reactivity and a countless number of reactions that can be managed to generate the
analytical response. In this way, H2O2 reactions combined with metallic nano-
structures were extensively explored to produce SERS hot spots (Zhong et al.
2019; Fu et al. 2017). Gu et al. (2016) established a novel H2O2 approach to analyze
glucose in urine using boronic acid-derived thiol to modify gold nanospheres
(Au-NS) by covalent attachment. The functionalizing molecule reacts with H2O2

generating a phenol-terminated Au-NS. Moreover, due to the high specificity of this
reaction, the method may be suitable for other oxidases since catalytic oxidation of
their substrates also results in H2O2 generation.

An interesting concept of controlling chemical environment was developed by
Sun and co-authors for indirect detection of glucose in blood serum (Sun et al. 2017),
attaching GOx electrostatically to silver nanospheres (Ag-NS) negatively charged by
functionalization with the cationic poly(dimethyl diallyl ammonium). As the SERS
signal response was based on chromophore group FAD present in the enzyme, the
mechanism of “turning off” Raman signal was triggered by the generation of
localized acidic environment post-enzymatic reaction: glucose is converted to
gluconic acid, leading to pH dropping below GOx isoelectric point, causing elec-
trostatic impairment. The signal quenching produced by enzyme detachment from
Ag-NS showed to be proportional to glucose concentration in a linear range from 2.0
to 14.0 mM, reaching a LOD of 1.0 μM.

The wide applicability of metallic nanoparticles in optical-based analytical tech-
niques is due to their unique tunable plasmonic properties. Localized plasmon
oscillations can be easily tweaked by controlling either size, shape, or aggregation
state, which are related to variations in electronic conduction band arrangement and
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plasmon-plasmon interactions. Moreover, plasmonic tuning can also be achieved by
functionalization of nanoparticle surfaces, which changes the local refractive index
and, therefore, their plasmonic pattern. Those endeavors will significantly change
the absorption wavelength of nanoparticles, and this change can be easily monitored.

In this way, one of the first experimental changes is often observed in plasmon
light absorption, which mostly occurs at visible or near-infrared regions when we
talk about silver and gold nanomaterials. This property can be managed in other to
develop very simple but highly sensitive analytical assays, like the one presented by
Zhang et al. (2020) for glucose determination in urine samples that exploited the
generation H2O2 by GOx/glucose reaction to oxidizing I� to I3

�, creating a con-
trolled corrosive environment that changes the shape of gold nanobipyramids
(AuNBPs), that particularly own a strong local electric field enhancement (Chow
et al. 2019; Lin et al. 2019; Bhardwaj et al. 2021). The oxidative process leads to
different nanostructures derived from AuNBPs according to glucose concentration
causing significant alteration on the visible light LSPR spectrum that can be detected
by eyes: longitudinal surface plasmons of AuNBP show a pronounced band at
800 nm that suffers a blue shift as the axial tips start etching in the presence of
small concentrations of glucose, reaching a maximum shift at 520 nm. Throughout
this process, a polychromic change of the dispersion is visually detected from pale
brown to yellow, blue, purple, and finally to red, indicating glucose saturation.
Additionally, a visual sensitivity scale was presented and a linear range for glucose
concentration was evaluated by instrumental analysis of wavelength shift. Moreover,
the proposed procedure presented no need for enzyme attachment on the surface of
the nanoparticles.

A considerable number of studies involving colorimetric LSPR are available
(Zhang et al. 2016; Russell and de la Rica 2018; Tang and Li 2017). However, a
protein-mediated control of the morphological states of nanoparticles can create a
highly specific colorimetric probe for biosensing, as summarized in Fig. 5.3. Explor-
ing protein functionality, such as specific binding or catalysis, has demonstrated a
great potential for point-of-care colorimetric analysis, especially for diagnosis and
environmental measurements. To illustrate this potential, a variety of works involv-
ing LSPR-based colorimetric analysis is summarized in Table 5.2.

Protein interactions can also be employed to initiate aggregation of nano-
structures to promote analyte concentration-dependent modulation of LSPR since
the electromagnetic field of the assembly differs significantly from a single particle,
as well as the number and the relative position of particles aggregated (Fan et al.
2010). Metal nanoparticles can produce clusters by electrostatic interactions or
specific molecular bonding which can be achieved by antibody/antigen pairing,
which turns out to be very convenient to the development of immunosensor. In
this way, a simples methodology for SARS-CoV-2 detection was released by Della
Ventura et al. (2020) based on absorbance quenching at 560 nm of antibody-
functionalized AuNPs that aggregate throughout the virus surface, creating an active
AuNP layer with distinct characteristics that causes a wavelength redshift. The
alterations on the absorbance profile are observed as a color change of the dispersion
from red to purple. The immunoglobulins for biorecognition of spike, envelope, and
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membrane proteins were attached to AuNPs by photochemical immobilization
technique that allows direct binding with no need of crosslinkers (Della Ventura
et al. 2019), generating three different functionalized nanospheres. The colorimetric
immunoassay was compared to conventional real-time polymerase chain reaction
analysis (PCR). The proposed assay could detect significantly low virus loads,

Fig. 5.3 Control management of protein systems can induce changes in metallic nanoparticles
morphology, including size, shape, and aggregation state, leading to readable changes in LSPR
absorption pattern

Table 5.2 Comparison of different LSPR-based colorimetric methodologies

Nanostructured
material Biomaterial Analyte

LSPR-inducing
mechanism LOD References

AuNBPs Gox Glucose Particle etching 0.34 μmol L�1 Zhang
et al. (2020)

Ag nanoprisms Gox Glucose Particle etching 0.20 μmol L�1 Xia et al.
(2013)

AgNPs Ascorbic acid-
2-phosphate

Alkaline
phosphatase

Particle growth 0.50 pmol L�1 Guo et al.
(2016)

AuNPs Antibody set SARS-CoV-2 Aggregation Ct ¼ 36.5a Della Ventura
et al. (2020)

AuNPs Anti-EV71
immunocomplex

Enterovirus
71

Particle growth 0.65 ng mL�1 Xiong et al.
(2017)

AuNBPs gold nano bipyramids, GOx glucose oxidase, AgNPs silver nanoparticles, AuNPs gold nano-
particles, SARS-CoV-2 severe acute respiratory syndrome coronavirus 2, EV71 enterovirus 71
aCt: cycle threshold, in PCR analysis, is the number of cycles needed for the fluorescent signal to exceeds
the background. Ct level is inversely proportional to the amount of target molecule
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allowing to distinguish different stages of contamination.Immuno-sensorial plat-
forms based on antibody-functionalized nanoparticles have also demonstrated
good feasibility for implantation in SERS probing (Wang et al. 2017). An antibody
capturing of analytes can create either a high specificity or signal amplification for
ultrasensitive detection by creating new bonds over nanoparticle-induced hot spots.
Furthermore, molecular attachments on functionalized nanoparticle surfaces caused
by biorecognition lead to readable changes on the local refractive index that can be
easily verified via LSPR. Those features offer great applicability in targeting specific
biomarkers that are found in a trace level range that eventually are demanded in
disease screening (Rissin et al. 2010).

An interesting concept demonstrating human IgG and streptavidin detection at the
picomolar range was presented by Campu et al. (2018) using dual detection via
SERS and LSPR. This approach is also an excellent example of how functiona-
lization can significantly affect the plasmonic behavior of nanostructures. The group
demonstrated how they manage to functionalize selectively AuNBP tips with para-
aminothiophenol for further attachment of anti-IgG and biotin for analyte recogni-
tion. The choice of AuNBPs is related to the sharp tips that endow them with a
singular plasmonic enhancement, as we discussed in the previous colorimetric
methodology for glucose detection. The enhanced field is localized at the tips of
AuNBP, which provides a distinct longitudinal plasmon absorbance spectrum with
high sensitivity, providing the required setting to detect very small changes on the
local refractive index arising from antigen capture.

Although metallic nanoparticles have been predominantly favored for their direct
plasmonic response as substrates in optical analytical techniques, oxide nanoparticles
have proven to be quite interesting for SPR analysis. Zinc oxide, for example, is a
transparent material with a high refractive index, which is very convenient in
approaches to increase sensitivity in fiber optic-based probing in SPR (Li et al. 2010;
Zhang et al. 2018, 2019). Fiber-optic sensors have been described to perform excep-
tionally due, among many features, to the possibility of miniaturization and develop-
ment of small probes, especially for continuous monitoring of chemical species in
clinical applications. Indeed, when the wavelength of incident radiation reaches the
metallic surface, the light absorption by the resonating metal plasmons leads to a
dropping in the reflected light intensity, which is detected as an absorbance response
by a spectrometer (Liu et al. 2021; Usha et al. 2016).

When it comes to oxide materials for SPR, ZnO is one that allows relatively easy
control of particle dimensions at nanosized levels, and, due to its high isoelectric
point, a simple approach for electrostatic protein attachment can be carried out for
GOx at physiological pH, just as the methodology purposed by Usha et al. (2016),
where GOx was immobilized on a ZnO nanorod-coated silver layer covering the
fiber optic pathway. The SPR signal arises from changes in local refractive index in
the fiber surroundings promoted by reactive interaction between glucose and GOx
and interpreted as absorbance changes at the detector. This multilayer probe was
applied to detect abnormal glucose blood levels below 2.2 mM, owing to a LOD of
0.012 mM, acting as a supporting tool for insulinoma diagnosis, a rare pancreatic
carcinogenic condition.
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8 Conclusion

To adress the new demands in analytical chemistry by exploring the boundaries of
this field, the use of nanostructured materials associated with biomolecules has
emerged as an essential strategy for the development of biosensors based on different
analytical techniques. The advantage of the so-called nanobiomaterials lies in the
combination of electrical and optical properties associated with intrinsic surface
phenomena of nanosized materials and the specificity of biomolecules, which allows
the precise recognition of target species, enabling the development of multi-
functional sensing platforms endowed with improved analytical parameters, includ-
ing high sensitivity, detectability, selectivity, and stability. Moreover, the possibility
of increasing charge transfer rates and tuning surface plasmons has clearly been set
up as an exceptional tool for signal enhancement in electrochemical and optical
analysis, respectively.

The overview presented here illustrates the recent achievements in biosensors
application, emphasizing the inherent versatility and application for environmental
monitoring, clinical diagnoses, and point-of-care analysis. Some of these applica-
tions are, at this moment, well consolidated, and many others are still at an early
stage of development, indicating a continuous growth of this research field in the
coming years, with the development of new proof-of-concept systems and therefore
new solutions for analytical issues and new strategies for real-life applications.
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Abstract

Electrochemistry at the nanoscale can achieve bioanalytical information from
single entities (molecules, cells, and nanoparticles). This chapter focuses on
the construction, modeling, functionalization, and applications of nano-
electrochemical probes (nanoelectrodes and nanopores combined with electro-
chemical detection) regarding bioanalytical sciences, highlighting the advances
achieved in the last ten years and discussing the future challenges.
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1 Introduction

Electrochemistry at the nanoscale has been a goal since the early 1980s when
microelectrodes began to be designed to make measurements of chemical concen-
trations inside the mammalian brain (Wightman 1981), since then the downsize of
the electrode and pore dimensions to achieve single-molecule information in bio-
sciences push the imagination and resources of the academic community to accom-
plish very ingenious systems able to perform such tasks.

Nanoscale in electrochemistry refers to a critical dimension involving electrodes
or pores with less than 50 nm. The advantages of size decreasing in electrochemistry
impact in several ways, allowing to work in tiny spaces, reducing sample volume,
enhancing mass transport, producing low background charging current achieving
faster time scales, and identifying single molecules.

This chapter focuses on the construction, modeling, functionalization, and appli-
cations of nanoelectrochemical probes regarding bioanalytical sciences. The
research in nanoelectrochemistry has been dramatically increasing in the last
30 years, and several reviews have been lately published devoted to different areas
(Oja et al. 2013; Clausmeyer and Schuhmann 2016; Oja et al. 2016; Karimian and
Ugo 2019; Wongkaew et al. 2019; Fu and Bohn 2018; Kumar et al. 2018; Purohit
et al. 2020; Sharma et al. 2018).

2 Nanoelectrodes and Nanopores: Types and Construction

2.1 Nanoelectrodes

Nanoelectrodes can be used as single electrodes or as a set of electrodes, named
nanoelectrode arrays when the units are ordered or nanoelectrode ensembles when
they are randomly distributed. Different means of production have been developed.
Here, we focus on those with a significant impact on bioanalytical chemistry.

Disk nanoelectrodes are mainly built from a metal wire sealed in a glass cylinder
working as insulator material. Recently, the modification of this well-established
procedure allowed the production of Pt nanoelectrodes, achieving 1 nm radius. The
basis of the procedure is fully described elsewhere (Li et al. 2009). Difficulties arise
when a metal different from Pt wants to be used due to the high melting point of
quartz glass. Alternatively, the electrochemical deposition of gold onto platinum
allows the fabrication of gold nanoelectrodes (Kumar Jena et al. 2010).

Nanopore electrodes result from the combination of a solid-state nanopore with a
nanoelectrode that follows the flux of a redox species able to cross the nanopore. The
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pore material can be glass acquiring conical (Zhang et al. 2004) or cylindrical shapes
(Sun 2010). The fabrication of a nanopore electrode resembles the previous one; a
microwire is sealed in a capillary tube, then pulled and cut at the thinnest diameter.
Then, the Pt or Au disk is etched in a sodium chloride solution applying a voltage
(Zhang et al. 2007). The nanopore electrode can be used to carry out single-molecule
experiments regarding its redox properties.

Measuring extremely small electrical currents represents a significant drawback
of individual nanoelectrodes. This limitation can be partially overcome using a
nanoelectrode set encompassing many nanoelectrodes that carry out the same
process. A recent review on this topic is available (Karimian and Ugo 2019). The
nanoelectrode sets are divided into two types: nanoelectrode arrays, where the
nanoelectrode units are perfectly ordered, and the nanoelectrode ensembles, where
the nanoelectrode units are randomly distributed.

In the last 20 years, several strategies were carried out to construct these systems;
those based on methods applied in the semiconductor industry are frequently used.
They can be considered a top-down approach since their features are created on the
sample surface by instruments like an electronic microscope able to create a nano-
metric pattern (Bruchhaus et al. 2017). These sets can be built by electron beam
lithography (EBL). In this way, a nanopattern can be achieved similarly that devices
at the micrometer scale that can be made by photolithography. This technique allows
a resolution of 3 nm (Manheller et al. 2012). In the academy, usually, an electron
microscope is adapted into an electron beam lithography system implementing some
accessories. These adapted microscopes can produce linewidths of 10 nm or smaller.
A recent example of the application of this technique in nanoelectrodes arrays is
given by Dincer et al. (Dincer et al. 2015). They build boron-doped diamond
nanoelectrode arrays by patterning boron-doped diamond on silicon, obtaining an
array of nanoelectrodes (320 nm diameter, 10 μm interelectrode distance).

Focus ion beam lithography is another alternative. Here ions are used for the
exposure of the resist. The ion beam has a higher resolution due to a low scattering in
the target. Also, the direct nature of processing can greatly simplify sample prepa-
ration allowing milling, deposition, and etching. These features allow to produce
three-dimensional structures (Joshi-Imre and Bauerdick 2014). The pioneering work
of Arrigan’s group fabricated nanopore electrode arrays using direct-write local ion
milling, achieving pores between 150 and 400 nm diameter (Lanyon et al. 2007).
Even though these techniques have been applied in some extension, and can be
scaled up with relative facility, their cost may be prohibitive for routinary clinical
applications.

Distinct periodic cup-like nanostructures can be generated on indium tin oxide
(ITO). Figure 6.1 illustrates the steps used to obtain these nanostructures. A homog-
enous photoresist (PR) pattern is produced on ITO using laser interference lithogra-
phy. Then, the PR nanoholes work as a template to deposit gold. This represents an
attempt to manage the experimental conditions and different cup-like and dot-like
nanostructures that can be fabricated (Kim et al. 2015).

A bottom-up approach is possible through chemical processes. Several strategies
can be found in the literature. In the last years, great attention was placed on the
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construction of vertically configured nanostructure arrays (nanoneedles, nanopillars,
and nanowires). Anodic aluminum oxide (AAO) can work as a template to construct
these arrays using metals such as Ag, Ni, Au, Pt, and even more complex composites
(Lee and Park 2014; Ganapathi et al. 2019). Electrolyte concentration, current
density, and deposition time are commonly used variables to obtain well-shaped
arrays. Alternatively, polycarbonate (PC) and polyethylene terephthalate (PET)
membranes can work as porous templates (Scho et al. 1997). Peinetti et al. have
used hexagonally ordered porous AAO of 10 nm pore diameter to produce gold
nanoelectrodes of �2 nm diameter using pulsed electrodeposition (Peinetti et al.
2013) constituting a hybrid nanopore-nanoelectrode system. Chen et al. fabricated
Fe3O4 nanotube electrodes by growing ZnO nanowires on a glass substrate conve-
niently coated with fluorine-doped tin oxide and then chemically transforming them
in Fe3O4 by immersion into FeCl3 solution obtaining nanotubes of 130 � 40 nm
diameter and 4 μm height (Chen et al. 2017).

2.2 Nanopores

With a pore size like the size of biomolecules, nanopores can be part of a label-free
electrochemical biosensing platform. These sensors exploit the Coulter counter
principle. In the 1950s, Coulter (Coulter 1953) developed a method able to deter-
mine the concentration and size of micrometric size particles using a pore at the same
scale fixed on a membrane. The membrane separates two compartments filled with
saline solutions. Electrodes of opposite charges are placed in each compartment as a
particle pass, an increase in the resistance produces a change in the signal that can be
correlated to the particle concentration. This type of signal generation is called
resistive pulse sensing (RPS). The miniaturization of this pore to the nanometer
scale allows nowadays the determination of physical and chemical properties of
single molecules (Bayley and Martin 2000; Yameen et al. 2009; Kaya and Keçeci
2020; Xue et al. 2020).

Details regarding nanopore fabrication technologies can be found elsewhere (Xue
et al. 2020) (Chen and Liu 2019). Here we introduce the cases frequently discussed
in the literature.

Fig. 6.1 Sequential steps involved in the fabrication of the nanocup-electrode array on ITO (Kim
et al. 2015). (Reproduced with permission from John Wiley and Sons)
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Routinary access to heavy-ion accelerators has popularized the use of ion beams.
They produce tracks with a straight trajectory in the membrane. The most widely
used materials are polyethylene-terephthalate, polycarbonate, polyimide, and poly-
vinylidene fluoride. Ion density irradiation can be controlled, achieving even down
to 1 ion/membrane; therefore, single-track membranes can be produced. Then, the
shape and diameter of the pore(s) are shaped using NaOH, KOH, or NaClO
depending on the polymeric material (Kaya and Keçeci 2020).

A simpler alternative is the use of commercially available alumina or polycar-
bonate track-etched membranes. Alumina membranes can be chemically modified in
different ways (e.g., covalent link and self-assembly); also, pore sizes in the range of
biomolecules can be obtained (González et al. 2010; Md Jani et al. 2013). On the
other hand, polycarbonate membranes have been widely used. Martin developed an
innovative approach where Au nanotubes are produced from electroless deposition
on track-etched polycarbonate membranes obtaining pores with effective inside
diameters less than 1 nm (Wirtz et al. 2002).

3 Electrochemical Response and Modeling

3.1 Nanoelectrodes

Nanoelectrodes are generally used as amperometric sensors. Therefore, the modeling
of chronoamperometry and cyclic voltammetry experiments is of great interest.
Cyclic voltammetry as an experimental technique is very simple, affordable, and
can render information on the mass transfer mechanisms, electron transfer processes,
and coupled homogeneous chemical reactions. However, the analysis of
voltammetric data sometimes becomes complex. Numerical simulation is an ade-
quate tool to model these systems (Compton et al. 2008; Henstridge and Compton
2012).

The size reduction enhances the mass transport rate, which in turn allows the
investigation of fast electrode kinetics. However, other mass transport mechanisms
should be considered at the nanoscale, for example, migration, since the diffusion
layer becomes close to the Debye length, an essential effect in single nanopore
electrodes and nanoelectrode arrays. White’s group investigated the mass transport
of species with different charges. They conclude that the faradaic currents generated
depend on both factors (migration and diffusion) crossing the pore in the case of
nanopore electrodes and can be described assuming Nernst-Planck transport and
electroneutrality (Zhang et al. 2006).

A different theoretical framework is needed to model the electrochemical behav-
ior in nanoelectrode arrays (Davies et al. 2005; Amatore et al. 2009; Guo and
Lindner 2009; Peinetti et al. 2016). The current response for an electrode array in
a cyclic voltammetry experiment mainly depends on three factors: scan rate, elec-
trode radius, and interelectrode distance, producing four different diffusional pat-
terns (Fig. 6.2a). Cases 1 and 4 can be described by planar diffusion and corresponds
to a one-dimensional problem. Case 2 is easily modeled as individual electrodes. In
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Case 3, the overlapping of the adjacent diffusional layers does not allow its treatment
as independent electrodes; however, the diffusional fields are not enough overlapped
to assume a linear diffusion case (Case 4), making Case 3 the most complex to
model. This situation is noticeable in nanoelectrode arrays since the participation of
the radial diffusion increases as the electrode diameter decreases. This process scales
with the inverse of the electrode diameter, being of paramount influence at the
nanometer scale.

We have introduced a computational model consisting in dividing a regular
electrode array into cells (Fig. 6.2b). A central electrode surrounded by neighbor
electrodes is represented in this model as a disk surrounded by a ring (Fig. 6.2b),
maintaining the same active electrode area. This approach was called axial neighbor
symmetry approximation (ANSA) and allows to model the diffusional behavior with
a cylindrical symmetry model, which also considers the diffusion and current
produced in the neighbors (Peinetti et al. 2016).

Electrochemical impedance spectroscopy (EIS) is frequently used for label-free
detection combined with nanoelectrode arrays. Lantiat et al. performed a simulation
of the impedance experiments for a single nanoelectrode and nanoelectrode arrays
(Lantiat et al. 2010). They observe three frequency regions (Fig. 6.3): (1) a high-
frequency loop (500 Hz–100 kHz), due to the charge transfer at each nanoelectrode;
(2) a low-frequency loop (0.01–10 Hz) equivalent to the electrochemical response of

Fig. 6.2 (a) Diffusion profiles in a nanoelectrode array (above), corresponding cyclic
voltammograms (below). (b) ANSA model unit cell definition for hexagonal array (left) and square
array (right)
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a macroscopic electrode, and (3) a medium-frequency loop (10–500 Hz) where the
diffusion layer partially overlaps.

3.2 Nanopores

Resistive pulse sensing allows getting information on the chemical interactions
occurring in the nanopores through a straightforward technique. Two reservoirs
filled with an electrolyte (e.g., KCl solution) are separated by a thin, nonpermeable
membrane and linked via one or several nanopores. Electrodes are immersed in the
two compartments (Fig. 6.4a), and a constant voltage across the nanopores is
applied, generating a steady-state ionic current flux through the pore. The resistance
increases as the analyte crosses the pores, owing to hindered access of ions to the
pore. The generated current signal presents three main features: amplitude, duration,
and noise (Fig. 6.4b), containing relevant information on the analyte. Finally
(Fig. 6.4c), the frequency of these modulations carries information on the analyte
concentration (Xue et al. 2020).

Ionic charges on the pore surface combined with a conical pore shape induce an
asymmetric electrostatic potential along the pore axis, affecting the anion and cation
concentrations within the pore when a voltage is applied, producing the rectification
of the ionic current. Azzaroni’s group has intensively worked in modeling single

Fig. 6.3 (a) Impedance response as a function of the number of nanoelectrodes (NE). (b) 3D
representation of the diffusion layers as a function of the frequency (Lantiat et al. 2010).
(Reproduced with permission from John Wiley and Sons)
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nanopore systems (Perez-Mitta et al. 2017). They establish the current-voltage
response for nanochannels with different symmetries, observing a rectified ion
transport in conical nanopores, considered an ionic diode. Figure 6.5 schematized
the current-potential behavior for cylindrical and conical nanopores.

Fig. 6.4 Resistive pulse signal generation. (a) Scheme of the experimental setup. (b) Details of the
generated signal. (c) Train of pulses during an experiment (Xue et al. 2020). (Reproduced with
permission from Springer Nature)

Fig. 6.5 Schemes of cylindrical (a) and conical (b) functionalized nanopores. The figure shows the
type of response of the ionic current depending on the pore shape leading to high and low surface
charge density states in the responsive layer (Perez-Mitta et al. 2017). (Reproduced with permission
from Creative Commons Attribution 3.0 Unported Licence)
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Kant et al. proposed the use of electrochemical impedance spectroscopy to
characterize nanoporous alumina with different diameters. They found that the
concentration and ion species of electrolytes affect the nanopores’ resistance,
while the capacitance is independent of them (Kant et al. 2014).

Our group has applied dynamic electrochemical techniques (square wave
voltammetry and cyclic voltammetry) to model mesoporous membranes. Digital
simulations of both types of experiments permit comparing the responses for
different situations considering how the membrane is blocked by the sample,
evaluating different variables such as the pore diameter, analyte, and probe sizes
(González et al. 2010; Peinetti et al. 2010).

4 Functionalization

4.1 Nanoelectrodes

Bioanalytical electrochemical applications are characterized for surface modification
with selective recognition elements. When conventional electrodes are used, this
modification can be easily performed by depositing solutions with the needed
components. Controlling the functionalization of the individual elements in nano-
electrode arrays is however complex. Techniques used to modify one sensor in the
presence of many others include microcontact printing (Libioulle et al. 1999;
Salomon et al. 2012), dip-pen nanolithography (Zhang et al. 2003), and the modi-
fication of inkjet printers (Bietsch et al. 2004; Falconnet et al. 2006). Haag et al.
introduced different functionalities in a gold electrode array using selective
potential-assisted electrochemical deposition and inhibition of thiol adsorption
(Haag et al. 2016). They exploit the adsorption/desorption kinetics of alkanethiols
on gold at different applied potentials. A positive potential (higher than 200 mV
vs. Ag/AgCl) can increase the adsorption rate. On the other hand, cathodic potentials
(less than �200 mV vs. Ag/AgCl) slow the rate of chemisorption of alkanethiols,
while at potentials less than -600 mV, chemisorbed alkanethiols are reductively
desorbed. They use three different potentials to produce a selective immobilization:
Eadsorb (adsorption), Edesorb (desorption), and Ehold (holding). The first one promotes
chemisorption, and the second one maintains the electrode in the reductive desorp-
tion state. In contrast, the third one is an intermediate potential that is neither
reductive enough to desorb an already formed monolayer nor sufficiently anodic
to promote the adsorption of new alkanethiols. In Fig. 6.6, a scheme of the procedure
is presented using two ferrocene alkanethiols (Fc–CO–C11-SH and Fc–C11–SH); in
(A), both electrodes are immersed in a Fc–CO–C11–SH solution. Different poten-
tials are applied to the two electrodes so that the alkanethiol is only deposited onto
electrode 1. Then, in step (B), the solution is changed to the second adsorbate,
Fc–C11–SH, while the applied potential targets the Fc–C11–SH to the second
electrode exclusively. In this way, each electrode was modified with a different
ferrocene derivative and present an electrochemical signal at different potentials.
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Contemporarily, Jambrec et al. (2015) proposed a method for the potential-
assisted adsorption on gold electrodes of ssDNA that takes into account the role of
ions close to the electrodes, the DNA strands, and the shift of the potential of zero
charge (pzc) of the electrode produced by the surface modification with ssDNA. This
change requires a careful selection of the applied pulse potentials to control the
ssDNA adsorption process. This method was later applied to the preparation of
microarrays (Jambrec et al. 2019).

Alternative methods for selective electrochemical modification can be achieved
through the electropolymerization of organic species containing functional groups
that produce a selective imprinted polymer (Azevedo Beluomini et al. 2019) or by
introducing functional groups where the recognition element can be further coupled
(Yanez-Heras et al. 2010). Electrochemical reduction of diazonium salts is exten-
sively exploited and can be applied on different surfaces such as gold, carbon, and
fluorine tin oxide (Bahr et al. 2001; Siepenkoetter et al. 2017). Details regarding this
technique applied to the construction of bioanalytical devices can be found else-
where (Hetemi et al. 2020).

We only have to consider the chemical properties of the surface when single
nanoelectrodes or the whole array is modified with the same adsorbate. For example,
as previously described, gold readily reacts with thiol groups, introducing a myriad
of functional groups for further functionalization (Peinetti et al. 2015, 2018). The
same procedure can be followed using some amino derivatives (Ashwell et al. 2011).
Glass and ITO (indium-doped tin oxide) allow silane modification, whereas silane
derivatives also can introduce multiple functional groups (Aydin and Kemal
Sezgintürk 2017). Layer-by-layer assembly can also be used as a method to control
a surface modification; in this case, the surface should have the ability to interact
with the substrate through opposite charges, hydrogen bridges, and molecular
recognition, among others (Richardson et al. 2016). Also, the difference in chemical
composition between the electrode and the surrounding insulator can be exploited to
build a more complex structure; for example, gold nanoelectrodes can be modified

Fig. 6.6 Steps involved in the individual modification of a set of nanoelectrodes with thiol moieties
(Haag et al. 2016). (Reproduced with permission from IOP Publishing, Ltd.)

120 F. Battaglini



with thiol-containing molecules while the surrounding insulator, polycarbonate, can
be modified with a protein (Silvestrini et al. 2011).

4.2 Nanopores

Electrostatic interactions have been applied to modify polyethyleneterphtalate and
polycarbonate-based nanopores due to the negative charges present in the pores
(Pérez-Mitta et al. 2018; Laucirica et al. 2019), and also by self-polymerization of
dopamine (Pérez-Mitta et al. 2015b). Sputter coating of the nanochannels also allows
the deposition of a gold layer, allowing the further electropolymerization of poly-
aniline (Pérez-Mitta et al. 2015a). Nanopores can also be covered by gold by
electroless techniques and further modified with thiol-containing biomolecules
(Siwy et al. 2005).

Alumina nanopores can easily be modified with silane derivatives to immobilize
biomolecules further (Ko et al. 2009; Chaturvedi et al. 2016; Santos et al. 2020).
Alternatively, versatility in the modification of porous membranes can be achieved
using a polyallyamine–dodecylsulfate complex. The complex can be directly applied
to different types of surfaces (Peinetti et al. 2012).

5 Applications

The applications of these devices are mainly oriented to single-molecule, low
concentration detection, and monitoring species in a limited volume in real time,
generally living cells. Electrochemical sensors can directly detect many biomolec-
ular species or by assisted means in a short time. The nanoscale adds more advan-
tages, e.g., improved signal/noise ratio, faster scan rates, and reduced RC time decay,
enabling determinations in high resistive media. As its size is equivalent to the target
analyte, it enhances the signal produced, decreasing the limit of detection.

5.1 Nanoelectrodes

The application in biomedicine of single nanoelectrodes is a major drive in their
development. In the last five years, impressive results have been obtained using these
devices. Ewing’s group found that carbon electrodes spontaneously adsorb and
stochastically rupture cellular vesicles. The authors refer to the method as intracel-
lular vesicle impact electrochemical cytometry. It is carried out using a carbon fiber
electrode of nanometric dimensions to pierce the plasma membrane of a single
secretory cell; in this way, the carbon fiber reaches the vesicles in the cytoplasm,
allowing to follow the fate of molecules in an exocytosis process at living neurons.
These results lead to the conclusion that only a small fraction of the vesicular content
is released, suggesting new theoretical modalities for understanding the initial plastic
changes in learning (Li et al. 2015; Li et al. 2016; Larsson et al. 2020).
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Different nanoelectrode arrays based on metal nanoparticles or metal oxides have
been used to directly determine small biomolecules such as hydrogen peroxide,
glucose, and neurotransmitters (Wang et al. 2021). Improved sensitivities and higher
currents are obtained due to the bigger electroactive area of these ensembles.
Recently, this trend was extended to metal nitride and phosphide compounds; for
example, Ni phosphide nanoensembles supported on conductive carbon cloth can
oxidize glucose in alkaline media. It was tested as a nonenzymatic glucose sensor
showing a short response time, selectivity, and reproducibility (Chen et al. 2016).
Cobalt nitride nanowire array on Ti mesh was used as a glucose sensor in serum,
being sensitive also to H2O2 at physiological pH (Xie et al. 2018). In the same trend,
different strategies developed to detect glutamate were presented (Schultz et al.
2020).

Peinetti et al. constructed isolated 2 nm gold nanoelectrodes inside nanoporous
alumina and then modified them with an aptamer selective to adenosine mono-
phosphate. The aptamer exhibits two possible configurations: as a random coil in
the absence of the analyte, or as a stem�loop structure when the aptamer binds to the
AMPs, creating a loop of 2 nm diameter. Here, each nanoelectrode has a similar size
to the size changes in the aptamer chemical structure, producing a strong effect in the
electron transfer process of an electrochemical probe present in the solution, which is
assessed by electrochemical impedance spectroscopy (EIS). In this way, a label-free
sensor-based EIS assay for small molecules can be produced, overcoming the low
sensitivity of this technique when detecting small molecules (Peinetti et al. 2015).

In the last decade, vertically configured nanostructures (VN, nanopillars, nano-
wires, nanoneedles, and nanocups) expand their application beyond biosensing
(Li et al. 2020; Shokouhi et al. 2020). They provide an optimal platform to handle
and assess intracellular information by penetrating the cell membrane, which other
means cannot achieve. The use of patterned VN arrays could detect intracellular
signals and collect high-throughput and long-term intracellular signals (Abbott et al.
2017, 2020). Fig. 6.7 shows the biomedical information obtained in different

Fig. 6.7 VN array–based biosensors. The schemes show different applications depending on the
interaction between VN and cells (Li et al. 2020). (Reprinted with permission from Royal Society of
Chemistry)
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environments, solution/fluids (biomolecules), extracellular, and intracellular
(Li et al. 2020).

Several biomolecular applications of VN arrays can be found in the literature;
RNA, DNA, and other small molecules (H2O2, glucose, etc.) have been detected
(Huang et al. 2014; Lee et al. 2016; Ahmad et al. 2017). For example, HIV-1 Rev
response element (RRE) RNA was determined using modified gold-coated silicon
VN arrays with an artificial peptide that recognizes the target RNAs. A detection
limit of 1.5 fM was achieved (Lee et al. 2016). Jamal et al. produced a nanowire
array composed of Pd nanoparticles/Au nanowires (Au@Pd) to detect H2O2 (Jamal
et al. 2012). The nanowire array can determine hydrogen peroxide at �0.2 V with a
sensitivity higher than other nonenzymatic sensors and avoid the interference of
species such as ascorbate, uric acid, acetaminophen, and dopamine.

VN arrays have typical diameters and heights proper to work in an intracellular
environment since the high aspect ratio and minimal invasiveness allow the appli-
cation of a lower voltage to produce pores through the cell membrane, minimizing
damage to the cells (Chiappini 2017; Shokouhi et al. 2020). For example, a sensing
platform based on nanocup electrode arrays can achieve real-time and highly
sensitive assessment of neurotransmitters allowing differentiation of dopaminergic
neurons from other cells in a completely noninvasive and label-free mode (Kim et al.
2015).

5.2 Nanopores

Several research groups worldwide have modified single and nanopore ensembles in
different ways to detect biomolecules using resistive pulse or current rectification as
signal generation means (Choi et al. 2006; Ongaro and Ugo 2013; Perez-Mitta et al.
2017). Electrogenerated chemiluminescence (ECL) can also be used as a signal
generator, using a gold-modified nanopore membrane ensemble as a detection
platform. The working principle encompasses an antibody immobilized on a poly-
carbonate track-etched membrane. The target analyte binds to the antibody, then a
biotinylated secondary antibody is bound, which in turn captures a streptavidin-
modified ruthenium-based ECL label. A potential is applied on the gold surface that
oxidizes a tri-n-propylamine solution, generating an ECL signal (Habtamu et al.
2015).

Pan et al. introduced a nanopipette as a scanning ion conductance microscopy tip.
Vesicles and nanoparticles can be determined inside cells following localized resis-
tive pulses. This method allows the detection of cellular vesicles inside a macro-
phage and 10 nm Au nanoparticles in cytoplasm selectively. Also, they developed an
alternative version of the resistive pulse technique using conductive carbon nano-
pipettes, the reduction and oxidation processes produced on the carbon nanopipette
allow the analysis of the electroactive species contained in the cell. Figure 6.8
schematized the different approaches (Pan et al. 2019, 2020).
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6 Concluding Remarks

Nanopores and nanoelectrodes in their different configurations are becoming a
powerful tool in basic research studies in biomedicine (Li et al. 2015, 2020; Li
et al. 2016; Pan et al. 2019; Larsson et al. 2020). As soon as some bottlenecks can be
solved to scale their fabrication, these devices will have an immediate application in
cell studies replacing or complementing current techniques such as patch-clamp or
fluorescent reporters. On the other hand, its application in routine clinical chemistry
to get a myriad of information from a simple drop of blood looks more distant. Here,
mass-scale production must be solved, and the proper working conditions must be
achieved; for example, most of the devices presented for nonenzymatic glucose
detection work at alkaline pH, a drawback for a clinical sensor. This fact highlights a
limitation in the techniques for adequately modifying these nanostructures, and, to a
greater extent, selectively modifying a single or a restricted number of the electrodes
conforming the array. In this sense, the works devoted to controlling mercapto-
surface derivatization (Jambrec et al. 2015; Haag et al. 2016), target

Fig. 6.8 Four types of resistive pulse experiments involving translocation of liposomes through
quartz (a) and carbon (b–d) nanopipettes. The insets depict the ion current changes due to the
blockage in resistive pulse configurations (a, b). In c and d, faradaic current spikes are produced by
either a blockage of the pore (downward peaks) or a redox process inside a liposome (upward peak
in d) (Pan et al. 2019). (Reprinted with permission from American Chemical Society)
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electropolymerization (Yanez-Heras et al. 2010; Azevedo Beluomini et al. 2019),
and selective reduction of diazonium salts (Hetemi et al. 2020) deserve further
research. Also, developments for electrical addressing individual elements in nano-
electrode ensembles should be carried out.
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Abstract

The single cell is an important target for bioelectrochemical analysis. It is
noteworthy that most biological processes occur at the cellular level, such as
production, storage, and secretion of most neurotransmitters and hormones, and
other vital biomolecules. Due to the small size of the cells (micrometer range),
low concentrations of intracellular biological targets (nM to μM range), the high
rate of most intracellular processes and reactions (subsecond), and vulnerability
of cells, tiny probes with adequate sensitivity and high spatiotemporal resolution
are required for their assessment. In this chapter, we have discussed the devel-
opment and recent examples of real-time intracellular electrochemical sensing.
Thanks to their superior temporal and spatial resolution, sensors based on micro-
and nanoelectrodes have allowed researchers to quantitatively analyze a wide
range of (bio)molecules and ions in real time, both inside cells and organelles
(e.g., vesicles). Although electrochemistry has been employed for intracellular
analysis for decades, many challenges regarding microfabrication, attaining suf-
ficient sensitivity and selectivity, and measuring multiple parameters in a parallel
fashion still remain.

Keywords

Nanoscale sensors · Intracellular measurement · Single cell analysis · Vesicles

1 Introduction

The single cell is a key target for electroanalysis. It is noteworthy that most
biological processes happen at the cellular level, such as production, storage, and
secretion of most neurotransmitters and hormones and other vital biomolecules. Due
to the small size of the cells (micrometer range), low concentrations of intracellular
biological targets (nM to μM range), the high rate of most intracellular processes and
reactions (subsecond), and vulnerability of cells, tiny probes with adequate sensi-
tivity and high spatiotemporal resolution are required for their assessment. Among
analytical techniques, ultramicro- and nano-electrochemical methods are powerful
tools for intracellular analysis, because they can be performed in the cytoplasm and
quantify electroactive and some nonelectroactive targets inside the cell. The minia-
turization of (bio)sensors unlocks the study of intracellular phenomena that have
been unreachable by existing other analytical methods. Intracellular sensing has
revealed fundamental details of cellular processes that are essential for medical
research and disease treatment. To date, many micro-/nanoscale electrodes with
different shapes and geometries have been fabricated and applied. In this chapter,
we review the unique advantages, fabrication methods, and recent progress of
micro-/nanoscale electrodes applied to electrochemical analysis inside single cells,
alone or combined with other methods.
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2 Electrochemistry at Micro-/Nanoelectrodes
and Instrumental Aspects

The introduction of microscale electrodes to in vivo analysis by professors
Wightman and Fleischmann in the 1980s (Pons and Fleischmann 1987; Wightman
1981; Zoski 2002) has triggered extraordinary advances in electroanalytical chem-
istry. Initially, this type of electrode was known as “ultramicroelectrode,” but over
time the term “microelectrode” became widely accepted. Compared to macro-
electrodes, microelectrodes have small dimensions ranging from tens of micrometers
or less, down to the submicrometer range. To date, a myriad of this type of electrodes
(Chen et al. 2020a; Sun et al. 2008; Van Leeuwen et al. 2002; Zoski 2002) has been
developed and applied, exhibiting various geometries (e.g., cylinder, disk, ring,
etc.,), dimensions (nm to μm), and different materials such as carbon, platinum,
gold, mercury, and silver (Clausmeyer and Schuhmann 2016; Ying et al. 2017;
Zhang et al. 2020). Many excellent discussions of the relation between electrochem-
ical performance and electrode material, size, and geometry have been presented
previously (Arrigan 2004; Forster and Keyes 2007; Heinze 1993). Here, we will
focus on the advantages of electrode size reduction.

When electrode dimensions are small enough to be comparable to the electrical
double layer thickness, new properties are introduced that make the performance of
micro-/nanoelectrodes different from that of larger macroelectrodes. In summary, the
unique advantages of micro-/nanoelectrodes are comprised of the following:

(a) The analysis can be performed in small volumes or at microscopically small
objects, such as tissue sections, single cells, and intracellular organelles.

(b) Reducing the electrode size down to the diffusion layer thickness can affect mass
transport by giving rise to a three-dimensional, radial, rather than planar (which
is dominant in micro-/nanoelectrodes) diffusion profile. Because of the high
transport rates of analyte from the bulk of solution toward the electrode surface
seen in radial diffusion, the steady state for a faradaic process under constant
potential can be established very rapidly (~milliseconds to seconds).

(c) The ratio between faradaic and charging currents is improved, as the charging
current decreases with the reducing electrode area, while the faradaic current
reduces less. This low charging current benefits measurements employing
potentiodynamic electrochemical techniques, like cyclic voltammetry and poten-
tial step techniques. A unique application of this is found in fast-scan cyclic
voltammetry (FSCV). FSCV is a variant of the well-established cyclic
voltammetry technique, employing much higher scan rates (less than or equal
to ~106 V.s�1), leading to a high temporal resolution (~msec) of measurements
(Bard and Faulkner 2001; Amatore 1995; Zoski 1996; Wightman and Wipf
1989; Schulte and Schuhmann 2007). This has proven mainly useful for mon-
itoring biomolecules in neuroscience areas.

(d) Short electrochemical response time can be achieved. Benefitting from the fast
discharging, microelectrodes allow the monitoring of small and rapid variations
in the amount of electroactive species with high temporal resolution (�ms). This
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also makes it possible to monitor rapid electrode processes (e.g., chemical
reactions associated with electrode charge transfer).

(e) The small currents measured at microelectrodes induce significantly less influ-
ence of ohmic drop (IR drop) on the signal. This permits measurements in highly
resistive solutions that have little or no electrolytes, such as organic solvents.
Moreover, this advantage allows use of a two-electrode system (Reference and
working electrodes), instead of the three-electrode system (Reference, working,
and counter electrodes) necessary for the reduction of IR drop influence when
working with macroelectrodes.

(f) The signal-to-noise ratio is improved. This improvement results from the radial
diffusion profile around the micro-/nanoelectrode, which provides a higher flux
of electroactive species and induces a higher sensitivity of electrodes.

These properties make micro-/nanoelectrodes advantageous in many areas of
electrochemistry, such as studying electrochemical reaction mechanisms, in vivo mea-
surements in biomedical research, and scanning electrochemical microscopy imaging.
Additionally, access to highly sensitive, low-noise amplifiers allows the monitoring of
extremely small current variations (~100 fA). This opens up possible applications of
electrochemical probes in trace analysis and motoring of fast biological processes. In
fact, the above-listed advantages depend on the reliability and sensitivity of the
instrumentation employed for cellular analysis and fabrication techniques of micro-/
nanoelectrodes (Bard and Faulkner 2001; Amatore 1995; Zoski 1996; Wightman and
Wipf 1989; Pons and Fleischmann 1987; Wightman 1981).

In order to realize intracellular electrochemical analysis, the first important
practical challenge is maintaining cell viability during experiments. To reduce cell
damage, it is crucial to reduce the dimensions of the electrode tip to the sub-
micrometer range – although some micrometer-size electrodes have been applied
for intracellular analysis of giant cells, like frog oocytes (Fulati et al. 2010).
Moreover, insertion of small electrodes into cells is a challenge in itself and needs
complementary instruments, such as optical microscopes and micromanipulators.
Generally, each electrode is controlled with a micromanipulator, while the whole
process of the electrode penetration into a target cell should be observed using an
optical microscope. Typically, the tip of the electrode is placed on top of a single cell.
The electrode is then pressed through the cell membrane by use of a micromanip-
ulator to enter the cytoplasm of the cell. Depending on the electrochemical tech-
niques used, the potential or current can be recorded (Table 7.1). In some cases, the
electrochemical analysis is combined with other analytical methods, allowing
improved quality of the measurement or collection of new, complementary data.

3 Fabrication Methods of Nano-/Microscale Electrochemical
Sensors

Because of the unique advantages of micro-/nanoelectrodes, a lot of effort has been
made to improve their fabrication, leading to various efficient and controllable
fabrication strategies. Typically, these can be categorized into “top-down” and
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“bottom-up” approaches. We will first provide a number of examples of “bottom-up”
strategies for manufacturing electrodes for intracellular applications.

In 1967, a small probe was reported for the detection of intracellular oxygen (O2).
To construct this oxygen electrode, a prepulled glass micropipette was filled with an
alloy consisting of Wood’s metal and gold. The microelectrode had a 4-μm diameter
and could detect O2 in gracilis muscle cells (Whalen and Nair 1967). Later, Ewing’s
group (Kim et al. 1986) made carbon microring electrodes (tip diameters in the range
of 1–4 μm) through pyrolysis of methane gas as a carbon precursor. In this method,
methane gas was passed through the quartz capillary continually, while a Bunsen
burner outside the capillary was used to pyrolyze the gas to pyrolytic carbon. The
carbon layer was deposited on the internal wall of the glass pipette, forming a
conductive surface there. After filling the pipette with epoxy and beveling the tip
to expose a carbon ring, the electrode was used to detect intracellular dopamine in
the presence of ascorbic acid with high selectivity.

In 1990, Tomokazu et al. (Uchida et al. 1990) deposited Ag inside a glass
capillary, through the classic silver mirror reaction, and then filled the inside space
with epoxy resin. Furthermore, to increase sensitivity of the Ag-ring electrode, Pt
was electrochemically deposited on the electrode surface. The modified Pt-ring
microelectrodes (tip diameter � 1 μm) allowed detection of intracellular O2 levels
in living protoplasts (Bryopsis plumosa, Fig. 7.1a). When using this silver mirror
method, it is important to control the chemical reaction rate and restrict the silver
plating to the inside of the glass capillary, as this greatly affects the size and
geometry of the ring electrode.

Noble metal sputtering is another common technique that has been used to
fabricate micro-/nanoelectrodes. Using this approach, Long et al. deposited an
ultrathin Au layer (Ying et al. 2018) on the inner wall of a glass pipette (tip
diameter ~ 100 nm). Chen et al. (Pan et al. 2016) coated both the outer and inner
walls of a nanopipette tip with a Pt layer in order to fabricate metallic nanoscale
electrodes (tip diameter ~ 200–300 nm). Despite the convenience of this method,
precise control of the thickness of the metal layer is cumbersome. In addition, other
issues such as insulation and electrical connection often prove challenging.

Recently, Mirkin’s group (Hu et al. 2019; Li et al. 2017) presented a nanocavity
electrode with a nanoscale dimension (40 nm). To fabricate the nanoelectrode, the
orifice at the tip of the glass nanopipette was filled with pyrolytic carbon via a
chemical vapor deposition (CVD) technique (Singhal et al. 2010). Generally, these
glass micropipettes can have tips at nanoscale ranges, can be fabricated easily, and
have been applied extensively for cell injection. Next, the cavity at the tip was
packed with Pt nanoparticles using an electrochemical deposition technique. The
sharp electrode was used to measure trace concentrations and fluxes of different
reactive oxygen/nitrogen species (ROS/RNS) species in different cancer cells
(Hu et al. 2019; Li et al. 2017).

Considering the crucial role of vesicles (nanoscale packages consisting of liquid
or cytoplasm enclosed by a lipid bilayer) and their cargo in cell-to-cell communica-
tions, analysis of stored neurotransmitters or hormones inside these intracellular
vesicles is an important issue (Phan et al. 2017). In the 2010s, the Ewing research
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group introduced two techniques for the quantification of catecholamines. The first,
vesicle impact electrochemical cytometry (VIEC), is performed in isolated vesicles
(Dunevall et al. 2015). The second, intracellular vesicle impact electrochemical
cytometry (IVIEC), is performed inside living, single cells (Li et al. 2015; Phan
et al. 2017). Typically, VIEC is done using a carbon disk microelectrode, whereas in
IVIEC a flame-etched nanotip carbon-fiber electrode is used (CFEs, fabricated by a
“top-down”method described below) (Li et al. 2015, 2016a; Majdi et al. 2017; Phan
et al. 2017; Ren et al. 2017; Ye et al. 2018). In IVIEC, quantification of

Fig. 7.1 Microscopic images of nanoscale electrodes for intracellular analysis and associated
electrochemical signals: (a) Images of a silver ring electrode (left), during analysis of oxygen
molecules inside a single protoplast (middle) and voltammogram (right) (Uchida et al. 1990)
(Reproduced with permission from the Chemical Society of Japan (CSJ), Copyright © 1990): (b)
images of an open CNP (left), during IVIEC analysis inside a single chromaffin cell (middle) and
representative amperometric trace (right) (Hu et al. 2020) (Reproduced with permission from the
American Chemical Society (ACS), Copyright © 2020); (c) images of nanotip CFE (left), placed in
the cytoplasm of a single PC12 cell (middle) and a recorded amperometric trace of an IVIEC
measurement (right) (Li et al. 2015) (Reproduced with permission from the WILEY-VCH, Copy-
right © 2015); and (d) image of a conical carbon-fiber electrode (left), inserted into a PC12 cell
(middle) and an amperometric trace recorded during IVIEC analysis (right) (Roberts et al. 2020)
(Reproduced with permission from the American Chemical Society (ACS), Copyright © 2020)
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catecholamines can be achieved by inserting an electrode into a suspension of
isolated vesicles (VIEC) or penetrating the cytoplasm (IVIEC) and applying a
suitable potential (+0.7 V vs. Ag/AgCl). Vesicles are then effectively electroporated
and burst on the electrode surface, after which their contents are promptly oxidized,
leading to a current signal that can be recorded (Li et al. 2015, 2016a; Majdi et al.
2017; Ren et al. 2017; Ye et al. 2018).

Recently, the Ewing research group fabricated different sizes (radius range
50–600 nm) of open carbon nanopipettes (CNPs) (Hu et al. 2020), taking inspiration
from previous CVD methods (Hu et al. 2019; Singhal et al. 2010). The CNPs were
used for analysis of catecholamines stored inside isolated vesicles using the VIEC
technique (Dunevall et al. 2015). In other work, carbon nano films were uniformly
deposited into prepulled quartz nanopipettes (radius range 50–600 nm) using CVD
methods. Different hollow CNPs with different diameters were produced. After
penetration of the cytoplasm, vesicles (depending on the cell type, vesicle diameter
is between 50 and 500 nm) (Phan et al. 2017) selectively entered the nanopipette
based on size (Fig. 7.1b). In contrast to the CFE-based IVIEC technique (Li et al.
2015, 2016a; Majdi et al. 2017; Phan et al. 2017; Ren et al. 2017; Ye et al. 2018), the
CP-based method allows simultaneous analysis of the size of vesicles and quantifi-
cation of the catecholamine molecules stored inside each vesicle in a living cell. The
findings showed that the distribution of the number of catecholamine molecules
inside the vesicles was correlated with vesicle size. The CNPs, with their nanoscale
geometry and high electroactive surface area, are excellent tools for intracellular
electrochemical analysis and other measurements inside small organisms.

In contrast to the “bottom-up” techniques described above, “top-down” tech-
niques focus on the reduction of electrode size until the desired geometry is reached.
For size reduction, electrochemical and nonelectrochemical methods (e.g., flame or
chemical etching) have been adopted. In 1986, Tauc’s group (Meulemans et al.
1986) fabricated a microsized, needle-tip CFE by sealing a CF in a glass capillary
tube. This fiber was then etched electrochemically in sodium nitrite solution to
reduce the size (~0.5 to 2 μm).

Flame etching is another technique that can be used to decrease the dimensions of
CFEs even to the nanoscale. In this method, the eventual size of the CFE can be
controlled by regulating the duration of etching, flame temperature, and the position
of the tip of CFE in the flame (Strein and Ewing 1992). This relatively simple and
fast method was used by the Ewing group to fabricate the conical, nanotip CFEs
briefly mentioned above (Fig. 7.1c). These electrodes were fabricated by inserting
carbon fibers into glass capillaries, and pulling these in such a way that the fiber
extends from the capillary. After flame etching the protruded fiber to a sharp,
nanoscale tip, the electrodes are applied for intracellular analysis of vesicle content
(Li et al. 2015, 2016a, b; Majdi et al. 2017; Phan et al. 2017; Ren et al. 2017; Ye et al.
2018). The key advantage of this type of electrode is its high-aspect ratio, providing
a large electrode surface area combined with a tiny tip, which minimizes cell damage
during penetration. The nanotip CFEs were used to develop the IVIEC technique
(Hatamie et al. 2020; Li et al. 2015, 2016a; Majdi et al. 2017; Ren et al. 2017; Ye
et al. 2018). Recently, the Sombers group (Roberts et al. 2020) detected vesicular
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content using a very similar, conical CFE (Fig. 7.1d). Here, a cylindrical microscale
CFE is placed and sealed inside a pulled glass micropipette. The surface of the fiber
is then etched electrochemically by inserting the electrodes in KOH solution and
briefly applying +7 V potential (versus a Pt wire). This electrode tip has a ~ 300 nm
diameter and is �5 μm long, which is shorter than the nanotip CFEs developed by
the Ewing group (Li et al. 2015). These were used to amperometrically count the
total catecholamines molecules in single vesicles and allowed epinephrine to be
distinguished from other catecholamines using FSCV (scan rate: 800 V/s; potential
window: 0.1–1.45 V vs. Ag/AgCl). Despite the structural similarity of catechol-
amines, an extra peak can be observed for epinephrine in these voltammograms
(Ciolkowski et al. 1992) when the potential window is extended to these higher
potentials (+1.45 V vs. Ag/AgCl).

Another top-down approach to electrode fabrication is to employ nanostructures
(e.g., single carbon nanotubes (CNTs), nanorods, or nanowires) deposited on micro-
to nanoscale electrodes. Due to their extremely small size (~100 nm or less), these
nanostructures can significantly improve the spatial resolution of sensors based on
them. Furthermore, they open up new possibilities, such as the ability to access
intracellular organelles without disrupting the cell structure. Due to technical issues
associated with the use of these nanostructures, only a few studies have been
reported to date. In 2011, the Gogotsi group (Singhal et al. 2011) employed this
strategy and fixed a single multiwall carbon nanotube (length: 50–60 μm, outer
diameter: 50–200 nm) in the orifice of a glass pipette tip. The carbon nanotube
electrode was applied for single-organelle probing and monitoring the variations of
mitochondrial membrane potential in response to physical stress (Such as nano-
pipette insertion). The nanoscale dimension, cylindrical shape, and superior electri-
cal conductivity of CNTs make them an attractive choice for cellular probing.
Furthermore, the nanotube-based probe provides sufficient mechanical strength to
penetrate the cell membrane with minimum damage and without inducing stress,
allowing longtime intracellular monitoring. Interestingly, the electrode functions as a
multifunctional device, as it is capable of transferring small volumes of fluid into a
single cell like a nano-injector, and can also function as an optical probe.

Recently, Huang’s group (Zhang et al. 2017, 2019) located a single carbon-coated
silicon carbide (SiC) nanowire (D: ~300–500 nm) in the orifice of a nanopipette to
fabricate a single nanowire electrode. To improve the sensitivity of these SiC@C
electrodes to ROS/RNS, which have low concentrations and short lifetimes in the
intracellular environment, the nanowire electrode was electrochemically modified
with catalytic Pt nanoparticles.

4 Modification of Nanoscale Electrochemical Sensors
and Their Combination with Other Analytical Techniques

In addition to measuring electroactive targets such as catecholamines, further devel-
opment of electrode modifications has also enabled the study and analysis of targets
with low- or nonelectroactive properties, e.g., glucose or certain amino acids
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(Purohit et al. 2020). The modification of electrode surfaces with enzymes or
inorganic catalysts (such as nanomaterials) is an extensively used method to increase
sensitivity and selectivity and to broaden the range of electrochemical analysis
(Zheng and Li 2012).

Modification with biomolecules or chemical catalysts can greatly increase the
capabilities and intracellular applications of nanoelectrodes (Table 7.1). In 1992, the
Ewing group (Abe et al. 1992) reported the development of an enzymatic carbon-
ring microelectrode for the analysis of intracellular glucose levels. For this, glucose
oxidase (GOX) was immobilized on the sensor. This enzyme can convert the
nonelectroactive glucose while generating the electroactive product H2O2, which
can be oxidized and detected amperometrically. To facilitate this oxidation and
improve sensitivity, platinum was deposited at the microelectrode’s surface. More
recently, the Huang group (Liao et al. 2019) adopted a similar strategy by modifying
a single SiC@C nanowire with Pt nanoparticles, immobilizing GOX, and using this
as a nanoscale glucose sensor. The sensor showed high selectivity, sensitivity, and
spatiotemporal resolution, and it allows real-time glucose monitoring in the intra-
cellular environment. Willander et al. (Fulati et al. 2010) constructed a potentiomet-
ric intracellular glucose sensor using ZnO nanostructures as electrode substrate
(Fig. 7.2a). Initially, nanoflake-shaped ZnO nanostructures were grown (thick-
ness ~ 200 nm) on the tip of a borosilicate glass capillary through a hydrothermal
process. The ZnO-nanostructure substrate has good stability around physiological
pH-values, and the high isoelectric point of ZnO (about 9.5) makes it a good matrix
for the immobilization of proteins. Then, a GOX enzyme layer with high binding
stability (Hatamie et al. 2015; Topoglidis et al. 2005; Usman Ali et al. 2009) was
immobilized on this nano-substrate. The final product was used as an intracellular
glucose biosensor in human adipocytes and frog oocytes. In similar work, the
Willander group fabricated a borosilicate glass capillary/ZnO-nanorod electrode
and modified it with crown ether as an ionophore specific to Ca2+ (Asif et al.
2009) or Mg2+ (Asif et al. 2010), allowing the construction of ion-selective elec-
trodes for intracellular ion measurements.

Schuhmann and coworkers (Marquitan et al. 2016) electrochemically deposited
an electrocatalytic film of Prussian blue (PB) on carbon nanoelectrodes (diameter
50 and 200 nm), allowing quantification of intracellular hydrogen peroxide (H2O2)
at the single-cell level. The PB film increased not only the sensor’s sensitivity but
also its selectivity due to overpotential modification. Electroactive O2 and ascorbic
acid did not show any interference, making the PB-modified nanoelectrode a suitable
and effective sensor for monitoring penetration-induced oxidative molecules.

Along with the progress made on conical nanopores, with their attractive prop-
erties of easy fabrication and suitability for potentiometric sensors (Chen et al.
2020b), there is interest toward application of glass nanopipettes to intracellular
detection. Pourmand et al. (Nascimento et al. 2016) fabricated a potentiometric
glucose sensor based on nanopipettes modified with GOX (Fig. 7.2b). In the
presence of intracellular glucose, the local pH in the vicinity of the electrode surface
is changed due to the product(s) of the enzymatic reaction; as a result, the electrode
potential varies accordingly. This work presents an alternative electrochemical
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Fig. 7.2 Microscopic images of modified and multimodal nanoscale electrochemical sensors for
intracellular analysis and associated responses: (a) Image of the modified glass capillary with ZnO
nanoflakes (left), during measurements of glucose inside a single human adipocyte (middle) and the
obtained signal when insulin as a stimulator is added to the extracellular medium (right) (Fulati et al.
2010) (Reproduced with permission from the Elsevier, Copyright © 2010); (b) image of the
nanopipette tip (left), schematic displaying of the location of GOX inside the nanopipette tip
(middle) and the obtained potentiometric signal during intracellular glucose measurements (right)
(Nascimento et al. 2016) (Reproduced with permission from the American Chemical Society
(ACS), Copyright © 2016); (c) images of the tip and front view of the “nano-kit” electrode (left),
Pt-coated glass capillary tip with a wax inserted into a single HeLa cell (middle), and the measured
charges (right) before (curve a) and after (curve b) capillary insertion into the cell (Pan et al. 2016)
(Reproduced with permission from the Proceedings National Academy of Science (PNAS), Copy-
right © 2016); (d) image of luminol/chitosan capillary coated with porous polymer (left), bright-
field image of the microelectrode inside the cell (middle), and the overlapping bright-field and
luminescence images during hydrogen peroxide sensing (right) (Reproduced with permission from
the American Chemical Society (ACS), Copyright © 2016) (He et al. 2016)
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approach to amperometry for achieving analysis of nonelectroactive species. More-
over, the modified nanopipette sensor is relatively easy to fabricate and can be used
for intracellular analysis with minimal damage to the cell. Finally, GOX is
immobilized inside the orifice of the pipette, decreasing its physical contact with
the cell membrane which might interfere with enzyme stability.

In another study, Pourmand et al. (Özel et al. 2015) deposited pH-sensitive
chitosan biopolymers inside hydroxylated quartz nanopipettes (~100 nm) for the
detection of intracellular pH changes. It is noteworthy that chitosan is a biocom-
patible polymer, making it an excellent choice for these biological purposes. The
internal surface of the nanopipette was functionalized by backfilling a chitosan
solution (0.25%). The chitosan-modified nanopipettes showed a dynamic pH
range of 2.6–10.7 with high sensitivity. The sensor’s performance was verified
successfully in four different cell types: HeLa, MCF-7, MDA-MB-231 cell lines,
and human fibroblasts. This work showed that this biopolymer can serve as a
promising tool for intracellular pH sensing with super temporal and spatial
resolution.

Another unique property of conical nanopores, called the ion current rectification
(ICR) effect, has been adopted to develop intracellular sensors as well. The ICR
effect results from the asymmetrical ion diffusion flux and ion-selective transport
across the pore (Chen et al. 2020b). Hence, the analyte can be specifically detected
when it binds to the previously modified inner wall surface, since it alters the surface
charge and mediates the ion-selective transport. Obviously, this strategy does not ask
for any chemical reactivity of analyte, like electroactivity, but only a specific affinity
to modified materials, which expands the scope of detection. Recently, Zhu et al.
(Chen et al. 2020b) designed open gold nanopipettes (GNPs), allowing the moni-
toring of trace amounts of intracellular hydroxyl radicals (●OH) based on this
dynamic ICR phenomenon. Detecting these short-lived, low-concentration radicals,
which are produced by mitochondria, is challenging. Using UV irradiation, the inner
wall of a nanopipette was coated with an ultrathin layer of Au. Then, the deposited
Au film was modified with 1-hexanethiol through the robust Au–S bond. Hydroxyl
radicals (●OH) can selectively cut this bond, changing the wettability and surface
charge of the Au, and changing the ICR signal. The method can be used to sense
hydroxyl radicals at concentrations as low as 1 nM, which the authors think may be
useful for our understanding of the progression of Alzheimer’s disease from the
point of view of oxidative stress at the single-cell model.

In addition to the utilization of nanopores as a sensing component, additional
functions were discovered. Chen et al. (Pan et al. 2016) developed a new class of
nanoscale sensors for intracellular measurements and called it a “nano-kit”
(Fig. 7.2c). In its first iteration, the “nano-kit” was a combination of a Pt electrode,
constructed by depositing a Pt nanofilm in a nanopipette, while the hollow space was
filled with a commercial enzymatic assay kit solution for glucose sensing. After
inserting the nano-kit into the single cell, the assay kit solution can react with glucose
while producing H2O2, which is then electrooxidized on the Pt electrode surface to
produce a signal. This strategy was further applied to determine glucosidase activity
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(Pan et al. 2018) and to detect phosphate ions in the intracellular space (Xu et al.
2019). For each target, the authors simply changed the filling of the Pt-coated pipette
with a suitable assay kit solution to realize specific detection. The results showed the
high potential of the nano-kit approach for intracellular analysis of a broad range of
targets.

In addition to using classical electrochemical nanoelectrodes and nanopore sen-
sors, field-effect transistors have also been used for intracellular analyses. In 2011,
the Hong research group (Son et al. 2011) constructed a nanoscale field-effect
transistor for the selective detection of calcium ions inside an HeLa cell. To fabricate
the nanoscale transistor, two metallic bands with nanoscale thickness (Each band
consisting of a titanium layer (thickness: ~10 nm) as the base and a gold layer
(thickness: ~30 nm) on top) were deposited on the outer walls of a fabricated glass
nanopipette by thermal evaporation. Care was taken to prevent connections between
the two metallic bands, leaving a nanometer gap. Then, the tip of the nanopipette was
briefly immersed in a suspension of CNTs (0.5 mg/mL in 1,2-dichlorobenzene) and
subsequently dried at room temperature. The adsorbed CNTs on the outer wall of the
glass nanopipette could then bridge the nanometer gap between the metallic bands,
completing the tiny transistor. Finally, the CNTs were chemically modified with
Fluo-4-AM dye, which can interact with Ca2+ ions with high selectivity. In the
absence of Ca2+ (concentration range: 100 nM to 1 mM), Fluo-4-AM molecules act
as a negatively charged gate on CNTs (p-type semiconductor), with changes leading
to electrical currents through CNTs to produce a signal.

Interest in combining electrochemical and optical signals has been increasing
steadily over the years, also in the area of intracellular chemical analysis. Chen et al.
(He et al. 2016) combined highly sensitive electrochemiluminescence (ECL) with
electrochemical analysis to detect H2O2 (Fig. 7.2d). For this purpose, a nanopipette
tip (Orifice: 1–2 μm) was covered with a polyvinyl chloride/nitrophenyloctyl ether
porous polymer, and filled with a mixture of chitosan and luminol. The polymer
membrane prevented the leaking of the chitosan/luminol mixture into the solution
during measurements. Finally, the capillary and the membrane were coated with a
thin Au layer, which functioned as the electrode surface. When applying potential,
luminol inside the capillary electrode was oxidized to produce a luminol intermedi-
ate. After this, the intermediate reacted with hydrogen peroxide that diffused through
the membrane from outside of the tip to create a luminescence signal. With this
method, electrochemical visualization of intracellular hydrogen peroxide has been
realized.

5 Intracellular Analytes

In this section, we review some intracellular electroactive and nonelectroactive
targets that have been measured electrochemically. These have various functions,
such as energy supply, signaling, and metabolism in different cellular processes (Ino
et al. 2018). Figure 7.3 shows some of the most common intracellular targets.
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5.1 Intracellular Analysis of Electroactive Targets

Neurotransmitters such as catecholamines have been targets for electrochemical
intracellular analysis (Li et al. 2015; Oomen et al. 2019; Phan et al. 2017; Ren
et al. 2017), and serotonins (Hatamie et al. 2020) are chemical messengers that
transmit a message during cellular communication. Generally, neurotransmitters are
stored in tiny nanoscale packages called vesicles. As described earlier, the Ewing
research group made it possible to electrochemically quantify neurotransmitters
stored in individual, intracellular vesicles using carbon nano-tip electrodes (Hatamie
et al. 2020; Li et al. 2015, 2016a; Majdi et al. 2017; Ren et al. 2017; Ye et al. 2018)
and later CNPs (Hu et al. 2020).

Other recognized targets are ROS/RNS species, including radicals (O2
-●, OH●,

NO●, and NO2
●) and nonradical species (HOCl, ONOO�, and H2O2). Both ROS and

RNS groups play main roles in many physiological processes (e.g., phagocytosis,
defense mechanisms, aging, and oxidative stress). However, excess ROS/RNS cause
oxidative stress (Arbault et al. 1995). Under normal, physiological conditions, ROS
molecules are produced in mitochondria, but RNS are not produced. However,

Fig. 7.3 Some of the most common intracellular analytes that have been detected with micro-/
nanoelectrodes
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during oxidative stress, excessive ROS levels can damage cellular lipids, proteins,
and even DNA, leading to damage to the cell that can contribute to aging and
carcinogenesis. As mentioned above, due to their short lifetime and instability, the
detection and quantification of ROS/RNS is a big challenge (Tanaka et al. 1991).

Intracellular analysis of ROS species dates back to the 1990s (Marquitan et al.
2016; Tanaka et al. 1991). Owing to the progress in nanoscale electrode fabrication
during the last decade, ROS/RNS can now be detected with high temporal resolution
and sensitivity. Moreover, each ROS species can now be specifically analyzed using
the same electrode, by separately oxidizing them at different electrode potentials.
The Mirkin (Hu et al. 2019; Li et al. 2017; Actis et al. 2014) and Huang (Jiang et al.
2019; Zhang et al. 2017, 2019) groups employed different nanoelectrode types to
simultaneously analyze dynamic levels of several ROS/RNS species in cells exposed
to drugs or cytokine regulation (Table 7.1).

In the last decades, the effects of nanomaterials on cellular processes have
become a new subject of intense research. In 2018, Erofeev et al. (Erofeev et al.
2018) used Pt/C nanoelectrodes to investigate the toxicity of iron oxide magnetic
nanoparticles (10-nm diameter) by monitoring intracellular ROS levels in exposed
cells. The results indicated a significant increase in levels of ROS in two types of
cancer cells (HEK293 and LNCaP cells) after incubation with nanoparticles.

5.2 Intracellular Analysis of Nonelectroactive Targets

Another important yet mostly nonelectroactive group of targets are molecules
connected to energy metabolism, such as glucose (Fulati et al. 2010; Liao et al.
2019) and nicotinamide adenine dinucleotide (NADH) (Jiang et al. 2020; Ying et al.
2018). Glucose plays a crucial role in diabetes and cancer, making it a key intracel-
lular target. Therefore, in addition to the examples given in the sections above,
various electrodes, modified with enzymes and nonenzymatic electrocatalysts, have
been designed and applied to monitor it in the intracellular space (Table 7.1).
Recently, Nascimento et al. (Nascimento et al. 2016) used a nanoscale glucose
probe and were able to show that glucose levels inside malignant cancer cells are
~2–5 times higher than in nonmalignant cells. This finding is consistent with the
hypothesis that cancer cells take up higher levels of glucose, which is reflective of
their abnormal and/or higher metabolic activity.

NADH, which is recognized a key player in cellular respiration and oxidative
phosphorylation, is a significant marker of the energy metabolism and oxidative
level of cells. Long’s group (Ying et al. 2018) applied a nanopore whose inner wall
was modified with a tiny gold layer to the measurement of NADH dynamics in cells
exposed to the anticancer drug paclitaxel. Huang’s group also monitored NADH
dynamics using a PEDOT-modified nanowire electrode (Jiang et al. 2020). The
results show quick intracellular generation and removal of NADH in cells exposed
to glucose, paclitaxel, and resveratrol.

In addition to the abovementioned (bio)molecules, some inorganic ions, such as
K+, H+, and Ca2+ ions, key to maintaining intracellular homeostasis, have also been
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quantified through intracellular electrochemical detection (Table 7.1). These species
are intrinsically nonelectroactive, and thus hard to detect amperometrically. As a
result, some potentiometric nanosensors have been designed and applied for the
analysis of K+ (Usman Ali et al. 2011), Ca2+ (Asif et al. 2009), Mg2+ (Asif et al.
2010), and H+ (Al-Hilli et al. 2007; Özel et al. 2015) in the cytoplasm. These
approaches provide new strategies for the highly selective and sensitive analysis of
intracellular nonelectroactive targets (Table 7.1).

6 Conclusion and Outlook

In this chapter, we have discussed the development and recent examples of real-time
intracellular electrochemical sensing. The use of very small electrodes offers many
advantages in several areas of investigation. Thanks to their superior temporal and
spatial resolution, sensors based on micro- and nanoelectrodes have allowed
researchers to quantitatively analyze a wide range of (bio)molecules and ions in
real time, both inside cells and organelles (e.g., vesicles). Although electrochemistry
has been employed for intracellular analysis for decades, many challenges regarding
microfabrication, attaining sufficient sensitivity and selectivity, and measuring mul-
tiple parameters in a parallel fashion still remain. To realize simultaneous measure-
ments and elucidate the spatial distribution of intracellular and -organellar targets,
much emphasis is placed in the combination of electrochemical methods with other
analytical techniques, such as optical imaging (Betzig et al. 2006; Lee and Kopelman
2009) and mass spectrometry imaging techniques (Lovrić et al. 2017; Thomen et al.
2020). Furthermore, thanks to the recent rapid progress of nanotechnology, nano-
materials could be employed to catalyze certain significant electrode reactions, e.g.,
H2O2 electroreduction, so as to enhance sensitivity and selectivity of electrochemical
sensors. Another long-term goal is the realization of intracellular quantification of
nonelectroactive targets (e.g., amino acids, proteins, nucleic acids, or neurotransmit-
ters) using nanoelectrodes. Despite several studies reported in this chapter, much is
still left to be done. A great deal of discovery remains in this area making the future
exciting in this growing field of intracellular nanoelectrochemical analysis.
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Abstract

Development of nanotechnology has led to the preparation of the different
nanomaterials with excellent physicochemical properties, application-oriented
morphologies, electrochemical and catalytic properties, and so on. Similar prop-
erties and potential-wide application in different fields from electronics, imaging,
sensing and biosensing, energy conversation, etc. were reported for carbon nitride
materials (CNM). CNM is a class of 2D polymeric materials dominantly com-
posed from carbon and nitrogen. Generally, CNMs are known from the nineteenth

S. Đurđić (*)
University of Belgrade, Faculty of Chemistry, Belgrade, Serbia
e-mail: sladjanadj@chem.bg.ac.rs

V. Stanković
Scientific Institution, Institute of Chemistry, Technology and Metallurgy, National Institute
University of Belgrade, Belgrade, Serbia
e-mail: vvukojevic@chem.bg.ac.rs

D. M. Stanković
University of Belgrade, Faculty of Chemistry, Belgrade, Serbia

The “Vinča” Institute of Nuclear Sciences, University of Belgrade, Belgrade, Serbia
e-mail: dalibors@chem.bg.ac.rs; daliborstankovic@vin.bg.ac.rs

© Springer Nature Singapore Pte Ltd. 2023
U. P. Azad, P. Chandra (eds.), Handbook of Nanobioelectrochemistry,
https://doi.org/10.1007/978-981-19-9437-1_8

153

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-19-9437-1_8&domain=pdf
mailto:sladjanadj@chem.bg.ac.rs
mailto:vvukojevic@chem.bg.ac.rs
mailto:dalibors@chem.bg.ac.rs
mailto:daliborstankovic@vin.bg.ac.rs
https://doi.org/10.1007/978-981-19-9437-1_8#DOI


century. However, interest for this structure was aroused at the end of the
twentieth century, when theoretical prediction of dense sp3-bonded C3N4 phase
showed that this material can have high hardness values and significantly high
bulk modulus. It is worth mentioning that single-phase CN is difficult to synthe-
size due to their insufficient thermodynamic stability and that application of CNM
are connected with their graphitic phase (graphitic carbon nitride, g-C3N4), as a
most stabile allotrope at ambient conditions. g-C3N4 is characterized by graphite-
like structure, where distance between layers is around 3.3 nm. g-C3N4 structure
can be presented as two-dimensional frameworks of tri-s-triazine or s-triazine
linked via tertiary amines. Second structure due to the thermodynamic stability is
much more favorable.

Keywords

Biosensors · Carbon nitride materials · Electrochemistry · Graphitic carbon
nitride · Sensing

Abbreviations

ALP alkaline phosphatase
AuNPs gold nanoparticles
BPA bisphenol A
C-g-C3N4 carboxylated graphitic carbon nitride
ChOx cholesterol oxidase
CNM carbon nitride materials
CySH L-cysteine
DGX Digoxin
DNA deoxyribonucleic acid
dsDNA double-stranded DNA
Dox doxorubicin
ECL electrochemiluminescence
ECL-ET electrochemiluminescence energy transfer
EDC 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide
FRET fluorescence resonance energy transfer
g-C3N4 graphitic carbon nitride
g-C3N4NSs g-C3N4 nanosheets
g-C3N4NSQDs g-C3N4 quantum dots
GCE glassy carbon electrode
GOx glucose oxidase
ITO indium-tin-oxide glass
MB methylene blue
mpg-g-C3N4 mesoporous-g-C3N4

NHS N-hydroxysuccinimide
PEC photoelectrochemical
PET photoinduced electron transfer
PPi pyrophosphate
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RNA ribonucleic acid
ROX carboxy-X-rhodamine
SBA soybean agglutinin
ssDNA single-stranded nucleic acid
TEM transmission electron microscopic
TMB 3,30,5,50-tetramethylbenzidine

1 Introduction

In the last two decades, carbon- and graphene-based nanomaterials had experienced
expansion in biosensor application, due to their unique electronic, magnetic, optical,
mechanical, and thermal properties. Many developed carbon- and graphene-based
biosensors were characterized by electroanalytical parameters such as wide linear
range, low limit of detection, and excellent repeatability and reproducibility, as well
as high stability and selectivity (Nirbhaya et al. 2021; Xiong et al. 2017). However,
there is a constant need to develop new matrices for the immobilization of biological
compounds, with the aim of developing highly sensitive and highly selective
biosensors.

Graphitic carbon nitride (g-C3N4) belongs to the promising carbon-based matri-
ces for production of immobilization matrixes of biosensors (Nirbhaya et al. 2021).
g-C3N4 represents two-dimensional (2D) polymeric nanomaterial, where the struc-
ture primarily contains carbon and nitrogen atoms (Ju et al. 2018; Mandal et al. 2020;
Wang et al. 2019a), with a minimum content of hydrogen atoms (Fig. ▶ 5.1). The
existence of a stable π-conjugated system within condensed tri-s-triazine rings
(Fig. 8.1) provides typical semiconductor properties of g-C3N4 with a band gap of
2.7 eV (Nirbhaya et al. 2021; Ju et al. 2018). The nitrogen-rich structure of g-C3N4

highly contributes to the catalytic activity of the material due to the effect of nitrogen
as a strong electron donor (Vinoth et al. 2021). Semiconductor capability of g-C3N4

has been significantly used for energy production and storage (Fidan et al. 2021;
Vinoth et al. 2021), photocatalysis (Bellamkonda et al. 2019), and electrocatalysis
(Barrio et al. 2020). C-N network in g-C3N4 structure provided high surface area,
fast electron transmission, and high chemical and thermal stability (Barrio et al.
2020; Vinoth et al. 2021; Xiong et al. 2017). Also, since it is defined as a semicon-
ductor free from metal, the g-C3N4-based materials were found significant applica-
tion in the environment as a green material (Barrio et al. 2020; Eswaran et al. 2021;
Fidan et al. 2021). On the other hand, g-C3N4 structure allows potential chelation
between nitrogen and metal ions, causing an improvement in the sensitivity of
g-C3N4-based assays. This capability of g-C3N4 materials has expanded its applica-
tion in heavy metals detection (Eswaran et al. 2021; Radhakrishnan et al. 2020).

Methods such as synthesis based on solvothermal (Montigaud et al. 2000), solid-
state reactions (Zhang et al. 2001), and electrodeposition (Li et al. 2004) can be used
to synthesize g-C3N4 material. Contrarily, thermal decomposition method has found
the widest application for production of bulk g-C3N4 materials (Lotsch and Schnick
2006; Xiong et al. 2017). Thermal decomposition method is based on the gradual
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heating of the cyanamide precursor. Then, in a heating period of 60–600 �C, the
corresponding oligomers, then polymers, are formed, which is finalized by obtaining
the g-C3N4 network (Fig. 8.2).

g-C3N4 materials, due to their exceptional chemical/catalytic properties, have
pulled up considerable interest in the scientific world, and the industrial and envi-
ronmental association. Various researchers utilize g-C3N4 materials to construct
multiple sensors and biosensors, due to the enviable physicochemical stability and
biocompatibility of this material with certain analytes and biologically active com-
pounds (Nirbhaya et al. 2021; Vinoth et al. 2021). Therefore, this chapter provides a
detailed overview of the g-C3N4 to construct sensors and biosensors, based on
various detection principles (Fig. 8.3).

2 G-C3N4-Based Biosensors

2.1 Electrochemical g-C3N4-Based Biosensors

Sensor platform for successful immobilization of the primary antibodies (Ab1) was
developed on the mesoporous g-C3N4 by Zhou et al. (2016) for quantification of
subgroup J of avian leucosis viruses (ALVs-J). For the first time, the composite of
thionine and mesoporous-g-C3N4 (mpg-g-C3N4) was synthesized and served not
only as the carrier of secondary antibodies, but also as the electroactive probe. They

Fig. 8.2 Synthesis of g-C3N4 material from cyanamide by thermal decomposition method
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took advantages of the mpg-g-C3N4 such as small electrochemical resistance, large
effective working area, and abundant active sites to build immunosensor. Using
differential pulse voltammetry, after parameters optimization, the immunosensor

Fig. 8.3 Schematic illustration of the preparation of g-C3N4-based biosensors with several mod-
ification and immobilization concepts and the various detection principles
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provided remarkable analytical characteristics for the quantification of ALVs-J with
remarkable accuracy of the developed approach which was obtained in the analysis
of ALV-J in normal avian serum.

Abdul Rasheed et al. (2017) reported electrochemical geno-based sensor for the
highly sensitive quantification of deoxyribonucleic acid (DNA), where breast cancer
gene was used as model gene. This sensor was based on the well-known sandwich-
based strategy. This strategy involved immobilization of capture probe DNA on
glassy carbon electrode (GCE) previously modified with g-C3N4. In this work, target
DNAwas detected down to 10 aM with application of an Au nanoparticle cluster as
electrochemical label in DNA reporter probe and immobilization of DNA capture
probe to g-C3N4 platform. Using chronoamperometry as detection technique, the
proposed approach showed linearity from 10 aM to 1 nM. In this work, authors
reported that the effective surface area of the g-C3N4 is slightly lower compared to
reduced graphene oxide. This is attributed to the few-layer structure of reduced
graphene oxide. However, thanking to the properties of the g-C3N4, final biosensor
characteristics were better with this material. Authors reported that modified electron
transmission resistance of g-C3N4 after immobilization of DNA-c was responsible
for improvement of biosensor performances. Similar to the previous study, Li and He
(2021) develop a sandwich-type electrochemical biosensor for the sulfamethazine
detection, based on the expressed affinity of aptamer and antibody to target mole-
cule. They functionalized g-C3N4 nanosheets (g-C3N4NSs) with poly (ethylenimine)
which, in combination with octahedral gold nanoparticles (AuNPs), served for
modification of gold electrode. Through Au-N bound sulfamethazine, monoclonal
antibody was stationed at the working surface. Nanocomposites based on Au@Pt
core-shell, aptamers, and methylene blue (MB) were used for signal monitoring.
Once sulfamethazine existed, the certain quadruplex complex is formed and the MB
redox probe was linked to the electrode via Au@Pt core-shell nanoparticles.
Picomolar limit of detection was obtained. Practical applicability of this method
was tested in the spiked milk samples with excellent recovery and accuracy. The
prepared composite in this study, based on the g-C3N4 as carrier, showed excellent
chemical and physical properties. Authors reported that g-C3N4-based carrier accel-
erated electron transfer and provided larger binding sites for antibody. Current signal
amplification and improvement of biosensor performance were achieved by the use
of Au@Pt core-shell nanocomposites as carriers of aptamer and MB. In addition,
highly sensitive and selective determination of sulfamethazine was realized based on
the specificity of aptamer and antibody. More importantly, this study extends the
analytical application of g-C3N4-based composites in the fields of electroanalytical
sensing and bioanalysis.

Kumar Shrestha et al. (2017) exfoliated bulk g-C3N4 into ultrathin
two-dimensional nanosheets (~3.4 nm), functionalized with proton. Using chemical
polymerization method, these g-C3N4NSs were additionally modified with the
introduction of cylindrical spongy shaped polypyrrole. This platform serves as
basis for the utilization of the cholesterol biosensors. Cholesterol oxidase (ChOx)
was immobilized at the composite at physiological pH, with help of strong electro-
static attraction of positively charged composite and negatively charged ChOx. Very
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fast response time (~3 s) and excellent sensitivity of 645.7 μA/mMcm2 are reported
for g-C3N4 material. Developed g-C3N4-based material was applied in the human
samples. The engineered composite material, produced in this work exhibited
effective and large active area due to exfoliation of g-C3N4

+ into ultrathin nano-
sheets. In addition, during immobilization of ChOx enzyme, positively enriched
structure obtained with composite preparation strongly binds to the negatively
charged enzymes. These interactions additionally expressed the synergetic effects
for electroconductive network and electrocatalytic ability.

Puente-Santiago et al. (2019) indicate that electron-transfer processes via bio-
materials with the improved electrocatalytic properties can be controlled by
adjusting the surface properties of materials. They improved electron-transfer pro-
cess in g-C3N4 material with involvement of sulfonic groups in the structure with the
aim of preparation of the recombinant laccase biosensor for the detection of syringol
and catechol. Remarkable charge-transfer rate constant of 12 � 0.5 1/s was obtained
for such material as the highest recorded to date for a direct electron-transfer reaction
of copper-based oxidases bound to carbon-based materials. These facts were used for
the preparation of amperometric biosensor which provided outstanding
bioelectrocatalytic activities in the oxidation of syringol and catechol, which are
relevant environmental pollutants. The sensitivities of the developed electrode were
0.41 and 0.95 A/Mcm�2 for syringol and catechol, respectively, dominating most of
the laccase-based biosensors reported in the literature. Remarkable stability of the
proposed system was reported from the authors. Such approach retained 93.2% and
94.3% of its primary electrochemical response to syringol and catechol after 57 days.
Using the platform of an electrostatic self-assembly approach, a unique hybrid
electrically active biocomposite based on a sulfonated g-C3N4 material and recom-
binant laccase has been provided. The developed biocomposites exhibited remark-
able electron-transport efficiencies with an apparent electron-transfer rate constant
(over 1200 times higher than rate constant of the free enzyme). This study represents
a significant progress in the field of bioelectronics and provides the experimental and
theoretical tools to discovering pathways for modification of the CNM surface
properties. This strategy is significant for optimization of the structural properties
of genetically engineered metalloenzymes with the aim of significantly increasing
their electron-transfer efficiency for the production of ultrasensitive amperometric
biosensors.

Pd wormlike nanochains/g-C3N4 nanocomposites serve as basis for the prepara-
tion of new electroanalytical biosensor for detection of organophosphorus pesticides
and huperzine-A, where biosensor was based on the acetylcholinesterase as sensing
platform. This approach was proposed by Wang et al. (2016). Synthesized structure
successfully binds enzymes and promotes the signal amplification, based on the
composite morphology – large number of wormlike Pd structures randomly depos-
ited on the stacked flake-like form of g-C3N4 with high surface area-to-volume ratio.
In this structure, Pd material acts as electron traps and facilitates the segmentation of
electron-hole pairs. Further, loading of Pd affects the interfacial electron transfer
efficiency, resulting in improvement of electrochemical signal. Prepared Pd worm-
like nanochains/g-C3N4 composites successfully catalyzed the redox reaction of the
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analyte, but most importantly enhanced the loading of acetylcholinesterase and thus
improved the sensitivity of the sensor.

Highest number of g-C3N4 electrochemical biosensors were developed for glu-
cose and H2O2 detection, using two principles enzymatic and nonenzymatic. For the
synthesis of g-C3N4/iron, oxide@copper nanocomposite was used as one-step
pyrolysis of melamine and Cu3[Fe(CN)6]2 (Liu et al. 2018). The iron oxide and
copper nanomaterials were decorated g-C3N4NSs, which can productively defend
the g-C3N4NSs from restacking. The derived Cu and Fe2O3 nanomaterials directly
improve the electro-catalytic properties of as-prepared composites. These three
components cooperatively enhance the electrochemical characteristics of non-
enzymatic glucose quantification, due to excellent electrocatalytic properties of Cu
nanomaterial, while good mimicking of peroxidase activity was attributed to thin-
layered g-C3N4 and Fe2O3. Thin layers of g-C3N4, with a relatively high effective
surface area, can supply a large number of active groups in order to stabilize Fe2O3

and Cu nanostructures. This also improves the stability of as-fabricated modified
electrode. In addition, N-rich thin layered g-C3N4 could interact with glucose in the
solution, resulting in the accumulation of glucose in the surface of as-fabricated
electrode. The synergistic effect of these three components in the as-prepared
composites provides improvement of electrocatalytic activity toward glucose oxida-
tion. For the first time, Tian et al. (2013) demonstrated ultrathin g-C3N4NSs as a
highly efficient, green, and low-cost electrocatalyst for reduction of H2O2. Nano-
layered Co(OH)2 deposited on polymeric g-C3N4 linked by chemical bath deposition
was used as support for the construction of novel nonenzymatic glucose biosensor
(Tashkhourian et al. 2018). Authors used this two-dimensional nanocomposite for
modification of carbon paste electrode and improvement of its electrochemical
characteristics. This material revealed a noticeably synergistic effect as a result of
appropriate exfoliation of g-C3N4 in the presence of Co(OH)2, as well as remarkable
electrocatalytic properties. Also, authors reported separate effect of the material
components, where the catalytic current generally originated from the active site
of Co(OH)2 toward the catalytic glucose oxidation, while g-C3N4 affected the
electrochemical characteristics of the modified electrode. Actually, the presence of
g-C3N4 provided a large surface area, leading to an increase in the quality of Co
(OH)2 active sites and causing the development of Co(OH)2 in the form of a
two-dimensional nanolayer. In addition, authors noted that the appearance of Co
(OH)2 helps flaking of the g-C3N4 layers, resulting in the Co(OH)2 deposition in the
form of nanolayers on it. This is confirmed and with morphological characterization
of the material. The high surface area-to-volume ratio of g-C3N4 nanostructure
improves oxidation of glucose over its large total surface area.

Imran et al. (2021a) apply knowledge about synergetic effect of metal-metal
oxides and g-C3N4 on electrocatalytic properties of the electrode surfaces for the
preparation of electrochemical nonenzymatic glucose sensor based on the modifica-
tion of g-C3N4 with zinc oxide and platinum. The interactions between g-C3N4,
ZnO, and Pt were studied using various physicochemical methods. Combination of
these materials resulted in the electrochemical response of glucose at low potential of
+0.20 V (vs. Ag/AgCl), fast response time of 5 s, and high sensitivity of 3.34 μA/

8 Graphitic Carbon Nitride in Biosensing Application 161



mMcm2. Similar results were achieved with the Na,O-co-doped-g-C3N4 (Na,O-g-
C3N4) which was prepared by subsequent heat treatment in the presence of alkaline,
reported by Mohammad et al. (2020). The Na,O-g-C3N4, obtained from urea,
showed relative surface area and adjusted optical characteristics with sheet-like
properties. This nanomaterial was used for the modification of GCE. Remarkable
results for the nonenzymatic H2O2 detection by electrochemical method were
reported. Urea as a base for the synthesis of ultrathin layered g-C3N4 was used by
Imran et al. (2021b). In this work, g-C3N4 was additionally decorated using niobium
(Nb) metal nanoparticle. The composite was prepared by pyrolysis method and used
for direct glucose determination in human blood samples. Two different oxidation
peaks during cyclic voltammetry scanning were observed (similar to metal elec-
trodes), showing the metallic behavior of the Nb-g-C3N4 composite. The oxidation
peak at +0.39 V corresponds to oxidation of glucose to gluconolactone. Appearance
of very intense reverse peak in reverse scan originates from oxidation of
gluconolactone to CO2 and H2O. This good electrocatalytic behavior of Nb-g-
C3N4 may be described by successful doping of niobium into g-C3N4 with aim to
increase the numbers of electro-active sites and improve the electron transportation.
This result indicates the metallic behavior of the Nb-g-C3N4 composite. The mech-
anism of glucose oxidation at metal/metal oxide surfaces is highly reported in
literature. The gold electrode modified with Nb-g-C3N4 composite catalyzes the
formation of adsorbed hydroxyl ions and acts as a mediator for reactions such as
oxidation of glucose and reduction oxygen at electrode surface.

2.2 Fluorescent g-C3N4-Based Biosensors

g-C3N4 is characterized by unique fluorescent properties. The excitation wavelength
of g-C3N4 is 320 nm. Contrarily, g-C3N4 emits strong fluorescence at ~440 nm (blue
light region) with increased fluorescence quantum yield of ~20% (Xiong et al. 2017).
This optical characteristic of g-C3N4 has found wide application in the production of
label-free biosensors and the quantification of a wide range of biological/chemical
compounds. Determinations are mostly based on monitoring the quenching of
g-C3N4 fluorescence intensity. In most experiments, metal ions such as Cu2+, Ag+,
and Fe3+ are used to quench g-C3N4 fluorescence (Xiong et al. 2017). For this
purpose, the capability of g-C3N4 to chelate with metal ions via photoinduced
electron transfer (PET) was used (Xiang et al. 2016; Xiong et al. 2017). In addition,
quenching of g-C3N4 fluorescence can be performed by the biomolecule heparin, as
well as certain nitrobenzene derivatives (Xiong et al. 2017).

Fluorescent properties of g-C3N4 were used to determine enzyme activity. A
design principle of enzyme determination with label-free g-C3N4-based biosensors is
explained using enzyme alkaline phosphatase (ALP) and pyrophosphate (PPi) as its
substrate (Xiang et al. 2016). The experimental procedure for determining enzyme
activity is based on the chelation of Cu2+ (added in order to quench the fluorescence
of g-C3N4) by PPi (Fig. 8.4). In parallel, g-C3N4 exhibits its fluorescence capabil-
ities, and the corresponding signals are detected using an appropriate
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spectrofluorometer. The addition of ALP catalyzes the hydrolysis of PPi to phos-
phate (Pi), resulting in the loose of Cu2+ from the PPi-Cu complex. Then, the
released Cu2+ was chelated by g-C3N4. The g-C3N4-Cu complex does not have the
capability to fluoresce, which is noted as a decrease in the signal on the instrument.
Precisely, the quenching of g-C3N4 fluorescence is labeled as an indicator of enzyme
activity. Using this principle and procedure, Xiang et al. (2016) reported a
g-C3N4NSs-based biosensor for determination of ALP activity. Bulk g-C3N4 was
synthesized by treatment of cyanamide at 600 �C. g-C3N4NSs were obtained by
chemical oxidation of bulk g-C3N4 with HNO3, accompanied with exfoliation of
oxidized bulk g-C3N4 in order to obtain nanosheets. Further, the transmission
electron microscopic (TEM) imaging confirmed the g-C3N4NSs thickness of
1.25 nm. After optimization of experimental parameters (the content of PPi, the
content of Cu2+, the reaction time, and the reaction temperature between ALP and
PPi), the developed g-C3N4-based biosensor provided a wide concentration range
toward ALP (0.1–1000 U/L), with a limit of detection of 0.08 U/L. In addition, the
biosensor was giving high selectivity during the determination of ALP activity in the
presence of other enzymes. Accordingly, the developed g-C3N4-based biosensor
provided a selective and sensitive platform for quantification of ALP in biomedical
samples and clinical diagnostics.

Fig. 8.4 Schematic illustration of label-free biosensing strategy for ALP using of g-C3N4

quenching platform

8 Graphitic Carbon Nitride in Biosensing Application 163



Intense of g-C3N4 fluorescence was used to produce aptasensor. Shirani et al.
(2020) developed an aptasensor based on g-C3N4, AuNPs and single-stranded
nucleic acid (ssDNA) for quantification of the cardiac drug Digoxin (DGX). Bulk
g-C3N4 was prepared by the polymerization of melamine. Exfoliation of bulk
g-C3N4 in water regia resulted in formation of g-C3N4NSs. The TEM method
confirmed the planner shape of g-C3N4NSs form, with a size of ~100 nm and a
thickness of ~2 nm. Colloidal AuNPs were synthesized from HAuCl4. DGX aptamer
(ssDNA) with the appropriate nucleotide sequence was adsorbed on the obtained
AuNPs, by electrostatic interactions. The fluorescence of g-C3N4NSs, in presence of
NaCl, was monitored at 445 nm ( fluorescence ON). Following the addition of
AuNPs-aptamer conjugate to the g-C3N4NSs/NaCl suspension, g-C3N4NSs interacts
with AuNPs via fluorescence resonance energy transfer (FRET) mechanism,
resulting in g-C3N4NSs fluorescence quenching and signal reduction ( fluorescence
OFF). The addition of DGX as a substrate leads to the interaction of aptamer and
DGX, while AuNPs were aggregated in the presence of NaCl. In parallel,
g-C3N4NSs fluorescence was recovered ( fluorescence ON). The determination was
based on measuring the fluorescence intensity of g-C3N4NSs before and after the
addition of DGX. After optimizing experimental parameters (amount of g-C3N4NSs,
aptamer/AuNPs molar ratio, NaCl concentration, incubation period of aptamer/
AuNPs, and incubation period of aptamer/DGX interactions), the developed
g-C3N4-aptasensor provided a linear concentration scale from 10 to 500 ng/L for
DGX, with ultrasensitive LOD of 3.2 ng/L. In addition, the proposed g-C3N4-
aptasensor provided high selectivity if it is accompanied with various coexisting
drugs and heavy metal ions. Finally, the ON-OFF-ON fluorescence aptasensor was
effectively used for determination of DGX in human plasma, without prior sample
preparation.

Liu et al. (2019a) showed a ratiometric fluorescent g-C3N4-based aptasensor for
the detection of the biomarker adenosine. g-C3N4 network was doped with phenyl
groups in order to achieve strong green fluorescence of the material (λmax ¼
505 nm). Urea and trimesic acid were involved in the preparation of phenyl-doped
g-C3N4 nanosheets (PDCN-NS). TEM imaging confirmed the thickness of compos-
ite of 6 nm and the size of 130 nm. Preparation of the aptasensor included labeling
the antiadenosine aptamer with fluorescent dye. Carboxy-X-rhodamine (ROX),
which emits fluorescence at 620 nm, was used as the dye. The resulting
ROX-aptamer was adsorbed to the PDCN-NS surface through π-π stacking and
hydrophobic interactions. In this way, the fluorescence of the ROX-aptamer at
620 nm was quenched, while the green fluorescence of the PDCN-NS did not change
significantly. Precisely, the constant fluorescence of PDCN-NS was used to develop
a ratiometric nanoprobe for adenosine analysis. After the addition of adenosine, the
fluorescence of the ROX-aptamer was recovered due to the formation of the
aptamer-adenosine complex. Analytical procedure was based on normalization of
the fluorescence strength of ROX-aptamer by the fluorescence intensity of PDCN-
NS. After optimization of experimental parameters (PDCN-NS concentration, buffer
pH, and incubation time between ROX-aptamer and adenosine), PDCN-NS@ROX-
aptamer biosensor was shown linear calibration curve from 10 to 1000 μM, with
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detection limit of 6.86 μM. Also, the PDCN-NS-based aptasensor showed high
selectivity in the appearance of various biological important compounds and essen-
tial metal ions and has been effectively applied for the quantification of the adeno-
sine in human serum samples.

Also, g-C3N4 was used to produce “turn off” fluorescence biosensors to detect
metal ions. Li et al. (2017) reported g-C3N4-based aptasensor for detection of Hg2+.
Strong adsorption of ssDNA by g-C3N4 via Van der Waals interactions was used for
quantification of Hg2+. g-C3N4 was obtained by melamine polymerization at 500 �C.
The resulting yellow precipitate of g-C3N4 was subjected to HNO3 in order to obtain
g-C3N4NSs. N-hydroxysuccinimide (NHS) and 1-ethyl-3-(3-dimethylaminopropyl)-
carbodiimide (EDC) were used for preparation of g-C3N4@ssDNA conjugate. The
analytical procedure was based on monitoring the fluorescence intensity at 440 nm
of the g-C3N4@ssDNA aptasensor before and after the addition of analyte. Hg2+,
after addition to the assay solution, chelates with tymine from ssDNA and forms the
thymine-Hg2+-thymine complex, resulting in the formation of hairpin-shaped dou-
ble-stranded DNA (dsDNA). Thus, Hg2+ was closer to the surface of g-C3N4NSs,
whereby fluorescence was quenched and fluorescence signal was reduced. The
influence of g-C3N4NSs concentration on the fluorescence signal was examined to
increase the optical performances of the developed g-C3N4@ssDNA aptasensor. In
addition, the reaction time between g-C3N4@ssDNA aptasensor and analyte was
optimized. Developed g-C3N4@ssDNA showed ultrasensitive LOD of 0.17 nM, as
well as high selectivity during detection og Hg2+ accompanied with the different
metal ions. Finally, proposed g-C3N4-based aptasensor was used for detection of
Hg2+ in water samples.

2.3 Colorimetric g-C3N4-Based Biosensors

g-C3N4 has found significant application in nanozyme production. Nanozymes are
new nano/functional materials with the properties of natural enzymes. Nanozymes
are characterized by the ability to catalyze typical enzymatic reactions by mimicking
oxidases, catalases, and peroxidases. Their advantage over enzymes is reflected in
large surface area, high catalytic activity, high stability in various media, and simple
synthesis, as well as low costs (Ju et al. 2018). In order to increase catalytic activity,
g-C3N4 is most commonly modified with metal/metal oxides nanoparticles. Color-
imetric detection is based on an appropriate reaction catalyzed by a g-C3N4-
supported nanozyme without the addition of a natural enzyme, resulting in the
formation of a colored compound. Then, the absorbance of the colored compound
is monitored on an appropriate spectrophotometer (Wu et al. 2019a; Zhu et al. 2018).

Wu et al. (2019b) reported g-C3N4-supported colorimetric approach for detection
of H2O2 and glucose. The nanozyme probe was based on the modification of
g-C3N4NSs with plasmonic AuNPs. g-C3N4NSs was synthesized by melamine
polymerization at 550 �C, while HAuCl4 was used to obtain AuNPs. The thickness
of g-C3N4NSs of around 1 nm was confirmed by the atomic force microscopic
method, while the size of AuNPs of around 10 nm was reveal by TEM imaging.
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Preparation of g-C3N4NSs@AuNPs hybrid catalyst was based on “in situ” grown of
AuNPs on g-C3N4NSs surface. The aim of the research was to develop and examine
the performances of the g-C3N4NSs@AuNPs nanozymes probe which in the exper-
iment mimics the enzyme peroxidase. The first experimental step was to examine the
peroxidase-like activity of g-C3N4NSs@AuNPs hybrid. As substrate was used
3,30,5,50-tetramethylbenzidine (TMB). The determination was based on the addition
of g-C3N4NSs@AuNPs to the TMB/H2O2/phosphate buffer mixture. Then,
g-C3N4NSs@AuNPs catalyzes the TMB oxidation, the existence of H2O2, resulting
in blue color formation. Absorbance of blue color was monitored at 652 nm using an
appropriate spectrophotometer. Consequently, the intensity of absorption depends on
the H2O2 concentration, enabling its detection. After optimization of pH of phos-
phate buffer solution, reaction temperature, and TMB concentration, the
g-C3N4NSs@AuNPs hybrid showed an LOD of 1.0 μM toward H2O2. In addition,
H2SO4 was added to the TMB/H2O2 mixture to increase parameters for the deter-
mination. Addition of an acid solution leads to the protonation of TMB and
formation of yellow-colored TBM2+, characterized with an absorption at 451 nm.
In the H2SO4 medium, the g-C3N4NSs@AuNPs hybrid showed an LOD of 0.31 μM
for H2O2. The second experimental step involved the detection of glucose via H2O2.
Glucose oxidase (GOx) was added to phosphate buffer solution containing different
concentrations of glucose. GOx enzyme induces glucose oxidation to the
corresponding lactone and H2O2. The obtained H2O2 was detected with
g-C3N4NSs@AuNPs hybrid according to the explained procedure in H2SO4

medium. The obtained concentration of H2O2 is directly proportional to the glucose
concentration. g-C3N4NSs@AuNPs hybrid provided the LOD of 0.75 μM for
glucose. Finally, g-C3N4NSs@AuNPs hybrid catalyst as a peroxidase nanozyme
was used to quantify glucose in urine and human serum samples.

2.4 Photoelectrochemical g-C3N4-Based Biosensors

Photoelectrochemical (PEC) determination is based on irradiation of photoexcited
material by appropriate lamps. The resulting photocurrent is converted to electrical
by the electrode as a transducer, causing signal recording. PEC platform uses two
different signal forms for excitation and detection, making this platform potentially
more sensitive compared to classical electrochemical measurements (Zhao et al.
2014). In a biosensing application, biological recognition systems (enzymes, DNA,
ribonucleic acid (RNA), and antibodies) respond to biochemical changes (interac-
tions, analyte concentration) and transmit a specific change to the photoactive
electrode environment. The resulting PEC signal is linearly dependent on the applied
analyte concentration (Xu et al. 2020). The main step in PEC determinations is the
construction of a photoactive electrode. g-C3N4 has proven to be a potential candi-
date for developing the PEC platform. As mentioned, this promising material is
characterized by appropriate photoactivity, as well as tunable bandgap. In addition,
by intercalating certain sensitizers within the g-C3N4 structure, the photoactivity of
the material can be significantly increased. Also, g-C3N4 modification can be
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performed with metal/metal oxide NP in order to increase the catalytic activity of the
target material, which directly affects the improvements in the electrochemical
performances of biosensors. In recent years, standard electrochemical sensors have
been modified with g-C3N4-based nanomaterial to develop PEC assays (Wang et al.
2019b; Xu et al. 2020).

Xu et al. (2020) proposed a g-C3N4-based aptasensor for the detection of
bisphenol A (BPA). Proposed aptasensor was based on the modification of g-C3N4

with Cu(I). g-C3N4 was synthesized from urea, while g-C3N4@Cu composite was
obtained from bis (1-hexadecyl-3-methylimidazolium) tetrachlorocuprate(II) after
the solvothermal treatment. Indium-tin-oxide glass (ITO) was modified with the
g-C3N4@Cu composite to construct a working electrode (ITO/g-C3N4@Cu). The
surface of ITO/g-C3N4@Cu was modified with BPA aptamer of the appropriate
nucleotide sequence to produce aptasensors. Photocurrent was monitored for each
electrode modification step after a 20-second interval of irradiation of the PEC cell
with a xenon lamp. A decrease in photocurrent was observed after the application of
aptamer due to the coating of the electrode surface with the organic layer, which
caused a decrease in electron transfer. This proved the successful immobilization of
the aptamer on the electrode. After the addition of BPA as an analyte, an additional
decrease in photocurrent was observed due to successful interactions between
aptamer and BPA. The developed g-C3N4-based aptasensor showed a linear depen-
dence between the logarithm of the concentration and photocurrent, with an ultra-
sensitive LOD of 70 fM toward BPA. After selectivity testing in the presence of
hexafluorobisphenol A and bromophenol blue, the developed ITO/g-C3N4@Cu
aptasensor was successfully applied to quantify BPA in wastewater.

Wang et al. (2019b) reported g-C3N4@AuNPs biosensor for microRNA-141
detection supported with a target-activated enzyme-free DNA walker.
g-C3N4@AuNPs composite was prepared by electrodeposition of AuNPs on the
surface of g-C3N4. GCE surface was adopted with g-C3N4@AuNPs composite with
the aim of preparing a working electrode. The DNA hairpin (H1) was immobilized
on the GCE/g-C3N4@AuNPs surface, while the other DNA hairpins (H2-H5), in the
existence of target miRNA-141, reacted with H1 and added to each other. After
completion of the cycle, a dsDNA copolymer was formed on GCE/g-C3N4@AuNPs.
The immobilized dsDNA copolymer is characterized by cavities. Doxorubicin
(Dox), used as a sensitizer, increased the photoactivity of g-C3N4 after its intercala-
tion within dsDNA cavities. After irradiation of the PEC cell, the PEC responses of
the biosensor were monitored after each immobilization step. The photocurrent
response of the developed g-C3N4-based biosensor was tested at different concen-
trations of microRNA-141, under optimized experimental conditions. LOD of 83 aM
toward microRNA-141 was recorded. Finally, the g-C3N4@AuNPs biosensor pro-
vided satisfactory selectivity in the presence of coexisting compounds (microRNA-
122, microRNA-126, and microRNA-21).
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2.5 Electrochemiluminescence g-C3N4-Based Biosensors

Electrochemiluminescence (ECL) is an electrogenerated chemiluminescence pro-
cess where species are formed at the electrode surface, subject to reaction of high-
energy electron transfer, with formation of excited states that emit light during
relaxation process. In another word, after bringing additional energy in the form of
external voltage, a stable precursor will produce an intermediate near the electrode.
Then in the medium, an intermediate interacts with coreactants to redintegrate an
excited state (Xavier et al. 2019). The main advantages of this method, compared to
luminescence induced by chemical reaction (chemiluminescence), are the ability to
initiate and control luminescence mainly by the electrode voltage (Richter 2004) as
well as the low background emission, which allows lower detection limits to be
achieved (Kulmala and Kankare 2013).

Since the first studies in the 1960s, several thousands of papers, patents, and book
chapters have been published on ECL. A significant number of commercial plat-
forms that use ECL are commercially available for the detection of the clinically
significant analytes (steroid hormones, antibodies, proteins. . .), with high accuracy
and selectivity. Furthermore, use of ECL active species to label biological molecules
enabled the application of this technique in immunoassay and DNA analysis
(Kulmala and Kankare 2013).

There are three different mechanisms used in ECL sensing: the ion annihilation
process, hot electron-induced cathodic process, and coreactant process. Ion annihi-
lation process requires a rapid change in the potential of the working electrode
among the two values, generating an oxidative and a reduced species (radical cations
and radical anions) that react close to the electrode surface to form an excited state of
the species, which emits light after relaxing to the ground state (Kulmala and
Kankare 2013). This activity is mainly carried out in nonaquas solvents, in order
to achieve the required stability of cation and anion radicals, due to which it is not
suitable for biosensing applications (Qi and Zhang 2020). The hot electron-induced
cathodic process is based on the injection of hot electrons in a semiconductor/
insulating film into an aqueous regia which is a supporting electrolyte. This leads
to the formation of hydrated electrons as reducing mediators, followed by oxidation/
reduction processes between these electrons and luminophores/oxidized
luminophores, directing to its emission (Qi and Zhang 2020). In the coreactant
process, ECL is generated in one potential step by species, e.g., coreactant which,
after oxidation or reduction, produces an intermediate. Then, the intermediate reacts
with ECL luminophore to produce excited states (Richter 2004). For the purposes of
ECL biosensing, coreactants mostly use peroxydisulfate (S2O8

2�) for the cathodic
coreactant process. Contrary, anodic coreactant process involves hydrogen peroxide
(H2O2), while luminophores include inorganic complex (for example, tris(2,20-
bipyridyl) ruthenium(II), Ru(bpy)3

2+), organic compound (luminol), and nano-
materials (g-C3N4) (Fig. 8.5) (Qi and Zhang 2020).

Since the first report on the cathodic electrochemiluminescence behavior of g-C3N4

in 2012was published (Cheng et al. 2012), thismaterial has been intensively researched
to obtain new biosensors with improved analytical performance. Compared to other
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conventional ECL emitters, g-C3N4 possesses a number of distinct properties such as
higher thermal and chemical stability, cheaper raw materials as well as facile prepara-
tion mode, nontoxicity, and generally good biocompatibility (Zou et al. 2020). It is
important to emphasize that all ECL occurrence in g-C3N4 have been established on the
coreactant pathway, where a coreactant (S2O8

2�; Et3N. . .) produced intermediate
species. Then, an intermediate reacts with the radical ions of g-C3N4 to produce excited
state when convenient potential is applied. Problems that can occur during the practical
application of this material in ECL sensing are due to the small effective area, poor
conductivity, low dispersion, and chemical inertness of material itself, which together
with the appearance of the electrode passivation ultimately lead to reduced stability,
reproducibility, and sensitivity of the entire system (Chen et al. 2014; Feng et al. 2018).
Significant improvement of sensing performance of g-C3N4 can be achieved by its
modification with different nanomaterials including metal-oxide nanoparticles, metal
nanoparticles, carbon-based nanoparticles, etc.

Wang et al. (2018) proposed an ECL biosensor for detecting dopamine using
nanocomposite of silver-carbon nitride (Ag-g-C3N4) as signal probe. The bulk GCE
was modified with Ag-g-C3N4 nanocomposite and chitosan which were applied to
immobilize the substrate material on electrode surface. This system produces a weak
ECL signal in a solution containing K2S2O8 as coreactant. After addition of dopa-
mine to the main solution, a strong ECL signal was recorded based on the amino
group of dopamine that fostered the coreactant transformation of anion S2O8

2� into

Fig. 8.5 Schematic representation of ECL emission mechanism

8 Graphitic Carbon Nitride in Biosensing Application 169



radical anion SO4
�-, which is followed by an increase of ECL intensity of Ag-g-

C3N4. Obtained ECL biosensor have wide linear calibration curve (from 0.015 to
150 mM), high sensitivity and good stability, and low limit of detection (0.005 mM)
and, according to authors, can be used for the quantification of dopamine in human
serum samples (Wang et al. 2018).

Cao et al. (2018) developed aptasensor for ECL determination of BPA by using
g-C3N4. The only modification of the g-C3N4 was its carboxylation. Carboxylated
g-C3N4 (C-g-C3N4) has better conductivity and solubility in aqueous regia compared
with g-C3N4. The authors pointed out that obtained composite possesses improved
shortened electronic transmission distance and luminous stability thanks to the
carboxyl groups on the material surface which can be covalently linked to various
other functional groups (hydroxy, amido, etc.). In this study, the amide bond was
formed between NH2 groups of aptamers and the COOH groups of C-g-C3N4. In the
presence of BPA, the aptamer would discriminately interact with BPA, resulting in
the decrease of the ECL response, originated from the buffer solution containing
C-g-C3N4 and coreactant (K2S2O8). Using this approach, authors produce a new
platform for BPA determination with excellent sensitivity (the detection limit is
30 fM), outstanding stability, and high selectivity (Cao et al. 2018).

Construction of a “turn off-on” electrochemiluminescence (ECL) sensing plat-
form for L-cysteine detection was described by Wu et al. (2019c). Authors used
composite made of C-g-C3N4 and MnO2 nanosheets as the probe. K2S2O8 was used
as the coreactant. Large specific surface area and numerous functional groups of C-g-
C3N4 nanosheet offer support for in situ expansion of MnO2 nanosheet. Under the
coreactant synergy, C-g-C3N4 is able to generate strong ECL emission. After forma-
tion of the MnO2 and C-g-C3N4 nanocomposite, the ECL is markedly quenched due
to the transfer of the energy based on ECL from g-C3N4 to MnO2. Further, the
addition of CySH could lead to the ECL-ET elimination, because it reduced MnO2

to Mn2+ and recovery of ECL signal. Using the abovementioned method, authors
developed a new ECL biosensor that has fast response, high sensitivity, excellent
selectivity, good stability, and with low detection limit (0.18 nM) (Wu et al. 2019c).

Zhang et al. (2019) also performed only g-C3N4 carboxylation, instead of other types
ofmaterial functionalizationwithmetal nanoparticles or other nanomaterials. This group
of authors developed a sandwich-structured electrochemiluminescence platform for the
determination of soybean agglutinin (SBA). Biosensor was prepared using
D-galactosamine (galM) as a recognition platform and C-g-C3N4 as luminophore. The
authors showed the following steps to achieve the sensitive determination of SBA. GCE
was modified with AuNPs for capturing the galM via Au-N link, which is followed by
further capturing the SBA by specific recognition between galM and SBA. After
addition of SBA, the C-g-C3N4-galM composite was immobilized at the electrode
surface. The ECL signal from C-g-C3N4 increased with the increasing of SBA concen-
tration, resulting in a signal on detection of SBA. Here, authors used C-g-C3N4 not only
as a luminophore, but also as an immobilization matrix for recognition element, and
achieved the detection limit for SBA of 0.33 ng/mL (Zhang et al. 2019).

Liu et al. (2019b) recently proposed an electrochemiluminescence sensing plat-
form for ultrasensitive detection of DNA. Platform was based on resonance energy
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transfer between Au nanoparticles and graphitic carbon nitride quantum dots
(g-C3N4QDs). In this research, authors used a solid-state approach under low
temperature to produce g-C3N4QDs. g-C3N4QDs composite showed an energetic
ECL answer based on the use of coreactant (K2S2O8). Furthermore, AuNPs were
used because of their extraordinary properties such as catalytical effect and superior
biocompatibility as well as possibility to use these nanoparticles as a quencher in
order to establish an energy transfer-based sensing support. For the preparation of
biosensors, the authors followed the next procedure: g-C3N4QDs was cast on the
prepared GCE, and then certain amount of the AuNPs-modified hairpin DNA
(Hai-DNA) probe solution was spread on the g-C3N4QDs/GCE. The g-C3N4QDs
on the unmodified GCE provided a robust ECL response, in the presence of K2S2O8.
After immobilization of AuNPs-modified Hai-DNA at the electrode surface, the
ECL signal decreased due to the donor/acceptor pair energy transfer in the system
AuNPs/C3N4QDs. When the hybridization between DNA and Hai-DNA occurs,
ECL signal is recovered. Developed sensor, used for DNA quantification, after
optimization of experimental conditions, showed excellent performance with detec-
tion limit of 0.01 fM (Liu et al. 2019a).

Recently, Jian et al. (2020) published a new, interesting immunosensing approach
where they developed a highly sensitive ECL sensor focused on the supersandwich
sensing platform (the ratio of target-to-signal probe is 1: Nn). In their work, porous
Au-based electrode was used to provide an increased number of bonding sites for
immobilization of the primary antibody (Ab1 – goat antirabbit IgG). As signal
probes, the biocompatible, ultrathin two-dimensional g-C3N4NSs, decorated with
AuNP and ssDNA, were used. Formation of a double helix, from two ssDNA (DNA1

and DNA2) with complementary base sequences, result in electrode surface rich in a
g-C3N4NSs. A hybridization process provided a drastically expanded ECL signal,
which also implies increased sensitivity, with unusually low detection limits, neces-
sary in clinical analyses of biomarkers. The ECL immunosensor proposed in this
work possesses a wide linear working range – from 0,01 pg/L to 1 mg/L with limit of
detection of 0.001 pg/L as well as excellent selectivity. Authors suggested that
proposed sensing platform could be developed into a real-time analysis for the
disease-related molecular targets (Jian et al. 2020).

3 Conclusion

This chapter has highlighted developments in g-C3N4-based biosensors,
immunosensors, and aptasensors that have been reported in the literature, in recent
years. The review clearly shows that the g-C3N4 materials are very suitable for
various modifications. Also, the g-C3N4 materials have proven to be very suitable for
immobilization of various enzymes, antibodies, or genetic material, due to its
biocompatibility with biological compounds. In addition, it is noticed that the
developed g-C3N4-based biosensors show excellent essential electroanalytical
parameters such as extremely low LOD, wide linear range, high stability, and high
sensitivity.
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The chapter also shows how the unique properties of the g-C3N4 material were
used to develop different detection methods. Although g-C3N4 provided semicon-
ductor capability, electrochemical and photoelectrochemical detection of various
analytes was carried out thanks not only to the fast electron transfer (due to the
action of nitrogen as an electron donor), but also to the large specific surface area of
the material. Strong fluorescence of g-C3N4 has been used to develop fluorescent-
based methods. Quenching of the g-C3N4 fluorescence after interaction/reaction/
chelation of the different compounds (metal ion, nanoparticles, and analyte) with the
material is most commonly monitored. On the other hand, colorimetric detection of
analyte is enabled due to the creation of color formed after a certain ox-red reaction
catalyzed by the g-C3N4-based hybrid. This detection method is widely used in the
development of g-C3N4-based nanozyme assays. In addition, the development of
electrochemiluminescence-based methods is possible due to the high chemical and
thermal stability of the g-C3N4 material, during the interaction/reaction of the
material with the coreagents in the medium, in order to achieve the excited state.

Finally, carbon-based materials have once again proven their wide application in
various fields and activities. Carbon nitride materials are one of the promising
materials whose era is just beginning. g-C3N4-based materials, thanks to the
abovementioned unique properties from which numerous detection methods for
quantifying a wide range of analytes have emerged, have shown that they can be
major components of bio-/immuno-/aptasensors and sensors generally. Therefore,
wide applications of these materials in industrial/technological activities, food qual-
ity assessment, clinical diagnosis, and environmental assessment are inevitable.
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Abstract

Nano-scaled analytical frameworks or nanobiosensors use nano-conjugated bio-
logical materials as a transducing mechanism to detect extremely small amounts
of biological, chemical, or physical analytes. Wearable technology, particularly
smart gadgets, is becoming increasingly popular, and they have much promise for
use in wearable healthcare equipment like ECG monitoring watches and POCT
systems. This feature might open the way for personalized diagnosis and analysis,

N. Yildirim-Tirgil (*)
Biomedical Engineering, Faculty of Engineering and Natural Sciences, Ankara Yildirim Beyazit
University, Ankara, Turkey
e-mail: nyildirimtirgil@ybu.edu.tr

© Springer Nature Singapore Pte Ltd. 2023
U. P. Azad, P. Chandra (eds.), Handbook of Nanobioelectrochemistry,
https://doi.org/10.1007/978-981-19-9437-1_9

175

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-19-9437-1_9&domain=pdf
https://orcid.org/0000-0002-5973-8830
mailto:nyildirimtirgil@ybu.edu.tr
https://doi.org/10.1007/978-981-19-9437-1_9#DOI


allowing biosensors to achieve their main goal of identifying target molecules
early, accurately, and individually. Many key qualities, such as remarkable
flexibility and the capacity to transmit conductivity onto the flexible material,
must be addressed to produce more flexible nanobiosensors. As a result, much
research has gone into creating flexible conductive substrates with cutting-edge
nanomaterials and manufacturing processes. Low conductivity, brittleness, and
the challenge of achieving high flexibility and conductivity in materials should be
addressed by inventing and researching novel substrates that combine conduc-
tivity and flexibility. This chapter covers a variety of flexible biosensor construc-
tion methodologies and flexible material structures. The reported flexible
nanobiosensors are also divided and discussed in this chapter depending on the
types of target molecules and the biosensors’ operating environment. Flexible
nanobiosensors for body-attached biosensors for direct and in vitro molecule
monitoring are the two study domains, with the hope that these approaches will
help overcome and address current constraints and barriers on POCT systems.

Keywords

Nanobiosensors · Flexible sensors · Point of Care Testing · Medical Diagnosis ·
Polymers

1 Introduction

Point of Care Testing (POCT) and diagnosis are utilized to increase the quality of life
and minimize illness, hospitalization, and death linked to a sedentary lifestyle (Price
2001). Although POCT will never totally replace standard laboratory testing, it
provides several benefits in patients’ health monitoring. Benefits include reduced
testing time, continuous monitoring of biomolecular indicators, early detection of
emergencies, no requirement for specialists (Noah and Ndangili 2019), user-friendly
application, and noninvasiveness measurement. Wearable sensor signals can evalu-
ate personal health issues (Zarei 2017; Pandya et al. 2015). In ordinary life, wearable
sensors might be utilized more than simply health monitoring (Daneshpour et al.
2016; Sheeparamatti et al. 2007). They are also used for fitness and sport (Zhang
et al. 2009; Lyberopoulou et al. 2016), communications (e.g., human-machine
interface) (Altintas 2017; Dahlin 2012), security, business, and lifestyle needs.

Portable and flexible nanobiosensors are becoming increasingly important and
popular on POCT (Noah and Ndangili 2019; Zarei 2017). Nano-scaled analytical
frameworks or nanobiosensors detect extremely minute quantities of biological,
chemical, or physical analytes using nano-conjugated biological materials as a
transducing mechanism. The structures apply electrochemical, optical, piezoelectric,
thermometric, micromechanical, or magnetic techniques to communicate the needed
evidence in signals (Fig. 9.1). The generated signals are based on the idea of the
linked antibody or bioligands selectively biorecognizing intracellular or surface
biomarkers associated with cancer cells.
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Nanobiosensors that are portable and flexible offer several major advantages:
(1) They are more user-friendly; (2) test results may be acquired immediately
without having to wait a long time; (3) manufacturing costs are low, which advan-
tages resource-constrained areas; and (4) more appropriate for the application, they
may be applied to the skin to achieve more real-time sampling (Pandya et al. 2015;
Daneshpour et al. 2016; Price 2001).

2 Nanobiosensors for Point of Care Testing

Nanotechnology is a branch of science that discovers the operation of substances at
the molecular and atomic levels. It entails developing and using biological, chem-
ical, and physical systems on a 1–100 nm scale. These materials, also known as
nanomaterials or nanoparticles, are revolutionizing science due to their superior
chemical, physical, and biological properties, compared to their bulk complements
(Sheeparamatti et al. 2007; Zhang et al. 2009), and have a wider variety of applica-
tions, particularly in optical, biomedical, catalysis, medical imaging, and electronics
(Lyberopoulou et al. 2016; Zhang et al. 2009). Because of their increased catalytic
characteristics, electron transport, and ability to be employed in biomolecule label-
ing and adsorption, they are ideally suited for biosensing (Altintas 2017). Nano-
particles’ unique physicochemical features have managed to invent biosensors, such
as nanosensors for illness diagnostics at the point of care.

Fig. 9.1 Nanobiosensor components include target samples, biorecognition elements, and such
examples of transduction systems with their advantages in analyzing tools
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Biosensors established on nanotechnology have several advantages. The ever-
intensifying discoveries in the field of nano-biotechnology-based sensors have
produced tremendous technological momentum (Dahlin 2012; Patel et al. 2016),
owing to the following benefits:

1. Biomarker identification and data creation that is quick, sensitive, and accurate.
2. Consolidation of traditional detection methods into a single platform.
3. Analysis that is user-friendly, simple, and cost-effective.
4. Test sample reduction for analysis.
5. Multiplexed data can be generated from a single test.
6. The constructions have high stability, repeatability, and portability.

Despite the advantages of nanobiosensors, there are several obstacles to their
clinical use (Dahlin 2012; Quesada-González and Merkoçi 2018; Dincer et al. 2017).
Here are a few examples:

1. Difficulty integrating result support services that can be observed and controlled
by separate devices in POC systems.

2. Additional expenditures associated with the development of biosensors for
diagnostics.

3. Developing a generally applicable diagnostic test is difficult because various
cancer subtypes have diverse biomarkers.

4. Multiplexing complicates design and manufacture, test formulation, and
clarification.

5. Stringent characterization parameters are required to offer meaningful informa-
tion on nanomaterial storage, functionalization, modification, and usage.

6. Worldwide nanomaterial safety recommendations do not address the toxicolog-
ical effects of nanomaterials.

7. Valid correlation with existing technology must be demonstrated.

Nano-scaled analytical structures or nanobiosensors detect extremely minute
quantities of biological, chemical, or physical analytes using nano-conjugated bio-
logical materials as a transducing mechanism. To transfer the necessary data in the
formula of signals, the structures utilize electrochemical, optical, thermometric,
piezoelectric, magnetic, or micromechanical methods. Nanobiosensors may be clas-
sified based on their signal transduction method and biorecognition components.
Targets interact with recognition components through these nano-contexts, recog-
nizing a quantifiable or observable signal (Fig. 9.1). The kind of detected signals is
used to characterize these biosensors further.

2.1 Nanobiosensors Based on Electrochemistry

The sensor molecules in electrochemical nanosensors are physically attached to the
probe surface. A detectable electrochemical signal is generated when the probe
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interacts strongly and specifically with the target analyte. These sensors are the most
well-known sensing systems because of their great stability, sensitivity, quick reac-
tion, and small intrusions (Pandya et al. 2015; Hu et al. 2018; Chandra et al. 2012).

2.2 Nanobiosensors with an Optical Component

Luminescence, fluorescence, FRET (fluorescence resonance energy transfer), phos-
phorescence, absorption, refraction, and dispersion based detection systems are all
used in optical nanobiosensors to provide single or multiplexed analyte detection.
Spectroscopic methods identify differentiating features such as energy, amplitude,
polarization, phase, or decay time (Han et al. 2017). According to recent articles,
optical nanobiosensors may successfully detect cancer biomarkers such as cysteine
and miRNAs (Wang et al. 2016; Yang et al. 2017).

2.3 Nanobiosensors with High Mass Sensitivity

These biosensors use micro- or nano-dimensional cantilevers to differentiate living
species automatically. The shift in the resonance frequency of the unbound and
biomolecule attached cantilevers due to mechanical stimulation shows the observed
mass change. Acoustic piezoelectric crystal-based sensors are widely used in mass-
sensitive nanobiosensors (Wang et al. 2020; Manjakkal et al. 2019).

2.4 Nanobiosensor with a Calorimetric Sensor

Calorimetric nanobiosensors are based on the energy generated in heat during
diverse biological processes. The temperature change between before and after the
solution enters and departs is measured with thermistors. Heat may be used as a
marker for various biological processes, allowing for nondestructive metabolic
evaluations of live cells (Nantaphol et al. 2017; Khan et al. 2014).

3 The Structure of Flexible Nanobiosensors

“Flexible” biosensors, like their “stiff” counterparts, are made up of three elements:
(A) a substrate that acts as the system’s basic mechanical support; (B) bioreceptor
(s) that has a specific interest in the analyte(s); and (C) active materials that,
depending on the detection method, transduce the signal from the bioreceptor(s).
The human operator, generally using software, then translates the signals
corresponding to the parameter of interest into a readable interface. Figure 9.2
depicts the main substrate components of nanobiosensors, particularly in a flexible
design. Figure 9.2 also depicts some of the regions where it is planned to be used.
They indicate places that have previously been targeted to detect certain biochemical
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targets or are being targeted. Mechanical flexibility, bendability, stretchability, ther-
mal/chemical stability, transparency, biocompatibility, and biodegradability are just
a few of the qualities that the substrate (A) must exhibit (Han et al. 2017; Yang et al.
2017; Wang et al. 2016).

It is worth noting that a single system can have one or more of these features, and
all of them in many cases. The substrate (A) is the device’s most important compo-
nent, as it provides strong support, interacts with the surface, keeps the biosensor
parts together, and guarantees that the device functions properly. The recognition
(B) and transduction (C) elements must be combined on the substrate and stable and
adaptive to the same mechanical conformations without delaminating or removing
due to deformation. The following part covers the materials and fabrication/design
principles used in flexible nanosensors.

3.1 Materials and Configurations

One of the most important processes in device manufacture is selecting the substrate,
which serves as the basis for the biosensor. The qualities and functions result from
the substrate’s ability to sustain them (Khan et al. 2014; Windmiller and Wang
2013). By explanation, mechanical elasticity is a significant characteristic because
it allows analytes and sensing/transducing components to interact more efficiently by
adapting to the physical dynamics of essentially nonrigid and frequently nonlinear

Fig. 9.2 The main substrate components of nanobiosensors, particularly in a flexible design, and
some of the regions where they were previously used: (a) The stretchable biosensor can change the
shape with the movement of the human body. (Adapted with permission from (Wang et al. 2020));
(b) the real picture of flexible and wrinkled pH sensor on cloth. (Reformed with permission from
(Manjakkal et al. 2019)); (c) picture of the paper-based electrochemical device. (Adapted with
permission from (Nantaphol et al. 2017). Copyright 2017 American Chemical Society)

180 N. Yildirim-Tirgil



settings. For example, a substrate that adheres better to the surface’s contours is more
probable to offer a broad interaction area for collecting samples such as physiolog-
ical liquids. While such devices are principally intended to extend the range of
biomolecular recognition, they can be utilized for other applications (e.g., medica-
tion administration) (Wang et al. 2016).

Material selection may be influenced by the intended use location (e.g., external
or internal location on the biological system). Some of the instances of location-
based demands put on flexible devices are shown in Fig. 9.2. Surface conformability
is affected by mechanical deformations. Bendability, conformability, stretchability,
and wear resistance. Fracture resistance is frequently imparted using two methods:
(1) use rigid conductive or semiconductive materials with specific geometrical or
structural designs to impart flexibility, or (2) use stiff conductive or semiconductive
materials with specific structural or geometrical designs to impart flexibility (e.g.,
twisting or wave patterns). While some materials and procedures discussed below
were created for larger flexible devices, they represent basic design perceptions that
may be adapted to flexible biosensors or have already been done. First, we will go
over some of the features of mostly used flexible substrate materials.

3.2 Substrate Materials on Flexible Nanobiosensors

3.2.1 Synthetic Polymers
Because of their versatility and processability, synthetic polymers have become one
of the greatest widely used substrates, enabling the creation of flexible designs and
low prices with high efficiency. Some of the well-studied polymers used to produce
flexible substrates utilized in bioanalysis systems include polyimide (PI,) polyeth-
ylene terephthalate (PET), polyethylene naphthalate (PEN), and poly-
dimethylsiloxane (PDMS) (Lau et al. 2013; Liao et al. 2015; Segev-Bar et al.
2013). PET is an artificial polyester fiber extensively used in plastic bottles, clothes,
and as an electrical insulator (Reddish 1950). Because of its thermal stability,
mechanical properties, inertness, and low price, it is a feasible alternative to
silicon-based materials. The polymer is routinely pressed into ultratiny films to
provide high-interaction surfaces, optically transparent, that offer flexibility and
adaptability to various shapes and configurations (MacDonald 2004). PEN (also
known as Teonex®) is an artificial polyester with increased intrinsic properties
(hydrolytic and chemical resistance, thermooxidative and thermal resistance, and
UV resistance), which makes it appropriate for use as a plastic substrate (Murakami
et al. 1995). PEN has superior optical transparency and an oxygen barrier in optical
devices, providing it an advantage. Although PEN is stiffer than PET, its inherent
bendability allows it to be flexible (Barlow et al. 2002; Lechat et al. 2006).

Screen printing technology has prepared it simpler to create ultrathin microelec-
trodes and additional micro contact devices, increasing their application (Mościcki
et al. 2017). Polyimides (PI) are flexible polymer fibers that can easily bend, mold,
and fold and are widely utilized in industrial applications (Kapton® is one commer-
cially accessible version). They exhibit excellent dielectric, structural, thermal
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stability, and dynamic tensile strength. These materials are versatile and easy, and
they may be used for various purposes. Metal deposited PIs can increase conduc-
tivity, and photo-sensitive PIs have been created (Liaw et al. 2012). In bioelectronics,
thin-film and double-layer films have been employed as substrates for fuel cells,
brain implants, and other devices (Xiao et al. 2008; Lee et al. 2004).

PDMS (polydimethylsiloxane) is a silicone-based elastomer widely used in soft
lithography and microfluidics (Qin et al. 2010). PDMS is used in various biomedical
devices, including catheters, cartilage implants, and membrane oxygenators. PDMS
devices’ low cost, thermal stability, chemical inertness, and oxygen permeability
have aided their rapid acceptance (Mata et al. 2005). PDMS is preferred as a flexible
substrate above most other polymer-based flexible substrates because of its high
elasticity, low modulus, and optical transparency. Because it is oxygen permeable,
nontoxic, and biocompatible, it is suitable for in vitro and in vivo applications
(Patrito et al. 2007). Other nanomaterials and nanoparticles can be combined with
PDMS to make multifaceted structures such as implantable electrodes (SadAbadi
et al. 2013) and lab-on-a-chip (Klemic et al. 2002).

3.2.2 Paper
Paper is an esthetically appealing and cost-effective semisynthetic/seminatural sub-
strate for generating rapid POC diagnostics, principally in weak-facilities environ-
ments. Paper is adaptable, widespread, and simple to use (Chinnasamy et al. 2014;
Martinez et al. 2010). It is commonly employed as a device substrate, either alone or
with paper-based structures. Paper substrates may accept various sensing modalities
when detecting biotargets, including optical, electrochemical, and electrical (Parolo
and Merkoçi 2013; Qiu et al. 2017). Reduce the thickness of cellulose fibers from cm
to nm, for example, to obtain optical transparency in the paper (Yao et al. 2017).
Paper may be easily molded into composites because of its low weight and porous
composition. Paper-based electrodes with multilayer topologies may now be
manufactured more easily using screen-printing, nanopatterning, inkjet printing,
and other processing methods (Siegel et al. 2010). Because paper absorbs by
capillary action, it may be utilized to make lateral flow assays like pregnancy test
strips for detecting human chorionic gonadotrophin (Choi et al. 2016). For example,
there has been interest in creating quick nucleic acid testing paper tests (Ngom et al.
2010).

While individual cellulose strands may be easily manipulated to change the
mechanical characteristics of paper, they can also be delicate and prone to ripping,
with limited stability in moist settings. The bioactive paper has been proposed as a
composite of paper and other biomaterials. Strengthening polymers such as
polyamide-epichlorohydrin and/or glyoxalated polyacrylamides (GPAM) can be
used to make cellulose fibers and nanofibers (CNFs) have a stronger and longer-
lasting wet-strength impact (PAE) (Pelton 2009). Because cellulose does not break
down naturally, efforts to create more biodegradable cellulose fibers have been
developed (Jung et al. 2015). Because it is a synthetic material with poor conduc-
tivity, biomolecule labeling and doping with metal oxides or conducting polymers
are typically required to provide electrochemical capabilities (Pelton 2009).
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3.2.3 Textiles and Fibers
To provide strong support for the active sensing region, textiles can be manufactured
as filaments (1D), woven, knitted, or shaped into various 2D structures (Stoppa and
Chiolerio 2014; Windmiller and Wang 2013). Because of their natural flexibility,
durability, and stability, wool, cotton, and synthetics (polyester, nylon, etc.) are
excellent possibilities. Various manufacturing procedures can be used to mix textile
substrates with conductive materials. To make conductive filaments, fabrics have
been immersed in or drop-coated onto conductive polymers (Ding et al. 2010).
Textiles can also produce conductive strands (Akşit et al. 2009). Lightweight,
convenient, integrated functions, low cost, simple operation, and real-time display
are just some of the benefits of migrated electrochemical/electrical structures on
textile substrates, bridging the gap among influential electroanalytical devices and
meeting the demands of daily, even dense usage.

Stability throughout long wash cycles is also a concern when using wearable
clothing. The creation of textile-based carbon electrodes (TCEs) on the flexible
waistband of clothes was prepared by screen-printing carbon-based ink deposited
by thermal curing (Yang et al. 2010). These electrodes can withstand much mechan-
ical stress without breaking or peeling. The TCEs’ electrochemical performance was
outstanding despite repeated stretching or bending, and they could sense 0–25 mM
H2O2 and 0–100 M NADH for glucose detecting on sweat samples. Conductive
fabrics have been used to manufacture transistors and traditional electrochemical
biosensors. PEDOT: PSS was screen-printed on a textile substrate to create flexible
TCEs (Gualandi et al. 2016).

3.2.4 Metals
Flexible substrates have also been made using thin metallic foils. While they can
benefit biosensors, their application in conventional electronics has been more
prevalent (Huang et al. 2011). Metal foils (made of titanium, stainless steel, copper,
and molybdenum) can provide great thermal strength for roll-to-roll processing with
a depth of 0.05 mm or less (Liao et al. 2012). The foils may readily bend at this point
while still delivering the improved conductivity associated with metal substrates
(Qu et al. 2001). Furthermore, flexible foil substrates are beneficial because they may
be manufactured to any size while allowing for functionality tuning by stacking or
depositing additional metals (Mathew et al. 2003). Metallic foils have shown
potential as thin-film and solar cell transistor substrates, notwithstanding their
scarcity in producing flexible biosensors (Howell et al. 2000; Park et al. 2003).
External bending and compression are more robust to metallic foil substrates than
stretched substrates (Gleskova et al. 2002). Metallic foils as flexible biosensor
substrates have obvious limitations. Metallic foils are more expensive to manufac-
ture than plastic foil materials such as PI or PEN.

The deposition of practical electronic designs on metallic foil materials is a high-
temperature procedure. These approaches are generally incompatible with sensitive
bioreceptor molecules and are energy and time-intensive (Howell et al. 2000).
External bending and compression are more robust to metallic foil substrates than
stretched substrates (Gleskova et al. 2002). Metallic foils as flexible biosensor

9 Flexible Nanobiosensors in Biomolecular Detection and Point of Care Testing 183



substrates have obvious limitations. To begin with, metallic foils are more expensive
to manufacture than plastic foil substrates such as PI or PEN.

3.2.5 Biomaterials
Biomaterials (sometimes called biobased materials) are made from reusable sources.
Biomaterials are created through bioprocessing, biosynthesis, and biological refine-
ment from basic materials such as legumes (Voisin et al. 2014), grains (Diouf-Lewis
et al. 2017), bamboo powder (Hsieh et al. 2006), straw (Paranthaman et al. 2009),
and other rare materials (Nair and Laurencin 2007; Kumar et al. 2018; Stagner 2016;
Rivas et al. 2016). Polymer materials are used in almost every aspect of people’s life.

However, excluding natural plastics/rubber and a few other materials, most
polymer resources rely extensively on fossil fuels (coal and mostly oil), resulting
in major pollution, human health issues, and environmental damage (Brunner and
Rechberger 2016). Polymers that are both environmentally friendly and sustainable
have become more important in preserving fossil energy and decreasing greenhouse
gas emissions. Many attempts to make biodegradable materials with biobased
components have been made (Sheldon 2014; Ummartyotin and Pechyen 2016).

Chemically manufactured biomaterials include the following: Agricultural feed-
stock such as potatoes, maize, and other carbohydrate feedstock was used to make
the first generation of biobased polymers. Another form of biomaterial is natural
biopolymers, such as nucleic acids, proteins, and polysaccharides (chitin, cellulose).
Chemical synthesis may also be used to make biodegradable polymers like poly-
hydroxyalkanoates (PHAs), polyurethanes (PUs), polylactic acid (PLA), and poly-
dopamine (PDA).

4 Fabrication Techniques for Flexible Biosensing Platforms

Nanobiosensors technologies have piqued attention in recent decades to track one’s
health in real time. However, many of these gadgets still lack significant flexibility,
size, and comfortability because of a lack of logical design and production pro-
cedures. It is necessary to build next-generation integrated nanobiosensing systems
with needed flexibility and downsizing for improved devices. The main fabrication
techniques for the flexible nanoobiosensors are detailed below.

4.1 Sputtering

While nanobiosensors must meet various requirements, imparting conductivity is the
greatest critical improvement on behalf of the deployment of electrochemical flex-
ible biosensors. Sputtering conductive metals over nonconductive flexible substrates
is one of the many techniques to impart conductivity. It can be a quick, straightfor-
ward, and operative approach to producing an electrochemical biosensor system.
The development of conductive layers is dependent on physical processes in the
sputtering process. In particular, conductive metal layers over nonconductive
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substrates can be uniformly generated by removing metal elements from metal
targets’ surfaces and blasting them onto the substrate surface using plasma or gas
energetic particles (Libansky et al. 2017; Baptista et al. 2018). This technology has
been used to create a tinny metallic conductive layer in numerous disciplines,
including electrode creation and biosensor development (Hallot et al. 2018;
Rahmanian et al. 2018). Sputtering has also been utilized to build high-conductivity
electrochemical biosensors by deposition of new metals on the electrode and these
applications (Roditi et al. 2019).

Sputtering has been utilized in various studies to build flexible nanobiosensors
because it is easier to employ than other methods for producing conductive layers.
Sputtering indium oxide (In2O3) on a PET substrate was allegedly used to create a
very sensitive and flexible electrochemical biosensor for monitoring glucose levels
in body liquids (Fig. 9.3a). The additional study employed the sputtering procedure

Fig. 9.3 Flexible nanoobiosensor fabrication techniques: (a) a schematic depiction of In2O3
sputtering on PET. (Adapted with permission from (Liu et al. 2018). Copyright 2018 American
Chemical Society); (b) a diagram representation of a flexible biosensor produced by photolithog-
raphy for observing various targets covering pH, ions, and temperature. (Adapted with permission
from (Nyein et al. 2016). Copyright 2018 American Chemical Society); and (c) using printing
technique to make a flexible glove biosensor with a three-electrode setup. (Adapted with permission
from (Mishra et al. 2017). Copyright 2017 American Chemical Society, further permissions related
to the material excerpted should be directed to the ACS)
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to cover a flexible PET substrate with nickel oxide (NiO) to develop a flexible lactate
biosensor evaluated using a potentiometric device (Chou et al. 2018). Choi et al.
employed metal sputtering on nonconductive polymer material while introducing
original nanostructures (i.e., MoS2 nanoparticles). To enhance the electron transfer
process and generate a highly sensitive biosensor system to detect HIV-1 surface
protein and glucose, the researchers constructed a sandwich assembly consisting of
sputtered gold coatings and a spin-coated MoS2 layer positioned among the
sputtered gold films (Yoon et al. 2019). However, the sputtering technique has
drawbacks when introducing three- or two-electrode structures made up of reference
or counter electrodes on conductive and flexible electrodes.

More innovative approaches for the direct usage of electrode structures on
flexible materials are needed to develop flexible electrochemical biosensors that
can be used in wearable devices, even if they are not as practical and simple as the
sputtering approach.

4.2 Lithography

Finer techniques capable of exquisitely granting conductivity on flexible substrates
beyond the nonspecific deposition that results from sputtering are required to
establish an electrochemical system directly on flexible substrates or to develop
multiple-target monitoring systems on a miniaturized chip. One example of such
implementations is advanced conductive nano-electrodes (Smith 1986). The lithog-
raphy technique, widely utilized for silicon-based electronic devices, fits the char-
acteristics listed above (Barcelo and Li 2016). Photolithography is a contemporary
lithography technique that employs a photo-sensitive photoresistor that may be
imprinted on a substrate using a predesigned photomask and laser exposure. This
approach might be used, for example, to make tiny conductive electrodes on flexible
substrates.

Furthermore, employing an electrochemical structure constructed on a flexible
material using the photolithography approach, a flexible multiple-target detecting
system was described to observe pH changes and temperature simultaneously
(Fig. 9.3b) (Nyein et al. 2016). Other lithography methods, like soft lithography,
electrochemical lithography, or electron-beam lithography are frequently used in
addition to photolithography to construct flexible nanobiosensors (Chen 2015).
Flexible silver nanowire films created by soft lithography, for example, have been
proposed for hydrogen peroxide (H2O2) detection (Lee et al. 2016; Zhang et al.
2017). Lithography technologies have been employed to construct intricate electro-
chemical flexible biosensors with completely joined electrochemical systems or
biosensors accomplished by concurrently distinguishing several targets, similar to
the experiments detailed above.

Although sensitive lithography methods are among the most efficient tools for
building electrochemical flexible biosensors that can sense many targets or produce a
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completely integrated circuit system, they have downsides such as expensive equip-
ment, difficult processes, and high expenses. As a result, processes for producing
adaptable electrochemical biosensors that are reasonably inexpensive, simpler, and
more accessible are required. As a result, several studies are being conducted,
containing the use of current lithography procedures such as etching inkjet maskless
lithography (E-IML) and salt impregnated inkjet maskless lithography (SIIML), to
reimburse for lithographic techniques’ boundaries and increase their performance,
allowing the development of extremely well-organized flexible nanobiosensors
(Hondred et al. 2019, 2020).

4.3 Printing

Due to its capacity to effectively construct gentle structures on any substrate by
covering any chemical in the solution, printing has also benefited from widespread
adoption because of its accessibility (Parameswaran and Gupta 2019). Many printing
methods have commenced being applied in medicine and biology, notably in bio-
sensors, as spraying sophistication and printing velocity improve. Printing technol-
ogy has been utilized to construct various biosensors due to its ability to
appropriately print biomolecules and new nanomaterials on substrates to build
functional and biocompatible coatings to improve compact biosensors. Printed
microfluidic-based bioanalysis devices, for example, have been created by printing
(e.g., inkjet printing) polymer layers on surfaces (Loo et al. 2019; Ali et al. 2018).

The benefits of printing technologies, in particular, allow for fine control of the
conductive substrate structure, which is essential for the construction of electro-
chemical flexible biosensors. Many biomaterials and unique conductive nano-
materials may be printed on flexible surfaces to provide conductivity or construct
electrochemical systems (e.g., paper-based substrates). In one work, SNP ink was
used to print silver inter-digital electrodes on a PET material via an inkjet printer for
pathogen detection (Ali et al. 2018). A flexible enzymatic biosensor was developed
in another investigation for simultaneous glucose observing (Pu et al. 2018).

Furthermore, printing is a low-cost way of generating reusable paper-based bio-
sensors for POCT, lately involving much interest in the biosensor business (Arduini
et al. 2019; Cao et al. 2020). In addition to paper-based biosensors, wearable lab-on-
a-glove structures have been built using three-electrode systems: the counter, work-
ing, and reference electrodes on flexible gloves (Fig. 9.3c) (Barfidokht et al. 2019).
Furthermore, 3D printing has recently attracted much interest as a breakthrough
new-generation production technique. In biology, 3D printing has much potential for
various applications, containing tissue engineering (Patra and Young 2016), because
of its exceptional capability to build precise biological assemblies such as three-
dimensional synthetic organs or tissues. These benefits of 3D printing might be
leveraged to create flexible electrochemical biosensors (Sharafeldin et al. 2018).
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4.4 Other Techniques

There are other efficient and inventive ways to build flexible electrochemical bio-
sensors in addition to the three fundamental manufacturing procedures listed above;
however, they are not as extensively utilized as the approaches listed above. Using
metal ion solutions and basic electrochemical procedures, electrodeposition is a
common approach for producing highly conductive films on superficial semi-
conductive or conductive surfaces. To make an ultrasensitive glucose biosensor,
electrodeposition of platinum nanoparticles was used on a flexible graphene-
modified PI substrate.

Electrospinning has also been utilized on several substrates to create patterned
polymer membranes. Flexible polysulfone fiber mats were made by combining this
technology with spray-based layer-by-layer deposition processes. A CNT-based
conductive film was generated on these flexible rugs to develop a biosensor system
(Saetia et al. 2014). An additional recent study (Cho et al. 2015) described producing
biosensor devices employing a high-rate nanoscale offset printing procedure with
guided nanomaterial assembly and transfer. By adjusting assembly settings,
SWCNTs were formed at the required places with good homogeneity and controlled
high density, resulting in a more stable and reusable biosensor device. They over-
came some challenges connected with nanosensors, including unstable, non-
reproducible detecting ability because of the unpredictable and chaotic SWCNTs
assembly arrangement and the high price and difficult CVD construction technique.
To make this platform, electrospinning was employed for polyacrylonitrile (PAN)
nanofibers, subsequently carbonized. Chemical vapor deposition (CVD) and elec-
trochemical/mechanical exfoliation are two additional novel ways to build flexible
biosensors that have been effective (Luo et al. 2020; Zhang et al. 2019).

5 Current Applications of Flexible Nanobiosensors

Many electrochemical flexible biosensors have been built and published using the
unique materials and manufacturing processes represented in this chapter. This
chapter divides and discusses the reported flexible nanobiosensors based on the
sorts of target molecules and the biosensors’working environment. The two research
fields are flexible nanobiosensors for body-attached biosensors for direct and in vitro
molecule monitoring.

5.1 Nanobiosensors with a Wide Range of Flexibility for In Vitro
Monitoring

Flexible nanobiosensor research’s ultimate objective is to be used in the creation of
wearable biosensors. When using wearable biosensors to directly observe target
molecules on the body, it is important to select target molecules and compensate for
the biosensor’s high sensitivity by removing noise signals from the environment and
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other undesirable molecules. As a result, current flexible nanobiosensor research
focuses on improving selectivity and sensitivity while maintaining flexibility and
stability under various physical situations. Small biological molecules that may
affect health (e.g., lactate and glucose) and are linked to certain illnesses are the
major target molecules of flexible nanobiosensors. Although many in vivo measur-
able glucose biosensors have progressed to the point that they are no longer required,
flexible glucose biosensors for real-time observing glucose levels in the body to
avoid diabetes mellitus are still required. As a result, a series of flexible glucose
biosensors (Anusha et al. 2018; Pu et al. 2018) have recently been revealed. Choi
et al. employed MoS2 nanoparticles to procedure a sandwich assembly of MoS2/
gold/gold nanofilms on a PI material to greatly increase the sensitivity of flexible
biosensors (Yoon et al. 2019). Sputtering was employed to construct the sandwich
structural film quickly and effectively, resulting in gold films and a spin-coating
MoS2 coating (Fig. 9.4a). The developed flexible biosensor has outstanding glucose
detection capabilities (detection limit: 10 nM), great selectivity, and the capacity to
maintain its structure and function even after being bent repeatedly.

Furthermore, electrochemical flexible glucose biosensors based on graphene and
carbon nanomaterials such as CNT have recently been produced (Bandodkar et al.
2016; Yoon et al. 2020) by utilizing the extremely conductive features of these
carbon nanomaterials. Flexible nanobiosensors based on hybrid nanomaterials,
including 3D porous graphene and platinum nanoparticles were also created to
simultaneously monitor many targets (such as pH, electrocardiographic signals,
and glucose), which might be used to create wearable smart devices (Xuan et al.
2018). To create this integrated system, the graphene nanowall-modified copper foil
was created on the PET material using the CVD process, and the three-electrode
system was printed straight on the flexible material. The recently constructed lactate
biosensor displayed exceptional resiliency even after twisting and bending.

Additionally, it is claimed that a flexible alcohol nanobiosensor has been
deployed in various contexts (Cinti et al. 2017). This biosensor can even differentiate
among different beers’ alcohol levels with its high sensitivity. Most research has
focused on glucose and lactate as target molecules for electrochemical flexible
biosensors because these substances are easily accessible and can be observed on
the body via a wearable biosensor, which is the long-term objective of electrochem-
ical flexible biosensors. However, there have recently been attempts to progress
electrochemical flexible biosensors for in vitro observing of other chemicals, which
might widen the target molecules’ wearable biosensors in the future.

Electrochemical flexible biosensors may also be used to observe the states of live
cells in vitro, and these investigations detect other target chemicals. Living cells are
influenced by their surroundings, including the microenvironment and niches, which
affect cell-substrate interactions and the chemicals produced by affected cells. Some
researchers have used electrochemical flexible systems to analyze cell-secreted
chemicals, including the cytokine tumor necrosis factor-a (TNF-a) and dopamine
(Kim et al. 2019; Park et al. 2019). A flexible conductive PANI/PVAN bilayer-
modified bacterial cellulose film was recently used to detect the release of neuro-
transmitters by neural stem cells cultured on a flexible material during differentiation
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Fig. 9.4 (a) The glucose-detecting capabilities of the suggested flexible nanobiosensor from ref.,
as well as the fabrication technique of a glucose biosensor based on a sandwich assembly of gold/
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(Rebelo et al. 2019). The differentiation of brain stem cells was electrochemically
measured straight on the flexible biosensor due to its dual monitoring and cell
development (Fig. 9.4b). Many studies on flexible nanobiosensors are underway,
intending to lay the framework for developing extremely sensitive wearable
biosensing devices.

Another recent study developed a sensitive electrochemical nanobiosensor for
diagnosing Invasive Aspergillosis (IA) by detecting the pathogenic glip target gene
(glip-T) in a miniaturized experimental setup. 1,6-Hexanedithiol and chitosan stabi-
lized gold nanoparticle-mediated self-assembly of glip probes (glip-P) on gold
electrodes were used to make the sensor probe. UV-visible spectroscopy, cyclic
voltammetry, and electrochemical impedance spectroscopy were used to character-
ize it (Bhatnagar et al. 2018).

5.2 Flexible Nanobiosensors with Body-Attached Devices

A few cases have only described flexible nanobiosensors that sense objective
molecules straight on the body. Flexible biosensors that are biocompatible and
noninvasive and may be attached directly to the body are required. Furthermore,
monitoring target molecules in physiological fluids, including blood, tears, and
sweat, necessitates a high level of sensitivity. As a result, biosensors have been
integrated into particular wearable structures such as mouthguards, wristbands,
gloves, and adhesive plasters that may be readily connected to the body while
maintaining biocompatibility and high sensitivity (Kim et al. 2015).

A disposable and wearable glove-shaped electrochemical biosensor for detecting
synthetic opioids and fentanyl was developed by one research group. Using
3D-printed molds, the researchers developed a three-electrode system on the
glove-shaped material. They then created a three-electrode system with a working
electrode (carbon ink layer), a counter electrode (carbon ink layer), and a reference
electrode (Ag/AgCl ink layer) using screen-printing technology (Mishra et al. 2017).

A composite nanomaterial comprised of ionic solution (IL, 4-(3-butyl-1-
imidazolio)-1-butanesulfonate), polyethyleneimine (PEI), and carbon nanotubes
(CNT) was produced over the working electrode to improve the biosensor’s sensi-
tivity. The developed biosensor successfully detected fentanyl in a timely and

�

Fig. 9.4 (continued) MoS2/gold nanofilms on a PI material utilizing spin-coating and sputtering
methods. (Reprinted from (Yoon et al. 2019), Copyright (2019), with permission from Elsevier.);
(b) conductive PANI/PVAN bilayer-modified flexible bacterial cellulose sheet for observing neu-
rotransmitters generated by neural stem cells throughout stem cell separation, and fluorescent
photographs of segregated cells created on flexible materials. (Reprinted (adapted) with permission
from (Rebelo et al. 2019). Copyright 2019 American Chemical Society.); (c) a diagram of the ETC
system for blood glucose observing, as well as a photograph of the created wearable biosensor on
the body (Y. Chen et al. 2017b); and (d) schematic pictures of a self-powered electrochemical
lactate nanobiosensor from ref., which is made up of two separate flexible systems (one for lactate
detection and other for energy harvesting). (Reprinted from (C.-H. Chen et al. 2017a). Copyright
(2017), with permission from Elsevier)
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efficient manner (detection limit: 10 mM). A lactate nanobiosensor made up of the
two devices stated above displayed good lactate detection capacity using the energy
supplied by physiological action. This self-powered nanosensor system is a novel
technique to create compact, wearable sensing devices that can run for long periods,
are biocompatible, and do not require external power (C.-H. Chen et al. 2017a). To
establish this new system, the authors created two flexible electrochemical systems:
one made of PDMS, an aluminum, and gelatin film on a PET material to produce
biochemical energy from human running or walking when worn straight on foot, and
another made of LOx, carbon fibers, Pd/Au bimetallic nanoparticles, and chitosan
for lactate sensing coupled to an energy-harvesting system (Fig. 9.4c).

Furthermore, tattoo-style wearable biosensors can be used to observe important
bioindicators in real time (Mishra et al. 2018; Jia et al. 2013). Patch-shaped or
bandage electrochemical wearable biosensors that can be straight and noninvasively
implanted at any place on the body are the most actively explored among the many
types of structures used in wearable devices in the current study (Imani et al. 2016;
Bariya et al. 2018). Wearable nanobiosensors based on electrochemical twin chan-
nels (ETC) were employed to detect blood glucose noninvasively (Y. Chen et al.
2017b). Prussian blue, GOx, gold, poly(methyl methacrylate) (PMMA), and PI were
used to make this biosensor. Intravascular blood glucose might be pushed out of the
vessel and dejected to the skin’s surface, where the biosensor was worn, piercing
hyaluronic acid and enduring glucose refiltration and external conveyance, using the
proposed ETC system (Fig. 9.4d). This biosensor offered an attractive solution for
nonstop glucose observing for noninvasive medical claims based on the properties of
this ETC system, which included glucose transit and noninvasive sensitivity detec-
tion. Modified microneedle sensors on the bandage-shaped biosensor were
constructed to sense tyrosinase, a cancer-based target molecule linked to melanoma
(Ciui et al. 2018).

In recent work, the researchers produced a new nanocomposite containing Au-
nanorattles-reduced graphene oxide for the label-free detection of serotonin using a
glassy carbon probe electrode device. In addition, the probe was utilized to deter-
mine serotonin in standard settings, including dose-dependent research and analyt-
ical results produced using differential pulse voltammetry (DPV). The probe’s
practical implications were investigated using the spike and recovery approach in
serum, urine, and in vitro cell samples (Mahato et al. 2019).

6 Conclusion and Future Perspectives

Flexible nanobiosensing technologies have shown to be a significant step forward in
developing next-generation analytical tools. Given the growing popularity of wear-
able technology, particularly smart devices, they offer much potential for usage in
wearable healthcare devices like electrocardiogram monitoring watches and POCT
systems. This capability might pave the way for individualized diagnosis and
analysis, allowing biosensors to meet their primary aim of detecting target molecules
early, precisely, and individually.
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Because they encounter all of the conditions for flexible biosensor improvement,
electrochemical methods are among the numerous existing biosensor measurement
techniques suited for biosensing applications. The best strategy for the work may be
identified and applied using various electrochemical techniques available, including
DPV, CV, and EIS. Electrochemical technologies also have a variety of advantages,
including quick response, high sensitivity and selectivity, natural shrinkage, ease of
operation, and mobility, which make them ideal for building flexible biosensors. As
a result, a wide range of flexible nanobiosensors as wearable biosensor technologies
have been thoroughly researched recently. To develop further flexible nano-
biosensors, many critical properties must be addressed, including exceptional flex-
ibility and the ability to transfer conductivity onto the flexible material. As a result,
much study has been accompanied on developing flexible conductive substrates
using cutting-edge nanomaterials and manufacturing techniques.

Low conductivity, brittleness, or the difficulty of obtaining high flexibility and
conductivity in materials should be addressed by developing and studying new
substrates that combine conductivity and flexibility. The production of unique and
new materials and the synthesis of materials under research are thought to improve
the benefits of individual materials and counteract the disadvantages. Furthermore,
rather than manufacturing a substrate using a single manufacturing method, it is
envisaged that a novel fabrication procedure may be designed to reimburse for the
constraints of each method by concurrently integrating two or more fabrication
processes. These techniques will help overwhelm and resolve existing limits and
barriers.

Furthermore, even if the best substrate materials and manufacturing methods are
established, obstacles remain, such as developing acceptable energy resource solu-
tions and biosensors’ capability to function on the frame without extra apparatus.
Several obstacles must be explained to build functional wearable biosensors in the
future. Converging biosensor research with other critical disciplines like electronics
and energy might tackle these issues shortly. Additionally, for commercialization,
the mass construction system of flexible conductive materials should be accom-
plished by lowering the complicated production procedure for new materials and
reducing the tough manufacturing procedures for biosensors. If these contests are
overcome, flexible nanobiosensors will likely be employed in customized POCT
systems.
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Abstract

In this work, an electrochemical sensor was developed for the determination of
promethazine hydrochloride (PMZ), an antihistamine used to relieve the symp-
toms of allergies. The sensor was prepared using a carbon paste electrode (CPE)
modified with activated carbon (AC) and silver nanoparticles (AgNPs) described
as CPE/AC/AgNPs. The analytical response obtained with CPE/AC/AgNPs was
88% higher compared to unmodified CPE. The optimization of experimental
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conditions contributed to increasing the sensitivity of the proposed electrochem-
ical sensor. The followed experimental conditions were optimized: the proportion
of graphite, AC, and AgNPs was 55/25/20 (% m/m), respectively, with
0.05 mol L�1 phosphate buffer solution (PBS) at pH 7.00 as support electrolyte.
Under optimized conditions, a linear range from 5–40 μmol L�1 was obtained for
PMZ with a limit of detection (LOD) of 1.30 μmol L�1 and a limit of quantifi-
cation (LOQ) of the 4.20 μmol L�1. The determination of PMZ in Phenergan®

tablets showed recovery values between 98.4 and 102.2%, which indicates that
the CPE/AC/AgNPs can be used as a viable alternative to the determination of the
promethazine in pharmaceutical samples.

Graphical Abstract

Representation of the CPE/AC/AgNPs sensor for determination of Phenergan®.

Keywords

Promethazine hydrochloride · Electrochemical sensor · Carbon paste electrode ·
Activated carbon · Silver nanoparticles

1 Introduction

Promethazine hydrochloride (PMZ) shown in Fig. 10.1 is a compound phenothia-
zines derivative with antihistamine and anticholinergic properties (Alizadeh and
Akhoundian 2010). This compound is extensively marketed in the form of a
pharmaceutical drug known as Fenergan®. The drug is indicated for the treatment
of symptoms of anaphylactic and allergic reactions, also having antiemetic activity
and sedative action, but it has also side effects like respiratory depression, photo-
sensitization of the skin tissue, paresthesia, etc. (Idris et al. 2006; Ribeiro et al. 2008;
Maurya et al. 2018). As antiallergic, its main function is to resist the effects of the
production of histamine, a substance that is produced naturally by the body during an
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allergic reaction process mainly in the skin, the vessels, and the mucous membranes.
The clinical effects of Fenergan® are reached 20 min after the drug is administered,
and usually last for 4–6 h, but they can persist for up to 12 h, according to some
manufacturers. However, overuse of these medications can lead to some adverse
effects, such as cardiac and reproductive changes, drowsiness and excessive seda-
tion, mental confusion, and blood pressure modification (Silveira and Tarley 2008;
Wei et al. 2008; AlAqad et al. 2018).

Idris et al. (2006) describe the importance of the determination of PMZ, justified
by the therapeutic interest and the worldwide consumption of the drug. According to
the authors, the drug is analyzed spectrophotometrically in tablet form according to
the British Pharmacopoeia and the United States Pharmacopoeia. However, other
nonofficial methods including titrimetric, spectrophotometric, fluorimetric, chemi-
luminescence, high-performance liquid chromatographic, electrophoresis,
voltammetric, potentiometric, conductimetric, coulometric, nephelometric, and
flow injection analysis are reported in the literature (Idris et al. 2006). In Brazilian
Pharmacopoeia, the method described for the assay of PMZ in tablet form is also
ultraviolet absorption spectrophotometry in an acid medium (HCl) at a wavelength
of 249 nm (ANVISA 2010). Ribeiro et al. (2008) report that the quantification of
PMZ using these methods has excellent sensitivity, but for several procedures an
extraction step is necessary. Idris et al. (2006) also present some disadvantages of the
UV-Vis spectrophotometric method presented by pharmacopeias, mainly concerning
the analysis time, consumption of reagents, and extraction steps.

Hence, new methodologies based on electrochemical sensors have been proposed
for various analytes to develop devices with high sensitivity, specificity, rapid
response, low application cost, and that do not require extraction steps or
pre-concentration. Electrochemical sensors are being increasingly used for analytical
purposes, as they present themselves as a promising alternative when compared to
existing official methods, presenting unique advantages that allow a real-time
response, low reagent consumption, including the possibility of miniaturization of
the system, and in many cases can be used in complex samples without pretreatment
(Brett 2001; Hanrahan et al. 2004; Wang et al. 2008; Privett et al. 2010; Jadon et al.
2016; Hamzah et al. 2018; Purohit et al. 2020; Karimi-Maleh et al. 2020).

Fig. 10.1 Structure of
promethazine hydrochloride
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Electroanalytical methods have aroused great interest in recent years, as they
allow the use of chemically modified electrodes since the immobilization of a certain
substance on the surface of an electrode can provide devices with greater sensitivity
and specificity for the development of electroanalytical procedures and more effi-
cient methods, allowing to obtain the desired characteristics of the system under
study when compared to unmodified electrodes. The use of chemically modified
electrodes is an area in increasing expansion, mainly in the aspect of the develop-
ment of new materials for modifying the surface of the electrodes, which aims to
expand and enhance the applications of these devices (Wang 1991; Pereira et al.
2002; Piletsky and Turner 2002; Zhao et al. 2002; Stradiotto et al. 2003;
Ramanavičius et al. 2006; Wu et al. 2013; Thiyagarajan et al. 2014; Zhu et al.
2015; Beluomini et al. 2019; Vernekar et al. 2021).

Consequently, these electrochemical methods can be used to monitor analytes of
clinical interest because of all the advantages presented, which is also interesting for
the quantification of PMZ in pharmaceutical preparations or biospecimen. As a
result, some studies are described in the literature for the electrochemical determi-
nation of PMZ (Bosáková et al. 2002; Xi et al. 2011; Saleh et al. 2012; Gu et al.
2012; McClure et al. 2013; Marco et al. 2013; Honarmand et al. 2014, 2016; Akram
et al. 2019; Sakthivel et al. 2019; Akhoundian and Alizadeh 2020; Promsuwan et al.
2020; Alagumalai et al. 2020; Arumugam et al. 2020; de Oliveira et al. 2020).

In this sense, in this work we present a proposal for an electrochemical sensor for
quantification of the PMZ in pharmaceutical samples using a carbon paste electrode
(CPE) modified with activated carbon (AC) and silver nanoparticles (AgNPs)
described as CPE/AC/AgNPs. This sensor had some advantages over other sensors
developed, and to our knowledge, no studies were found using AC and AgNPs for
this purpose. AC is a porous material with a high surface area, ensuring a great
physical adsorption capacity of liquids and gases (Arroyo-Gómez et al. 2018;
Vicentini et al. 2019; Wei et al. 2019; Partlan et al. 2020). Because of this, the AC
increases conductivity when used as an electrochemical sensor modifier. Addition-
ally, the material pores can allow the adsorption of many substances, including
nanoparticles. The metallic nanoparticles (NPs), such as the silver nanoparticles,
have been frequently used in electrochemical sensors, because of their good con-
ductivity, stability, and reactivity (Vanitha Kumari et al. 2016; Donini et al. 2018). A
carbon paste sensor modified with activated carbon and silver nanoparticles will
increase the conductivity by increasing the surface area, which will promote a better
charge transport between the electrode and solution.

2 Experimental Setup

2.1 Instrumentation and Chemicals

All electrochemical measurements were performed in a potentiostat/galvanostat
from Autolab model PGSTAT101 coupled to a computer with the Nova 1.11
software. A conventional three-electrode electrochemical cell was used to obtain
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the electrochemical measurements where: Ag/AgCl (KCl 3.0 M) was used as a
reference electrode, a platinum wire as an auxiliary electrode, and a carbon paste
electrode (CPE) as the working electrode (12.6 mm2).

Sodium borohydride (NaBH4), sodium citrate (Na3C6H5O7), dibasic sodium
phosphate heptahydrate (Na2HPO4.7H2O), monobasic sodium phosphate mono-
hydrate (NaH2PO4.H2O), nitric acid (HNO3), ethyl alcohol (EtOH), pure graphite
powder, and silver nitrate were obtained from Synth®. Powdered activated carbon,
mineral oil, sodium tetrachloroaurate (NaAuCl4.2H2O), and promethazine hydro-
chloride (C17H20N2S) were purchased from Sigma-Aldrich®. All chemical reagents
used were of analytical purity and all solutions were prepared with deionized water
by the Millipore Milli-Q system (resistivity 18.2 MΩ.cm).

2.2 Synthesis of Silver Nanoparticles

Silver nanoparticles were synthesized according to the procedure proposed by Jana
et al. (2001) with minor modifications. Briefly, 50 mL of 0.50 mmol L�1 AgNO3 and
50 mL of 0.50 mmol L�1 sodium citrate were prepared and cooled to approximately
4 �C. Subsequently, 10 mL of sodium borohydride (NaBH4) 2.9 mmol L�1 was
added to a burette and dripped dropwise per second, which was kept in an ice bath
with vigorous stirring and protected against light. In this step, it was possible to
observe a change in the color of the solution, from transparent to yellow, evidencing
the formation of silver nanoparticles in suspension. Thus, the solution was slowly
stirred for 2 h in an ice bath protected from light, to remove excess salts and ions
present, and the nanoparticles were stored in an amber flask in a refrigerated
environment. After synthesis, the absorbance of the AgNPs was evaluated by an
ultraviolet spectrophotometer using a Shimadzu UV-2550 spectrometer.

2.3 Preparation of Electrodes and Electrochemical Behavior

The CPE/AC/AgNPs was prepared by direct mixing initially of 21 mg of graphite
powder, 9.0 mg of activated carbon, 9.0 μL of mineral oil, and 7.5 μL solution
containing silver nanoparticles followed by grounding in an agate mortar until a
homogeneous paste obtained. The obtained paste was introduced into the cavity of a
glass tube (4.0 mm internal diameter), which, before each modification, was cleaned
with ethyl alcohol and nitric acid 5% (v/v) and subsequently washed with deionized
water. Before use, the CPE/AC/AgNPs were polished with weighing paper until a
uniform surface was obtained.

The electrochemical behavior of the developed sensor was evaluated in the
absence and the presence of 35 μmol L�1 of PMZ, using the cyclic voltammetry
in the potential range of +0.3 to +0.8 Vat 20 mV/s, using 0.10 mol L�1 PBS buffer at
pH 7.00 as supporting electrolyte. For this study, different sensor configurations
were proposed to analyze which configuration (CPE; CPE/AC; CPE/AC/AgNPs)
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was more suitable for the electrooxidation of PMZ, to further improve the perfor-
mance of the sensor.

To carry out the electrochemical characterization, the kinetic properties of the
system were evaluated, such as the determination of the number of electrons (ne),
electron transfer coefficient (α), and electron transfer rate constant (κ), studying the
influence of the scan rate on the oxidation process of PMZ, obtaining the cyclic
voltammograms from 5–500 mV/s. For this, an electrochemical cell with 10 mL of
support electrolyte (0.10 mol L�1 PBS buffer at pH 7.00) containing 35 μmol L�1 of
PMZ was used.

2.4 Optimization of PMZ Analysis Conditions

The amount of activated carbon was optimized concerning the amount of graphite
powder. To carry out this study, the amount of AgNPs was kept fixed at 15% and the
mass/mass ratio (%) of graphite powder and activated carbon was assessed at 75:10,
70:15, 60:25, and 50:35, respectively. Then, with the amount of activated carbon
optimized, the amount of the AgNPs solution was evaluated using 10, 15, 20, and
25% of the colloidal suspension next to the carbon paste, keeping the amount of
mineral oil fixed at 8.0 uL. The influence of the pH of PBS buffer from 4.00 to 8.00
was studied in search of the system that presented the highest sensitivity. Lastly, the
effect of the ionic strength was investigated by changing the concentration of the
PBS buffer solution from 0.025 to 0.20 mol L�1.

2.5 Analytical Characteristics

Differential pulse voltammetry (DPV) was selected for the electrochemical determi-
nation of PMZ. The analyzes were performed from +0.45 to +0.75 V at 40 mV/s
with a modulation amplitude of 60 mV. PMZ solutions prepared in 0.05 mol L�1

PBS buffer at concentrations from 5–40 μmol L�1 were used to obtain the analytical
parameters of the sensor under optimized conditions, such as linear range, and limit
of detection (LOD), the limit of quantification (LOQ) and sensitivity. The LOD was
calculated as 3 � Sb/b, and the LOQ as 10 � Sb /b, where Sb is the blank standard
deviation (n ¼ 10) and b the sensitivity of the analytical curve.

2.6 Tablet Form Samples

For the application of the method Fenergan® tablets were used, which contain 25 mg
of promethazine hydrochloride. Then, one tablet was macerated until obtaining a fine
and homogeneous powder to prepare a 1.0 mmol L�1 PMZ solution. This stock
solution was then diluted in PBS buffer at pH 7.00 to obtain the concentrations of
15 and 30 μmol L�1 of PMZ. All analyzes were performed using DPV.
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3 Results and Discussion

3.1 AgNPs Characterization

Figure 10.2 shows UV-Vis spectra for silver nanoparticles. The absorption spectrum
is responsible for indicating absorption bands corresponding to electronic transi-
tions, that is, the passage of the electron from a molecular orbital to an unoccupied
orbital (Viol et al. 2011). The spectra show the absorption spectrum for the band
corresponding to the silver nanoparticles at 410 nm. According to Melo Jr. et al.
(2012), the characteristic yellow color observed in colloidal silver is the result of the
absorption of electromagnetic radiation in resonance with surface plasmons. With
the increase of silver particles, the yellow color characteristic of the standard solution
changes to orange and, later, violet until reaching the characteristic coloration of
silver on a macroscopic scale.

Also, one of the most striking characteristics of the nanoparticles is related in
addition to the optical properties, since the noble metal nanoparticles have charac-
teristic stains (yellow for AgNPs) with the electrochemical properties, since they
have high conductivity, reactivity, and stability, improving the sensitivity of sensors
when modified with these materials.

3.2 Electrochemical Behavior of CPE/AC/AgNPs

Promethazine, belonging to the phenothiazine drug class, has in its chemical struc-
ture electroactive functional groups which oxidize in the potential range of

Fig. 10.2 UV-Vis spectra of the silver nanoparticles obtained in an aqueous solution
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approximately +0.65 V, which corresponds to the oxidation of sulfur present in the
structure, forming promethazine sulfoxide. Analyzing the voltammetric behavior, in
Fig. 10.3, it was observed that the PMZ presented a low-intensity oxidation peak
when only the CPE was used. Observing the CPE/AC/AgNPs response, there was
found a significant increase in the faradaic current at approximately 88% when
compared to the CPE under the same analysis conditions.

This could be justified by the fact that the AC, besides having a high surface area
and large porosity, also presents good conductivity (Arroyo-Gómez et al. 2018). The
use of AgNPs has also contributed to improved sensitivity, justified by the fact that
the smaller the particle size, the larger the surface area, thus allowing it to adhere to
the AC surface, improving efficiency when applied to sensors (de Lima et al. 2016).

3.3 Kinetic Parameters Evaluation

To obtain information on the kinetic parameters of CPE/AC/AgNPs the influence of
the scan rate on the electrochemical oxidation of PMZ was investigated. The results
obtained were analyzed by evaluating the anodic peak current (ipa) as a function of
the scan rate applied. Figure 10.4a shows that as the scan rate increases, a shift in
PMZ oxidation peak potentials to more positive values is observed, as well as an
increase in peak current values.

A graph relating the ipa values as a function of the scan rate was constructed in
Fig. 10.4b. The result was linear with R2 ¼ 0.995, suggesting that this electrode
process is controlled by the adsorption of the electroactive species on the surface
electrode. Figure 10.4c shows the relationship between log ipa versus log ν, where
the linearity can be verified, obtaining a slope value equal to 0.844. This value
indicates that the electron transfer process between the electrode and the solution is
controlled by PMZ adsorption (Ghoneim and Tawfik 2004). It can also be verified
that in the obtained voltammograms peak is absent during the inverse scan,

Fig. 10.3 (a) Cyclic voltammograms obtained for: CPE, CPE/AgNPs, CPE/AC, and CPE/AC/
AgNPs composite in the presence of 35 μmol L�1 PMZ in 0.10 mol L�1 PBS at pH 7.00. (b)
Comparison of sensors performance
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indicating that this process is considered irreversible. This fact can be proven by
analyzing Fig. 10.4d, which indicates that the peak potential is linear for log(v)
(Laviron 1979). So, the number of electrons involved in the reaction is 2.

Following this study, we proceeded to calculate the number of electrons involved
in the redox process, and, in this sense, the theory demonstrates that the width of the
peak’s half-height (δ0.5) measured in millivolts (mV) must be equal to 90.6/n for the
ideal case (Laviron 1982). This methodology proposed by Laviron is simpler and its
application is restricted to adsorbed species, as occurs in this case. In this way, the
CPE/AC/AgNPs sensor shows at a low scanning rate (10 mV/s) a δ0.5 around 47 mV.
Applying this value in the previously mentioned relation, for the developed sensor a
value of ne was found to be 1.92 electrons (ne ¼ 2).

With the number of electrons calculated, it was possible to estimate the value of
the electron transfer coefficient by analyzing the Epa as a function of the log(v)
(Fig. 10.4d) as described in Eq. 10.1. The theory proposed by Laviron (1979)
indicates that:

Sa ¼ 2:3RT
αneF

ð10:1Þ

Fig. 10.4 (a) Cyclic voltammogram obtained at different scan rates for PMZ; (b) peak current
dependence as a function of scan rate, (c) Log(ipa) versus log(ν), and (d) potential dependence as a
function of the scan rate logarithm. [PMZ]: 35 μmol L�1 in 0.10 mol L�1 PBS at pH 7.00
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where: Sa is the angular coefficient, F is Faraday’s constant (96485.34 C mol�1), R is
the ideal gas constant (8.314 J K�1 mol�1), n is the number of electrons, and T is the
temperature (298.15 K).

Knowing that the angular coefficient is 0.0515 according to Fig. 10.4d, α was
estimated at 0.573. This fact indicates that the studied system is not reversible, as
expected, and this corroborates the previous analyzes, where only one oxidation
peak and no reduction peak could be observed for PMZ. So, this result implies that
this process probably is irreversible.

With the values of α and n calculated, it was also possible to calculate the electron
transfer speed of the process according to Eq. 10.2.

k ¼ αnFv
RT

ð10:2Þ

Thus, replacing the values previously found, the estimated value for K at 1 V/s
was 44.7 s�1. This result, together with the other factors mentioned, indicates that the
proposed sensor has kinetic viability and is considered irreversible in a process
controlled by adsorption. Therefore, it is considered that the constructed sensor is
viable for the determination of PMZ in tablet forms.

3.4 Optimization of Experimental Conditions

3.4.1 Chemical Modifiers Concentration
To further improve the performance of the proposed sensor, the ratio of the amount
of activated carbon (AC) and graphite powder (GFT) that constituted the composite
material used to modify the electrode was optimized. For this, the amount of silver
nanoparticles was kept fixed at 15% (w/w) and the proportions were varied between
75:10, 70:15, 60:25, and 50:35 (% m/m). Figure 10.5a shows that there was an

Fig. 10.5 Peak current variation values obtained for different proportions of AC in relation to GFT
and AgNPs, where: (a) GFT:AC amounts with AgNPs fixed at 15% and (b) GFT:AgNPs amounts
with AC fixed at 25%. [PMZ] ¼ 35 μmol L�1 in 0.10 mol L�1 PBS at pH 7.00
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increase in current variation up to a ratio of 60:25% (w/w) followed by a decrease at
higher concentrations.

Also, it was possible to verify that the sensor sensitivity presented higher values
with the increase in the percentage of AC used, as expected, since the AC has a high
surface area, and large porosity, allowing a larger contact area between the sensor
and the analyte, and good conductivity. However, for AC amounts greater than 25%,
relative to the amount of GFT, there was a loss of sensitivity of the proposed sensor,
and material leaching may have occurred. It is also known that there is a minimum
amount of graphite required in the carbon paste composition since graphite acts as a
support for other modifiers so that the conductivity of the sensor is not affected.

Subsequently, the amount of AgNPs was evaluated along with the carbonaceous
material that would facilitate the electron transfer process between the electrode-
solution interface (de Lima et al. 2016). For this, the amount of carbonaceous
material (in this case, AC) was kept fixed at 25% and the amount of AgNPs was
evaluated from 10–25% (% w/w). Figure 10.5b shows that the best amount of
AgNPs in the carbon paste was 20%. Such behavior is expected because as the
amount of AgNPs increases, this material is likely to promote better electron transfer
as nanometric materials increase the contact surface between the electrode and the
solution. For values lower than this, the lower ipa values may be related to the
amount of AgNPs, which is inadequate to promote electron transfer in the PMZ
oxidation process.

On the other hand, for amounts greater than 20%, there is a decrease in current
variation, which implies lower sensor sensitivity, and this may be related to the
possible blockage of AC pores by AgNPs, reducing the surface area and conse-
quently the faradaic current, which may be hindering the transport of electrons. An
observed fact is also that a very high concentration of nanoparticle colloidal suspen-
sion leads to a loss of material by leaching.

3.4.2 pH Studies
The electrolyte pH is a parameter of extreme importance in the chemical analysis
since it is necessary to know if the molecule is protonated or deprotonated in the
medium. Thus, the influence of pH from 4.0–8.0 on the oxidation PMZ was studied.

Figure 10.6a shows that ipa values increased linearly until pH 7.00. Above this pH
there was a decrease in sensitivity, indicating that the concentration of OH� ions in
the solution negatively affects the oxidation of PMZ (Alizadeh and Akhoundian
2010). Hence, the optimized value was pH 7.00, a condition used for all subsequent
studies.

Figure 10.6b shows the influence of pH on the anodic peak oxidation potential of
PMZ where a linear relationship is observed. This behavior is explained by assuming
that protons also participate in the PMZ oxidation process. The slope obtained was
�0.035, which is about half for a Nernstian system(�0.059). So, the number of
protons involved in the electrochemical oxidation of PMZ is half the number of
electrons (Chen et al. 2013). This fact can be corroborated with the PMZ reaction
mechanism proposed by Honarmand et al. (2016) in Fig. 10.6c, where promethazine
hydrochloride is oxidized in more than one step, involving two electrons and only
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one proton. In the first stage, a nitrogen atom is removed to form a stable radical
cation (step 2), which is then oxidized to promethazine sulfoxide through the
hydrolysis reaction of the molecule (step 3).

3.4.3 Ionic Strength Effect
To investigate the influence of ionic strength on the electrochemical response of
PMZ, PBS buffer solutions were prepared varying the concentration from
0.025–0.200 mol. L�1 keeping the pH at 7.00. The results obtained are presented
in Table 10.1.

Analyzing the results, it was concluded that the 0.05 mol L�1 concentration
generated the highest sensitivity for the proposed sensor. Since the supporting
electrolyte has as goal to transport the electroactive species charges to keep the

Fig. 10.6 (a) Peak current values obtained by the influence of pH in the PHZ oxidation and (b)
relationship between pH and cathodic peak potential for the reduction of PHZ, where (PHZ):
35 μmol L�1 in 0.10 mol L�1 phosphate buffer. (c) PMZ oxidation mechanism proposed by
Honarmand et al. (2016) which was reproduced with permission conveyed through Copyright
Clearance Center, Inc., License Number 5293821484331 (Ebrahim et al. 2016)
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charge number constant in the solution, the fact that the 0.05 mol L�1 concentration
presented the highest value can be explained because more dilute solutions may
compromise the system due to insufficient load carriers. Alternatively, for much
more concentrated solutions (above 0.05 mol L�1), excess ions also affect sensitiv-
ity, as they can compete with the analyte, decreasing the electrochemical signal.

3.5 Performance of Electrochemical Sensor

DPV can be considered one of the most important for the determination of electro-
active species since it consists of the application of pulses. Therefore, the current is
measured before and after the application of the differential pulse and the value
obtained is the subtraction of the second by the first. It is a more sensitive technique
when compared to the cyclic voltammetry technique (Pacheco et al. 2013).

Figure 10.7a shows the voltammograms after successive additions of
5–40 μmol L�1 of PMZ, where the calibration curve obtained can be seen in
Fig. 10.7b.

Validation of analytical processes is of fundamental importance for the analysis of
any substance, as it is necessary to ensure that the proposed methodology is accurate
and sensitive, presents a good linear response range, and is stable for the proposed
analyses. Based on these aspects, the method validation was performed according to
the Brazilian National Health Surveillance Agency (Agência Nacional de Vigiância
Sanitária - ANVISA) standards for drug analysis (ANVISA 2017). So, from the

Table 10.1 Influence of
the PBS buffer (at pH 7.00)
concentration on the ipa
values obtained for the
electrochemical oxidation
of 35 μmol L�1 PMZ

Electrolyte (mol L�1) Δipa (μA)
0.025 0.62

0.050 0.81

0.100 0.73

0.150 0.48

0.200 0.22

Fig. 10.7 (a) VPD obtained for different concentrations of PMZ with additions of 5–40 μmol L�1

of PMZ in 0.05 mol L�1 PBS buffer at pH 7.00, and (b) calibration curve
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analytical curve constructed, important parameters were obtained, such as linear
response range, sensitivity, the limit of detection, and the limit of quantification.

As a brief explanation, the linear response range can be determined using the
analyte concentration range in which the method can be accurately applied. Sensi-
tivity can be described as the smallest value distinguished between two close
concentrations. The LOD indicates the lowest detectable concentration but is not
precisely quantifiable. The LOQ reports the lowest concentration of the quantifiable
analyte (Brito et al. 2003; Armbruster and Pry 2008).

Analyzing the analytical curve obtained by VPD (Fig. 10.7b), a linear range from
5–40 μmol L�1 with the sensitivity of 0.023 μA L μmol L�1 was found. LOD and
LOQ values were calculated as 1.30 and 4.20 μmol L�1, respectively. The values
obtained are acceptable when compared to other works involving the electrochem-
ical analysis of PMZ, as can be seen in Table 10.2. The CPE/AC/AgNPs show
relevant characteristics such as ease of preparation, sensibility for the PMZ detec-
tion, stability, and regeneration capacity, which allows the same electrode to be used
in several measures, thus reducing the time analysis.

Table 10.2 Comparison of the analytical performance of the proposed method with other elec-
trochemical sensors used for promethazine detection

Sensor Technique
Linear range
(μM)

LOD
(μM) Sample References

BDDa SWAVb 0.596–4.76 0.0266
and
0.0461

Commercial
formulations

Ribeiro et al.
(2008)

MIPc PSAd 0.5–100,000 0.1 Pharmaceutical
and serum

Alizadeh and
Akhoundian
(2010)

MWCNT/
GCEe

LSVf 0.05–400 0.01 Drug, human
serum, and urine

Xi et al. (2011)

PNR/
CPEg

SWVh 1.0–1000. 0.20 Tablets Gu et al. (2012)

MWCN/
SN/DNAi

SWVh 20–100 5.90 Pharmaceutical Marco et al.
(2013)

Au-NPs/
CPEj

DPVk 2.0–225.0 0.0648 Pharmaceutical and
urine

Honarmand et al.
(2014)

rGO-GCEl Ampm 1.99–1030 0.199 Pharmaceutical Felix et al.
(2015)

MPSI-au
SAMn

DPVk 1.0–240 0.00246 Urine and blood
serum

Honarmand et al.
(2016)

GCE-Ni-
Bi2S3

o
Ampm 0.001–163.17 0.0004 Human serum

and urine
Sakthivel et al.
(2019)

Graphite/
MIPp

SWVh 0.004–0.4
and 0.4–7.0

0.0014 Plasma Akhoundian and
Alizadeh (2020)

CW/CGEq DPVk 0.01–436 0.0159 Lake water and
commercial
tablet

Alagumalai et al.
(2020)

(continued)
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3.6 Application in Pharmaceutical Samples

After plotting the analytical curve and evaluating all the necessary parameters to
prove that the proposed sensor is applicable in Phenergan® tablets, where a
1.0 mmol L�1 solution containing one of these tablets was prepared, it was macer-
ated until a fine homogeneous powder was obtained. This stock solution was diluted
to concentrations of 15, 30, and 45 μmol L�1 to determine the concentration of PMZ
in the tablet.

Table 10.3 shows the results obtained for the determination of PMZ in Fernegan
tablets for each of the concentrations analyzed. Addition and recovery studies
showed values between 98.4 and 101.4% for CPE/AC/AgNPs.

Evaluating the results obtained in the determination of PMZ using the CPE/AC/
AgNPs presented a relative standard deviation and relative error values below 5%,
which can ensure that the results were acceptable, and can be considered a promising
alternative. For application in pharmaceutical samples such as Phenergan®, the
sensor had low detection and quantification limits, simplicity in preparation and
application, low cost of analysis for using financially accessible equipment and
materials, and fast response.

Table 10.2 (continued)

Sensor Technique
Linear range
(μM)

LOD
(μM) Sample References

FeMo
NPs/GCEr

DPVk 0.01–68.65 0.01 Lake water and
commercial
tablet

Arumugam et al.
(2020)

fMWCNT-
PEI/GCEs

SWVh 0.497–5.03 0.231 Pharmaceutical de Oliveira et al.
(2020)

AuNP-
GrNP/
GCEt

AdSVu 0.001–1.0
and 1.0–10

0.0004 Biological fluids
and forensic

Promsuwan et al.
(2020)

CPE/AC/
AgNPsv

DPVk 5.0–40.0 1.30 Pharmaceutical
samples

This work.

aBDD: boron-doped diamond electrode; bSWAV: square wave adsorptive voltammetry; cMIP:
molecularly imprinted polymer; dPSA: potentiometry; eMWCNT/GCE: multiwall carbon nano-
tube modified glassy carbon electrode; fLSV: linear sweep voltammetry; gPNR/CPE: poly(neutral
red) modified carbon paste electrode; hSWV: square wave voltammetry; iMWCN/SiAlNb/DNA:
multiwall carbon nanotubes paste, and an inorganic material based on silica – SiO2/Al2O3/Nb2O5

with DNA; jAu-NPs/CPE: carbon paste electrode modified with gold nanoparticles; kDPV:
differential pulse voltammetry; lrGO-GCE: glassy carbon electrode modified with reduced
graphene oxide; mAmp: amperometry; nMPSI-Au SAM: gold electrode modified with self-
assembled monolayer of bis-N-(2-mercaptophenyl) salicylaldimine; oGCE-Ni-Bi2S3: glassy car-
bon electrode modified with nickel-doped bismuth sulphide; pgraphite/MIP: carbon paste elec-
trode modified with nano-sized molecularly imprinted polymer; qCW/CGE: glassy carbon
electrode modified with structured cobalt tungstate; rFeMo NPs/GCE: FeMo NPs modified glassy
carbon electrode; sfMWCNT-PEI/GCE: polyethylenimine-functionalized multiwalled carbon
nanotubes/glassy carbon electrode; tAuNP-GrNP/GCE: gold nanoparticle-graphene nano-
platelet–modified glassy carbon electrode; uAdSV: adsorptive stripping voltammetry; vCPE/AC/
AgNPs: carbon paste electrode modified with activated carbon and silver nanoparticles
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4 Conclusions

The proposed electrochemical sensor can be considered as an alternative method for
the determination of promethazine in pharmaceutical formulations, such as
Phenergan® tablets, using the differential pulse voltammetry technique. The CPE/
AC/AgNPs has advantages when compared to unmodified electrodes, where a
considerable increase in ipa values was observed, which can be attributed to the
conductive properties of activated carbon. We can also emphasize that, after the
optimization of the main experimental parameters of analysis, it was possible to
notice an increase in the sensitivity of the sensor, obtaining a linear range, limits of
detection, and quantification satisfactory when compared to some studies described
in the literature. Based on these aspects, the validation of the method was carried out
following the rules of ANVISA (Brazil).

Considering all the factors mentioned, it was possible to apply the electrochem-
ical sensor developed for the determination of PMZ in pharmaceutical samples,
which resulted in good sample recovery values, making the sensor viable for this
purpose. In addition, we can consider that the analysis methodology is fast and easy
to perform, presenting sufficient sensitivity for the proposed analyses. The working
electrode can be easily prepared and regenerated, being a good alternative for the
electrochemical determination of promethazine.
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Abstract

Nanoporous materials having a porosity of 1–100 nm and excellent functional
moieties are unique with high surface area and selective adsorption. Nano-
materials are a subset of porous materials with a high surface-to-volume ratio.
The most challenging work is synthesizing a uniform porous structure because
the particular electrochemical sensor depends on the uniform size of the pores.
This chapter explains the electrochemical application of nanoporous materials,
including metal, alloy, metal oxide, carbon, and polymer. In this chapter, the
detection mechanisms of the different forms of nanoporous materials and their
unique roles are discussed together with their advantages/disadvantages. Differ-
ent strategies for their functionalization are also emphasized from a sensor
development perspective. Finally, the perspective and current challenges of
nanoporous metal-based sensing are outlined.
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1 Nanoporous Materials

The porous material with a 3D pore size in the range of 1–1000 nm is the nanoporous
material (Jiao et al. 2016). The nanoporous materials can be classified into three
types in terms of pore size, including micropore (0.2 nm), mesopore (2–5 nm), and
macropore (>50 nm). A highly functional surface area per volume is a superior
property of nanoporous nanomaterials compared to other nanomaterials. There is the
two-pore type which generates nanoporous materials, closed pore and open pore. In
comparison, the open pore surface area has a greater surface area, making the open
pore a more suitable choice for sorbent, catalyst, and electrochemical applications.
Since the pore shape and size mainly affect the conductivity of the nanoporous
materials, the homogeneity of the pore is the challenging step for the synthesis of
these materials. Although nanoporous nanomaterials have the advantage of having
active surface area in the heterogeneous reactions, there are significant obstacles to
using these materials in practical applications, such as their pore structure’s stability,
the analyte’s adsorption after use, and the re-treatment.

Nanoporous materials commonly used in electroanalytical applications are shown
in Table 11.1. It is primarily the porous properties that make it possible to escalate the
specific surface area of the electrochemical sensor for redox species and have a high
electron transfer rate. The primary mechanism for determining the analyte is the
diffusion control mechanism to generate the faradic current. Therefore, the nano-
material has to be conductive or semiconductor materials. These are divided into
four groups with different advantages and disadvantages, as shown in Table 11.1.

Using electrodes in electrical analytical chemistry and biosensor applications
depends on the specific pore size, contact surface area, and analyte reactivity. The
selectivity of nanoporous electrodes can be increased by modifying with other
nanoporous materials, designing the specific porous size and functionalized groups
specific to the target substance.

Table 11.1 Comparison table of the nanoporous materials properties

Material
type

Surface
area Catalyst

Chemical
stability Conductivity Life Cost

Metal Low √ High High Long Medium

Metal
oxide

High √ Excessive Semiconductor Long Medium

Carbon Medium – High Medium-high Long Medium

Polymer Low – Low-medium Low-medium Short High
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2 Nanoporous Synthesis Method for Electroanalytical
Application

An ideal nanoporous material has homogenous pore size and structure; therefore, the
synthesis method is crucial to design their properties to fit the proposal, as shown in
Fig. 11.1. The nanoporous material is mainly synthesized using template methods
(hard templating and soft templating), template-free, and electrochemical processes
(Jérôme and Valange 2017). Hard-templating method uses rigid porous substrates such
as silica, zeolite, carbon, or polymer as templates. After the precursor self-assembly on
the layer, the templates are removed by thermal treatment or solvent elution. This
method can prepare highly uniform structures and even single-crystal materials
because the rigid template and the pore structure depend on the form of the template
(Polarz and Smarsly 2002). However, this synthetic approach is quite tedious since
much effort and various steps are required, such as calcite temperature conditions. Soft-
templating method refers to the self-assembled arrangements of structure-directing
molecules like surfactants, organic ligands, or block copolymers, leading to mesopores
up to 30 nm. This approach’s disadvantage is that the resulting nanoporous material is
often amorphous because heat treatments resulted in structural collapse. However,
eliminating templates in the soft-templating method is more comfortable than a hard-
templating process because of their thermodynamic properties. Besides, the use of
surfactant, ligand, and block copolymers can facilitate a highly uniform pore (Jérôme
and Valange 2017). The template-free method is generated via the salt precursors’
thermal decomposition from micrometer-sized polyhedron particles in the gas. Ther-
mal decomposition of inorganic salts such as nitrates, sulfates, carbonates, and oxalates
were generally used to synthesize metal oxide powders (Hulicova-Jurcakova et al.
2008). The nanomaterials’ pore size is typically in micropore (sub-nanometer) or
mesopore (several nanometers) and disorganized shape.

The electrochemical method provides the rough surface of nanoporous materials
by varying the oxidation/reduction cycle duration, wave frequency (or sweep rate),
and the potential transferring limits. This method can synthesize intrinsic nano-
porous materials without using a template. However, it is not very easy to operate,
and the types of the selected materials depend on their oxidation potentials. These
requirements make the existing nanoporous materials limited on a small scale and
cannot be applied more widely. The nanomaterial structures are typically found in
the sphere, rod, layers, and bicontinuous shapes.

3 Application of Nanomaterials for Electroanalytical Sensor

Since the structural properties, electrical conductivity, and electron transmission of
nanoporous material are related to pore size and shape, they have been used as
catalysts rather than sensors in an electrochemical perspective (Menzel et al. 2012).
There have been some efforts to introduce nanoporous materials to increase the
sensitivity of the measurement in the electrochemical sensors. However, to improve
the probe’s specificity, functionalizing with other nanomaterials or biomolecules is
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still necessary. Here are the summarized applications of nanoporous materials
classified based on the materials used as sensor and biosensor electrodes.

3.1 Nanoporous Metals for Electroanalytical Application

The pores in metals are classified into two types: closed and open pore with a
porosity between 0.2 and 0.9 (Stanev et al. 2016). The open pore is preferable for
the electrochemical application because of its high active surface area to penetrate,
electrocatalytic property, low adsorption, and low thermal conductivity (Stanev et al.
2016). The nanoporous metals can be fabricated by alloying/dealloying techniques,
either electrochemical or chemical methods. The porosity is evaluated by the
dissolution of the minor noble metal in the alloy. Most of Au’s binary or tertiary
alloy with other noble metals, including Pt, Ag, Pd, Cu, and Al, have been used as
the starting alloy (Zhang and Li 2012). The cracking during the dealloying process to
generate the pore is the problem, but annealing can reduce these effects. Dealloying
plays an essential role in the pore structure, while alloy composition strongly affects
the porosity. The chemical dealloying immerges the alloy in the concentrated
mineral acids such as nitric acid and sulfuric acid (Summerlot et al. 2011). The
corrosion of the most minor noble consistent is the mechanism to generate the pore.
Time, temperature, and acid concentration are the most critical factors to control the
pore size. Electrochemical dealloying can be processed by immerging the alloy as
suitable electrolytes and applying the specific potential in a period. The pore size and
surface area are strongly dependent on the condition used. The critical parameters for
electrodeposition are as follows: the substrate has to be a conductive material. The
thickness and configuration of nanoporous on the electrode surface depend on the
applied potential and time used. The film, wire, and ribbon of nanoporous can be
prepared in this method. The morphology of nanoporous alloy is shown in Fig. 11.2.

Fig. 11.2 SEM images of the nanoporous AuAg alloy with an average nanopore (a), roughened
nanoporous AuAg alloy with a roughened pore size of ~80–100 nm (b), and SEM image of the
ordered nanoporous Au with ~5–20 nm small pores on the ~80–100 nm ligaments (c) (Taken from
Guo et al. (2016))
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Nanoporous metals have an electron-rich surface area which provided the electro-
catalytic ability to oxidize small organic molecules such as organic acids, alcohols,
and biomolecules. Platinum is intensively used in catalysts among conductive
metals, because it is the most stable noble metal (Xu and Zhang 2014). At the
same time, gold is widely used in enzymatic sensors because of its biocompatibility
via forming covalent bonds with an amino group on protein moieties. In general,
nanoporous metals have been used as electrodes or modified on carbon electrodes
(van der Zalm et al. 2020). Most nanoporous metal applications in electroanalyt-
ical applications are nonenzymatic electrochemical sensors, because they have
catalytic properties toward analytes (Collinson 2013). The roughness of nano-
porous Pt can reduce the adsorption of interferences occurring on the smooth Pt
electrode (Kim et al. 2013). Therefore, most nanoporous Pt applications are the
nonenzymatic sensor of H2O2 and glucose (Liu et al. 2017) (McCormick and
McCrudden 2020). However, the oxidation peak of the glucose still has interfer-
ence from ascorbic acid (AA).

The direct electrochemical method using a nanoporous Pt electrode had adsorp-
tion and a slow electron transfer rate as obstacles; nanoporous Pt thin films modified
by other conducting materials can solve this problem. For an instant, nanoporous
Pt-modified carbon electrodes provided a better result (Park et al. 2010). The faradic
current of glucose oxidation is related to the kinetically controlled reaction. There-
fore, the chronoamperometric method can be used for glucose determination with
sub-millimolar sensitivity. Kim et al. (2013) revealed the dealloying of PtSi to
fabricate nanoporous Pt electrodes by sputtering PtxSix-1 on the Pt, then dealloying
Si. The pore structure of nanoporous Pt was opened and cylindrical. The sensitivity
of glucose determination increased with increasing Pt roughness. The signal was still
stable after cleaning in the H2SO4 solution. However, the glucose assay limit was as
low as the micromolar (50 μM), AA, and uric acid (UA) continued to interfere with
the measurement.

Au is an ideal material for biosensor electrodes because of its biocompatibility
and chemical stability. Nanoporous Au has been used as the electrode of the
nonenzymatic sensors of AA, UA, dopamine (DA), glucose, and H2O2 as the
application of Pt (Su et al. 2013). However, a few works demonstrated the nano-
porous Au electrodes to analyze macromolecules via functionalized them with
amino moieties. The small nanopores in the 3D open framework of Au can limit
the transport of large biomolecules. Therefore, it can minimize the accessibility of
the inner sides by permitting only a tiny redox analyte to access the pore. The
electrochemical synthesis method via anodizing Au in anionic surfactant provided
the ordered nanoporous Au. For example, the anionic surfactant assisted the reduc-
ing of intermediate product adsorption on the electrode surface. The nanoporous Au
provided a highly active surface area. Therefore, the sensitivity of quercetin
(QU) detection was two times higher than that of the bare electrode (Nasrollahi
et al. 2020). Another work is the modified nanoporous Au on the indium tin oxide
(ITO) by dealloying AuCu in 0.5 M H2SO4 and used for As (III) determination
(Chen et al. 2020). The determination response increased three times with no
significant Cu(II) interference after being modified by nanoporous Au. These may
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occur due to the difference in nanoporous Au’s metallic formation rate. A three-
dimensional (3D) bicontinuous nanoporous Au has also been used as an electro-
chemical biosensor to detect DA by differential pulse voltammetry (DPV). The
fabrication was processed by electrodepositing palladium nanoparticles (Pd) onto
the nanoporous Au wire. The decorated Pd on Au wire provides great superiority in
detection. Besides, the proposed DA biosensor had good stability, reproducibility,
reusability, and selectivity (Yi et al. 2017).

Due to the price limit, the other metal nanomaterials with lower electrical
conductivity, such as Ag (Zhao et al. 2020b) and Cu (Regiart et al. 2020), were
introduced. Zhao et al. (2020b) revealed nanoporous Ag electrode fabrication by
pulse laser deposition and used as the electrode for H2O2 determination. Because of
its high surface area, the nanoporous Ag provided a higher sensitivity for H2O2

determination than another form of Ag nanoparticles electrode. Apart from Ag, the
microelectrode of nanoporous Cu was fabricated by electrodeposition and used as a
glyphosate (Glyp) sensor. The Cu film structure is influenced by potential and time.
The reduction of CuO peak at �0.2 V was directly linear with the concentration of
Glyp, resulting from the formation of Cu(II)-Glyp complex.

Since the stability of nanoporous metal is their primary obstacle, dealloying
conditions are the crucial rule of using them. In recent years, nanoporous alloys
have been used to develop stability in conditions of use (Qiu et al. 2019). Although
their high electrocatalytic activity affects the conductivity, the pore size is not stable
in alkaline and acidic solutions (Regiart et al. 2020). The major drawback of using
nanoporous metals is their chemical stability. Alloying of metals can solve this
problem and also increase the electrocatalytic activity of the probe. Pt and Au alloys
with cheaper transition metals can reduce the number of noble metals, improve their
stability and also catalytic activity. For instance, the bimetallic alloy of the sponge-
like structure of PtNi is fabricated by dealloying trimetallic PtNiAl alloy. Nano-
porous PtNi is stable for 2 weeks and showed sensitivity towards ethanol and H2O2

with no significant interference from glucose, AA, UA, and DA (Xu et al. 2013).
Nanoporous PtAu was also used as the H2O2 and glucose sensor. The uniform
ligament of nanoporous PtAu was obtained by dealloying Pt4Au16Cu80 foil.
Although nanoporous PtAu showed better sensitivity than PtNi, it was found that
AA still severely interferes in detecting glucose (Wang et al. 2014). Because of Cu
alloy’s reasonable cost and electrocatalytic property, it has been considered an
alternative nanoporous material to replace the noble metal alloy. Nanoporous
PdCu with a 3D bicontinuous nanosponge structure was synthesized by dealloying
PdCuAl alloy. Although nanoporous PdCu shows stability and selectivity towards
H2O2 and glucose detections, the sensitivity was lower than Au- and Pt-based alloys
(Yang et al. 2017). Liu et al. (2019) synthesized the nanoporous CuAg film from the
CuAgZn dealloying. A small amount of Ag in the alloy induced the agglomeration
of the alloy and enhanced the glucose’s electrooxidation. The nanoporous CuAg
provided long-term stability (4 weeks). Nanoporous CuCr was fabricated by
co-sputtering on polyamide film and dealloying of Cu by dipping the film in
22.5%(v/v) HNO3. The CuCr alloy film exhibited an average pore size between
20 and 40 nm. The CuCr alloy electrode was used as the moisture sensor in the oil
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sample using the electrostatic capacity transient method. The amount of Cu
dealloying strongly affected the moisture detection response (Yoshii et al. 2019).

3.2 Nanoporous Oxide Compounds for Electroanalytical
Application

The well-known oxide compounds with nanoporous such as silica, alumina, zeolite,
and metal oxide have been used in verities applications because of their high
relevance in catalysis, stability, and cheaper than metals. Zeolite and silica are widely
used as catalyst substrates and sorbents (Liang et al. 2017). In comparison, nano-
porous metal oxides are widely used as electrocatalysts for the production of H2

(Sapountzi et al. 2017), energy storage (Salunkhe et al. 2017), biodiesel production
(Sharma et al. 2018), and also gas sensors (Mirzaei et al. 2019). Transition metal
oxides have been interested in electrochemical applications because of their variable
redox species and catalytic and magnetic properties. Nanoporous oxide compound
materials possess large surface areas, high sensitivity to the analyte, heterogeneous
catalytic properties, and chemical stability in the environment. These materials’
structure strongly affects their catalytic performance. To control the growth of
transition metal oxide, the metal and oxide precursor are the critical rule. The
sol-gel process with surfactants to generate the structure and calcine over 600 �C
is the simple method to synthesize oxide compounds. Most frameworks begin to
crystalline in the sol-gel process and restructure the pore and size structure after
calcination (Li et al. 2015b), which is time-consuming. The different shapes of metal
oxide are shown in Fig. 11.2. This obstacle can be overcome by using ligands instead
of surfactants to generate the inorganic framework, especially transition metal
oxides. The nanoporous MgO (Dong et al. 2015) was synthesized via the hydro-
thermal method at low temperatures. It was found that the bandgap energy of MgO
can be reduced by decreasing the synthesis temperature. The shape and size of the
pore are uniform (450 nm). The plasma processing with ligands such as porphyrin
and phthalocyanine recently provided a large area scale of CuO, Fe2O3, TiO2, and
ZnO (Obrero et al. 2020).

The electrodeposition in hydroxide electrolyte and applied voltage was also used
for metal oxides (Biswal et al. 2019). Even though their morphology is highly
controlled, the synthetic yield is relatively small, making them difficult to apply on
a large scale. Metal oxides such as alumina, silica, zeolite, and titanium dioxide are
often used as a support in a catalyst rather than a direct electrode in electrochemical
applications due to its low electrical conductivity as with metals, making most of the
work used in the form of composite materials.

Some applications use these materials as direct electrodes (Nasir et al. 2018) and
(Chen et al. 2017). Nanoporous MgO (Dong et al. 2015) was modified on GCE via
dispersed in Nafion before dropping on the GCE surface and evaluated as the
nonenzymatic H2O2 sensor. The oxidation peak of H2O2 was detected at +0.9 V,
occasioning little significant interference from AA, UA, and DA. The anatase
nanoporous TiO2 can also be synthesized without using surfactant as a template
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(Chen et al. 2017). The sensor provided an increased surface area (147.17 m2.g�1) to
facilitate the high sensitivity and fast response to acetone detection. Though the
electrochemical properties of silica and alumina are not as good as transition metal
oxide, silicon is an element that is readily available and has a low production cost in
terms of marketing for real-world use. Nanoporous silica has an ordered mesopore,
an excellent choice for hosting and adsorption of biomolecules in electrochemical
sensors. The mesoporous silica film was modified on a glassy carbon electrode
(GCE) by electrodeposition in tetraethyl orthosilicate (TEOS) and cetyltrimethy-
lammonium bromide (CTAB) under galvanostatic conditions. The obtained sensi-
tivity of paraquat detection was higher than bare GCE for one magnitude order. The
selectivity of the determination depended on the electrostatic force between the ionic
wall of the pore and the positive charge of paraquat (Nasir et al. 2018). The
nanoporous TiO2 has been used as an electronic resistant sensor to determine acetone
vapor.

Most nanoporous CuO and NiO have been extensively interested in CO2 reduc-
tion applications (Giziński et al. 2020). Among the different CuO sensor nano-
structures, only a few works have been used as the electrochemical sensor (Xiao
et al. 2014; Huang et al. 2015). A freestanding porous CuO nanowire array and
nanowires pile was used as nonenzymatic glucose sensing. The CuO nanowire array
electrode exhibited extensively promoted electrochemistry characterized by higher
sensitivity over fivefold of the CuO nanowires pile complement, beneficial to the
binder-free nanoarray structure (Huang et al. 2015). The micro hollow-sphere nano
CuO has also been synthesized using a hydrothermal method with pluronic F-127
surfactant as a template (Haghparas et al. 2020). The electrocatalytic activities of
microstructure and hydroxide ions influenced the glucose oxidation mechanism.
Nanoporous NiO has a catalyst activity towards glucose based on Ni(III)/Ni
(II) redox couple. The glucose converts to gluconolactone related to NiOOH cata-
lytic property. Nanoporous has been fabricated via hydrothermal and modified on the
fluorine-doped tin oxide (FTO) (Mishra et al. 2018) and Au electrode (Ahmad et al.
2020). The nanoporous NiO shows a good anti-interference for AA and
UA. Recently, the laser-induced method has synthesized nanoporous NiO, which
provided a better pore size uniform (2–50 nm). The obtained NiO was very selective
to glucose without interfering with AA, UA, and DA. The porous aluminum anodic
oxide (AAO) was recently used as the membrane in electrochemical biosensors due
to its unique properties. Mainly they can synthesize by self-ordering electrochemical
anodization with orderly nanochannels, as shown in Fig. 11.3a. The suitable pore
size and shape of nanoporous Al2O3 can be the membrane to block the Flightless
(Flii) protein in the biosensor, which results in decreasing the current of the redox
species on the electrode surface (Rajeev et al. 2020).

Apart from using one metal oxide material, the composite nanoporous oxide
nanomaterials are also attractive and have been used as electrodes in electroanalyt-
ical applications because of their synergetic electrocatalytic properties. The thick-
ness of porous ZnO-CuO hierarchical nanocomposites (HNCs) is varied by
controlling the electrospinning. The superior electrocatalytic property of the
ZnO-CuO HNCs was mainly from the small CuO nanoparticles (NPs), which
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decorated the ZnO-CuO HNCs’ outer surface. The sensitivity and selectivity of the
sensing electrode were significantly improved and depended strongly on the thick-
ness of the HNCs. Under the optimum condition, the electrode was highly sensitive
(3066.4 μAmM�1 cm�2). Not only the excellent selectivity, but it also showed long-
term stability and good reproducibility. Besides, the porous zinc oxide-nickel oxide
(ZnO-NiO) composite nanosheets were produced via sputtering the NiO to generate
a thin film on the porous ZnO nanosheet. The rough surface of the nanosheet
structure displayed more excellent sensing responses to ethanol vapor than the
pristine ZnO at the same concentrations. The ethanol detection sensitivity is related
to the ZnO/NiO heterojunction amounts and specific porous nanosheet structure with
a high surface area. The coating of NiO on the porous ZnO nanosheet with a suitable
particle size can increase the sensor’s selectivity (Liang et al. 2020). The hollow
structure porous nanofiber of SnO2-CuO can be fabricated by electrospinning
combined with a hydrothermal process, which provides high sensitivity for H2S
gas detection. The unique structures are caused by the different diffusion rates of
SnO2-CuO and Sn/Cu. The operating temperatures for H2S sensing were low,
promising that SnO2-CuO is a good candidate for a gas sensor (Park et al. 2020).
The hierarchical heterojunction and the orderly 3D structure were the primary reason
for enhancing the sensor’s sensitivity (Zhou et al. 2014). For example, the Fe3O4

magnetic nanoparticles and material-41 (Fe3O4 MNP-MCM-41) were synthesized

Fig. 11.3 The SEM image of anodic titanium oxide (ATO) nanotube arrays (a) (Su and Zhou
2008), the pristine porous ZnO nanosheets (b) (Liang et al. 2020), NiO nanofibers sintered at 600 �C
(c) (Kong et al. 2016), and CuO-ZnO nanocomposite (d) (Das and Srivastava 2018)

228 N. Butwong



for sensing cardiovascular drugs. The Fe3O4 MNP-MCM-41 structure is designed to
capably capture and enhance cardiovascular drugs’ electrochemical signals. The
Fe3O4 MNP-MCM-41 exhibited a greater oxidative current of the analyte than the
bare carbon paste electrode (CPE). Magnetic and specific properties of the Fe3O4

MNPMCM-41 act as the fit size cage to capture and pre-concentrate the drugs
molecules, which are essential for increasing the selectivity of large molecule
detection (Hasanzadeh et al. 2016).

3.3 Nanoporous Carbon for Electroanalytical Application

The crystalline carbon is primarily found in graphite and diamond forms, whereas
the activated carbon is amorphous. The uniform carbon nanomaterials have been
explored as electrode materials because of their high surface area, surface wettability
by electrolyte, cost, and high electron transfer rate. Carbon materials with a pore size
smaller than 100 nm are namely nanoporous carbon (Ray et al. 2020). Nanoporous
carbon materials could be excellent for energy storage applications (Shao et al. 2020)
and electrochemical sensing applications (Poh and Pumera 2012). The nanoporous
carbon capacity was significantly increased when the pore size was close to electro-
lyte ions’ size (Raymundo-Piñero et al. 2006). Nanoporous carbon provides a lower
overpotential of biomarkers and forensics-related compounds. Moreover, the faradic
currents significantly improved compared to bare GCE, graphite microparticles, and
carbon nanotubes.

If the porosity is used to classify carbon nanomaterials, then carbon nanotubes
and graphene multilayers fall into this category. These materials’ porosity is struc-
tural porosity and inter-particle porosity, which have different electrical properties.
CNTs and graphene are intensively used as sensors because of their high electron
transfer rate, which is generated from their 1D and 2D structure, respectively (Poh
and Pumera 2012). Activated nanocarbon has been markedly used in energy storage.
The conductive carbon mainly contains sp2 carbon atoms with a high surface area
and consistent pore size. In general, nanoporous carbon is synthesized by pyrolysis
of highly carbon source materials at high temperatures (200–400 �C) with chemical
or physical activations. This method’s limitation is that the obtained nanoporous
carbon has defects that result in low conductivity and electron transfer rate (Jänes
et al. 2007). Chemical vapor deposition (CVD) is the greatest method to synthesize
nanoporous carbon. The obtained nanoporous carbon provided superior sensing
performance over the bare GCE, graphite microparticles, and carbon nanotube as
exhibited a fast heterogeneous electron transfer. The nanoporous carbon can also be
used as a biosensor because of its physisorption, H-bonding, and electrostatic
interaction with protein.

Moreover, the nanoporous carbon can also reduce the overpotential oxidation/
reduction of biomarkers, including DNA, AA, UA, DA, NADH, and nitroaromatic
compounds (Poh and Pumera 2012). However, the stability of the biosensor probes
depends on the pH ionic strength and temperature; therefore, the composite of
nanoporous carbon with other metal nanoparticles has been presented to solve this
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problem. The nanoporous carbon has also been used as the sorbent host for other
nanomaterials to detect the analyte in the electrochemical sensor in the differential
pulse voltammetry (DPV). For instance, the composite of Fe3O4-doped nanoporous
carbon (Fe3O4-NC) was fabricated by the carbonization of the Fe-porous metal-
organic framework (MOF). The Fe3O4-NC modified GCE was employed as a sensor
electrode for the diethylstilbestrol (DES) and 17β-estradiol (E2) simultaneous anal-
ysis, as shown in Fig. 11.4a. The adsorptive and catalytic property of Fe3O4-NC
plays a crucial role in the sensor’s high sensitivity (Chen et al. 2018).

The 3D graphene network (3DGN) delivers multiplexed conductive and rapid
charge transfer pathways. These factors contribute to enhance the performance of the
electrochemical electrode. 3D porous graphene has recently attracted interest as an
electrochemical electrode because of its superior features, including multiple elec-
tron paths from the 3D network and an excellent inner and outer surface to attach the
analyte. The 3D graphene network can be synthesized by carbon templating sub-
strates, chemical, electrochemical, and hydrothermal reduction (Ma and Chen 2015).
Among several synthesis methods, direct electrochemical methods are simplifying
by immersing the electrode in graphene oxide (GO) suspension and applying
constant negative or swiped the potential to generate the 3D reduced graphene
oxide (rGO). However, the orderly 3DGN structure properties, including the growth
of layers, pore size, and porosity, are the barrier to overcome. Most 3DGNs’ pore
sizes were in several hundreds of micrometers, and single-layered 3DGNs are a
hard-to-synthesize structure, outstanding for their delicate mechanical properties.
The uniform meso/micropores and controlled layers 3DGNs is the most structure
that provides the suitable catalytic property. In comparison, the assembly method
needs more control over the growth of layers and size of the GO/graphene sheets. To
improve the mechanical and electrical properties of the 3DGNs, cross-linking
between the graphene/GO sheets is needed to increase the surface functional moi-
eties or add cross-linkers. The application of electrochemical sensors of the different
pore structures of 3D graphene is intensive on the dopamine determination without
the interference from UA (Dong et al. 2012; Li et al. 2015a; Baig and Saleh 2018).
The 3D graphene with biopolymers/surfactants were highly selective for hemoglo-
bin (Sun et al. 2015), biomarker serotonin (Khoshnevisan et al. 2019), and levodopa
(Gao et al. 2018) without using the electron mediator. The 3D graphene was also
evaluated as the methyl phosphonate (DMMP) gas sensor. The graphene oxide was
accumulated on the Au electrode over the electrostatic interaction followed by
hydrazine reduction. The multilayer framework of GO/rGO increased the active
surface area for DMMP adsorption (Wang et al. 2019a). The enzymatic sensor of 3D
graphene was interested because it can be the selective biocompatible pore for
enzymes. The 3D graphene-based nanomaterials with hierarchical macro-
mesoporous structures (GF-MC) have been synthesized using silica as the template
shown in Fig. 11.4. The synthesized GF-MC was applied to detect glucose by
decorating the enzyme. The GF-MC/GOx electrode exhibited good glucose-sensing
performance due to enzymes’ well-organized immobilization and improved electron
and mass transfer rates. It is supposed that these 3D graphene-based macro-
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mesoporous nanomaterials are promising scaffolds for enzymes in the future (Shen
et al. 2019).

Besides 3D graphene, carbon nanofibers (CNFs) have also been interested in
using them as electrodes due to their similar properties with CNTs. They have

Fig. 11.4 The electrodeposition of nanoporous carbon-doped Fe3O4 on GCE (a) (Chen et al. 2018)
and 3D graphene-based frameworks with hierarchical macro and mesoporous structures (GF-MC)
are created and used as platforms to immobilize glucose oxidase (GOx) (b) (Shen et al. 2019)
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exclusively basal graphite planes and edge planes with a high potential for surface
modification or functionalization (Wang et al. 2019b). CNFs with mesoporous pores
provided a large specific surface area with few defects and high electrical conduc-
tivity, making them suitable for electrochemical sensing. The most effective method
for CNFs synthesis is the electrospinning method. The polymer forms a Taylor cone,
and then the fiber is pre-oxidized in air and carbonized under N2 conditions to get the
uniform CNFs. For example, Seven et al. (2020) demonstrated CNFs microelectrode
to detect H2O2 and DA. The increase in the C:O ratio favors the escalation of
conductivity and electron transfer rate. A single fiber of CNFs was tripped at the
end of Cu wire by Ag paste. It was found that AA at six times higher than DA did not
significantly influence the DA’s square wave voltammetry signal.

Exceptionally 3D graphene and CNFs, graphitic nanoporous carbon were fabri-
cated as the thin film electrode for ammonia and water vapor sensor (Slobodian et al.
2020). The graphite film obtained from acetylene gave a higher porosity and low
resistivity than CH4 (Hulicova-Jurcakova et al. 2008). The graphitic nanoporous
carbon was created by plasma-enhanced decomposition of CH4 and acetylene on the
silicon substrate. Graphitic carbon nitride (g-C3N4)/graphite nanocomposite was
also produced by the thermal polymerization of melamine and applied for
sub-micromolar detection of oxalic acid. The sensor showed a very high sensitivity
of 1945 μA mM�1 cm�2 for oxalic acid (Alizadeh et al. 2019). Zhao et al. (2020a)
presented macroporous carbon for tyrosine’s enantioselective sensor. The macro-
porous carbon was implanted with sulfato-β-cyclodextrin (MPC-SCD) and dis-
persed in Nafion before dropping on the GCE surface. The pore was favorable for
the adsorption of cyclodextrin, which is the host for L-tyrosine. The macroporous
carbon has excellent electrical conductivity to promote sensitivity, while sulfato-β-
cyclodextrin acted as the enantiomer selective cage, as shown in Fig. 11.5.

3.4 Nanoporous Polymer-based Composites for Electroanalytical
Application

Over the last several years, conductive polymers are used in electrochemical appli-
cations because they are biocompatible and comfortable functionalizing with bio-
molecules, increasing the method’s specificity. Recently, there has been intense
research and development on these novel materials, because most of the researchers
assumed that reducing the pore size to the nanometer range could strongly influence
some of the properties of porous polymers. The nanoporous polymers provide
unexpected and enhanced properties compared to other available porous and micro-
porous polymers and nonporous solids (Notario et al. 2016). The polymer network
with the pore in the nanoscale range has been synthesized using phase separation,
colloidal imprinting, microemulsion, foaming, and molecular imprinting. The con-
ductivity of the nanoporous polymer increased by reducing the pore size of the
polymer. Among several synthesis methods, molecular imprinting is an exciting
method for electrochemical application. The imprinted molecule’s length can control
the pore size and structure as the template. The thin film of the polymer, such as
polyaniline (PANI), polypyrrole (PPy), diaminonaphthalene (DAN), poly
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3,4-ethylene dioxythiophene (PEDOT), has been widely used with other nano-
materials for the fabrication of the electrode (Tonelli et al. 2019). However, the
limitation of polymer-modified electrodes is the film’s fouling, adsorption, and
resistance from the polymer’s electrode modification. Therefore, some synthesis of
the conductive polymer’s nanoporous thin film has been used the carbon nano-
material as the template (Feng et al. 2019). The nanoporous conductive polymer of
polyphonic acid doped nanoporous conductive polyaniline (PANI) was modified on
the carbon fiber electrode and used as the vivo sensor for monitoring dopamine in the
rat brain. The using polymer film improved the aliphatic organic functional groups
on the surface area, which related to the electrode’s specific active surface area. The
cyclotrimerization reaction of amine or nitro functionalized 4,4’diacetylbiphenyl
were synthesized porous polymer and introduced as the chemiresistive gas sensors
for alcohol and ketone. Because of their unique pore types and pore functiona-
lization, amine-functionalized polymers display the utmost selectivity towards alco-
hols, whereas the nitro-functionalized ones show the highest towards ketones. The
different selectivity associated with the porous polymer’s swelling behavior through
vapor adsorption (Liu et al. 2018). The molecularly imprinted polymers (MIPs)
become a good candidate because of their greater chemical and physical stability,
low-cost manufacture, and high selectivity and sensitivity. MIPs combined with
diminished electrochemical transducers such as metal nanoparticles can detect target
analytes in situ and increase the sensor’s selectivity. For example, the conducting
poly(4-amino thiophenol) nanostructures layered on Au nanodots decorated indium
tin oxide (ITO) electrode was synthesized using the self-assembly method followed
by electrochemical polymerization of 4-amino thiophenol molecules. The polymer-
modified Au nanodots/ITO electrode showed an outstanding electrocatalytic activity

Fig. 11.5 The synthesis route of MPC-SCD hybrid and the chemically modified electrode
production diagram (Zhao et al. 2020a)
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toward adenine and guanine oxidation reaction (El-Said and Choi 2014). In addition,
the imidazolium-based porous polymer-loaded Pt nanoparticles were electro-
deposited on GCE via silane chemistry and alkylation (Fang et al. 2018). The
modified electrode showed the efficient catalyst for hydrogen evolution reaction
(HER). The imidazolium-based porous organic polymer acted as the supporter to
stabilize Pt nanoparticles. Most of the porous polymer in the electrochemical
application is the biomolecular sensors (Tonelli et al. 2019). The alpha-fetoprotein
(AFP) sensor was established based on 3D macroporous PANI doped with poly
(sodium 4-styrene sulfonate) (PSS). The macroporous PANI delivered an outstand-
ing substrate for immobilization of alpha-fetoprotein (AFP) antibodies. The PANI’s
porous essential the redox signal change. The AFP immunosensor showed a satis-
factory sensing performance to AFP. This sensor’s response sensitivity was about
two times higher than that of using only PANI-modified electrode, revealing an
excellent improvement result associated with the 3D macroporous structure, as
shown in Fig. 11.6.

Fig. 11.6 (a) Different nanoporous polymer structures (Lugger et al. 2018) and (b) biosensor
fabrication uses a porous polymer as the adsorbent electrodeposition on the electrode (Liu et al.
2018)
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Recently, the Au nanoparticles decorated PEDOT-modified GCE has been used
as the glutathione sensor. The electrodeposition of PEDOT film followed by Au
nanoparticles provided the pore in nano dimension. The Au nanoparticles assisted
the electrocatalytic activity towards glutathione via Au-S interaction. The mecha-
nism is diffusion-controlled rather than surface control (Rajaram et al. 2020). The
electrochemical sensor of As3+ has been established based on ion-imprinted polymer
(IIP) and nanoporous gold (NPG) modified Au electrode (Ma et al. 2020). The IIP
and NPG modified Au electrode (IIP/NPG/GE) by electropolymerization, in which
using o-phenylenediamine as a functional monomer. The resulting polymer mem-
brane provided several precise binding moieties that complement the template ion
As3+ in the spatial site and chemical bonding, therefore increasing the selectivity.
The composite of chitosan membrane and CNTs can improve large molecules’ signal
via the analyte molecule’s absorption (Butwong et al. 2020; (Park et al. 2020).
A nanocomposite comprising Ag@AgCl/Ag2S nanoparticles dispersed in chitosan
was decorated on multi-walled carbon nanotubes and modified on GCE. Chitosan
also played a significant role in interacting strongly with arbutin (AR) glucose
moiety and ascorbyl glucoside (AA2G). The electrode showed good electrocatalysis
towards the analytes by reducing the anodic peak potential with ≈ a fivefold higher
current (Butwong et al. 2020). An electrochemical sensor based on double-template
molecularly imprinted polymer (MIP) with nanoporous Au leaf (NPGL) was
established to determine DA and UA simultaneously. The MIP layer was synthe-
sized in situ in the existence of 15.0 mM o-phenylenediamine, DA, and UA, to
provide specific recognition. The dual templates were confirmed to play a major role
in the sensing performance, as the sensing signals of the analyte are significantly
different from interfering species. The sensor was stable for 30 days, and the result of
the determination of DA and UA in bovine serum was in good agreement with those
from high-performance liquid chromatography (Li et al. 2020).

4 Conclusion and Future Perspectives

Electrochemical sensors must be highly conductive materials to improve measure-
ment agility and increase specificity by using target-specific materials where these
properties are difficult to find in a macro-materials. For this reason, the application of
nanomaterials in analytical chemistry as electrochemical sensors is generally the
conductive porous thin film of composites because of their specific properties from
the synthetic porosity to fit the target molecule with good electrical conductivity.
However, to synthesize any material, its purpose is to consider the material design
and currently still needs to be developed continuously due to the uniform pore size
and stable materials used today is always an ideal material. Conducted polymers
make the electrode surface more hydrophilic and act as the membrane, while metal
oxides are the regular and robust catalyst. The metal nanomaterial provides better
conductivity and electron transfer. The developed 3D nanoporous materials from 2D
nanomaterials can improve the 2D material properties. 3D nanoporous with nano-
pore structure can be a semipermeable membrane for increasing the electrochemical
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sensor’s active surface area and sensor selectivity. From the perspective of the
analytical chemist, the molecular imprinting of the conductive polymer and nano-
porous graphene with the metal nanoparticles is willing used as the flexible electro-
chemical sensor.
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Abstract

Infectious diseases are among the primary causes of millions of deaths every year.
Early detection of these diseases is a crucial step in controlling outbreaks. There-
fore, the development of reliable, rapid, inexpensive, convenient, and point-of-care
devices for diagnosing infectious diseases is at the forefront of research. In recent
decades, the utilization of nanostructures in biosensing platforms has led to signif-
icant advancements in disease diagnosis. This is due to the diverse range of
available nanostructures and the ability to customize their physicochemical prop-
erties. This chapter provides an overview of the application of nanobiomaterials in
constructing biosensors for monitoring infectious diseases. Additionally, it explains
strategies to create high-performance biosensors by harnessing the benefits of gold,
silver, magnetic, and carbon-based nanobiomaterials.
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1 Introduction

Infectious diseases have emerged as one of the main global healthcare concerns due
to the high mortality rates. Pathogenic infections are induced by bacteria, viruses,
parasites, and fungi (Qasim et al. 2014; Pashchenko et al. 2018; Zhou et al. 2020).
Until November 2020, SARS-CoV-2 virus has affected the lives of >45 million
people (Deng et al. 2020). Acute respiratory infections including influenza, tuber-
culosis, and pneumonia lead to five million deaths every year (Pashchenko et al.
2018). Pathogenic bacterial infections are responsible for one-third of mortalities
(Deng et al. 2020). For each hour of delay in the treatment of blood infection, the
survival rate of patients is reduced by 8% (Campuzano et al. 2017). The common
approaches for the diagnosis of infectious diseases include culturing, staining,
polymerize chain reactions (PCR) amplification, and the use of immunological
assays such as ELISA based on antibodies-antigen recognition events (Amiri et al.
2018; Gill et al. 2019). These mentioned approaches are often costly and need multi-
step sample preparation procedures and also expert persons. Thus, it is important to
develop sensing platforms with features such as high detection speed, low cost, and
ease of use to combat infectious pathogens and reduce the treatment costs and
delays, which ultimately helps to prevent disease transmission.

Biosensors are analytical devices that generate semi-quantitative/quantitative
analytical data by converting biological incidents, such as the binding of aptamers/
antibodies and targets, into detectable output signals, including thermal, optical, and
electrochemical signals (Hassanpour et al. 2018). The monitoring of infectious
diseases using biosensors is performed either directly based on the detection of
pathogens or indirectly by the assessment of biomarkers associated with a specific
pathogen such as genes, proteins, antigens, and antibodies (Campuzano et al. 2017;
Kashish et al. 2017). Developing point-of-care devices (POC) that are easy to use at
home is of great significance to prevent the spread of diseases (Mahapatra and
Chandra 2020). Moreover, the design of smartphone-based biosensors, as the next-
generation sensors, has gained considerable attention for enabling remote data
collection and processing by the general population.

Among various biosensors, electrochemical platforms are outstanding due to their
attractive features such as portability, rapid response, easy operation, miniaturized
size, as well as low cost (Maduraiveeran et al. 2018; Bhatnagar et al. 2018). In recent
decades, the incorporation of nanobiomaterials into electrochemical biosensing
platforms has played a critical role in boosting the functionality of these platforms.
Nanobiomaterials, which refer to nanosized materials applied in biomedical appli-
cations, can be classified as inorganic, organic, or a combination of both. Developing
new nanomaterials has introduced new horizons to combat infectious diseases by
providing novel diagnostic platforms and novel therapeutic agents (Gill et al. 2019;
Rabbani et al. 2021; Haghniaz et al. 2021; Baranwal et al. 2018).

The early detection of a disease is a key step to control it. There is a very low level
of biomarkers in body fluids at an early stage of a disease, highlighting the need to
develop ultra-sensitive biosensors for diagnostic applications. Many efforts have
been made to leverage nanobiomaterials to enhance the performance of sensing
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platforms for the monitoring of infectious pathogens (Deng et al. 2020). These
materials in electrochemical platforms can serve as a transducer and signal amplifiers
owing to their excellent electronic and catalytic activities (Zhu et al. 2015). The
careful engineering of the size, shape, and morphology of nanobiomaterials
increases their functionality in terms of binding efficiency and the number of
immobilized biorecognition elements, thereby improving the biosensing detection
limits. Besides, the fabrication of nanohybrids and nanocomposites is a well-
established strategy to boost the favorable properties of nanobiomaterials through
synergetic effects. In addition to the mentioned benefits of nanobiomaterials, their
incorporation into electrochemical platforms enhances the generation of optical
signals, such as colorimetric and fluorescence signals, simultaneously with electro-
chemical signals. This capability is due to its unique optical characteristics. Gener-
ally speaking, such platforms are capable of supporting dual-signals for the detection
of targets of interest.

Here, we describe the progress in nanomaterial-based biosensors for the moni-
toring of infectious pathogens. We only cover the biosensors that are based on
electrochemical transducers (i.e., impedimetric, amperometric, and voltammetric
ones). The roles of nanobiomaterials in the fabrication of various biosensors are
also highlighted.

2 Electrochemical Nanobiomaterial-Based Biosensors
for the Detection of Pathogens

In general, to fabricate functional nanobiomaterial-based biosensors, several criteria
should be considered. They include (a) selective and sensitive detection of patho-
gens, (b) ease of fabrication, (c) cost-effectiveness, (d) measurement of analytes at
clinically relevant levels, (e) rapid analysis, (f) low reagent volumes, and
(g) disposability. The following sections discuss several important biosensing plat-
forms whose sensing performance is improved by the use of nanobiomaterials
including gold and silver as well as magnetic and carbon-based nanomaterials.

3 Metal-Based Nanomaterials for the Detection of Infectious
Diseases

3.1 Gold and Silver Nanomaterials

Among the metals implemented in electrochemical biosensing platforms, nano-
materials of gold and silver received much attention. They are favored due to their
high biocompatibility. In particular, their high electrical conductivity makes them
have special importance in electrochemical sensing platforms. They are synthesized
by chemical, physical, electrochemical, and plant-based approaches reported in
several reviews, such as Lee et al. (2020), Sengani et al. (2017), Beyene et al.
(2017). By virtue of their great biocompatibility and large surface area, metal
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nanoparticles (NPs) can serve as a stable substrate to immobilize a high amount of
targeting ligands such as aptamers, antibodies, and peptides by forming a link
between the metal and the SH and NH groups of targeting ligands (Kumar et al.
2015; Steinmetz et al. 2019). The high conductivity of metal NPs provides improved
electrochemical properties for a transducer, such as rapid electron transfer, suitable
signal-to-noise ratio, and high detection sensitivity (Liu and Lin 2007). Furthermore,
metal NPs have found a broad application as labels and signal amplifiers in nano-
sensor arrays (Guo and Wang 2007; Li et al. 2015a; de la Escosura-Muniz et al.
2010).

Replication of Hepatitis B Virus (HBV) in the liver might cause complications
such as inflammation, damage, and even liver cancer in chronic cases (Böttcher et al.
1997). Biosensors intended to employ in HIV diagnosis can evaluate biomarkers
including a soluble antigen Hepatitis B e antigen (HBeAg), Hepatitis B surface
antigen (HBsAg), and HBV genomic DNA (de la Escosura-Muniz et al. 2010;
Ahangar and Mehrgardi 2017). In a trial, a biosensor was exploited using nano-
porous Au and horseradish peroxidase (HRP) as a co-catalyst. It dramatically
amplified the output signals associated with the recognition of HBeAg and achieved
a linear range from 0.1 pg mL�1 to 500 pg mL�1 with the limit of detection (LOD) of
0.064 pg mL�1 in a solution containing H2O2 and catechol (Zhang et al. 2019). The
fabrication of biosensing platforms using the high enzyme-like activities of nano-
materials as the analogs of natural enzymes such as HRP and glucose oxide is very
common. This is because they lower the cost and increase the stability of platforms
(Meng et al. 2019; Golchin et al. 2018). The good catalytic activity of the sensors is
due to the functional groups present as a capping agent and the interstice properties
of nanomaterials (Lin et al. 2014).

In 2021, a smartphone-based biosensor was constructed by Near Field Commu-
nication (NFC) for the real-time detection of Hepatitis B (HB) (Teengam et al. 2021).
To prepare Au NPs, the electrodeposition method on a graphite screen-printed
electrode (GSPE) was employed. An electropolymerized β-cyclodextrin (CD)-Au
NPs-modified GSPE was then coupled to antibodies for the selective monitoring of
HBsAg concentrations. The cost of each platform is reported to be less than $10,
while conducting a diagnosis in 60 min with a LOD of less than 0.17 μg/mL. There
might be either a lack or a very low level of antigens at the early stage of infectious
disease, limiting the reliability-functionality of antigen-based biosensors in the
disease diagnosis. In comparison to antigen-based biosensors, DNA-based ones
might indicate better performance (Ahangar and Mehrgardi 2017).

Early disease diagnosis based on the detection of pathogens’ genomes by bio-
sensors has gained great importance to provide simple sensing platforms that assist
in controlling a disease spread by the rapid identification of infected persons
(Campuzano et al. 2017; Sharifi et al. 2021; Hassanpour et al. 2018). These bio-
sensors utilize synthetic oligonucleotides as biorecognition elements that are com-
plementary to the target DNA or RNA (Mahshid et al. 2020). The detection of
DNA/RNA hybridization requires high sensitivity and often depends on signal
amplification strategies such as isothermal amplification methods, PCR, and ligase
chain reaction (LCR) techniques (Wang 2005b; Fan et al. 2019). While such
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methods are very robust and sensitive, their byproducts might introduce measure-
ment bias (Cesewski and Johnson 2020). In a notable study, Li et al. (2015a)
proposed Ag NPs and magnetic microbeads for signal amplification by paper-
based devices (PADs) termed “oSlip-DNA” to monitor the DNA of HBV. This
assay was based on ex-situ sandwich formation between the label DNA-Ag NPs
and the captured DNA-magnetic microbeads along with the DNA of HBV. The use
of Ag NPs and magnetic microbeads resulted in 250,000-fold and 25-fold signal
amplification, respectively, highlighting the potential of nanomaterials as a signal
amplifier. The cost of each biosensor is estimated to be $ 0.37, while it does very fast
detection (the testing time is reported to be nearly 5 min) with the LOD of 85 pM.
Obviously, the role of metal nanoparticles in signal amplification is incredible, yet
amplification strategies such as PCR are required to meet the demands in practical
applications.

The application of Au NPs as a tag in biosensors to detect DNA hybridization
dates back to 1996, and there is still a growing interest in applying them for disease
diagnosis (Qasim et al. 2014; Cui et al. 2015). For instance, as Fig. 12.1 shows, the
amplification of target DNA with colloidal Au NPs was conducted to electrochem-
ically detect mycobacterium tuberculosis (Mtb) DNA down to 1 CFU (Ng et al.
2015). The cost of the assay was calculated to be under $10 per run with an analysis
time of about 90 min. Feng et.al (2020) also employed Au NPs in hybridization
chain reaction (HCR) amplification. Indeed, they used an isothermal enzyme-free
amplification method that generated long double-stranded nucleic acids from a
primarily hairpin construct to detect the 16S rRNA fragments of Staphylococcus
aureus (Staph. aureus) bacteria as a product of HCR. They also deposited a silver
wire on Au NPs coupled to DNA-RNA (HCR products) and made some changes in
the electrical parameters of an interdigital electrode. They could, thus, measure the
targeted bacteria in milk and human serum samples with the LOD of 50 CFU/ml
within100 min. In another study, Au NPs functionalized with silsesquioxane poly-
mer modified an oxidized glassy carbon electrode, preparing a substrate for the
attachment of thiolate Zika DNA via covalent binding (Au-S) (Steinmetz et al.
2019). The hybridization of Zika DNA with its target (Zika ssDNA) t caused a
change in the current. This was performed with the LOD of 0.82 pmol L�1 in real
human serum samples.

Paper-based lateral-flow test strip biosensors offer the great advantage of being
commercially available, which makes them greatly potential to meet the demands for
reliable-simple disease diagnosis in healthcare systems. In recent years, the incor-
poration of Au NPs into lateral-flow immunosensors has gained importance to raise
the detection sensitivity by the use of Au NPs as a label and a carrier (Sinawang et al.
2016; Rivas et al. 2014). An electrochemical lateral-flow immunosensor is often
composed of a lateral-flow paper strip and a screen-printed electrode. In a study by
Sinawang et al. (2016), gold screen-printed electrodes were coupled with capture
antibodies. Next, they bonded to dengue NS1 protein as a target analyte. In this
assay, Au NPs served as a matrix to anchor ferrocene-detection dengue NS1
antibody through physical adsorption. The detection of the dengue NS1 protein
concentration took place with a LOD of lower than 0.5 ng/mL.
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3.2 Magnetic Nanomaterials

Magnetic nanomaterials, which have magnetic properties, are composed of pure
metals (e.g., Co and Ni), alloys (e.g., FeCo,) or oxides (e.g., Fe3O4 and CoFe2O4)
(Wang et al. 2020). They can be obtained by various approaches such as hydrother-
mal, co-precipitation or microemulsion, sol-gel, sonochemical decomposition, and
electrochemical deposition (Dadfar et al. 2019). The integration of the advantages of
nanoscale materials with magnetic properties allows magnetic nanomaterials to be
widely utilized in clinical diagnosis for a few reasons (de la Escosura-Muniz et al.
2010; Nourani et al. 2013). First, the analyte can be preconcentrated on the surface of
magnetic nanomaterials through binding to biorecognition elements that are
immobilized by physical adsorption or covalent coupling. Second, analyte-magnetic
nanomaterial complexes can be isolated from the complex matrix of samples to
minimize the matrix effect on the electrochemical responses and increase the selec-
tivity of the bioassay. Third, their small size makes it possible to miniaturize
bioassay platforms.

Among magnetic nanomaterials, Fe3O4 has received the most attention for
application in biosensors. This is due to its high biocompatibility, good magnetism,
and interesting catalytic performance (Wei et al. 2020; Li et al. 2013). Fe3O4

nanoparticles might be unstable when exposed to oxygen due to certain interactions
between the surface of Fe (II) cations and the adsorbed oxygen, which leads to the
formation of γ-Fe2O3 as a shell (Urbanova et al. 2014). To address this problem and
provide highly stable and functional Fe3O4 nanoparticles, it is a common practice to
use core-shell structures and do surface coating with inorganic/ organic layers such
as silica, surfactants, polymers, and noble metals (Freitas et al. 2016; Dzudzevic
Cancar et al. 2016). Besides, coating layers might contribute to the advantage of
antifouling to reduce non-specific protein adsorption and improve the functionality
of nanomaterials in complex matrixes. Among materials with antifouling properties,
poly(ethylene glycol) (PEG), zwitterionic polymers, and dextran can be mentioned
(Chen et al. 2018). The synergistic effects of chondroitin sulfate (CSA) and poly
(ethylene glycol) (PEG) as a coating layer on magnetic nanoparticles
(Fe3O4@Au@PEG@CSA NPs), created an outstanding antifouling property
(Chen et al. 2018).

Detection of biomarkers in complex samples such as blood often involves
separation with magnetic nanomaterials, use of microfluidic devices, centrifugation,
filtering, and employing multi-biorecognition elements in biosensing platforms to
ensure the selectivity of bioassays. The most widely reported application of magnetic
nanomaterials in biosensors is magnetic separation from complex samples (Sayhi
et al. 2018; Markwalter et al. 2019; Nourani et al. 2013). Electrochemical platforms
for the diagnosis of HIV/AIDS infection are based on biomarkers such as CD4+ T
lymphocyte, HIVantibodies, viral DNA (RNA), viral P24, p17, and also HIV-related
enzymes (Farzin et al. 2020). In a study by Carinelli et al. (2015), antiCD3 antibody-
magnetic materials were employed to monitor CD4+ T lymphocytes as an HIV
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biomarker in whole blood. During the magnetic cell separation with these materials,
the studied cells were tagged with an antiCD4 antibody (Fig. 12.2). In such cases, the
use of two different antibodies often improves the selectivity of the sensor to exclude
monocytes and macrophages that express CD4 molecules. This ultimately improves
the functionality of the biosensor in whole blood samples.

Beyond magnetic separation, the development of novel and functional magnetic
nanomaterials to construct electrochemical interfaces is an interesting application of
magnetic nanomaterials in bioelectronic devices (Urbanova et al. 2014). Li et al.
(2021) constructed an electrochemical platform for the monitoring of HBsAg in
serum. In this examination, a sensing layer was fabricated using a magnetic 3D
Fe3O4 nanoflower coupled with hepatitis B antibodies that were magnetically
attached to an indium tin oxide (ITO) electrode. Therefore, 3D Fe3O4 nanoflower
served to transfer the current signals. Through a heterogeneous chain reaction
(HCR), the sandwich-type biosensor achieved an excellent LOD of 0.16 pgmL�1.

Fig. 12.2 Schematic display of a magnetic-based sensing platform (Carinelli et al. 2015): (a)
Magnetic separation of CD4+ T lymphocytes from the blood sample and labeling them with
antibodies, (b) Coupling magnetic CD4+ T lymphocytes with the electrochemical reporter, (c)
Magnetic actuation, and (d) Electrochemical measurement
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4 Carbon-Based Nanomaterials

4.1 Graphene-Based Nanomaterials

Graphene nanosheets belong to the class of two-dimensional materials c. Due to the
presence of a high number of oxygen-containing groups in graphene oxide compared
with graphene, it provides more active sites for conjugation to biorecognition
elements and more available sites for chemical activities (Vajhadin et al. 2020).
Graphene-based nanomaterials have gained wide applications in biosensors owing to
their advantages such as a high surface-area-to-volume ratio, good biocompatibility,
outstanding electrical conductivity, cost-effectiveness, and convenient synthesis
(Kumar et al. 2015). In particular, graphene as an electrochemical interface is
favorable because not only does it have a specific physicochemical surface and
electronic structure that improves the electron transfer but also it provides a direct
electron transfer between its surface and the active sites of bioreceptors with no need
for a mediator.

Over the recent decades, significant studies have focused on developing new
graphene nanocomposites to improve graphene limitations such as agglomeration.
Furthermore, many studies have aimed to modulate the properties of graphene-based
nanomaterials, so as to improve their functionality and achieve very low LODs.

Fabrication of graphene-Nafion nanocomposites is a simple example of how to
improve graphene dispersity and stability for evaluating HIV-1 genes with the LOD
of 2.3 � 10�14 M (Fig. 12.3). The integration of conductive polymers
(i.e., polyaniline, polypyrrole, polythiophene) into graphene nanosheets is a consid-
erable approach that might provide favorable dispersibility, and fast electron transfer
as well as active sites for the immobilization of biorecognition elements (Dakshayini
et al. 2019). Gong et al. (2019) prepared polyaniline-graphene nanocomposites as an
electrode modifier to monitor HIV-1 genes with the LOD of 1.0 � 1016 M. Poly-
aniline not only enhanced the conductivity of the platform but also improved the
stability of graphene for the immobilization of single-strand DNA so as to identify
the hybridization of target HIV-1 genes. Similarly, a genosenor was developed using
graphene and a polytyramine-conducting polymer to recognize Zika virus genomic
RNA in samples taken from infected patients (Moço et al. 2019). The analysis time
of the resulting biosensor was about 20 min.

Graphene oxide nanosheets are extensively exploited as a platform to support
nanoparticles and signal producers (Gu et al. 2015; Sanati et al. 2019). The decora-
tion of graphene nanosheets with nanoparticles not only hampers nanoparticle
agglomeration but also increases their stability. Besides, graphene might synergisti-
cally enhance the functionality of nanomaterials such as their enzyme-like catalytic
activity. Li et al. (2015b) sought to use graphene oxide (GOx) as an anchoring matrix
warped with thionine (Thi) (as a redox probe) and Au NPs-coated SiO2 nano-
composites (GOx–Thi–Au@SiO2) through electrostatic adsorption. Hemin/G-qua-
druples, serving as DNAzyme, was added to GOx–Thi–Au@SiO2 to provide a
signal tag for the monitoring of Escherichia coli O157:H7 with the LOD of
0.01 nM in the presence of H2O2. It is to be noted that silica coating not only
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promotes the biocompatibility of nanomaterials but also prevents the core materials
from degradation (Markwalter et al. 2019). In another study, Wei et al. (2020)
applied a nanocomposite of graphene oxide decorated with Fe3O4 nanoparticles
and Prussian blue (PB) (as a redox probe) to modify screen-printed electrodes. This
enhanced the electron transfer capability of those electrodes. In this platform, Au
NPs served as a matrix for anchoring antibodies and as a signal amplifier. In that
study, a LOD of less than 0.166 pg mL�1 was achieved for HBsAg. In this line of
research, Jin et al. (2016) used an electrochemical interface composed of graphene
oxide functionalized with 3-Aminopropyltriethoxysilane (APTES) and warped with
SiO2 nanoparticles to detect dengue RNAwith the LOD of less than 1 fM.

Electrochemical sandwich-type immunosensors are a popular type of biosensors
often fabricated by the sandwiching of a target of interest between two antibodies, a
primary antibody (Ab1) and a secondary antibody (Ab2). In such biosensors, Ab1 is
often immobilized on nanomaterials as an electrochemical interface, and Ab2 is
often coupled to labels including natural enzymes and artificial enzymes such as
nanomaterials and nanocomposites (Li et al. 2015b; Maduraiveeran et al. 2018;
Nourani et al. 2013; Huang et al. 2016). For instance, Pei et al. (2019) developed an
electrochemical interface by the immobilization of Ab1 on Au NPs that decorated
pyrrole nanosheets (Au NPs/PPy NSs). In this system, Au NPs served as a matrix to
immobilize antibodies with amine groups through Au-NH binding and accelerate the
electron transfer among PPy NSs. Graphene was also applied as a substrate

Fig. 12.3 Schematic illustration of an impedimetric DNA biosensor to detect target DNA using
graphene-Nafion nanocomposites (Gong et al. 2017)
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decorated with Pt shell nanodenderites and Rh core (RhPt NDs) and then coupled to
Ab2 to support signal tags (Fig. 12.4). The detection limit of HBsAg was found to be
166 fg/mL.

Bio field-effect transistor (bio-FET) platforms measure the conductance change in
the “source-drain”. The change is induced by the changes in the surface potential due
to the target binding to biorecognition elements immobilized onto the gate surface
(Kergoat et al. 2012; Furst and Francis 2019). A biosensor of this type has a great
potential for clinical diagnosis owing to its easy mass-production, label-freeness,
high sensitivity, selectivity, and portability (Jin et al. 2019; Liu et al. 2013).

Among various nanomaterials that can be exploited as virus-sensing platforms in
bio-FET devices, graphene-based platforms have received remarkable attention.
Therefore, a few of them are described here. Afsahi et al. (2018) proposed a
bio-FET platform to detect ZIKV NS1 recombinant antigen (from The Native
Antigen Company) with graphene as a transducer. The LOD of the sensor was
found to be 450 pM in a buffer (Fig. 12.5). In a similar attempt by Jin et al.

Fig. 12.4 Schematic display of an immunosensor with a sandwich-type structure (Pei et al. 2019)
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(2019), reduced graphene-based bio-FET could detect ebolavirus. In this process,
antibodies were immobilized against ebolavirus glycoproteins. The device had the
LOD of 2.4 pg/mL and was capable of detecting the Ebola virus in serum samples.
The selectivity of the bioassay was also investigated against the avian influenza virus
(H1N1, H3N2, H9N2), which causes fever symptoms like the Ebola virus does. In
another research by (Roberts et al. 2020), the Japanese encephalitis virus (JEV) and
the avian influenza virus (AIV) were detected using graphene-based bio-FET. The
LOD values achieved were 1 fM and 10 fM, respectively. The researchers
immobilized antibodies on graphene via a covalent bond by the straightforward
activation of graphene using EDC/NHS reactions.

4.2 Carbon Nanotubes

Carbon nanotubes are an attractive member of the category of one-dimensional
carbon-based nanomaterials introduced by Iijima (1991). Owing to their remarkable
mechanical, electrical, chemical, and structural characteristics, they have extensively
been used in biosensing platforms (Wang 2005a; Gupta et al. 2018; Schroeder et al.
2019; Haghshenas et al. 2020). Carbon nanotubes are classified into single-wall
carbon nanotubes (SWCNT), formed with rolled-up graphene sheets with a diameter
of about 1 nm, and multi-wall carbon nanotubes (MWCNT), formed with several
such sheets with a diameter ranging from five to several hundred nanometers (Mahar
et al. 2007).

Carbon nanotubes are greatly favored for the monitoring of infectious diseases.
This is owing to their satisfied charge transfer kinetics and large surface area in
biosensing platforms. Dias at el. (2013) developed a screen-printed electrode by

Fig. 12.5 Schematic display of a field-effect transistor containing graphene: (a) antibodies
immobilized on pristine graphene, (b) a sensor chip, and (c) the AFM image of graphene (Afsahi
et al. 2018)
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incorporating carboxylate carbon nanotubes into carbon ink to provide an electro-
chemical interface for the evaluation of non-structural protein 1 (NS1) in the dengue
virus. The use of carbon nanotubes led to an increase in the electroactive surface area
(about 190%) as well as a great enhancement in the reproducibility of the sensor.
Similarly, Palomar et al. (2018) proposed carbon nanotubes as a modifier for glass
carbon electrodes followed by the electrogeneration of a polypyrrole-NHS to anchor
dengue virus 2 NS1 glycoprotein. This ensured the good analytical performance
of the sensor for dengue NS1 antibody in a dynamic linear range from 10�13

to 10�5 gmL�1.

5 Conclusion and Future Perspectives

This chapter is a brief account of the use of nanobiomaterials including gold and
silver nanomaterials, magnetic nanomaterials, graphene-based nanomaterials, and
carbon nanotubes to design functional biosensing platforms. Various biosensing
platforms are briefly described, and the role of nanobiomaterials in the enhancement
of the functionality of biosensing platforms is explained. The biosensors made of
nanobiomaterials are presented as products with favorable specificity, cost-
effectiveness, speed of assay, and limit of detection.

A considerable clinical challenge in the diagnosis of infectious diseases is the
observation of similar clinical symptoms caused by different pathogenic agents,
which might postpone accurate diagnosis and proper treatment. Therefore, the
research community is recommended to use multifunctional nanostructures, as a
potential solution, to develop biosensors for the multiplex analysis of pathogens.
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Abstract

Cancer is known as one of the most mortal diseases in the world. According to the
death ratio, the cancer is listed as prostate, pancreatic, breast, colorectal and lung
cancer. Many diagnosis techniques are recently used for the early diagnosis of
cancer. The widely used techniques have not only advantages but also disadvan-
tages. Electrochemical methods are applied because of their valuable properties,
such as being user-friendly, affordable, and achieving quick response and low
detection limit. Electrochemical biosensors contribute to the point-of-care diag-
nostic systems. The biological recognition part of biosensors has a critical role in
the determination of biomarkers. Biosensors incorporated with smart nanotech-
nology display the amplification and processes the signals. The most seen
nanomaterials are described in detail and the electrochemical nanobiosensors of
some biomarkers are given a place in this chapter.

Keywords

Cancer diagnosis · Electrochemical nanobiosensors · Nanomaterials

Abbreviations

8-OHdG 8-hydroxy-20-deoxyguanosine
AFP Alpha-fetoprotein
Au/RGD/GR-COOH/GCE Au nanoparticles/arginine-glycine-

aspartic/carboxylated graphene/glassy
carbon electrode

AuNP Gold Nanoparticle
AuNPs/AMCM Gold nanoparticles incorporated in amino-

functionalized MCM–41(AMCM).
BNP B-type natriuretic peptide
C60–CNTs–IL Fullerene-functionalized multiwalled car-

bon nanotubes and ionic liquid (1-butyl-
3-methylimidazolium bis (trifluoromethyl
sulfonyl)imide)

CA 125 Cancer antigen-125
CA 15–3 Carbohydrate Antigen 15–3
CA 19–9 Carbohydrate antigen 19–9
CA125 Carbohydrate antigen 125
CEA Carcinoembryonic antigen
C-MEMS Carbon microelectromechanical systems
CMK-3 Mesoporous carbon
CNT Carbon nanotube
CPE Carbon paste electrode
CS Chitosan
CS-CB Chitosan/carbon black composite
CT Computed tomography
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cTnI Cardiac troponin I
CV Cyclic voltammetry
CysC Cystatin C
DPSV Differential pulse stripping voltammetry
DPV Differential puls voltammetry
EGFR Epidermal growth factor receptor
EIS Electrochemical impedance spectroscopy
ErGO-SWCNTs Electrochemically reduced graphene

oxide and single walled carbon nanotubes
exonuclease I Exo I
FTO Fluorine doped tin oxide
GA Glutaraldehyde
GCE Glassy carbon electrode
GNEE Gold nanoelectrode ensemble
GNR@Pd SSs – Apt – HRP Gold nanorod@Pd super-structures –

aptamer – horseradish peroxidase
GQDs-IL-NF Graphene quantum dot-ionic liquid-

nafion
HAATM HRP-Ab2/AuNPs/Thi/MWCNT-NH2
HCG Human chorionic gonadotropin
HER2/NEU Human epidermal growth factor receptor 2
HER2-ECD Human epidermal growth factor receptor 2
HRP@ConA Horseradish peroxidase (HRP) @conca-

navalin A (ConA)
ING1 Inhibitor of growth protein 1
ITO Indium tin oxide
LOD Limit of detection
LP Liposomes
MB Magnetic bead
MB-Abs Antibody conjugated magnetic beads
MbBA Human myoglobin-binding aptamer
MBCPE Magnetic bar carbon paste electrode
MCH 6-Mercapto-1-hexanol
MIP Molecularly imprinted polymer
MnFePBA@AuNP Bimetallic MnFe Prussian blue analogue

coupled to gold nanoparticles
MRI Magnetic resonance imaging
NCI National Cancer Institute
NH2-GO Amino-functionalized graphene
NMP22 Nuclear matrix protein 22
NPs Nanoparticles
NSE NSE: neuron-specific enolase
OA Oleic acid
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OTEP On-particle template-independent enzy-
matic polymerization

P3 Poly(3-thiophene acetic acid)
p53 Tumor protein 53
PDGF-BB Platelet-derived growth factor-BB
PET Positron emission tomography
PGE Pencil graphite electrode
PLL-BP Poly-L-lysine (PLL)-Black Phosphorus
poly(AC-co-MDHLA) Poly-acrylamide-comethacrylate of

dihydrolipoic acid
PPD-GR Poly p-phenylenediamine (PPD) and

Graphene nanocomposite
pPPA Poly (pyrrolepropionic acid)
PPYGR PEG-PY-GR (pyrenebutyric acid

(PY) functionalized Graphene(GR) and
4-armed poly(ethylene glycol)-NH2
(PEG))

PPyNps Polypyrrole nanoparticles
PS Phosphoserine
PSA Prostate specific antigen
PT Polythiophene
rGO/CNT Reduced graphene oxide/carbon

nanotube
rGO/Thi/AuNPs Reduced graphene oxide/thionine/gold

nanoparticles
rGO-CS Reduced graphene oxide/chitosan
Rh@PdNDs/MWCNTs-SO3H/GCE Rhodium@palladium nanodendrites/

sulfo group functionalized multi-walled
carbon nanotubes for

SCC Squamous-cell carcinoma
SELEX Systematic evolution of ligands by expo-

nential enrichment
SpAuE Screen Printed gold electrode
SPE Screen printed electrode
SPECT Single-photon emission computed

tomography
SPGE Screen-printed graphite electrodes
SPN Fe2O3 nanoparticle
SPPE Screen printed platinum electrode
SWCNTs@GQDs Single-wall carbon nanotubes@GQDs
SWV Square wave voltammetry
TCPP–Gr/AuNPs Meso-tetra (4-carboxyphenyl) porphyrin-

functionalized graphene-conjugated gold
nanoparticles
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TET Tetracycline
THI Thionine
TMC Trimethyl chitosan
TNF-α Tumor necrosis factor-alpha
US Ultrasound
VEGF Vascular endothelial growth factor
γ-PGA-DA/CS Dopamine modified poly(γ-glutamic

acid)/Chitosan

1 Introduction

Since its first medical literature description, cancer has always been a challenging
disease to diagnose and treat. Despite the developments in medicine with new drugs,
new diagnostic, and therapeutic methods, cancer is still the leading cause of mortal-
ity globally. Another reason why cancer prevalence is still very high today is that
humanity is exposed to carcinogens from many different sources in modern life
(Sumer and Gao 2008). Cancer is a complex phenomenon with several different
types that can affect the human body in various ways. In addition to its physical
effects on patients, cancer also has serious negative psychological and economic
impacts. Considering all these factors, research and studies on cancer have always
been an interesting and popular subject in many different fields. Multidisciplinary
studies continue for various purposes, such as detecting cancer-causing factors,
diagnosis, treatment, and monitoring of treatment (Eivazzadeh-Keihan et al. 2018).

In the most basic sense, cancer is characterized by various genetic mutations,
abnormal and uncontrolled cell proliferation, inhibition of apoptosis, and tumor
formation (Hassan and DeRosa 2020). According to the body parts where this
formation starts and spreads, the type of cancer is named prostate, colorectal, lung,
breast, cervical cancer, etc. (Chandra 2015). Individual, hereditary, and environmen-
tal circumstances that affect the formation, progression, and course of treatment of
cancer are also important (Purohit et al. 2019). Based on the different parameters
affecting the diagnosis, cancer prognosis, treatment, and response to treatment, life
quality and recovery rate vary from patient to patient; nevertheless, for effective
treatment and reduced mortality rate, early diagnosis the leading one among other
critical parameters. Additionally, cancer metastasis, which is the spread of cancer
cells to another position, is a serious factor on the life quality of cancer patients
(Pallela et al. 2016).

Various imaging techniques are used to separate cancerous cells from normal
cells, determine the place of cancerous cells, how the treatment process is pro-
gressing, and the removal of tumor cells accurately. Positron emission tomography
(PET), magnetic resonance imaging (MRI), single-photon emission computed
tomography (SPECT), computed tomography (CT), and ultrasound (US) are some
of these methods (Radhakrishnan et al. 2016). These medical imaging technologies
represent visual images of the body for medical purposes, such as identifying
abnormalities or treatment procedures. In addition to the technologies used at this
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stage, benefiting from enhancing and innovative fields can provide more effective,
sensitive, and advantageous methods.

With the technological advances in recent years, the effect of nanotechnology,
which is involved in developing functional materials using materials (1–100 nm
size), can be seen in many different fields from medicine to electronics, from
pharmacy to the food industry (Severino et al. 2016). Nanobiomaterials can be
described as nanoscale materials that have the ability to interact with biological
systems. They are applied in medical imaging technologies with the purpose of
enhancing the sensitivity, biocompatibility, and effectiveness of diagnostic tech-
niques in cancer (Severino et al. 2016). Nanobiomaterials are also preferred in
targeted drug delivery due to their great biodistribution and biocompatibility profile
(Yadav and Raizaday 2016). Nanobiomaterials include various groups such as
magnetic and metallic nanoparticles, quantum dots, carbon-based structures,
dendrimers, nanogels, etc. (Keservani et al. 2016). Exceptional characteristics of
these materials, such as smaller size compared to bulk materials, stability, high ratio
of surface area to mass, and conductivity allow them to be advantageous options for
biomedical applications in cancer management (Keservani et al. 2016).

According to the National Cancer Institute (NCI) definition, a biomarker provides
insight into the body’s normal or pathogenic processes. Biomarkers can have
different molecular origins such as an antibody, hormone, DNA or RNA, oncogene,
etc. (Burcu Bahadir and Kemal Sezgintürk 2015). Since the critical parameter of
cancer therapy is the early and precise diagnosis, a cancer biomarker should be
distinctive, detectable in patients’ biological fluids (blood, urine, etc.) but not in
healthy individuals. For that matter, simultaneous determination of multiple bio-
markers can provide a better clinical reference value (Diaconu et al. 2013; Wang
et al. 2019). There are numerous biomarkers that are accepted for many types of
cancer and used in clinical analysis. In addition to this, there are ongoing studies on
potential cancer biomarkers.

For example, the most common breast cancer biomarkers are BRCA1, BRCA2,
human epidermal growth factor receptor 2 (HER2/NEU), carcinoembryonic antigen
(CEA), inhibitor of growth protein 1 (ING1), cancer antigen 125 (CA 125), etc. For
prostate cancer diagnosis, prostate-specific antigen (PSA) is the most important
biomarker. Ovarian cancer biomarkers include CA125, CEA, tumor protein
53 (p53), human chorionic gonadotropin (HCG), and so on. Liver cancer biomarkers
CEA and alfa fetoprotein (AFP) are used for diagnosis. Available biomarkers for
lung cancer detection are CEA, carbohydrate antigen 19–9 (CA 19–9), squamous-
cell carcinoma (SCC), neuron-specific enolase (NSE), etc. The most common bio-
markers for colon cancer are p53, CEA, and epidermal growth factor receptor
(EGFR). Tyrosinase and NY-ESO-1 are used for the diagnosis of melanoma (Solhi
and Hasanzadeh 2020).

A biosensor device carries out quantitative analysis based on different transducers
in the presence of a biological recognition element. Biosensors provide highly
sensitive, selective, and stable, easy, economical, and rapid analysis (Nayl et al.
2020). Biological recognition elements, in other words, bioreceptors, include
aptamers, cells, antibodies, enzymes, and nucleic acids (Baryeh et al. 2017).
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Transducers carry out the conversion of a biochemical reaction into an electrical
output. Transducer type is a parameter for the classification of biosensors. For
example, optical, thermal, and electrochemical biosensors are currently used for
various applications (Nayl et al. 2020).

Cancer biomarkers are detected with biosensors as significant tools. Due to their
advantages over conventional biomarker detection methods such as shorter analysis
time, higher affinity, and low-cost, biosensors are emerging technologies for early
cancer diagnosis (Eivazzadeh-Keihan et al. 2018). Electrochemical biosensors are
one of the most widely studied and applied classes of biosensors. The measurement
process of electrochemical biosensors is based on an electrochemical transducer and
the production of electrical signals. Electrochemical biosensors can use different
techniques such as electrochemical impedance spectroscopy, voltammetry, and
photoelectrochemistry. They offer significant advantages such as great sensitivity
with a very low limit of detection (LOD) values, easy application procedure, rapid
analysis, low-cost, and portability (Ghorbani et al. 2019).

Early cancer diagnosis by detection of cancer biomarkers requires high sensitivity
and accuracy. Improvement of currently available techniques for cancer diagnosis is
a necessity (Mahato et al. 2018). At this point, electrochemical biosensors show
great potential for cancer biomarker detection-based cancer diagnosis due to their
many advantageous features (Sha and Badhulika 2020). As biological materials are
involved in biosensors, the affinity and stability of biological materials can be an
issue. Integration of various nanomaterials with biosensors is considered as an
option to overcome such problems. Nanomaterials-based biosensors or nano-
biosensors offer lower LOD values with great sensitivity, good biocompatibility,
and portability (Sharifi et al. 2019). Metallic nanomaterials such as Au nanoparticles
(NPs) are widely preferred in electrochemical biosensors because they are not toxic,
and they improve electron transfer. Au NPs are also highly conductive and biocom-
patible. Additionally, carbon nanotubes and graphene as carbon-based nanomaterials
are frequently used in biosensors. Their renewability and cheapness are significant
advantages (Sharifi et al. 2019).

As mentioned above, low affinity can be a problem for biosensors (Sharifi et al.
2019). Aptamers can be described as synthetic antibodies, and they consist of
nucleotides. For the aptamer production, systematic evolution of ligands by expo-
nential enrichment (SELEX) technique is done. In order to overcome low affinity
issue of biosensors, electrochemical aptamer-based sensors (aptasensors) are used
with remarkable selectivity and affinity, stability, and cheapness for the detection of
cancer biomarkers (Ghorbani et al. 2019).

Immunosensors provide rapidity and reliability of the analysis by using
immobilized antigens or antibodies on the transducer surface. By detecting the
interaction between antibody and antigen, which is the binding event, with
immunosensors, it is possible to obtain better specificity, selectivity, and sensitivity
(Diaconu et al. 2013; Felix and Angnes 2018).

Molecularly imprinted polymers (MIPs) were found out by imprinting technolo-
gies offer enhanced specificity and selectivity. The critical part is forming specific
cavities with suitable monomers and target molecules. In this context, MIPs-based
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biosensors are advantageous options to acquire specific sensors for target biomarkers
(Crapnell et al. 2020). General schematic diagram for MIP is given in Fig. 13.1.

In this chapter, outstanding nanbiomaterials will be explained with their applica-
tions in medical imaging and biosensors. Electrochemical applications for cancer
diagnosis from the point of different biosensors (aptasensors, immunosensors, and
MIP nanobiosensors) will be given comprehensively with recent studies in the
literature.

2 Nanobiomaterials for Medical Imaging

Nanomaterials are widely preferred in biomedical research and applications because
of their special properties and small size. Nanoparticles can be attached to bio-
molecules to form nanoparticle-biomolecule conjugates that can be used in biomed-
ical research and applications. Nano-based products can be used in medical imaging,
disease diagnosis, drug delivery, cancer therapy, gene therapy, and genetic disorders
(Rosado-De-Castro et al. 2018; Han et al. 2019). Nanomaterials have special phys-
icochemical features such as ultra-small size, high ratio of surface area to mass, and

Fig. 13.1 Scheme of the general methodology of MIP. (Reprinted with permission from ref.
Crapnell et al. (2020). Copyright, 2020 Elsevier)
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high reactivity. Thanks to these properties, it is possible to overcome disadvantages
of conventional tools for diagnosis and treatment (Zhang et al. 2008; Nikalje 2015).

In recent years, many diseases have been diagnosed using numerous
nanoparticle-based therapeutic and diagnostic agents with more effective and more
convenient routes. Some nanoscale particles are used as labels and tags to make tests
more precise and flexible. With the invention of nanodevices such as gold nano-
particles, gene sequencing has become more efficient. When these gold particles are
tagged with short segments of DNA, they can be used to detect the genetic sequence
in a sample (Liu et al. 2007; Andronescu et al. 2016; Rani et al. 2019; Siddique and
Chow 2020). With the help of carbon nanotubes, advanced biosensors with new
properties can be developed. These biosensors can be used for cancer diagnosis.
Quantum dots are used in the molecular imaging of stem cells. Recommended
nanomaterials for diagnostics and therapeutics in biomedical imaging are filled
with multifunctional metal-based, carbon-based, polymer-based, bio-based, and
lipid-based NPs. Sensitivity and specificity of MRI can be enhanced with
nanoparticle-based imaging contrast agents (Nune et al. 2009; Choi and Frangioni
2010; Choi and Sun 2011; El-Hamadi and Schätzlein 2013; Berezin 2015;
Valavanidis and Vlachogianni 2016; Cholkar et al. 2017; McNamara and Tofail
2017; Khan et al. 2018; Zahin et al. 2020; Jain and Nanoparticle 2020). In this part,
we will focus on therapeutic applications, particularly medical imaging of
nanoparticles.

2.1 Carbon-Based NPs

Carbon nanotubes with diameters between 3 and 100 nm are hollow materials that
can easily accommodate the diagnostic or therapeutic agent. Fullerenes and carbon
nanotubes are hydrophobic and cause non-specific binding to plasma proteins. For
the solution of this problem, hydrophilic organic molecules can be dissolved in water
through surface modification. After purification and surface modification, these
water-soluble cylindrical nanostructures have become attractive for biological
research due to their outstanding properties. Evaluation of carbon nanotubes has
been difficult due to disadvantages such as size, toxicity, agglomeration, and sample
purity (Yang et al. 2009; Luo et al. 2013, 2014).

As multifunctional nano-probes for biomedical imaging, carbon nanotubes
(CNTs) are used as contrast agents in MRI. When tagged with radioactive isotopes,
many groups have developed nuclear imaging with functionalized CNTs. Fluores-
cence imaging in the near-infrared II (NIR-II) region, using the intrinsic bandgap
fluorescence of semiconductor single-walled carbon nanotubes (SWNTs), with
increased tissue penetration and spatial resolution, full of promise in recent years.
Several groups have investigated SWNTs based on resonance Raman scattering for
in vitro and in vivo samples (Gong et al. 2013; Hong et al. 2015; Jung et al. 2015; Li
et al. 2015).
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2.2 Gold Nanoparticles

Gold nanoparticles are preferred for those emit near IR nano fluorophores, as they
are biocompatible and easy to synthesize. The size of the nanoparticles effects
surface plasmon resonance. Other gold nanomaterials such as gold nanorods and
gold nanoshells are also widely referred as bioimaging agents due to the adjustable
surface plasmon bands and the controllable position of the resonance by changing
the synthesis procedures (Fig. 13.2). Besides, combination of gold nanoparticles
with conductive polymers provides high stability and sensitivity (Chung et al.
2018).

Various imaging methodologies such as Optical Coherence Tomography
(OCT) and photoacoustic imaging have been developed to use gold nanoparticles
and their derivatives in bio-imaging. Another technique where gold nanomaterials
are used for in vivo imaging is fluorescence spectroscopy with two photons.
Finally, Raman spectroscopy can be utilized for enhanced Raman effect at the
surface of gold nanomaterials (Agrawal et al. 2006; Christiansen et al. 2007; Lee
et al. 2008; Choi and Sun 2011). In another study by Zhu et al. (Zhu et al. 2013), a
bioconjugate consisting of hydrazine, gold nanoparticles, and aptamer was used to
develop an electrochemical immunosensor for the detection of HER2 and their
overexpressing breast cancer cells. This bioconjugate provided the signal ampli-
fication without non-specific deposition of silver on the surface of electrode.
Therefore, this immunosensor can be used as a good diagnostic tool with a low
detection limit.

Fig. 13.2 The illustration of a combination of gold nanoparticles with conductive polymers
based nanobiosensor. (Reprinted with permission from ref. Chung et al. (2018). Copyright 2018,
Elsevier)
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2.3 Quantum Dots

Quantum dots are one of the most used nanoparticles in optical imaging, are notable
in applications for the efficient labeling of biomolecules and tissues whose fluores-
cent tags are difficult to access. Quantum dots, whose shape and size are easily
controlled, have narrow emission spectra and wider excitation. They are 100 times
brighter than conventional organic dye molecules. Quantum dots are conjugated
with biomolecules and used for cell targeting. Quantum dots offer better targeting
and sensitivity for the early detection of cancerous cells (Choi and Sun 2011).

2.4 Magnetic Nanoparticles

Magnetic nanoparticles used with different purposes depending on their physical
(crystal structures, sizes, and shapes) and chemical (synthesis method) properties.
They consist of magnetic elements (cobalt, iron, nickel, gadolinium, manganese) and
their alloys, oxide compounds, cation complexes, and polymers (Wu et al. 2010).
Besides being used in many fields, magnetic nanoparticles have attracted
researchers’ attention in biology and medicine. The small size of magnetic nano-
particles and their well-controllable size can benefit the interaction between bio sites
and improve the ability of biomolecules to cover the nanoparticle surface. Magnetic
nanoparticles are well suited for the transport and immobilization of magnetic
nanoparticles labeled bio-attributes in human tissues, as an external magnetic field
can easily control them. Magnetic nanoparticles can obtain energy from the excita-
tion field and carry heat to the targeted area. In this way, it can be referred as a heat-
boosting agent for chemotherapy and radiotherapy, enabling it to destroy malignant
cancer cells effectively. Magnetic nanoparticles can be easily combined with many
biomolecules such as enzymes, antibodies, cells, nucleotides, and their surfaces can
be easily changed according to different needs. As a result, magnetic nanoparticles
are widely used in biomedicine due to their mentioned advantages (Bolden et al.
2013; Chen et al. 2018; Mirza et al. 2019). Pathological or other physiological
changes is widely monitored with MRI in living tissues. Gadolinium-based MRI
can offer sufficient contrast enhancement for many applications because of their
various sizes and chemical properties.

3 Electrochemical Application for Cancer Diagnosis

3.1 Electrochemical Aptasensors for Cancer Diagnosis

Aptamers are referred as recognition elements, and it is called as aptasensors when
used aptamers with sensors. Aptamers are obtained with artificial nucleic acids and
selected RNA or DNA sequences between 15 and 40 bases. These sequences can be
single-stranded (ssDNA or ssRNA). Aptamers have an important place for the
fabrication of biosensors because of their high affinity to the target molecule.
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Therefore, the aptasensors are widely applied to determine different biomarkers with
high sensitivity. The diagnosis of cancer disease is possible with early detection.

SELEX is referred as the selection process, including a large combinatorial
oligonucleotide library of single-stranded DNA or RNA that has specifically affinity
to a target. The aptamer biosensors of some cancer biomarkers are presented in
Table 13.1.

3.2 Electrochemical Immunosensors for Cancer Diagnosis

Biomarkers contribute to the distinction between health and cancerous cell condi-
tions. In the body with cancer, some substances help to indicate the diagnosis. The
level of biomarkers shows the prognosis of the disease. Nowadays, much instru-
mental analysis is used for the determination of biomarkers level. However, electro-
chemical transducers, alternatively, are developed for early-diagnosis.
Electrochemical transducers are based on the measurement of electrochemical sig-
nals. An electrochemical signal is made by the interaction between biomolecule and
biorecognition side. Electrochemical biosensors comprise three parts:
(a) biorecognition part, (b) a signal transducer, (c) data management.
Immunosensing studies some biomarker diagnosis have been summarized in
Table 13.2.

3.3 Biomimetic Based MIP Nanobiosensors for Cancer Diagnosis

MIP is a kind of bio-mimicking material. The biomimicking materials are based on
lock-key interaction. MIP-based nanobiosensors improve the electron transport
properties, surface area, possibility of long-term storage, portability, low cost, fast
response, and screening sensitivity. And reuse after regeneration as well as clinical
analysis. MIP-based nanobiosensors mechanism comprises of three steps: (1) mixing
of a monomer and target molecule for the polymerization, in the presence of a
crosslinking and initiator agent (if needed), (2) removal of the target molecule
from polymer, and (3) rebinding of the target molecule to polymer pore. MIP
based some nanobiosensors have been summarized in Table 13.3.

4 Conclusion and Future Perspectives

Cancer, one of the most common and dangerous diseases today, is still fatal despite
advances in technology and medicine. Early diagnosis and the development of tests
for early diagnosis are vital for the treatment and diagnosis of cancer. Cancer disease
is a disease with a high chance of life with early diagnosis and appropriate treatment.
The awareness of both the patients and the staff on this issue ensures a positive result
in the fight against cancer. In addition to early diagnosis, tumor size and spread are
among the critical parameters. With early diagnosis, positive results can be obtained
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when treatment is initiated before tumor spread progresses. Thus, the cure rate of the
disease can increase by 50%. Cancer disease usually progresses silently and reveals
characteristic signs and symptoms specific to the disease in the late period.

For this reason, early diagnosis has a significant place in the fight. Participation of
individuals in cancer screening programs, especially those with genetic predisposi-
tion and harmful habits, that is, those in the risky group, can provide an early
diagnosis by having these screenings. However, early diagnosis is not possible in
all kinds of cancer. Breast cancer, bowel cancer, skin cancer, prostate cancer, cervical
cancer are among the cancer types that can be diagnosed early. The fact that early
diagnosis of cancer is so important causes it to need methods that can be diagnosed
more easily. Therefore, sensitive, specific, and rapid diagnostic methods are needed
from biological fluids such as urine and blood. Thus, the patient can be diagnosed in
a short time, and the treatment method can be developed. Sensitive immunoassays
was developed to detect a single biomarker. Immunoassays have high selectivity.
ELISA, which is widely used in routine analysis, can be given as an example of these
immunoassays. However, the disadvantages of ELISA are that it has a long response
time and cannot detect very low concentrations. The low levels of these biomarkers
in the early stage of the disease indicate that it is not very suitable to use ELISA. At
this point, biosensors provide advantages such as easy use, cheapness, and quick
results. Biosensors are molecular identification devices integrated with a physico-
chemical transducer. These devices can be classified as point-of-care, and in this
way, they can be used at home or in the clinic. When designing a suitable biosensor,
the specificity of the device is determined by the sensitivity to a certain marker. For
the high sensitivity responses of analytes, the nanomaterials have an important place
in biosensor design. It is seen as an advantage that the used nano-bio materials have a
high surface/volume ratio. In addition to determining the interaction between the
bioreceptor and its analyte by electrochemical methods, the characterizations of the
surface modification can be monitored, such as the events occurring during the
immobilization of biomolecules in the transducer. Among the electrochemical
methods, voltammetry, amperometry, and electrochemical impedance methods are
mostly used to determine the biomarkers used in the diagnosis of cancer. It is
possible to make precise electrochemical determinations with amperometry and
voltammetry methods. The electrochemical impedance method is also very success-
ful in elucidating surface morphology. It is a beneficial and effective method used to
analyze surface sensitivities, the complex electrical resistances, and changes in the
number of systems. In recent years, this method has become highly preferred in the
preparation stages of biosensors and in monitoring and quantitative analysis of
specific interactions of biomolecules.

Nowadays and in the near future, thanks to the new generation biosensors
developed using nanotechnology and chip technology, the results can be monitored
and evaluated more easily. Thanks to this technology, it will make it possible to
follow the variations that will occur in the individual where the biochip is placed
without going to the hospital. The rapid development of methods to reproduce and
display the basic structures of molecules will lead to the widespread use of
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nucleotide-based biosensors with the developing nanotechnology. So that cancer
diagnosis could be performed successfully at an early stage.
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Abstract

Since their casual discovery in 2004, carbon quantum dots (CDs), fluorescent
carbon-based nanomaterials, were highly studied by the research community, by
virtue of their particular properties, which enable a wide range of biological
applications, going from chemo- and biosensing to fluorescence imaging and
drug delivery. They are characterized by excellent fluorescence emission, which
can be modulated from the visible to near-infrared (NIR), and their surface is rich
in functional groups, which enable their functionalization with a wide range of
receptors and bio-functionalities (i.e., enzymes, etc.). They also exhibit extremely
low toxicity and excellent biocompatibility, which are useful for real-world
biological applications. On the other hand, CDs are also expected to reduce the
cost of biosensors by replacing both the noble metal substrates and the well-
known quantum dots based on metal chalcogenides. Their synthesis is based on
simple and sustainable approaches that could employ cheap and “greener”
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starting materials coming from biomass or agro-industrial waste. In this context,
the present chapter will focus on CDs as new sustainable nanomaterials for
biosensor applications, with particular care to optical and electrochemical bio-
sensors. A short overview of the green synthesis strategies of CDs and their
optical properties is also presented.

Keywords

Carbon quantum dot · Green synthesis · Biosensors

1 Introduction

Carbon quantum dots (CQDs) (Lim et al. 2015), also called carbon dots (CDs) (Sun
et al. 2006; Baker and Baker 2010), constitute a new class of carbon-based nano-
materials, characterized by diameters less than 10 nm and featured by peculiar
fluorescence properties. Xu et al. casually discovered CDs during the electrophoretic
purification of single-walled carbon nanotubes (SWCNTs) (Xu et al. 2004), and
since then, they have seen a rapid development and were considered a case study in
materials science (Zhou et al. 2020b; Zheng et al. 2020; Peng et al. 2017). By
comparison with the traditional luminescent nanoparticles, CDs present numerous
superior characteristics like high photostability, nontoxicity, and low cost (Dou et al.
2016; Zhao et al. 2011; Zheng et al. 2017; Zhou et al. 2017; Dong et al. 2017; Chen
et al. 2018; Feng et al. 2016; Li et al. 2014; Zhang et al. 2018; Gao et al. 2016).

In 2016, Valcárcel’s group (Cayuela et al. 2016) classified CDs into three different
species depending on their nature, crystalline structure, and quantum confinement.
They defined carbon nanodots (CNDs) as the amorphous nanodots that are quasi-
spherical and do not present quantum confinement; carbon quantum dots (CQDs) as
the nanodots that are spherical and show a crystalline structure with quantum
confinement; and graphene quantum dots (GQDs) as the single sheets that are
π-conjugated. Literature reports that the formation of the above reported different
species of CDs depends on both the synthesis strategies developed for their fabrica-
tion and the precursors employed as starting materials. The production of CDs
comprises a variety of approaches, which are classified into two main groups:
“top-down” and “bottom-up.” The “top-down” approaches are based on harsh
processes that breakdown large pieces of raw carbon materials into CDs. They
include approaches like laser ablation (Li et al. 2011), arc discharge (Xu et al.
2004), electrochemical exfoliation (Tan et al. 2015; Lu et al. 2009), and oxidation
acid treatment (Lu et al. 2020; Ray et al. 2009), and employ as precursors materials
like carbon soot (Tian et al. 2009), carbon fiber (Peng et al. 2012), activated carbon
(Qiao et al. 2009), carbon black (Dong et al. 2012), graphene (Pan et al. 2010), and
carbon nanotubes (Xu et al. 2004). On the other side, the “bottom-up” approaches
employ small molecules as carbon sources, which are converted into CDs through
“decomposition–polymerization–carbonization” processes. The usually employed
carbon-source molecules include small organic molecules like citric acid (Peng
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et al. 2020b; Li et al. 2020; Schneider et al. 2017), polyols (Liu et al. 2014), and
amino acids (Sahiner et al. 2019); synthetic polymers like polyethylene glycol (PEG)
(Ji et al. 2020; Li et al. 2015) and polythiophene (Ge et al. 2015); and natural
products like carbohydrates (Peng and Travas-Sejdic 2009) and polysaccharides
(Zhou et al. 2013). The most commonly employed bottom-up synthetic methods
are pyrolysis-solvothermal (Chen et al. 2020; Wang et al. 2010), hydrothermal
carbonization (Liu et al. 2012), and microwave/ultrasonication (Zhu et al. 2009).
Recently, many research efforts were devoted to the development of more sustain-
able approaches that are based on the following two strategies: the substitution of the
organic compound precursors with materials coming from biomass (like orange
juice, honey, betel nut shells, silk, etc.) (Jiang et al. 2020a; Huang et al. 2020;
Meng et al. 2019; Mandani et al. 2017; Wu et al. 2013); and the development of new
processes that should be both efficient and do not require high expenditures of
external energy. Thus, owing to the possibility of green preparation methods together
with the abovementioned peculiar properties, CDs are expected to replace the
conventional inorganic quantum dots or noble metal nanoclusters in biosensing
applications and become promising sustainable luminescent nanoprobes. A typical
nanoprobe for biosensing applications has to present the following features:
(1) wavelength in the near-infrared (NIR) region because the high energy of ultra-
violet rays may damage living organisms and biological tissues easily absorb visible
light; (2) it has to exhibit chemical inertness and photoluminescence (PL) emission
stability; (3) it should be harmless to organisms. Regarding point 1, it was shown that
through suitably designed synthetic approaches (Loi et al. 2017; Kozák et al. 2013),
adequate selection of carbon sources (Ge et al. 2015), and doping with heteroatoms
(Jiang et al. 2020; Sun et al. 2019; Zhang et al. 2012), it is possible to modulate the
PL emission of CDs from the visible to the NIR; for point 2, CDs, compared to
organic dyes, present the advantage of not being easily metabolized by cells and
remain stable in the body; and for point 3, CDs, unlike traditional nanomaterials, are
nontoxic materials because of their carbon-based nature (Ji et al. 2020). Furthermore,
the surface of CDs is rich in functional groups of different nature that can function as
binding sites for a variety of bioreceptors, which is peculiar for CDs employment as
nanoprobes in biosensors, and finally, their simple and sustainable synthesis
approaches are expected to achieve production on a large scale, which is crucial
for CDs industrial development and commercial application in biosensing. Thus,
from the above reported characteristics, CDs demonstrate great potential as compo-
nents for biosensors (Campuzano et al. 2019; Haitang et al. 2014; Koutsogiannis
et al. 2020; Fan et al. 2015; Qu et al. 2020).

It is well known that a biosensor is composed of three parts: a detector, for the
recognition of the signal of the target analyte; a converter, for the conversion of
the signal into an appropriate output; and a signal processor, for the analysis and the
processing of the output signal (Perumal and Hashim 2014). Usually in the sensing
systems reported in literature, CDs are employed as converters, i.e., they convert the
signals of the target analyte into useful signals that could be recognized and
processed by the signal processor. The abovementioned presence of various func-
tional groups on CDs surface that can function as binding sites for specific
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bioreceptors makes it possible to design biosensors, where CDs are directly sensitive
to specific biomolecules (Zhou et al. 2020a; Wang et al. 2017) and function as both
detectors and converters simultaneously without the further addition of bioreceptors.

In this context, the present chapter deals with CDs as new sustainable nano-
materials for biosensor applications and is organized into two main sections. The
first one is devoted to describing the synthesis methods of CDs, mainly focusing on
the green approaches and both the biocompatibility and toxicity of the obtained
materials. The optical properties of CDs will also be treated by summarizing the
most accepted explanations for their luminescence origin. The second section is
devoted to the biosensing applications of CDs, focusing on the optical and electro-
chemical approaches.

2 Synthesis and Optical Properties

2.1 Synthesis

The sustainable strategies for the preparation of CDs are mainly devoted to the
selection of “greener” precursors, i.e., materials obtained from biomass, and the
development of new processes that should be both efficient and do not require high
expenditures of external energy. In comparison with conventional synthesis methods
for CDs, the approach based on biomass employs precursors that are natural and
renewable in place of traditional carbon sources. On the one hand, the method
presents disadvantages related to the variable properties and structures exhibited
by the obtained CDs, which depend on the diversity of the employed renewable
starting materials; on the other hand, the renewability of starting materials enables
the inexpensive mass production of CDs, which is crucial for their industrial
applications. In other words, the reaction temperature required in the biomass
synthesis of CDs (usually 100–200 �C) is lower than that required for the preparation
of CDs starting from traditional precursors (usually higher than 200 �C). Further-
more, the selection of solvents necessary for the CDs synthesis is related to the
solubility of their precursor materials. Usually, materials obtained from biomass are
soluble in aqueous media, while some traditional precursors usually require organic
media because of their limited water solubility. The biomass synthesis of CDs is
usually based on “bottom-up” strategies, currently including hydrothermal/
solvothermal treatment and microwave irradiation. For example, Liu et al. (2017b)
developed a green, facile, and low-cost approach based on the one-pot hydrothermal
treatment of rose-heart radish for the preparation of fluorescent CDs with well-
distributed size. The obtained CDs are highly fluorescent with a PL emission
quantum yield of 13.6%, extremely biocompatible, chemically stable, and nontoxic.
In another study, garlic was employed for the hydrothermal synthesis of nitrogen and
sulfur co-doped CDs (Zhao et al. 2015). The obtained CDs are soluble in water,
fluorescent in the blue region with a PL emission quantum yield of 17.5%, photo-
and pH-stable, and noncytotoxic. Furthermore, they proved to be resistant to the
interference of metal ions, biomolecules, and high ionic strength environments.
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Wang and Zhou (2014) reported a green, simple, and sustainable strategy for the
preparation of fluorescent nitrogen-doped CDs using milk as a precursor
(Fig. 14.1a). In practice, by hydrothermal heating of milk, they produced mono-
dispersed CDs of ca. 3 nm of diameter, which showed to be extremely fluorescent
and did not present noticeable toxicity to the cells even at high concentrations of CDs
(Wang and Zhou 2014). Another sustainable and green approach employed honey
for the production of CDs with a quantum yield of about 19.8%, for imaging and
sensing applications (Yang et al. 2014).

The prepared CDs are also nontoxic and proved to be both photo- and chemically
stable. In another work by Edison et al. (2016), fluorescent nitrogen-doped CDs
(N-CDs) were prepared through a fast and simple microwave approach. L-ascorbic
acid and β-alanine were employed as carbon and nitrogen sources, respectively; the
N-CDs exhibited excitation-dependent emission properties with a quantum yield of
ca. 14% and low cytotoxicity. Eutrophic algal blooms were employed by Vadivel
et al. (2016) as the carbon source for the development of a facile and rapid strategy
for mass production of CDs. The produced CDs exhibit a QY of 13%, high water
solubility, a nanosecond fluorescence lifetime characterized by high photostability
and luminescence stability in different environments, low cytotoxicity, and excellent
cell permeability. CDs were also prepared from the direct employment of fruit juice,
like orange juice (Sahu et al. 2012), grape juice (Huang et al. 2014), banana juice
(De and Karak 2013), Chionanthus retusus (C. retusus) fruit juice (Atchudan et al.
2017), etc. For example, Atchudan et al. (2017) developed a simple hydrothermal
strategy for the preparation of N-CDs starting from C. retusus fruit juice (Fig. 14.1b).
In another work, Atchudan et al. (2018) proposed a low-cost hydrothermal route for
preparing N-CDs through the employment of Phyllanthus acidus (P. acidus) as a
precursor. Furthermore, due to the growing attention towards environmental sus-
tainability, some waste materials are employed for the synthesis of CDs. In fact, the
concept of upcycling waste for the industrial production of significant amounts of
CDs has recently gained a growing attraction. In particular, in order to reduce human
impact on the environment through zero waste generation, agro-industrial waste,
intended as products and byproducts, has become an object of interest. To this end,
the work of Sangam et al. (2018) reports the development of a simple, economic, and
large-scale synthetic strategy for the preparation of sulfur-doped GQDs (S-GQDs)
employing as starting material biowastes of the second generation (Fig. 14.1c). The
proposed approach, which could be considered a promising strategy for the sustain-
able preparation of CDs, employs sugarcane molasses as a green precursor. The
obtained S-GQDs are highly crystalline, soluble in water, stable, highly fluorescent
with a PL emission QY of 47%, and biocompatible. In another work, Zhang et al.
(2015) propose a one-step hydrothermal method that employs egg white for the
preparation of fluorescent CDs with a QYof 61%, which were used for the detection
of Fe3+ ions and for living cell imaging.

Toxicity – Recent studies on CD toxicity report that, unlike heavy metal-based
quantum dots, which are usually located in cells’ cytoplasm, CDs enter into the
nucleus. Furthermore, it was observed that the location of CDs in normal rat kidney
(NRK) cells depends on their dose of exposure. In particular, upon exposure to
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Fig. 14.1 (a) Illustration of the formation process of carbon dots from milk by hydrothermal
treatment. (Reproduced with permission from Wang and Zhou (2014), © 2014 American Chemical
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3 mg mL�1 CDs for 6 h, the CDs were located in the cytoplasm, while after exposure
to 6 mg mL�1 CDs for the same time, they could enter the nucleus (Song et al. 2019).
Furthermore, it is interesting to note that after exposures for 6 h to CDs 3 and
6 mg mL�1, they did not induce the normal rat kidney cell apoptosis and necrosis,
but they did cause autophagy and change the mitochondrial energy metabolism from
aerobic to glycolytic metabolism (Song et al. 2019). It was also found that CDs
cytotoxicity is mild; in fact, it was reported that the cell viability of HepG2 cells was
greater than 90% after 4 h of incubation at a CDs concentration of 2 mg mL�1. Even
more, it was observed that CDs helped HepG2 cells to clear hydroxyl radicals
induced by H2O2 (Wang et al. 2019).

2.2 Optical Properties

One of the most appealing features of CDs is their PL emission, which makes them
good candidates as nanoprobes in optical biosensors. In general, optical biosensors
convert the intangible information of the target analytes into recognizable optical
signals, i.e., fluorescence intensity/wavelength and color change. As above reported,
an optical biosensor requires that the wavelength of the nanoprobe should be in the
near-infrared (NIR) region (Zhang et al. 2016) because the high energy of ultraviolet
rays may damage living organisms (Sinha and Häder 2002; Moan and Peak 1989)
and biological tissues easily absorb visible light. To this end, most studies report that
through suitably designed synthetic approaches (Loi et al. 2017; Kozák et al. 2013),
adequate selection of carbon sources (Ge et al. 2015), and doping with heteroatoms
(Jiang et al. 2020a; Sun et al. 2019; Zhang et al. 2012), it is possible to modulate the
PL emission of CDs from the visible to the NIR. For example, a series of CDs with
different emissions was obtained by Bao et al. (2015) through the manipulation of
the reaction conditions. Ding et al. (2016) developed a hydrothermal strategy
followed by further separation via silica gel column chromatography to prepare
CDs with tunable fluorescence, which goes from blue to red under single-
wavelength UV light. Although the literature is rich in studies on the argument,
the origin of the fluorescence of CDs is still not clear and continues to be the object
of scientific discussion. In fact, CDs revealed themselves to be more complex
systems than expected because they exhibit dissimilar optical properties that are
related to the synthetic strategies, the employed precursors, and the post-synthesis
treatments. According to recent reported studies, it is possible to consider three main
points of view on the fluorescence origin of CDs: (i) surface-state emission, which

�

Fig. 14.1 (continued) Society). (b) Schematic illustration for the preparation and formation
mechanism of N–CDs from Chionanthus retusus (C. retusus) fruit juice. (Reproduced with per-
mission from Atchudan et al. (2017), © 2016 Elsevier B.V.). (c) Schematic illustration of the mass
synthesis of S-GQDs from agro-industrial waste. (Reproduced with permission from Sangam et al.
(2018), © 2018 The Royal Society of Chemistry)
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regards the carbon backbone and the surface functionalities (Song et al. 2015);
(ii) core-state emission (quantum confinement), which depends on the crystallinity
of CDs and their surface groups; (iii) molecular fluorescence, which is generated by
fluorescent impurities/byproducts produced during CDs synthesis (Essner et al. 2018).

(i) Surface state emission – It is the most widely accepted luminescence mecha-
nism of CDs, and it is ascribed to their surface oxidation degree or their surface
functional groups. Regarding CDs surface oxidation degree, Bao et al. (2011)
showed that the oxygen content on CDs surface is responsible of the redshift of
their PL emission. They suggested that a higher degree of surface oxidation
may generate a greater number of surface defects that can act as exciton traps.
Thus, the redshift of the PL emission is considered to be the result of the
recombination of these trapped excitons. An example is the series of CDs
prepared by Ding et al. (2016) through purification with column chromatogra-
phy, which exhibit an excitation-independent fluorescence from blue to red
(Fig. 14.2a). The authors showed that the surface oxidation degree of CDs
gradually increases, going from blue to red emission. On the one hand, surface
oxidation is considered responsible for the production of defects, which act as
capture centers for excitons and cause a fluorescence emission that is related to
the surface states (Bao et al. 2015). On the other hand, the incorporated oxygen
species strongly affect the bandgap of CDs (Hu et al. 2015), i.e., by increasing
the degree of surface oxidation of CDs, their bandgap reduces, causing the
redshifted fluorescence emission (Fig. 14.2a). Green and yellow emissive CDs
were prepared by Liu et al. (2017a) through a simple and sustainable room
temperature method. These two CDs samples exhibit the same size distribution
and chemical surface composition, but they are characterized by different
surface oxidation degrees. In particular, the author observed that by increasing
the surface oxidation degree, the emission wavelength shifted to lower ener-
gies, passing from 518 nm to 543 nm and ascribed the phenomenon to the
decrease of their bandgaps. On the other hand, regarding the CDs surface
functional groups, other research studies correlate the surface state emission
of CDs with their surface functional groups, also known as molecular states,
like C¼O and C¼N. It is suggested that different fluorophores or energy levels
can be introduced in CDs by the functional groups present on their surface. The
multicolor nitrogen-doped CDs (N-CDs) reported by Zhang et al. (2017) could
be an example. The authors show that the PL emission can be modulated from
dark blue to red or even white (Fig. 14.2b). As these full-color N-CDs exhibit
similar oxygen content, the authors ascribed their PL emission to their surface
functional groups rather than to their surface oxidation degree. In fact, they
propose (Fig. 14.2b) that except for the HOMO–2(π) energy level, the func-
tional groups (C¼O and C¼N) present on the surface of their N-CDs insert the
two new energy levels HOMO-1 and HOMO, and determine the new level
transitions from HOMO-1 and HOMO to LUMO (π*). A possible redshift of
the emission is supposed to take place when the electrons in the N-related
defect states return to the HOMO level.
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(ii) Core state emission (quantum confinement) – The quantum confinement effect
can be observed when the dimensions of a particle are comparable to the
wavelength of the electron. Compared to the bulk material, in nanoparticles
with diameters in the range of ca. 2–10 nm, the bandgap is increased because of
the quantum size effect, and it causes different color emission depending on the
small differences in the size of the particles. For example, three types of CDs,
showing bright red, green, and blue PL emissions, respectively, under single
ultraviolet-light excitation were reported by Jiang (2015a). These CDs
exhibited similar chemical composition but different particle size distributions.

Increasing degree of surface oxidation
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HOMO
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C-dots
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Fig. 14.2 (a) Model for the tunable PL of CDs with different degrees of oxidation. (Reproduced
with permission from Ding et al. (2016), © 2015 American Chemical Society). (b) (a) Structure of
the multicolor CDs. (b) Schematic illustration of the proposed energy level and electron transition
diagrams of the multicolor CDs. (Reproduced with permission from Zhang et al. (2017), © 2017
The Royal Society of Chemistry)
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Thus, the authors ascribed the observed different PL emissions of these CDs to
the quantum confinement effect. In another work, Li et al. (2010) observed that,
when the oxygen on the surface of CDs is removed through hydrogen plasma,
their PL emission remained unchanged. So, they suggested that the PL emis-
sion of their CDs may be ascribed to effects of quantum confinement and
properties depending on particles dimensions. Sun et al. (2006) reported that
the quantum confinement effect of the emissive energy traps present on CDs
surface may be responsible for their PL emission upon surface passivation. In
some reported cases, the PL emission of CDs is due to a combination of surface
state and quantum confinement effect (Zhu et al. 2017). A series of CDs with
different degree of surface oxidation and dimensions were synthetized by Bao
et al. (2015). They proposed that the PL emission of their CDs is related to their
surface oxidation degree and the π-electron system. In particular, a higher
surface oxidation degree or an extended π-electron system corresponds to a
smaller energy gap. Thus, they concluded that the redshift of the PL emission of
their CDs is due to the increase in their particle size or their surface oxidation
degree.

(iii) Molecular fluorescence – Essner et al. (2018) observed that during the bottom-
up synthesis strategies of preparation of CDs, some fluorescent impurities may
form and contribute to increasing their PL emission (i.e., molecular fluores-
cence). In the CDs obtained employing citric acid and ethylenediamine, Song
et al. (2015); Zhu et al. (2016) revealed the presence of the fluorescent molecule
(imidazo[1,2-a]pyridine-7-carboxylic acid, 1,2,3,5-tetrahydro-5-oxo-, IPCA).
They suggested that the observed high PL emission QY is ascribed to the
contribution of IPCA and showed that their CDs consist of IPCA, polymers,
and carbon cores. In further work, Schneider et al. (2017), through the prepa-
ration of three types of CDs employing citric acid and three different
N-containing precursors, showed that the contribution to the PL emission of
the obtained CDs samples may be ascribed to different molecular fluorophores.
Furthermore, the authors showed that the molecular fluorophores are not
reaction by-product free in the solution but are directly bonded to CDs and
contribute to their emission behavior (Fig. 14.3).

Righetto et al. (2017) employed fluorescence correlation spectroscopy and time-
resolved electron paramagnetic resonance spectroscopy to show that the PL emission
of their CDs may be due to the small fluorophores present in solution or to their
carbon-cores, depending on the excitation wavelength. In particular, in the excitation
range from 320 to 450 nm the PL emission is mainly ascribed to the small
fluorophores, while at excitation above 480 nm is dominated by poorly emitting
carbon cores. Thus, they concluded that, although carbon cores are present, the PL
emission of their CDs is mainly ascribed to the contribution of the small fluorophores
present in the solution.
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3 Biosensing Applications

3.1 Optical Biosensors

In general, an optical biosensor designed with CDs is based on the variation of the CDs
optical properties (i.e., PL emission intensity or PL emission wavelength shift) caused
by the interaction between the CDs and the target analytes whose related information
can be provided depending on the impact (Ji et al. 2020). For the realization of an
effective optical biosensor, the mechanism of sensing has to be taken into account for
the application of the suited strategy. For CDs-based optical biosensors, there are two
main strategies: (i) “on-off” strategy and (ii) “on-off-on” strategy.

(i) “on-off” strategy – In an “on-off” strategy, the interaction between CDs and the
target molecules causes a decrease of the intensity of their PL emission
(PL quenching); this means that due to the quenching effect, the PL emission
of CDs decreases with the increase of the concentration of the target analytes.
Thus, the amount of the target analytes can be determined through a simple linear
relationship, through calibration curves. The PL quenching mechanisms
exploited in the design optical biosensors based on CDs are: Förster resonance

Fig. 14.3 Synthesis conditions of citric acid-based CDs using three different nitrogen-containing
precursors. (a) Reaction of citric acid and ethylenediamine, resulting in e-CDs and the fluorophore
IPCA, as previously reported by Song et al. (2015); (b) Reaction of citric acid with hexamethy-
lenetetramine, producing h-CDs and citrazinic acid and/or 3,5 derivatives (marked by �X), due to
the decomposition of hexamethylenetetramine to ammonia and formaldehyde at temperatures
exceeding 96 �C; (c) Reaction of citric acid and triethanolamine, resulting in t-CDs and no
derivatives of citrazinic acid since the tertiary amine prohibits their formation. (a–c) Images of
the purified reaction products under ambient light and corresponding diluted solutions under UV
light excitation, which reveal blue emission with PL QYs as labeled on the graph. (Reproduced with
permission from Schneider et al. (2017), © 2016 American Chemical Society)
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energy transfer (FRET), photoinduced electron transfer (PET), and inner filter
effect (IFE), see Fig. 14.3. In a FRET quenching, the energy of the excited donor
(i.e., CDs) is transferred without emission of radiation to the ground state of the
proximal acceptor (i.e., quencher/target molecules). However, to have a FRET
quenching, the following condition have to be satisfied: (a) the energy of the
excitation-state of the donor should be comparable with the one of the ground-
state of the acceptor, i.e., the emission spectrum of the donor should overlap with
the absorption spectrum of the acceptor; (b) the distance between the donor and
the acceptor should be in the range from 1 nm to 10 nm; (c) the transition dipoles
of the donor and acceptor molecules must be close to parallel; (d) the PL
emission lifetime of the donor should be enough long to enable the energy
transfer to occur.

In a PET quenching, an electron transfer from an electron donor (i.e., CDs) to an
electron acceptor (i.e., the target analyte) occurs. Under the suitable conditions, the
electrons photoexcited from CDs are transferred to the target analytes; thus, the PL
emission of CDs is quenched because the number of the excited electron that return
to the ground state is diminished. In an IFE process, the PL emission of CDs is
blocked by the target analyte before reaching the detector of a fluorometer. In this
case, the emission and absorption spectra of the donor (i.e., CDs) and acceptor
(i.e., target analytes), respectively, need to overlap very well; thus, the target analytes
can absorb the light emitted by the CDs, before reaching the detector, and cause a
decrease in their PL intensity. The target analyte is determined through the analysis
of the degree of PL quenching (Yang et al. 2019).

(ii) “on-off-on” strategy – In an “on-off-on” strategy, the CDs firstly interact with
non-analytes that quench (turn-off) their PL emission which will be then
restored (turn-on) by the addition of the analytes (Fig. 14.4). The analysis of
the PL restoration degree of CDs gives the amount of the target analytes. The
above reported PL quenching mechanisms (FRET, PET, or IFE) can be
exploited for PL quenching of CDs by non-analyte quenchers. The interaction
between the target analyte and the quencher has to be stronger than that between
the quencher and CDs to cause the release of CDs from quenchers and thus
restore the PL emission of CDs.

For example, Shen and Xia (2016) reported the realization of an optical biosensor
for glucose, based on CDs obtained from phenylboronic acid. The interaction
between glucose and the boronic functionalities present on CDs surface cause the
quenching of their PL emission. The amounts of glucose levels in the body were
determined through the degree of PL quenching, reaching a sensitivity that is 10–250
times higher than the one of the previous fluorescent nanosensing detection system
based on boric acid.

In most cases, optical biosensors were developed for the detection of metal ions,
because their interaction with CDs could effectively quench their PL via PET. A
singular example is the sensitive detection of Fe3+ developed by Liu et al. (2016).

294 B. Vercelli



They found that the PL quenching of CDs is not ascribed to a PET between Fe3+ and
CDs but to the aggregation of CDs caused by the ferric ions. Other detection
strategies developed by scientists are based on the detection of the products of the
target analytes obtained by reactions with known mechanisms. It is possible to
analyze the target analytes retrospectively from the information obtained from
their products. For example, an efficient strategy for the detection of p-nitrophenyl-
phosphate was developed by Li et al. (2016). The analysis was based on the
IFE-quenching of the PL emission of CDs determined by p-nitrophenol, the catalytic
product of p-nitrophenylphosphate (Fig. 14.5).

3.2 Electrochemical Biosensors

According to the International Union of Pure and Applied Chemistry (IUPAC)
(Thevenot et al. 1999), an electrochemical biosensor is an integrated device that
provides information on the target analytes by employing bioreceptors, which are
put in direct contact with the electrochemical conduction element. In an
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Fig. 14.4 Typical optical biosensing strategies: (a) Three fluorescence-quenching mechanisms of
“on-off” strategy, (A1) FRET, (A2) PET, and (A3) IFE. (b) Scheme for “on-off-on” strategy.
(Reproduced with permission from Ji et al. (2020), © 2020 American Chemical Society)
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electrochemical biosensor, the biological information of the target analytes is
directly converted into detectable electrical signals (i.e., current, potential, resistivity,
capacitance, impedance, etc.). Another important aspect of electrochemical biosen-
sors is that they can be easily miniaturized to satisfy the trend for modern medical
applications, based on rapid diagnosis of diseases at low cost. Tool for electrochem-
ical analyses with the dimensions of mobile phones able to realize simple testing
without special training can be easily designed and fabricated, thanks to the advance-
ments in the processes at microscale and nanoscale level. Furthermore, electrochem-
ical biosensors are characterized by strong anti-interference capability and high
sensitivity. As above reported, the surface of CDs is rich in functional groups of
different nature that can function as binding sites for specific bioreceptors and that
make CDs good candidates for the realization of electrochemical biosensors. Fur-
thermore, CDs are good electronic conductors and are able to realize simple and
rapid transfer of electrons between the sensing interface and the electrodes. In
general, in an electrochemical biosensor, the electrode surface is directly modified
with CDs, and the detection/analysis of the target analytes is performed through the
collection of the signals (i.e., current) altered by the interaction between CDs and the
target analytes. For example, N-CDs were prepared by Jiang et al. (2015b) through a
sustainable strategy that did not employ organic solvent or catalyst. The CDs, whose
surface was rich in carboxyl groups, were employed for the realization of an
electrochemical biosensor for the direct detection of dopamine (Fig. 14.6). Thus,
when an electrode modified with CDs is put in contact with dopamine, the interac-
tion between CDs carboxylic groups and dopamine causes a change of the current of
the electrode which shows a linear relationship with the concentration of dopamine.

The sensor was employed by the authors for the detection of dopamine in human
fluids. The obtained linear range goes from 5 � 10�8 to 8 � 10�6 mol L�1 and a
detection limit is of 1.2� 10�9 mol L�1. In a different study, a similar biosensor was
developed by Jiang et al. (2015c) for the monitoring of dopamine in real time.

CDs can also be employed for the realization of photo-electrochemical biosensors
where a simple photo-irradiation causes an electron transfer at the electrode (Wang

Fig. 14.5 Working principle for alkaline phosphate (ALP) sensing based on inner filter effect
(IFE). (Reproduced with permission from Li (2016), © 2016 American Chemical Society)
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et al. 2018b). For example, the first self-powdered photo-electrochemical biosensor
based on N-CDs/TiO2 for detection of chlorpyrifos was developed by Cheng et al.
(2019). They found that the photocurrent response under visible light of the
CDs-based electrode is about 42 times higher than the one without the CDs.

3.3 Enzymatic Biosensors

Biosensors based on the combination of CDs and enzymes were also designed and
developed, by exploiting the simplicity and specificity of the enzymatic catalytic
reactions. As above reported, indirect detection of the target analytes could be
realized by the analysis of the variations of the signal caused by the interaction
between the products (or side products) of the enzymatic reaction and CDs. Fur-
thermore, enzymatic biosensors based on CDs have high sensing specificity, as the
reaction catalyzed by enzymes is very specific. Thus, they could be very useful for
the detection of particular biomolecules and enzymes.

Enzymatic optical biosensors are based on the PL quenching (FRET, PET, or IFE
mechanisms) caused by the interaction between CDs and the product of the enzy-
matic reaction of the target analytes (Fig. 14.7).

For example, H2O2 is the product of the enzymatic oxidation reactions of
acetylcholine, uric acid, and glucose; thus, the amounts of these target analytes in
human fluids could be determined through the analysis of the PL quenching due to
the interaction between CDs and H2O2 (Cho and Park 2019; Wang et al. 2016; Ren
et al. 2015; Wang et al. 2018b). An interesting CD-based enzymatic biosensor was
designed and developed by Lu et al. (2016) for the determination of the
β-glucuronidase. They exploited the IFE quenching effect caused by the interaction
between CDs and p-nitrophenol, which is the product of the enzymatic reaction of
4-nitrophenyl-β-D-glucuronide. On the other side, the enzymatic biosensors could
be employed for the detection and evaluation of the catalytic performance of specific
enzymes. In this case, the “on-off-on” strategy was exploited for the design/realiza-
tion of the biosensors (Fig. 14.7). The strategy simply consists of the formation of a
complex between the substrate and the CDs, which causes the PL quenching of CDs;
then the substrate is decomposed upon the interaction with the specific enzyme and
the PL emission of CDs is restored. Thus, the presence and the amount of the specific

Fig. 14.6 Scheme of an electrode loaded with CDs for the sensing of dopamine (DA).
(Reproduced with permission from Jiang (2015a), © 2015 Elsevier Inc.)
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enzyme could be determined by the analysis of the restored PL emission of CDs. An
example is a biosensor for the detection of hyaluronidase reported by Liu et al.
(2015). It is based on CDs, whose surface consists of positively charged functional
groups and gold nanoparticles (AuNPs, known to be negatively charged)
functionalized with hyaluronic acid. The PL emission of the CDs is firstly quenched
by the interaction with AuNPs and then restored by the introduction of hyaluronidase
that determined the decomposition of hyaluronic acid (Fig. 14.8a).

Enzymatic electrochemical biosensors are based on the determination of the
target analysts through the analysis of the variations of the electrochemical signal
caused by the enzymatic reactions. On the one hand, the employment of CDs in these
systems provides rich binding sites for enzymes that favor their stable absorption on
the electrode, and on the other hand, it improves the transmission of the electrical
signals from the interfaces to the electrode because CDs are also good electron
transfer materials. For example, the redox reaction between oxidoreductase and its
substrates could be exploited for the design of biosensors based on the electrochem-
ical detection of its substrates, like glucose, galactose, and H2O2. When an electrode
modified with an oxidase is put into contact with a solution containing the substrate,
a redox reaction takes place at the electrode interface that causes the transfer of an
electron. Thus, through the analysis of the electrode current variations determined by
this electron transfer, it is possible to detect the target analytes (i.e., oxidoreductase
substrates). Following this strategy, various CDs-based electrochemical biosensors
were designed and realized for the detection of oxidoreductase substrates
(i.e., glucose (Buk and Pemble 2019) (Fig. 14.8b), H2O2 (Wang et al. 2015), and
galactose (Sharma et al. 2019)).

Fig. 14.7 Two sensing
strategies of CD biosensors
based on enzymatic reactions.
(Reproduced with permission
from Ji et al. (2020), © 2020
American Chemical Society)
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Fig. 14.8 (a) The schematic illustration of the synthetic process of amino-functionalized CDs
(A) and the use of prepared CDs and Au NPs as a SET biosensor system for hyaluronidase
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4 Conclusions

In summary, with this chapter, it was possible to show how the peculiar properties of
CDs make them extremely versatile nanomaterials for application in biosensing. In
fact, they exhibit an excellent intrinsic fluorescence, which could be modulated from
the visible to NIR, and their surface is rich in functional groups, which enable their
functionalization with different bioreceptors and functionalities (i.e., enzymes, etc.);
they are also characterized by extremely low toxicity and excellent biocompatibility
useful for their real-world biological applications. On the other hand, CDs are also
expected to reduce the cost of biosensors by replacing both the noble metal sub-
strates and the well-known quantum dots based on metal chalcogenides. In fact, their
synthesis is based on simple and sustainable approaches that could employ cheap
and “greener” starting materials coming from biomass or agro-industrial waste. They
proved to be applied with excellent results both in optical and electrochemical
biosensors. As a final remark, the gap between the development of CD-based optical
biosensors and other types of CD-based biosensors, like electrochemical ones, could
be highlighted. Compared with optical biosensors, the development of electrochem-
ical ones should be improved, also in light of their excellent detection limits, strong
anti-interference capability, and miniaturization possibilities.
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Abstract

Fast diagnosis of disease is especially crucial in certain illnesses. Biological
compound detection methods, equipment, and processes have been of great
interest in the determination of the early level of diseases. Electroanalytical
methods are frequently studied by researchers to investigate biomarkers or
other important biological compounds due to their excellent properties such as
easy usage, no need for pretreatment steps, fast response, and inexpensive
equipment. In line with the increasing interest in nanotechnology, sensors devel-
opment has also gained much interest. In this chapter, metal nanoclusters have
been explained to develop biosensors in detail. They are preferred due to their
excellent features such as optical, mechanical, physical, and chemical. Metal
nanomaterials-based sensors have been presented by electrochemical methods
to determine important compounds.
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1 Introduction

Nanotechnology is a crucial and rapidly developing technology. It is used in the
production of materials at the molecular level and at the atomic level, which includes
the processes of separating, combining, and decomposing materials by an atom or a
molecule as a science that covers the design, production, characterization, and
application of nanometer-sized structures. In terms of nanomaterials, structures
with a size smaller than 100 nm should be considered. On the other hand, nano-
clusters are structures formed by nanomaterials with a dimension of 1–10 nm (Fronzi
et al. 2016; Jin et al. 2016). The small dimensions of these structures and their high
surface-to-volume ratio provide advantages over bulk materials. The variation of
these size-dependent physicochemical properties compared to bulk materials causes
a rapid increase in nanoproduct and nanomaterial production (Jeevanandam et al.
2018).

Nanomaterials are divided into three main groups (Jeevanandam et al. 2018):

(a) Carbon-based nanomaterials: fullerenes, nanofibers, and nanotubes are materials
in the form of spheres, ellipsoids, or tubes in this group.

(b) Metal and/or metal oxide-based nanomaterials: these include gold, silver, iron
oxide, zinc oxide, and quantum dots that are several nanometers in size.

(c) Composite nanomaterials: these include nanostructures containing various com-
binations such as carbon-metal, carbon-polymer, metal-polymer, polymer-poly-
mer, metal-metal, and carbon-carbon. The purpose of the production of
composite materials is to obtain a material with new and improved properties
from materials that are insoluble in each other. These properties are mechanical
properties such as durability, flexibility and dimensional stability, thermo-
mechanical properties, and water permeability. Nanocomposites are separated
into three main parts according to their composition: firstly, ceramic-based
nanocomposites like Al2O3/CNT, Al2O3/SiO2, and Al2O3/SiC; secondly,
metal-based nanocomposites like Fe-MgO, Fe-Cr/Al2O3, and Co/Cr; and lastly,
polymer-based nanocomposites like polyester/TiO2 and polymer/CNT. Among
these three groups of nanomaterials, metal-based nanomaterials have received
the most attention due to their unique size-dependent features such as photo-
luminescence (Xu and Suslick 2010), catalysis (Chen and Chen 2009), electro-
chemical characteristics (Ingram et al. 1997), intrinsic magnetism (Santiago
González et al. 2010), and chirality (Cathcart and Kitaev 2010), which deviate
significantly from those of their corresponding bulk metals and large
nanoparticles.

Gold and silver nanomaterials have been used extensively in various application
fields. Specifically, they are preferred for use with alkanethiols and other ligands as
protecting agents via thiol, phosphines, or amides to noble metal surfaces, and are
known for their excellent stability in different media (Murray 2008; Jin 2010; Díez
and Ras 2011).
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1.1 Metal Nanoclusters

Metal nanomaterials attract a great deal of attention for their extraordinary elec-
tronic, optical, magnetic, and catalytic properties. The fact that nano-sized materials
have physical, chemical, and biological differences compared to bulk materials has
also caused differentiation in their electronic, magnetic, and optical properties due to
quantum mechanics. The surface areas of the nanoclusters are higher than the bulk
materials. The smaller number of atoms on the surface, or the more they settle on the
surface, increases the interaction with other molecules or atoms around it. The
increased surface area shows higher catalytic properties and chemical activity.
Electrons of metal materials in bulk are constantly in motion in irregular orbits.
The distances of the moving electrons in the orbits to the atomic nucleus, that is, the
electron levels, are very small, that is, the energy difference is small enough to be
ignored. In nanometal clusters, electrons move away from each other and the energy
difference is high. This causes a difference in nanometal material. For example,
while the conductive bulk material is in the nanostructure, it may not be conductive.
Or it can be the other way around. It is clear that gold nanoparticles with different
sizes have different colors and properties. Due to these superior properties of metal
materials, they are preferred in the production or modification of electrode materials
and in the catalysis of various redox reactions.

1.2 Properties of Metal Nanoclusters

Due to the distance between a large number of atoms in the structure of nano-
materials, they can exhibit different magnetic properties according to their stack
states. The magnetic moment in the nanocluster is expected to be greater. The large
surface-to-volume ratios of the nanoclusters and the low coordination of the atoms
on the surface give these structures unique reactivity and catalytic properties. The
optical properties of metal nanoclusters depend on their electronic structure. The
energy gap between the highest occupied molecular orbital and the lowest unoccu-
pied molecular orbital determines the optical behavior of a nanocluster. These gaps
can differ in the new structures formed by different ligands or materials around the
metal materials. Thus, it is possible to design new materials by adjusting the energy
gaps in metal nanoclusters.

2 Synthesis of Metallic Nanoparticles

It is possible to synthesize metal nanoparticles using various reduction methods of
metal ions. Chemical reduction, electrochemical reduction, thermal reduction, reduc-
tion by ionizing radiation, and photochemical reduction can be listed among these
methods (Khan et al. 2019). Nanostructures can be obtained quickly with nucleation
and growth steps in reduction reactions. The creation of nanoparticles in these two
steps is carried out by two approaches: physical methods, also known as the top-
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down approach, and chemical methods, also known as the bottom-up approach
(Khan et al. 2019). The reduction of bulk materials to nano-size by physical and
mechanical processes (shredding, cutting, grinding methods) involves the top-down
approach. In this method, it is advantageous that no chemical material is needed and
the processes applied are simple. The negative aspect of this method is that the
nanoparticles formed are of irregular, inhomogeneous sizes and there is a great deal
of material loss. With the bottom-up approach, it is possible to reach the nanoparticle
structure in a controlled manner starting from the atomic and molecular levels. The
dimensions of nanoparticles obtained in this approach can be formed at the desired
level and kept under control. Therefore, this approach is more preferred in the
synthesis of nanoparticles. The instability of metal nanoparticles has shed light on
the preparation of metal composites. Ensuring the control of composites and observ-
ing stable structures increase the importance of using metal composites.

3 Electrochemical Applications of Metal-Based Biosensors
for Clinical Diagnosis

Biosensor systems include many disciplines and come to the forefront in making this
diagnosis (Monošik et al. 2012; Tao et al. 2015). Biosensors are defined as trans-
mitter systems that are based on the interaction between a receptor and an analyte
and transform the information generated as a result of this interaction into a mea-
surable signal (Florea et al. 2015). The most important component affecting sensor
performance consists of two parts: the bioreceptor and the transducer. Structures
such as enzymes, cells, antibodies, and nucleic acids with properties such as high
sensitivity and selectivity to the target substance are used as receptors. Transducer
systems transform the biological response that occurs as a result of the interaction
between receptors and the target analyte into a measurable signal such as electro-
chemical, optical, piezoelectric, calorimetric, or impedimetric. In addition, an ideal
biosensor definition made by the World Health Organization (CSL STYLE ERROR:
reference with no printed form) is: affordable, precise and specific, user-friendly, fast
and robust, without equipment, and can be delivered to those in need. Based on this
definition, point of care (POC) tests (da Silva et al. 2017), known as a biosensor
system, is a term used to describe the tests that can be applied at or near the patient’s
location (Omidfar et al. 2012). The most important feature of these tests is that they
do not require laboratory personnel or laboratory experience. In addition, in these
tests, while proteins, metabolites, nucleic acids, human cells, drugs, dissolved ions,
gases, and micro-organisms form target analytes, blood, saliva, urine, and other body
fluids are samples for analysis. POC products are needed in a broad range of fields
such as monitoring disease in hospitals, clinics, or private practices or at home,
monitoring water or food safety, and monitoring legal regulations. Because these
products respond in a very short time with very small samples and without
pre-preparation, they practically detect multiple analytes or markers with simple
instructions for use. These diagnostic platforms provide fast access to analytical
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information with important advantages such as being sensitive, environmentally
friendly, portable, applicable on-site, and low cost.

Antibodies are ideal bio-recognized materials thanks to their high specificity and
strong affinity for their antigens. They contain a large number of functional groups or
can be functionalized. Using electrochemical methods and antibody–antigen rela-
tionships, it is possible to apply various analyses and determinations of disease-
specific markers used in clinical practice.

Metal nanoparticles have excellent properties which mean they are preferred in
biosensor design with the proper size, shape, and modification procedure. Metal salts
have been used to synthesize metal nanomaterials in aqueous and organic solutions.
Stabilizers like ions, nanomaterials, polymers, or biological molecules are needed for
preventing the degradation of reduced metal particles.

Biosensors attract a great deal of interest from researchers due to their many
potential application fields in clinical diagnosis, environmental monitoring, food
analysis, etc. (Wang 2008). Glucose biosensors have wide application in many
laboratories due to the high number of people suffering from diabetes. The glucose
biosensor is one of the most used devices all over the world (Wang 2001). Fast
response, accuracy, and low cost have been important factors in developing a sensor
(Magner 1998). AuNP-based sensors for glucose quantification present a high-
stability surface and remove enzyme leakage problems (Luo et al. 2004; Wu et al.
2007; Bai et al. 2007). A composite of AuNPs with conductive polymers (Xian et al.
2006), as well as graphene and nanotubes, was fabricated as glucose sensors (Liu
et al. 2007). AuNPs size was found to be an important criterion in modification with
the polypyrrole polymerization process (German et al. 2012). According to the result
of this study, smaller size AuNPs had a greater effect on amperometric responses.
PtNPs showed good performance on the activity of hydrogen peroxide to quantifi-
cation precise glucose (Wang et al. 2007; Pang et al. 2009). PtNP can present
sensitive properties for the detection of glucose when they used with other nano-
particles such as iron oxide, nanotube and chitosan (Li et al. 2010c). Titania
nanotube arrays have also been used for glucose sensing (Pang et al. 2009).
Cholesterol blood level is so important on the control of health. Electrochemical
methods and metal-based sensors provide an opportunity for sensitive and selective
detection of cholesterol. In one study, amperometry was applied for the measurement
of cholesterol up to 0.5 nM by Pt/Graphene and Pt/CNT modified electrodes (Dey
and Raj 2010; Yang et al. 2012). AuNPs were also applied for the development of an
enzymatic sensor with limit of detection (LOD) 1.28 μM (Sharma et al. 2017).
Composite metal structures such as zinc, silver, titanium molybdenum, and palla-
dium have been used for cholesterol biosensor design (Giri et al. 2014; Dey and Raj
2014; Xu et al. 2015; Wang et al. 2015c; Vc and Berchmans 2016; Komathi et al.
2016). The simple and accurate detection of biological compounds such as ascorbic
acid (AA), uric acid (UA), and dopamine (DA) is important for the investigation of
diseases. The simultaneous detection with well-separated peaks of these compounds
was achieved by palladium graphene composite (Wang et al. 2013b). Silver nano-
wire/reduced graphene oxide (AgNW/rGO) as silver composite was also used for
sensitive simultaneous determination of AA, DA, and UA. AgNW plays a role in
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preventing the agglomeration of rGO suspension and acceleration of electron trans-
fer between conductive pathways (Kaur et al. 2013; Li et al. 2015). The electro-
chemical impedance spectroscopy method was applied via AuNPs for simultaneous
sensing of biomolecules (Wang et al. 2013a). AuNPs with graphene hydrogel
composite could succeed in the selective determination of AA, DA, and UA with
nanomolar-level LOD values (Zhu et al. 2017; Zhao et al. 2020a) (Fig. 15.1).

The aim of this chapter is to briefly explain metal nanomaterials which are used
for surface modification of electrodes, which can increase electron transfer rate in the
redox process. Biomolecular recognition and signal enhancement are also possible
with metal nanoclusters (Chandra et al. 2013; Tao et al. 2015; Zhang et al. 2017;
Wong et al. 2021). This chapter mainly discusses the selected research articles which
are related to clinically important compounds or biomarkers (Table 15.1).

4 Other Application Fields of Metal-Based Nanomaterials

Metal nanoparticles smaller than 100 nanometers show excellent potential as highly
active and selective catalysts. Metal nanoparticles have a large proportion of cata-
lytically active atoms due to their higher volumetric surface (Astruc 2020).
In addition to their high activity and selectivity, they are generally isolated,

Fig. 15.1 The design of nanoparticle-based sensors and their electrochemical performances for the
analysis of DA, UA, and EST. (Reprinted with permission from Elsevier (Zhao et al. 2020a))
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redispersible, and reusable as catalysts (Poliakoff et al. 2002; Dhakshinamoorthy and
Garcia 2012). Due to the excellent results of this property, the use of metal nano-
particles as catalysts has increased in recent years.

In areas where nanotechnology is used, it is known that functionalization, effi-
ciency, quality increase, and harmful products decrease. For example, in the textile
industry, the production of self-cleaning, non-flammable fabrics and the synthesis of
antibacterial, water-repellent products can be achieved with nanotechnology. In
addition, photovoltaic batteries, anti-stain smart fabrics, nano-particle paint, biocom-
patible implants, magnetic memory, and nanotube fuel cells are new-generation
products produced with nanotechnology.

In the field of health, nanotechnology has benefits such as carrying medicines,
eliminating physical damage with the nanorobots produced, repairing heart damage,
and diagnosing diseases easily and quickly. Nanotechnology is also used in drug
development (Sowa et al. 2005; Li et al. 2010d).

In the field of electronics, organic transistors are useful in the production of
fabrics that can generate electricity. In terms of the environment, nanotechnology
is used in the production of protective paints in cars and in removing organic and
inorganic pollution.

One of the most popular areas where nanotechnology is used is energy. In order to
meet current energy needs, it is necessary to find new renewable energy sources.
Solar energy has an important place among renewable energy sources. It is of great
importance that solar energy can be used and stored. Nanotechnology is used in solar
cells, fuel cells, and energy storage.

5 Conclusion

Nanoclusters are similar to nanoparticles, whose features are similar to the
properties of molecules and are therefore said to fill the gap between nanoparticles
and atoms. They have advantageous features that are completely different from
their bulk forms. In this chapter, metal nanoclusters have been presented for the
clinical diagnosis of important compounds or biomarkers. Electrochemical
methods have been used to develop sensors because of their unique features
such as easy usage, fast response, small volume of solutions, sensitive responses,
easy modification processes, no need for pretreatment steps, and inexpensive
equipment. Metal nanoclusters, especially gold nanomaterials, have been pre-
ferred because of their unique physical, mechanical, optical, and chemical prop-
erties. According to developing technology and equipment, clinical studies need
lab on a chip system to easy processes for patients and specialists in the hospital,
so that diagnosis of diseases such as cancer and cardiovascular disease can be
determined at early stages.
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Abstract

Carbon quantum dots (CQDs) or simply carbon nanodots (CNDs) represent
emerging materials in the form of nanocarbon, which have been advocated for
diversified applications. Different top-down and bottom-up procedures are appli-
cable to synthesize inexpensive 2-D nanomaterials. Based on their superconduc-
tivity and rapid electron transfer, CNDs with diameters below 10 nm form
nanocomposites with metal nanoparticles, carbon graphene/nanotubes, and
conducting polymers with enhanced catalytic activity and electrical conductivity.
The surface of CNDs with abundant reactive groups facilitates bioconjugation
with recognition biomolecules or the preparation of complex catalysts with
enhanced charge transfer. CNDs can be doped with N, S, or P, which acts as
reactive catalytic sites for electrocatalysis. Such distinct features are attributed to
the fabrication of reliable biosensing platforms to target important analytes
encompassing simple biomolecules, metal ions, proteins, and macromolecules.
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This chapter also unravels technical issues and potential uses of CNDs in
electroanalysis toward developing ideal devices with low cost, high detection
sensitivity, and selectivity.

Keywords

Carbon nanodots · Graphene quantum dots · Electrochemical sensing ·
Biosensing · Synthesis · Applications

1 Introduction

Carbon nanodots (CNDs) comprising carbon dots (CNDs) or (ii) graphene quantum
dots (GQDs) with strong fluorescence characteristics have attracted interest in a
plethora of applications. Besides their low toxicity, biocompatibility, and high
aqueous solubility, they exhibit superior π-π conjugation structure, chemical inert-
ness, and high electrical conductivity (Lim et al. 2015b). Such quasi-spherical
nanoparticles can be nanocrystalline or amorphous with sp2/sp3 carbon clusters
and sizes below 10 nm (Song-Ling et al. 2017), whereas GQDs resemble nanosheets
of graphene with less than 100 nm and a mix of sp2 and sp3 carbon (Ponomarenko
et al. 2008). Carbon dots can be graphitic carbon quantum dots, polymer dots, or
amorphous carbon dots. In comparison to organic dyes or conventional semicon-
ductor quantum dots, photoluminescent CNDs exhibit high resistance to photo-
bleaching and facile modification. To date, diversified procedures have been
developed for the synthesis of CNDs (Table 16.1) (Anwar et al. 2019; Deng et al.
2014; Doñate-Buendia et al. 2018; Shen et al. 2018; Thoda et al. 2018; Xu et al.
2004; Zhang et al. 2017). Detailed information on the synthesis of CNDs and doped
CNDs has been well documented (Lu and Yang 2017; Mosconi et al. 2015; Naik
et al. 2019; Wu et al. 2017; Ngo et al. 2020), whereas electrochemiluminescence
(ECL) applications of CNDs were also reviewed (Namdari et al. 2017; Hassanvand
et al. 2021; Ngo et al. 2020; Ji et al. 2020; Molaei 2020).

To date, multifunctional CNDs have been advocated for applications in nano-
medicine, antimicrobials, bioimaging, solar cells, chemical/biosensing sensing, etc.
Besides their well-characterized optical properties such as absorbance (Li et al.
2018a), photoluminescence (Yuan et al. 2018), and electroluminescence (Hasan
et al. 2018), CNDs exhibit sufficient active reaction sites and good electric conduc-
tivity. Thus, hybrid materials based on CND have been applied to the electrocatalytic
hydrogen evolution reaction (HER) (Tian et al. 2019). CNDs with nitrogen or
oxygen functional groups are stable in organic solvents and water. For instance, a
nanocomposite of CNDs with graphene nanoribbons serves as catalysts for the
oxygen reduction reaction (ORR) (Jin et al. 2015). The abundant -OH, -COOH,
and -NH2 on the surface of CNDs serve as the coordination sites with transition
metal ions. Thus, the adsorption of heavy metals is improved by CNDs via electro-
static interaction. CNDs also form stable complexes with unmodified oligonucleo-
tides via non-covalent interactions owing to the richness of the hydrophobic plane
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and hydrophilic edges. Consequently, CNDs are considered low cost electrode
materials compared to noble metals. Considering more active catalytic reaction
sites delivered by CNDs, nanocomposites stemming from CNDs exhibit enhanced
electronic conductivity and charge transfer during the electrocatalytic process.

The electrical conductivity of CNDs has been confirmed using ferro/ferricyanide
as the redox couple (Lim et al. 2015a). Therefore, CNDs have been used for the
modification of electrode materials or together with other metallic nanoparticles,
carbon nanotubes, graphene, etc. for a plethora of electroanalysis. Beyond the
hydrogen/oxygen evolution reduction as well as oxygen/CO2 reduction reaction,
this chapter extends the prospective applications of CNDs and GQDs in the electro-
analysis of important analytes in analytical and clinical chemistry. The potential uses
of CNDs in immunosensing and aptasensing platforms are also reported.

Table 16.1 Synthesis of CNDs by top-down and bottom-up methods

Methods of
synthesis General procedures and key points Ref.

Top-down

Laser ablation A laser pulse with high energy is applied to blast the
surface of the target to a thermodynamic state.
Nanoparticles (NPs) with a narrow size distribution are
formed. Albeit this is a high-cost operation, fluorescent
NPs are highly water-soluble

(Doñate-
Buendia et al.
2018)

Arc discharge A sealed reactor with an anodic electrode driven by gas
plasma (up to 4000 K), carbon atoms are decomposed
from the bulk carbon substrates. The carbon vapor
assembles on the cathode to form CNDs with
Nanoparticles have good water solubility but possess a
large particle size distribution.

(Xu et al. 2004)

Acid hydrolysis Acids (HNO3, H2SO4, NaClO3, etc.) can exfoliate and
decompose bulk carbon into nanoparticles with hydroxyl
or carboxyl groups. A hydrothermal reduction step
follows the acid treatment. The method is inexpensive
and amenable to scale-up production.

(Zhang et al.
2017)

Bottom-up

Microwave
pyrolysis

Microwave pyrolysis of a mixture of organic molecules
and simple sugars. This approach is simple and fast for
synthesizing CNDs with high oxygen-containing groups.

(Shen et al.
2018)

Hydrothermal/
Solvothermal

Under a relatively high temperature, an aqueous or
solvent solution of small organic molecules and/or
polymers tends to form carbon-seeding cores and
becomes CNDs. The method is suitable for the synthesis
of doped CNDs.

(Anwar et al.
2019)

Combustion/
Thermal

Combustion of an organic acid, followed by
functionalization with acetic acid under high
temperature. CNDs are uniform with high carboxyl
groups.

(Thoda et al.
2018)

Electrochemical Electrochemical carbonization of an aqueous solution of
sodium citrate and urea. NPs have an average diameter of
2.4 nm.

(Deng et al.
2014)
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2 Hydrogen Peroxide (H2O2) and Glucose (GLC) Sensing

H2O2 is an important compound that is often used as an oxidant in the industrial
process, and high H2O2 levels may be dangerous for humans. Therefore, accurate
determination of H2O2 is of most importance (Su et al. 2018). H2O2 can be measured
by different approaches, including electrochemical sensors based on enzymes, e.g.,
horseradish peroxidase (HRP), or proteins (hemoglobin and myoglobin). Despite
being sensitive and specific for H2O2 detection, they are expensive and have a
limited lifetime (Saleh Ahammad 2013). Electrochemical sensors based on carbon
nanomaterials, metal, and metal oxides have been used for H2O2 detection. In this
context, CNDs have been described as enzyme-free or enzymeless sensing of H2O2

as they mimic enzyme activity (Mollarasouli et al. 2017). A nanostructure-sensing
film modified glassy carbon electrode (GCE) is fabricated from GQDs
functionalized chitosan (CS) (GQDs-CS) for the covalent attachment of methylene
blue (MB) to an amino hydroxyl group of GCE. The synergistic effect between
GQDs-CS and MB enables a significant activity for H2O2 reduction. The fabricated
sensor hinders the potential interference of endogenous species such as dopamine,
uric and ascorbic acids, caffeine, glucose, and inorganic salts (Mollarasouli et al.
2017). Selective electroanalysis of dopamine could be feasible when a cyclodextrin
derivative is deposited on the electrode (Shang et al. 2009).

Of interest is a novel biosensor constructed from rGO QDs (reduced graphene
oxide quantum dots) and zinc oxide (ZnO) by a nanofiber (NFs) template. The
sensor is applicable for detecting intercellular H2O2 released from normal cells
(BPH-1) and cancerous prostate cells (PC-3) after treatment with anticancer drugs.
The amount detected of H2O2 is ~320 � 12 and 210 � 6 amoles per cell for PC-3
cancer cells and BPH-1 non-cancer cells, respectively, evincing the effective role of
the rGO QDs/ZnO for detecting H2O2 (Yang et al. 2015).

Silver nanoparticles (AgNPs) can be implanted on the CND surface by ultraviolet
(UV) irradiation. The AgNPs-CNDS are simply dropping cast on the GCE to prepare
the H2O2 sensor. With a 80 nM (S/N¼ 3) as a limit of detection, the sensor can detect
H2O2 in purified bovine serum samples (Jahanbakhshi and Habibi 2016). A GCE
modified with CND-MWCNT (multiwalled carbon nanotubes) nanocomposite
exhibits significant electrocatalytic activity for the reduction of H2O2 compared to
CNDs or MWCNTs (Bai et al. 2016). Of note is the design of an electrochemical
biosensor for H2O2 by immobilizing HRP using CNDs and CoFe layered double
hydroxy composites (CNDs/LDHs) on a GCE (Wang et al. 2015b). The HRP/CND/
LDHs/GCE shows good electrocatalytic reduction activity toward H2O2.

Blood glucose (GLC) plays a major role in human health. Various techniques
with electrochemical approaches have been developed as GLC sensors. Glucose
oxidase (GOx) is commonly applied for catalyzing GLC and subsequently produc-
ing a response current, which can be linked to the GLC concentration (Hrapovic
et al. 2004). A high-performance GLC sensor is fabricated by introducing GQDs as a
novel substrate to immobilize GOx on a carbon-ceramic electrode (CCE) (Razmi
and Mohammad-Rezaei 2013). The enzyme adheres firmly to the large surface area
of highly porous GQDs with abundant hydrophobic planes and hydrophilic edges,
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(Razmi and Mohammad-Rezaei 2013). A gold microdisk array electrode is modified
by gold nanoparticles (AuNPs) and carbon quantum dots (CQDs), followed by the
immobilization of GOx on the active surface area. Based on chronoamperometry, the
GOx/CQDs-AuNPs/Au microdisk array electrode exhibits 13 times increase in
sensitivity over the planar electrode (Buk and Pemble 2019).

A novel nanostructured electrocatalyst of CQDs and octahedral-cuprous oxide
(Cu2O) is exploited for the determination of GLC and H2O2 (Li et al. 2015). The
enzymeless approach, CQDs/Cu2O/GCE, shows preferable electrolysis to the GLC
oxidation and H2O2 reduction compared to the Cu2O/GCE. Nitrogen-doped CNDs
(N-CNDs) can be synthesized from polyacrylamide, mixed with CS, and drop-cast
on a GCE, followed by the immobilization of GOx on the electrode surface by the
amino-carboxyl reaction (Ji et al. 2016). The performances of CNDs and GQDs
based sensors for H2O2 and GLC detection are brief in Table 16.2.

3 Detection of Organic Compounds

The importance of detecting organic compounds encompassing nicotinamide ade-
nine dinucleotide (NADH), uric acid (UA), dopamine (DA), and ascorbic acid (AA)
is due to their vital significance. The electrochemical approaches can be utilized for
the determination of vitamins, amino acids, drugs, explosives, and chemical pollut-
ants because of their simplicity, low cost, and high sensitivity. The electrode
modification by CNDs could effectively enhance the interaction between the elec-
trochemically active surface area and electroactive substances, i.e., the rate of
electrochemical reaction as reflected by the signal response can be augmented
by CNDs.

Abnormalities of DA levels are linked to several neurological illnesses; therefore,
the determination of DA is critical in clinical chemistry (Hu et al. 2014). A DA
sensor is fabricated from rGO and a CND composite film. Electrostatic interaction
between the amine functional group of DA and carboxylic groups of CNDs enhances
the specific detection of DA. Electron communication and the interaction between
DA and rGO are governed by the π-π stacking force (Hu et al. 2014). The
rGO-CNDs/GCE shows a high response contrasted to a bare GCE, GO/GCE, or
CNDs/GCE. An N-CQD modified GCE can be used for detection. The sensor
exhibits excellent performance with broad linearity and a low LOD for DA detection
(Jiang et al. 2015). In this context, another sensor for DA is based on a Cu2O-CNDs/
Nafion film (Cu2O-CNDs/NF) (Huang et al. 2015). The electrode conductivity is
enhanced by Cu2O nanoparticles, while the carboxylic groups of CNDs and sulfo
groups of NF attract DA via electrostatic interaction but exclude AA and UA, The
Cu2O-CNDs/NF/GCE detects successfully DA in human serum with high
selectivity.

A GCE can be modified with layers of ferrocene@β-cyclodextrin (Fc@β-CD)
and N-CNDs for selective detection of UA (Zhang et al. 2014). A novel approach for
chiral separation of D-AA and L-AA is achieved using electropolymerized molec-
ularly imprinted (MI) polyaniline ferrocene sulfonic acid (PANI-FSA) on a CND
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modified pencil graphite electrode. The developed sensor can be successfully
applied to human plasma samples and pharmaceuticals for determining L-AA
(Fig. 16.1) (Pandey and Jha 2015). CNDs are synthesized by ultrasonic methods
using glucose as a carbon source. The CND modified GCE electrode (CNDs/GCE)
simultaneously detects DA, L-tryptophan (TRP), UA, and theophylline (TP). The
CNDs/GCE shows a strong anti-interference effect and good stability (Wang et al.
2021).

Creatinine is produced in the body by creatinine metabolism and then filtered by
the kidney. Abnormal levels of creatinine are linked to chronic kidney disease and
hypothyroidism, thus the accurate measurement of creatinine is of clinical impor-
tance. A sensor for creatinine is based on CNDs doped on tungstic anhydride (WO3),
which are embedded on a GO-modified GCE. This sensing approach detects creat-
inine in blood and urine samples without any interference (Ponnaiah and Prakash
2020). Of interest is the electrochemical detecting of NADH by a screen-printed
electrode (SPE) modified with hybrid magnetic nanoparticles-CQDs (Fig. 16.2)
(Canevari et al. 2017).

As a nonessential amino acid, hydrophilic L-cysteine (L-Cys) has been consid-
ered an antitoxin antioxidant and cancer biomarker in biological systems. Electro-
chemical methods are one of the most desired approaches used for the analysis of
amino acids, including L-Cys (Hou et al. 2015). Polypyrrole (PPy), a conducting
polymer, and GQDs@Prussian blue (PB) are grafted on graphite felt for electroanal-
ysis of L-Cys (Wang et al. 2016). GQDs are simply immobilized on GF ultrasoni-
cally, followed by the adsorption of PB. The PPy film is then electropolymerized to
enhance the electrochemical stability of the fabricated electrode.

Ascorbic Acid &
Copper Acetate 

90°C stirring
for 5 hr.

water Orange colour
solution

Golden yellow
solution
(C-dots)

C-dots deposition
on graphite

surface

Deposition of
C-dots

Electrochemical deposition
S

O
O

H

S
O

O
H

S
O

O
H S

O
O

H

S
O

O
H

H
O

O
S

H
O

O
S

Pencil
graphite
surface

C-dots modified
graphite surface

Polyaniline with FSA
doped with Ascorbic

Acid
doping

dedoping

Chiral Cavity
selective for
L-Ascorbic

AcidFe+ Fe+ Fe+

Fe+

Fe+ Fe+

Fe+

L-Ascorbic Acid
ferrocene sulphonic acid
(FSA) and 
aniline

(C-dots)

Fig. 16.1 The fabrication of MI-PANI-FSA/CND/PGE electrode (Pandey and Jha 2015).
(Reproduced with permission from Ref. (Pandey and Jha 2015) Copyright (2015) Elsevier)
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An enantio-recognition interface for the tryptophan (TRP) isomers has been
achieved by GQDs incorporating into β-CD via hydrogen bonds between the
oxygen-containing and hydroxyl groups on GQDs and β-CD, respectively. The
resulting GQDs/β-CD could be electrodeposited on the GCE because of highly
negative charges due to the carboxylic groups’ ionization. The hydrophobic cavity
of β-CD also plays an important role as a chiral interface for the TRP enantiomer
measurement and separation (Fig. 16.3) (Ou et al. 2015).

Vitamin D2 can be detected by an electrochemical biosensor platform using
CNDs embedded in CS. A thin film of CNDs-CS is deposited on indium tin oxide
(ITO) coated glass. Vitamin D2 antibody (Ab-VD2) and BSA are co-immobilized on
CNDs-CS/ITO (Sarkar et al. 2018). A diversified range of electrochemical sensors
for detecting organic compounds such as UA, AA, DA, creatinine, NADH, amino
acids, and vitamins based on CNDs is presented in Table 16.3.

As mentioned above, the performance of drug characterization can be improved
using CNDs due to their electrical property and sizable specific surface area. For
instance, an electrochemical sensor for doxorubicin hydrochloride (DOX) is based
on AgNPs, CNDs, and rGO electrodeposited on a GCE, without any reducing agents
or toxic solvents (Fig. 16.4) (Guo et al. 2017). Electrocatalytic activities for DOX
reduction are significantly affected by Ag(NH3)2OH concentrations and become
optimal when the volume ratio of CNDs-GO to Ag(NH3)2OH is set at 1:1.

p-acetamidophenol can be detected by AuNPs/amino-acids functionalized GQDs.
In brief, 20 amino acids-GQDs are prepared by a simple pyrolysis step of one amino
acid and citric acid, which subsequently reacts with HAuCl4 to form AuNPs/amino
acid-GQDs. Among different amino acids-GQDs, the proline (Pro)-GQD scheme
offers a fast reaction rate for the preparation of AuNPs/Pro-GQDs, resulting in high
detection sensitivity for this analyte (Xiaoyan et al. 2016).

Mesalazine (MSA) is commonly utilized for treating bowel disease inflammation,
e.g., ulcerative colitis and Crohn’s illness (Bergman and Parkes 2006). Electrochem-
ical sensing of MSA is realized by a CS-CNDs-hexadecyltrimethylammonium
bromide (CTAB) modified GCE (CS/CNDs-CTAB/GCE). CTAB serves as an
adsorbent due to its positive charge that effectively assembles with negative

Fig. 16.2 Illustration of SPE
with MgNPs-CQDs (Canevari
et al. 2017). (Reproduced with
permission from Ref.
(Canevari et al. 2017)
Copyright (2017) Wiley-VCH
GmbH)
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CNDs. The CNDs-CTAB mixture is simply drop-cast on the GCE, followed by the
addition of CS. This sensing approach can detect MSA in human blood serum (Jalali
et al. 2020). The detection of lactose is feasible by β-galactosidase, crosslinked with

L-TrpGQDs D-Trp

L-Trp

D-Trp

0
0.4

1

2

3

4

5

6

7

0.5 0.6 0.7 0.8 0.9 1.0

I /
 �
�

��vs. SCE /V

�-CD GQDs/�-CD

Fig. 16.3 The preparation of electrochemical chiral interface GQDs/β-CNDs and the application in
the recognition of TRP isomers (Ou et al. 2015). (Reproduced with permission from Ref. (Ou et al.
2015) Copyright (2015) Elsevier)

Table 16.3 Various electrochemical sensors for detecting UA, AA, DA, creatinine, NADH, amino
acids based on CNDs

Fabricated
electrode Analyte Linear range LOD Technique Ref.

rGO-CNDs/
GCE

DA 10–450 �
10�3 nM

1.5 nM DPV (Hu et al.
2014)

NCQDs/GCE DA 0–1 mM 1.1 nM DPV (Jiang et al.
2015)

Cu2O-CNDs/
NF/GCE

DA 0.05–45 μM 1.1 nM DPV (Huang
et al. 2015)

Fc@β-CD/N-
CNDs/GCE

UA 5–120 μM 0.08 μM DPV (Zhang et al.
2014)

MI-PANI-FSA/
CNDs/PGE

L-AA 6–165 nM 0.001 nM DPV (Pandey and
Jha 2015)

CNDs/
WO3@GO/
GCE

Creatinine 0.2–112 nM 220 pM DPV (Wang et al.
2021)

MgNPs-CQDs/
SPE

NADH 0.2–5 μM 20 nM DPV (Canevari
et al. 2017)

PPy/
GQDs@PB/GF

L-Cys 50–1000 μM 0.15 μM Amperometry (Wang et al.
2016)

BSA/Ab-VD2/
CNDs-CS/ITO

Vitamin
D2

10–50 ng/mL 1.35 ng/mL DPV (Sarkar et al.
2018)
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CNDs by 1-ethyl-1-3-(3-dimethylaminopropyl) carbodiimide (Sharma et al. 2019).
The determination of pharmaceuticals and organic molecules by electrochemical
sensing using CNDs is shown in Table 16.4.

Using a layer-by-layer (LBL) technique, NF/MWCNTs/CNDs/MWCNTs are
fabricated for simultaneous analysis of catechol (CC), hydroquinone (HQ), and
resorcinol (RS) (Wei et al. 2014). Electrostatic interaction between MWCNTs with
an amido group and CNDs can be exploited to fabricate the electrode (Fig. 16.5). For
catechol detection, a novel sensing approach is based on fluorine laccase and
nitrogen co-doped CNDs (Lac/F, N-CNDs/GCE). F, N-CNDs are prepared by the
hydrothermal carbonization procedure from p-phenylenediamine (p-PD) and 5-fluo-
rouracil (5-Fu). The detecting enzyme, laccase, forms a complex with the
as-synthesized F, N-CNDs and is deposited on the GCE. The sensor detects catechol
in lake water, tap water, composite bioremediate, and seafood (Liu et al. 2019). A
stable and sensitive sensor for capsaicin is attained using CNDs grafted onto ITO.
CNDs are synthesized from iota-carrageenan via the hydrothermal method
(Supchocksoonthorn et al. 2021). Carrageenan is a sulfated polysaccharide obtained
from red seaweed (Eccles et al. 2015).

As one of the most dangerous and explosive chemicals, 2,4,6-trinitrotoluene
(TNT) causes several diseases including hepatotoxicity and hemolysis as it affects
the level of the hepatic enzyme (Rodgers and Bunce 2001). An electrochemical
sensor for TNT detection is fabricated from N-CNDs. TNTwith an electron-deficient
nitro-aromatic ring interacts strongly with electron-rich amino groups of N-CNDs
occurs (Zhang et al. 2015). N-nitrosamines are extremely toxic compounds observed
in meat and foods as potent mutagens and carcinogens are formed in processing meat

VCDS-GO:VAg(NH3)2OH =1:1

Ag(NH3)2OH
stirring, 30min

Electrochemical workstation

Electrochemical 

CDs,GO
solution(v:v=3:1)

GO, CDs, Ag(NH3)2OH AgNPs-CDs-rGO/GCE

Increase of [DOX]

GCE

Potential (v)
0 0.2 0.4 0.6 0.8

Addition of DOX

CDs,GO.Ag(NH3)2OH

electrochemical reduction
redox

C
ur

re
nt

 (
�A

)

Fig. 16.4 The preparation of the developing electrochemical sensing AgNOs-CNDs-rGO/GCE
and its application toward DOX detection (Guo et al. 2017). (Reproduced with permission from
Ref.(Guo et al. 2017) Copyright (2017) Elsevier)
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during curing, smoking, or salting (Minami et al. 2012; Tung et al. 2017). A DNA
biosensor for the determination of mutagenic nitrosamines; NDMA and NDEA (N-
nitrosodimethylamine N-nitrosodiethanolamine, respectively) is based on a
CS-CND modified GCE electrode, in which DNA is electrostatically immobilized
on the CS-CND/GCE surface (Majumdar et al. 2020). CNDs can also be used as a
reducing agent for the in situ growth of CND/AuNPs on the GCE, followed by the
drop cast of NF solution on GCE to retain CNDs/AuNPs on the electrode. The
synergistic effect between CNDs and AuNPs is attributed to the oxidation of nitrite
(NO2

�) (Zhuang et al. 2016).
CNDs and GQDs are used in the detection of important bases of RNA and DNA.

For example, simultaneous electrochemical detection of adenine (A) and guanine
(G) is achieved using AgNPs and GQDs base (Wang et al. 2015a). A and G as
RNA/DNA bases are important in the biosynthesis of protein and storage of genetic
information (Wang et al. 2008). Electrochemical sensors based on CNDs for
detecting pollutants, organophosphates, explosives, insecticides, and inorganic com-
pounds are presented in Table 16.5.

4 Metal Ion Sensing

The development of a sensing system of heavy ions is important to obtain a fast and
low-cost detection tool. Electrochemical sensors based on CNDs and GQDs for
detecting heavy metals have been extensively developed. Such efforts are

Fig. 16.5 LBL assembly between MWCNTs and CNDs (Wei et al. 2014). (Reproduced with
permission from Ref. (Wei et al. 2014) Copyright (2014) Elsevier)
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anticipated because oxygen-containing groups on the surface of CNDs and GQDs
significantly affect re-oxidizing metals to ions for stripping analysis.

A PANI/GQDs modified SPCE (screen-printed carbon electrode) is useful for
detecting Cr(VI) (Punrat et al. 2016). GQDs are synthesized from citric acid and an
optimal ratio of (1:4, v/v) aniline and GQDs is needed for the electropolymerization
of aniline to PANI. The PANI/GQDs/SPCE detects Cr(VI) in mineral-drinking water
using linear sweep voltammetry (LSV). For Cu2+ detection, a GCE is modified by
CNDs and (N-(2-aminoethyl)-N,N0,N0,tris(pyridine-2-methyl)ethane-1,2,diamine)
(AE-TPEA). CNDs are attached to methoxy functional groups on (3-aminopropyl)
trimethoxysilane (APTMS) through salinization interaction. The AE-TPEA receptor
is conjugated with -OH and/or -COOH groups of CNDs. Of importance is the
specific recognition of TPEA toward Cu2+, along with the amplified properties of
CNDs. The (TPEA/CNDs/APTMS/GCE) using differential pulse anodic stripping
voltammetry (DPASV) detects Cu2+ in rat brain microdialysate (Fig. 16.6) (Shao
et al. 2013). A GQD-modified PG electrode can also detect Cu2+ ions (Ahour and
Taheri 2018). Another scheme for sensitive detection of Cu2+ in water is based on a
CD-CS modified GCE (Echabaane et al. 2021).

Cadmium (Cd2+) and lead (Pb2+) ions are distributed in soil and groundwaters
because of their widespread industrial uses (Verma and Dwivedi 2013). Simulta-
neous electrochemical detection of Cd2+ and Pb2+ is feasible by a GCE modified by
N-CQDs and GO (NCQDs-GO/GCE) by anodic stripping voltammetry (ASV). The
hybrid composed of NCQDs-GO with abundant oxygen-containing groups and a
sizeable specific surface area enhances the efficient adsorption of Cd2+ and Pb2+ via
electrostatic interaction, resulting in significantly improved detection sensitivity
(Li et al. 2018b).

The accumulation of mercury (Hg2+) ions can be linked to several risky issues
including renal and neural problems (Rice et al. 2014). The determination of Hg2+

and Cu2+ is based on a GCE modified by AuNPs and GQDs. Cysteamine-capped
AuNPs are synthesized from the electrochemical reduction of gold chloride and
conjugated with GQDs. The GQD-AuNP/GCE shows great affinity with Hg2+

compared to the AuNP/GCE (Ting et al. 2015). An SPCE is modified by CNDs
for the determination of ferric ion (Fe3+). Spent battery carbon dots are used for the
synthesis of CNDs and the result obtained from the sensor is validated by atomic
absorption spectroscopy (AAS) (Tan et al. 2017). Sensing heavy metal ions by
CNDs and GQDs is summarized in Table 16.6.

5 Aptasensing and Immunosensing

Effective and sensitive analysis of proteins, biomarkers, and DNA is significantly
vital in clinical analysis. CNDs and GQDs represent unique features of increasing
electrocatalytic activity of aptasensors and immunosensors (Campuzano et al. 2019).
Avian leukosis viruses (ALVs), the commonest naturally occurring avian retrovi-
ruses are corresponding to neoplastic diseases (Zhou et al. 2011). The Avian leukosis
virus subgroup J (ALVs-J) is considered a recombination between an endogenous
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retrovirus and a known exogenous avian leukosis virus (Pan et al. 2011). An
ultrasensitive electrochemical sandwich immunoassay for detecting ALVs-J is
based on hybrid Fe3O4@GQDs and apoferritin-encapsulated Cu (Cu-apoferritin)
(Fig. 16.7) (Wang et al. 2013). The Fe3O4@GQDs are used to link apoferritin with
secondary antibodies (Ab2). After the assembly of a sandwich-type between the
antigen (ALVs-J) and Ab2, Cu released from the cavity of apoferritin is detected by
DPV.

Of note is the sensitive detection of tumor suppressor protein p53 antigen. The
p53 antibody is immobilized onto a conductive matrix and dual amplification
elements of poly-L-cysteine (P-Cys) and GQDs/AuNPs, respectively.
P-Cys-GQDs/AuNPs are immobilized on the Au electrode by electrochemical

Fig. 16.6 Diagram illustration (a) the determination of cerebral Cu2+ by TPEA/CNDs/APTMS/
GC, and (b) modified electrode preparation (Shao et al. 2013). (Reproduced with permission from
Ref. (Shao et al. 2013) Copyright (2013) American Chemical Society)

16 Electrochemical Sensing and Biosensing-Based on Carbon Nanodots 353



deposition. The resulting immunosensor exhibits long-term stability and excellent
sensitivity (Hasanzadeh et al. 2018). A biosensing approach for gene mutation
detection is proposed, based on CNDs/AuSPEs modified by a 25-mer sequence of
Helicobacter pylori (HP1) (García-Mendiola et al. 2018). Oligonucleotides like HP1
are firmly adsorbed on CNDs through π-π stacking interaction and hydrogen bond-
ing (Manohar et al. 2008). The biosensor based on HP1/CNDs/AuNPs offers
sensitive and accurate hybridization monitoring using safranine as a redox probe
that binds to double-stranded DNA (dsDNA) selectively (Garcia-Mendiola et al.
2016). An aptamer-based sensor is fabricated for ultrasensitive analysis of the
hepatitis C virus (HCV) core antigen. In this approach, the aptamer (Apt) is
immobilized onto GQDs via non-covalent interactions of electrostatics, π-π stacking,
and hydrogen bonding types. The fabricated device detects HCV core antigen in
human serum with good accuracy and precision by electrochemical impedance
spectroscopy (EIS) (Ghanbari et al. 2017). CNDs can be used as a stabilizer and
reducing agent to synthesize Pd-Au@CNDs nanocomposites. Single-stranded probe
DNA (S1) is anchored on a Pd-Au@CNDs/GCE by coupling with CNDs through
carboxylic groups (Fig. 16.8). The sensor detects colitoxin in human serum with
excellent stability and reproducibility (Huang et al. 2017). CNDs stabilized AgNPs
lipid nanohybrid offer selective, sensitive, and label-free electrochemical DNA
sensing. CNDs-AgNPs are used to binary lipid vesicles to form a biocomposite,
designated as lipid-CNDs-AgNPs. The biocomposite is then tethered on a
3-mercaptopropionic acid (MPA) monolayer via electrostatic interaction on the Au
electrode. The detection scheme based on MPA/lipid/CNDs-AgNPs detects 1 μM
target DNAwith great selectivity (Divya et al. 2019). The application of CNDs and
GQDs for detecting protein and DNA/RNA is itemized in Table 16.7.

Table 16.6 CNDs-based electrochemical sensors for heavy metal ions

Fabricated
electrode Analyte Linear range LOD Method Ref.

PANI/GQDs/
SPCE

Cr(VI) 0.1–10 mg/L 0.097 mg/L LSV (Punrat et al.
2016)

TPEA/CND/
APTMS/GC

Cu2+ 1–60 μM 100 nM DPASV (Shao et al.
2013)

GQDs/PGE Cu2+ 50–4 � 10�3 pM 12 pM SWV (Ahour and
Taheri 2018)

CNDs-CS/GCE Cu2+ 1 nM–10 mM 50 nM EIS (Echabaane
et al. 2021)

NCQDs-GO/
GCE

Cd2+

Pd2+
11.24–11,241 μg/L
20.72–10,360 μg/L

7.45 μg/L
1.17 μg/L

ASV (Li et al. 2018b)

GQDs-AuNPs/
GCE

Hg2+

Cu2+
0.02–1.5 nM
0.05–0.5 �
10�3 nM

0.02 nM
0.05 nM

LSV (Ting et al.
2015)

CNDs/SPCE Fe3+ 0.5–25 ppm 0.44 ppm CV (Tan et al.
2017)
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Fig. 16.8 The green synthesis of CNDs from banana peels and its application as s a stabilizer and
reducing agent for Pd-Au@CNDs for colitoxin (a toxin of Escherichia coli) sensing (Huang et al.
2017). (Reproduced with permission from Ref. (Huang et al. 2017) Copyright (2017) Elsevier)
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immunosensor (Wang et al. 2013). (Reproduced with permission from Ref. (Wang et al. 2013)
Copyright (2013) Elsevier)
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6 Trends and Conclusions

CNDs have been advocated for important applications in electrocatalysis and elec-
troanalysis (Nekoueian et al. 2019). As their electronic and chemical structures are
related to their shape, size, surface functional groups, and heteroatom doping,
different approaches can be used for the synthesis of CNDs and doped CNDs from
different precursors. Another technique for improving the electrocatalytic and elec-
tronic characteristics of CNDs is to form nanocomposites of CNDs with other
nanoscale materials. In particular, doped heteroatoms (N, S, P, etc.) serve as reactive
catalytic sites during the electrocatalytic process. To date, the hydrothermal method
is a promising route to control the structure and composition of doped CNDs via
precursor optimization. Also, electrochemical synthesis of CQDs produces CNDs
with low nanoscale particles. The absorbance and photoluminescence properties of
CNDs have been advocated in the development of optical sensing platforms.
Undoubtedly, this feature can be combined with electrocatalytic properties for
developing sensing platforms with a dual-mode of detection: optical and electro-
chemical toward the improvement of detection selectivity. This combined feature is
intriguing and could become an active and hot research topic in analytical chemistry.
Conducting polymers can form polymer composites with CNDs with enhanced DC
electrical conductivity. One typical example is the electrical conductivity of the
CND- polyvinylidene fluoride (PVDF) films, which increases sixfolds over the
PVDF film (Badawi et al. 2019). The direct energy bandgap of the composite film
decreases from 5.28 to 2.96 eVas the wt % ratio of CNDs/PVDF increases from 0%
to 10.0%. Such films will find various optoelectronic applications and in the field of
biosensing, they can be used to entrap or bioconjugate with a biorecognition
molecule toward the development of simple devices for field testing or point of care.

Table 16.7 The electrochemical sensors-based CNDs for detecting proteins and DNA/RNA

Fabricated
electrode Analyte Linear range LOD Method Reference

Fe3O4@GQDs/
Ab2-Cu-appferritin/
BSA/Ab1/GCE

ALVs-J 102.08–104.50

TCID50/mLa
115
TCID50/mL

DPV (Wang et al.
2013)

AuNPs/GQDs/
P-Cys/Au electrode

p53 0.000197–0.016
pM

0.065 fM SWV (Hasanzadeh
et al. 2018)

HP1/CNDs/AuNPs HP1 0.001–20 μM 0.16 nM DPV (García-
Mendiola
et al. 2018)

BSA/Apt/GQDs/
GCE

HCV 10–400 pg/mL 3.3 pg/mL EIS (Ghanbari
et al. 2017)

S1/Pd-Au@CNDs/
GCE

Colitoxin 0.5 fM-5 nM 0.0182 fM DPV (Huang et al.
2017)

MPA/lipid/CNDs-
AgNPs

Target
DNA

10�16–10�11 M 10�16 M EIS (Divya et al.
2019)

aTCID: Median Tissue Culture Infection Dose
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CNDs play a dual role (electron donors and acceptors) and have diversified
applications in optronics, catalysis, and sensing (Hutton et al. 2017). Another feature
is the tunable surface chemistry of CNDs that accommodates their functionalization
or integration with different materials, biomolecules, nanoparticles, etc. Compared
with CNDs, other carbon-based materials have some shortcomings, e.g., graphene
contains fewer functional groups and defects, whereas high-cost carbon nanotubes
are difficult to synthesize with poor aqueous solubility. Black phosphorus is also a
new 2-D material with highly unique electrical and optical properties (Huang and
Ling 2017). However, it is unstable and exhibits low biological compatibility. Lastly,
g-C3N4 with poor electrical conductivity is uncompetitive in the field of electroanal-
ysis. Nevertheless, the combination of CNDs with carbon-based materials opens an
opportunity to examine the effect of chemical compositions and structural parame-
ters on the electrocatalytic performance of such electrocatalysts. This is a relatively
new field, and their new chemical and physical properties will be unraveled for novel
applications, including electrochemical sensing and biosensing. For mass production
of biosensing platforms, CNDs must be produced by a simple procedure with
low-cost precursors, and in this context, graphite can be a good carbon source.
However, CNDs can be synthesized with other functional groups from carbon
sources to improve detection sensitivity and linearity.

From an academic viewpoint, very little is known about the electrical properties
of CNDs (Liu and Wu 2013). The efficient and complex interaction between carbon
core, various functional groups, and doped heteroatoms is attributed to their key
electrochemical (electrical) features, similar to quantum dots (Ambrosi et al. 2014).
Other contributing factors include their ample edge sites and sizeable specific surface
area, which enable efficient electron transfer of CNDs, a subject of future endeavors.
Recently, CNDs form nanocomposites with conducting polymers (Maruthapandi
et al. 2021b), which are emerging materials for the construction of electrochemical
biosensors. CNDs also exhibit antibacterial properties (Maruthapandi et al. 2021a),
which could be exploited to develop biosensors with anti-fouling activities.

GQD exhibits electrochemiluminescence (Xu et al. 2004) but this important prop-
erty has not been established for CNDs. However, GQDs outperform CNDs in
electrochemical sensing as the former exhibits intrinsic electrochemical activity, and
enhanced electrical conductivity with facilitated electron transfer (Campuzano et al.
2019). Nevertheless, doping CNDs or GQDs with various heteroatoms, e.g., nitrogen,
boron, etc., is a distinct possibility to tune their electrochemical properties, a subject of
future endeavors. Hybrid nanomaterials of CNDs with metal/metal oxide nano-
particles, organic compounds, conducting polymers, etc. could also lead to an increase
in electrical conductivity owing to the increase of active surface areas and active sites.
To date, CND-based biosensors require enzymes, aptamers, antibodies, nucleic acids,
etc. It is of uttermost importance to develop CNDs with some intrinsic properties to
mimic the biological properties of such biomolecules. Of note is the development of
the nanostructure electrocatalyst of CNDs/octahedral-cuprous oxide (Cu2O) as an
enzymeless sensor for the determination of GLC and H2O2 (Li et al. 2015).

From a commercial viewpoint, the production of CNDs must be scalable with low
cost, i.e., only limited methods and precursors are suitable to fulfill this stringent
requirement. Therefore, future endeavors must focus on pertinent carbon-nitrogen
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sources and synthesis strategies toward the development of inexpensive CNDs “en
masse” with extreme active sites and functional groups.
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Abstract

Extensive research on the development of biosensors has been conducted. In
particular, electrochemical biosensors have flourished with the advancement of
nanomaterials, since the modification of electric biosensing devices can offer
enhanced sensitive and selective personalized diagnostics. The performance of
these sensors can be pushed further away with the use of organic-inorganic
nanostructures, where a synergic effect may arise due to this combination. In
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the previous chapter, different classes of nanomaterials such as nanoclay, nano-
clusters, and nanodendrite were discussed. Herein, the different organic and
inorganic nanomaterials used in the fabrication of electrochemical biosensors
are summarized, the advantages and disadvantages of each one of them are
discussed, and current trends and research opportunities are highlighted. Besides
that, the structure, properties, and some synthetic routes for obtaining its hybrid
counterparts are presented. Finally, an overview of the applications of these
materials in biosensing is reviewed.

Keywords

Graphene · Carbon nanotubes · Carbon black · Chalcogenides · Layered double
hydroxides · MXenes

1 Introduction

The advance in nanomaterials engineering and nanotechnology casts new possibil-
ities for the synthesis of materials with tailored properties and application in many
research fields, such as electronics (Gong and Cheng 2017; Wu 2017), drug delivery
(Hassan et al. 2017; Saxena et al. 2018; Mei et al. 2020), energy conversion and
storage (Dai et al. 2012; Zhang et al. 2013), building/construction (Jones et al. 2019;
Lum et al. 2019), cosmetics (Katz et al. 2015; Fytianos et al. 2020), aerospace and
automotive industries (Srinivasan et al. 2015), and biosensors, in chemistry (Wang
2005; Choudhary et al. 2016; Lv et al. 2018). In this sense, biosensors can be defined
as self-contained integrated analytical devices that convert a biological response into
quantifiable and processable signals (Jadhav et al. 2021).

The development of biosensors has increased in past years due to the demand for
personalized health care and cheaper diagnostics. Thus, the fabrication of high-
performance biosensors with high sensitivity, selectivity, and compatibility with
biological systems is required (Ray and Jana 2017; Bhatnagar et al. 2018; Bolotsky
et al. 2019). For this purpose, electrochemical biosensors (EB) have been investi-
gated because they offer advantages such as simplicity of construction, low detection
limits, ease of miniaturization, and portability (Alves et al. 2020, 2022a, b, 2023; de
Faria LVet al. 2020; Lisboa et al. 2021; Vinícius de Faria et al. 2021). EB can be an
amperometric/voltammetric biosensor (the working electrode is responsible for
measuring the current produced by a redox reaction), a potentiometric biosensor
(where changes in potential are recorded in respect of a reference electrode), or an
impedimetric biosensor (where changes in charge, conductance, and capacitance at
the sensor surface are tracked) (Jadhav et al. 2021).

Currently, a variety of nanomaterials (NMs) have been applied as labeling tags
aiming to enhance the performance of EB by increasing electrochemical surface
area, which will result in higher sensitivity, improving electron transfer across the
electrode-electrolyte interface, leading to a faster current response for a target
molecule, and providing electrocatalytic sites. NMs are materials that possess at
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least one of their dimensions on a nanometric scale and can be classified as 0D, 1D,
and 2D NMs. If all dimensions are nano-sized, this is a 0D NM (e.g., nanoparticles,
quantum dots, fullerenes, and carbon dots). If two dimensions possess nanometric
size, this material is called 1D NM, like nanowires, nanoribbons, and carbon
nanotubes. If only one dimension is nanometric, this is a 2D NM (e.g., nanolayers,
nanosheets, graphene, layered double hydroxides, and chalcogenides) (Naresh and
Lee 2021). Meanwhile, the combination of nanomaterials in hybrid nanostructures
integrates characteristics of both organic and inorganic materials, which can produce
new features due to the formation of a composite and thus improve the EB analytical
performance.

Therefore, in this chapter, the properties, the synthetic route, and applications of
organic (graphene, carbon nanotubes, carbon black, and carbon dots) and inorganic
(metal nanostructures, layered double hydroxides, chalcogenides, and quantum dots)
hybrid nanomaterials will be discussed.

2 Organic and Inorganic Hybrid Nanomaterials

2.1 Organic Nanomaterials

Carbon atoms can be arranged in different configurations which result in different
materials with unique structural configurations and properties. Figure 17.1 shows the
carbon allotropes nanomaterials used organic nanomaterial for electrochemical bio-
sensors assembly. The scientific literature reports are mainly focused on the use of

Fig. 17.1 The different categories of carbon nanomaterials used in the assembly of EB
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EB based on graphene, reduced graphene oxide (rGO), graphene oxide (GO), and
carbon nanotubes (CNT) (Sanati et al. 2019). In this sense, the use of other carbon
nanomaterials such as fullerenes, carbon dots (CDs), carbon black (CB), and carbon
nanohorns (CNHs) for biosensing applications represent new research opportunities.

Graphene is a single layer of sp2-hybridized carbon atoms, linked covalently in a
hexagonal honeycomb structure; this structure is responsible for its properties such
as high surface area, and electric and thermal conductivity. Graphene is the building
block of graphitic materials such as fullerenes, CNTs, and graphite, and these
materials share, to some extent, the same properties as graphene (Malard et al. 2009).

Carbon nanotubes are cylindrical nanostructures that can be formed by rolling a
sole graphene sheet into a tube (SWCNTs), or several layers in a concentric
cylindrical structure (MWCNTS). The main properties of CNTs are high conductiv-
ity, fast electrode kinetics, and large surface area, these properties can be modulated
by inserting functional groups on their surface by chemical modification, also called
functionalization (Kour et al. 2020). CNHs are cone-shaped 1D nanostructures like
CNTs and possess similar properties, the main advantages of CNH over CNTs are
large-scale industrial synthesis with high yield and no need for purification (Karfa
et al. 2019).

Fullerenes can be seen as wrapped graphene sheets, where carbon atoms (Cn;
n> 20) are located in the vertices of a regular truncated icosahedron structure (Kroto
et al. 1985). Like fullerenes, CD and graphene quantum dots (GQDs) are zero-
dimensional carbon nanomaterials, consisting of carbon atoms with a size below
10 nm, sharing the same optical and electronic properties as that of quantum dots.
CD and GQDs possess low toxicity, biocompatibility, and chemical inertness mak-
ing these ideal materials for the fabrication of EB (Tajik et al. 2020). Another organic
0D nanomaterial is CB, an amorphous form of carbon with spherical morphology
and particles size in the range from 3–100 nm, that is produced as soot from partial
combustion of hydrocarbons, and the properties of CB are comparable to those
above mentioned (Arduini et al. 2020).

2.2 Inorganic Nanomaterials

Inorganic nanomaterials comprise a variety of materials with different morphologies,
such as quantum dots and nanoparticles. By tuning, size and morphology is possible
to tailor its properties for specific applications (Pingarrón et al. 2008). Nanoparticles
possesses physical, chemical, and electronic properties different than its bulk coun-
terpart, due to the number and kind of atoms. Metal nanoparticles (MeNP), such as
Ag, Au, and Pt, possess high conductivity and catalytic properties, thus MeNP act by
increasing the electron transfer between redox centers and the electrode surface.
Oxide nanoparticles are often used to immobilize biomolecules, while semiconduc-
tor nanoparticles are used as labels or tracers for electrochemical analysis (Luo et al.
2006). Another type of zero-dimension nanomaterial used for the fabrication of
biosensors is quantum dots (QD). QD are semiconductor nanomaterials composed of
groups II-VI, III-V, or IV elements and possess similar characteristics as
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nanoparticles (Farzin and Abdoos 2021). Nanoparticles can be used as a precursor to
producing nanowires (NW) and nanotubes (NT), where NT is hollow and NW are
solid, with a cylindrical form (García et al. 2014; Cho et al. 2020). Figure 17.2 shows
different examples of inorganic nanomaterials used in biosensing.

Since the discovery of graphene in 2004, a growing interest in inorganic 2D
nanostructures has emerged, among these are chalcogenides and transition metal
dichalcogenides (TMDs), MXenes, and layered double hydroxides (LDHs). Chal-
cogenides are layered compounds formed by the elements of group 16 that possess a
variety of stoichiometry, the atoms in the layers are held by covalent bonds, while the
planes are linked by a weak van der Waals bond, which allows the isolation of single
individual layers from the bulk material (Wang et al. 2017). The largest subset of this
group are TMDs, these compounds possess the formula MX2, where M is a
transition metal of groups 4–10 (e.g., Mo, W, Nb, Ti, and Ta) and X represents a
chalcogen (S, Se, and Te) (Chhowalla et al. 2013; Tan and Zhang 2015). The
electronic properties of TMDs are directly related to their composition, for example,
semiconducting (as MoS2 and WSe2), semi-metallic (as PtSe2 and TiS2), metallic
(as NbSe2), and superconducting (as NbS) (Qi et al. 2018).

Another type of 2D nanomaterial discovered recently, MXenes are an emerging
class constituted of transition metal carbides, nitrides, or carbonitrides with a general
formula of Mnþ1XnTx (n ¼ 1–3). This nanomaterial has n þ 1 layers structure of M
(early transition metal [e.g., Ti, Nb, Ta, Mo, V, and Cr]), n layer of X (carbon or
nitrogen), and T represents surface functional groups (OH, O, and F) (Lin et al. 2021;

Fig. 17.2 The different inorganic nanomaterials used for the assembly of EB
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Sajid 2021). When compared to other nanomaterials MXenes possess some advan-
tages such as biocompatibility, hydrophilicity, and prone availability of functional
groups for analytes adsorption and/or modification (Sinha et al. 2018; Kalambate
et al. 2019; Soomro et al. 2020; Lin et al. 2021).

Concerning multilayer nanomaterial, LDHs are a category of anionic clays, with
lamellar structure and general formula that can be represented as

M2þ
1�xð ÞM

3þ
x OHð Þ2

xþ
An�½ �x=n∙zH2O, where M2+ is a divalent cation such as

Mg2+, Zn2+, and Co2+, M3+ represents a trivalent metal cation such as Al3+, Co3+,
and Fe3+, and An- is the interlayer anion such as CO3

2�, SO4
2�, and NO3

�. The x is
the molar ratio of M3+/(M2+ + M3+) and has a value ranging from 0.2–0.33
(Bukhtiyarova 2019; Jing et al. 2020). The poor electrical conductivity of LDHs
hinders their electrochemical performance, though they have high chemical reactiv-
ity, thus the formation of hybrid composites with other nanomaterials, such as
graphene and nanotubes, for modified electrodes has great appeal (Cao et al. 2016).

The main properties of the abovementioned materials are large surface areas and
energy, preferential orientation of crystallographic planes, lattice defects, porous
structure, and edges. All these features contribute to the improvement of the elec-
trochemical response of electrodes, which is highly desirable since biomolecules are
present in low concentrations in biofluids (Nikolaev et al. 2018; Shi et al. 2018).

3 Hybrid Nanomaterials Synthesis

A variety of methods can be used to produce composites nanomaterials such as
chemical reduction, electrochemical methods, hydrothermal and solvothermal,
chemical vapor deposition, laser ablation, and layer-by-layer assembling. In this
session, only an overview of the first three mentioned methods will be explored since
they are the most commonly used. A deeper discussion and particularities of each
one of these methods are beyond the scope of this chapter, and readers may refer to
further readings for this purpose (Huang et al. 2012; Tajik et al. 2020; Wang et al.
2020).

3.1 Chemical Reduction

This is the most used process for the decoration of carbon nanomaterials such as
CNTs and rGO with MeNP, NW, and NR. TMDs/rGO composites can be produced
by this method as well (Thanh et al. 2018), whereby mixing of metal salts (e.g., Au,
Ag, Pt, Pd, Mo, and Ti) with a suspension of carbon material such as GO and
derivatives (Tan et al. 2013; Ruffino and Giannazzo 2017; Darabdhara et al. 2019),
CNTs (Satishkumar et al. 1996; Gao et al. 2012; Kharisov et al. 2016), and CQDs
(Shen et al. 2013; Song et al. 2020) followed by the simultaneous reduction using a
reducing agent such as hydrazine, sodium borohydrade, hydroxylamine, or
ascorbic acid.
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The growth of MeNP, NW, and NR takes place in the negatively charged
functional groups on the surface of carbon materials. The same method can be
applied to the synthesis of LDH/rGO and LDH/CNTs composites. For this purpose,
the pH of the medium must be controlled to promote the precipitation of both M2+/
M3+ cations simultaneously and prevent residues of M(OH)2 impurities (Daud et al.
2016). The resulting material is composed of a sandwich-like structure of LDHs and
rGO, or CNTs (Cao et al. 2016; Asif et al. 2019).

3.2 Electrochemical Methods

This method has been used to produce rGO/MeNM (Darabdhara et al. 2019),
CNT/MeNM (Vairavapandian et al. 2008), and TMDs/rGO (Thanh et al. 2018)
with high purity in a simple and rapid way, without the need of toxic reagents.
Electrochemical synthesis can be used to deposit MeNP and TMDs over CNTs and
rGO surfaces. The first step consists in modifying the working electrode with a
carbon nanomaterial, usually by drop-casting technique. After that the electrode is
immersed in a solution containing the metal precursor. By applying a potential, the
metals are reduced on the electrode surface. The functionalization of carbon nano-
material and some parameters (applied potential, reaction time, and metal concen-
tration) can be used to control the size, morphology, and amount of nanoparticles
deposited on the electrode surface (Chu et al. 2010; Palanisamy et al. 2015).

Electrochemical techniques, such as chronoamperometry and cyclic voltammetry,
can be used to generate LDHs/rGO composites. The working electrode is coated
with GO and then immersed in a solution containing the divalent and trivalent salts
of the metal, generally nitrates or sulfate salts. Hydroxide ions are formed due to the
reduction of nitrate, or sulfate ions, to nitrite and sulfite respectively, which leads to a
local pH decrease in the working electrode vicinities, and consequently the deposi-
tion of the LDH film (Yarger et al. 2008; Shao et al. 2015). Even though there is a
variety of LDHs can be produced and associated with rGO by this method, only
NiAl, ZnAl-LDHs/rGO, composites have been reported (Mousty and Walcarius
2015). Figure 17.3 shows the use of electrochemical and other techniques for the
fabrication of hybrid nanomaterials.

3.3 Hydrothermal and Solvothermal

Hydrothermal and solvothermal methods are the most common synthetic route used
to produce inorganic and organic nanomaterials. Elevated temperatures are applied
to a sealed or open reactor that contains water (hydrothermal), organic solvents
(solvothermal) and the precursor’s materials (Feng and Li 2017). These conditions
increase the solvent’s ability to dissolve solids and speed up reactions between solid
species. Temperature controls the product formation kinetics, pressure is essential for
solubilization and directs the crystallization process, and both control the product
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Fig. 17.3 (A) Fabrication of rGO/Ti3C2 biosensor, (B) electrodeposition of AuNP on rGO
modified electrode, (C) hydrothermal synthesis of rGO/LDHs nanomaterial, (D) chemical reduction
of rGO/Sb2O5 biosensor, and (E) chemical reduction of rGO/NiAl-LDH. Panel A, B, C, D, and
E were adapted and reproduced with permission from (Cincotto et al. 2015; Huang et al. 2018; Aziz
et al. 2019; Gu et al. 2019; Khan et al. 2019), Copyright 2019 with permission from American
Chemical Society, Copyright 2018 with permission from Springer, Copyright 2018 with permission
from Elsevier B.V, Copyright 2015, with permission from Elsevier B.V, Copyright with 2019, with
permission from Elsevier B.V, respectively
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Fig. 17.3 (continued)
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thermodynamic stability (Schäf et al. 2004). In this sense, these parameters can be
used to tailor the size and morphology of the nanomaterials synthesized.

This method has been used to produce MeNP/rGO (Teymourian et al. 2014; Ding
et al. 2015; Nazarpour et al. 2020), MeNW/rGO(Zhang et al. 2019), NR/rGO (Zhang
et al. 2016), TMD/rGO (Li et al. 2015, 2016; Chiu and Chen 2018), LDHs/rGO (Cai
et al. 2015; Huang et al. 2018; Kumaresan et al. 2019), and MXene/rGO (Yang et al.
2021). For this purpose, graphene oxide is first obtained and then added to the
reactor with other precursors of the desired inorganic nanomaterials. The functional
groups on the graphene surface help to attach the precursors to its surface, then the
thermal and pressure treatments promote the reduction of graphene and, nucleation
of inorganic nanomaterials and, the formation of composites.

To produce CQDs and GQDs by hydrothermal or solvothermal methods, a carbon
source is required such as ethylene glycol, organic acids, and GO. Aiming the use of
less hazardous chemical reagents other sources of carbon have been used such as
apple juice, carrot, beer, garlic, honey, and, mango leaves (Chen et al. 2018; Iravani
and Varma 2020). Four steps are involved in the formation of CQDs and GQDs:
(i) dehydration, (ii) polymerization, (iii) carbonization, and (iv) passivation (Ghosh
et al. 2021). Thus, the carbon source precursor will produce CQDs and GQDs with
different morphologies, sizes, and properties. This method can be used to produce
QD/GQDs (Min et al. 2017), TMDs/GQDs (Sangabathula and Sharma 2020),
MeNP/CQDs (Lu et al. 2018), and NR/CQDs (Yang et al. 2015). CNTs, CB, and
fullerenes can also be produced by this method even though there are only a few
reports concerning the use of hydrothermal or solvothermal methods to produce
hybrid inorganic composites with these materials (Ding et al. 2013; Wayu et al.
2013; Lorestani et al. 2015; Cao et al. 2017).

4 Applications

4.1 Carbon Nanotubes–Based Hybrid Nanomaterials

Several applications of hybrid-MWCNTs-based biosensors have been reported in the
scientific literature. For example, the neurotransmitter dopamine was detected using
an enzymaticless sensor based on self-supporting molybdenum nanoparticles
functionalized in MWCNTs modified screen-printed carbon electrode (SPCE). The
SPCE was used to analyze samples of biological interest (Keerthi et al. 2019). The
electrochemical performance of the sensor was comparable to other reported sensors
with a linear working range in the order of 0.01–1609 μmol L�1 and a detection limit
(LD) of 1.26 nmol L�1. The sensor was used to evaluate real samples of rat brain,
human blood serum, and dopamine injection showing recovery percentages ranging
from 99.6–107%.

On the other hand, MWCNT associated with polypyrrole nanowires, gold
nanoparticles, and DNA aptamer were used for the electrochemical detection of
the avian influenza virus (Liu et al. 2011). This biosensor is based on the hybrid-
ization and preferred orientation of an immobilized DNA aptamer on the surface of
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a working electrode modified with its target (a sequence specific to the H5N1). The
analytical performance of the biosensor was comparable to other biosensors
reported for DNA detection and showed a higher sensitivity with an LD in the
order of 4.6 � 10�13 mol L�1.

Hybrid composites of CNTs and NiAl-LDH modified glassy carbon electrode
(GCE) were used for the real-time quantification of L-cysteine released by PC-12,
MCF-7, MDA-MB-231 cells, serum, and urine (Aziz et al. 2022). First, the CNTwas
functionalized, for the formation of active sites for the growth of the NiAl-LDH by a
coprecipitation method, followed by hydrothermal treatment, resulting in a wrapped
hybrid structure. Furthermore, the Ni mediated the oxidation of L-cysteine to
L-cystine, with LD of 3 nm L�1, and three linear ranges, from 0.005–11, 16–96,
and 116–780 μmol L�1.

By combining titanium carbide MXene, MWCNT, and molecularly imprinted
polymer a biosensor for amyloid-β protein, a Alzheimer biomarker, was fabricated
for the analysis of plasma samples (Özcan et al. 2020). This composite was drop-
casted on the surface of a GCE, the modified sensor had an electroactive area fivefold
greater, and charge transfer resistance fivefold smaller than the bare electrode. Even
when compared to its sole counterparts, there is a superior electrochemical perfor-
mance of the sensor. Moreover, it can be highlighted the wide linear range of
1.0–100 ng L�1 and high sensitivity of 0.3 nmol L�1.

4.2 Graphene-Based Hybrid Nanomaterials

Like MWCNT, graphene has been widely used to build hybrid sensors. In this sense,
a bimetallic (platinum and silver) graphene hybrid biosensor was developed for the
quantification of dopamine in injections (Anuar et al. 2020). The sensor showed a
wide linear range, and a significantly lower LD (0.012 μmol L�1) when compared to
other sensors reported in the literature. The sensor presented adequate recovery
percentages ranging from 91.4–99.0%.

The use of graphene associated with metal nanoparticles has been extensively
explored. For example, silver vanadate nanorods decorated with silver nanoparticles
were synthesized by using a simple hydrothermal technique and anchored onto
nitrogen-doped rGO. This biosensor was applied in the determination of
levofloxacin using a screen-printed carbon paste electrode (Sharma and Hwa
2021). The sensor performed significantly better than others reported in the litera-
ture, with a linear working range ranging from 0.09–671 μmol L�1 and an LD of
8.0 nmol L�1. The sensor was also applied to samples of human blood serum, human
urine, river water, and pharmaceutical tablets.

A hybrid sensor based on rGO-AuNP and poly(L-arginine) was used for the
simultaneous determination of dopamine, serotonin, and L-tryptophan in real urine
samples (Khan et al. 2018). Poly-aminoacid-modified electrodes have been the focus
of current interest due to their electrocatalytic properties. Thus, due to the ease of its
electropolymerization on the electrode surface, poly(L-arginine) has been
highlighted. Its interaction with the negatively charged groups of graphene-based
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materials has also been reported. The hybrid material was used to modify a GCE to
produce a sensor with excellent analytical performance. Two linear ranges were
obtained, the smallest ranging from 1.0–50 nmol L�1, 10–500 nmol L�1, and
10–70 nmol L�1 for dopamine, serotonin, and L-tryptophan, respectively. Moreover,
the observed LD were 1.0, 30.0, and 100.0 nmol L�1, for the same analytes
respectively. This method was applied to urine samples with recovery percentages
ranging from 98.0–102.6%, which shows adequate performance.

Serotonin was analyzed in blood serum, and urine using a novel nanocomposite
comprising gold nanorattles and reduced graphene oxide nanocomposite coated onto
the gold nanoparticles deposited in a glassy carbon electrode surface, the sensor
presented a wide linear range from 0.003–1.00 mmol L1 and high sensitivity, as well
as LD 0.39 μmol L1, and the biosensor was selective among several interferents and
presented long-term stability of 8 weeks (Mahato et al. 2019).

Association of graphene and LDHs also has been reported, a composite made of
graphene, ZnAl-LDHs, and cobalt ferrite nanoparticles (CoFe2O4) was used for the
quantification of etoposide, an anticancer agent used to treat lungs, lymphoma, and
leukemia. Both ZnAL-LDHs and CoFe2O4 were synthesized using a hydrothermal
method, the composite was obtained by the adsorption of the nanoparticles and
graphene on the ZnAl-LDHs. The sensor presented an LD of 1 nm L�1, and it was
applied in the analysis of serum, blood plasma, and urine with recovery values
ranging from 97–104%; it can be highlighted that the long-term stability of the
sensor retains 95% of its initial activity after 7 weeks (Vajedi and Dehghani 2020).

4.3 Carbon Black–Based Hybrid Nanomaterials

The sensitive determination of the antihistamine, promethazine, was achieved by
using an SPCE modified with a hybrid nanocomposite of barium tungstate (BaWO4)
modified and functionalized carbon black ( f-CB) through an ecological synthesis
technique (Muthukutty et al. 2021). The BaWO4 particles were synthesized using
aqueous media by coprecipitation technique. The sensor presented two linear work-
ing ranges and an LD in the order of 0.029 μmol L�1, being applied for the
determination of promethazine hydrochloride in lake water samples. Carbon black
was also used to develop a hybrid sensor modified with polypyrrole and doped with
iron oxide for the quantification of catechol in tap water (Ahmed et al. 2021). The
sensor had a wide linear working range, ranging from 0.5–1188 μmol L�1, and a low
LD (52.8 nmol L�1). In addition, the recovery percentages ranged from 96.4–98.1%.

In contrast, a nonenzymatic bimetallic alloy (palladium and copper) and carbon
black hybrid nanostructure were developed for monitoring hydrogen peroxide
released by living cells (Liu et al. 2019). Hydrogen peroxide is the main metabolite
of oxygen in living organisms. In addition, its monitoring is of great importance,
since hydrogen peroxide is a biomarker related to several diseases. The results
suggest that carbon black increases the dispersibility and stability of metallic nano-
particles, in addition to preserving the nanostructure of the bimetallic alloy. The
sensor had a wide linear working range (0.4 μmol L�1 to 5.0 mmol L�1) and a low
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LD (54 nmol L�1). Furthermore, it was applied for real-time monitoring of hydrogen
peroxide released from RAW 264.7 cells, showing that the sensor was promising for
monitoring physiological processes.

4.4 Carbon Dots–Based Hybrid Nanomaterials

CDwas synthesized through hydrothermal treatment of salep, a type of flour made of
flower, as a new source of biopolymer by a simple, low-cost, and eco-friendly
process, in the presence of only pure water (Jahanbakhshi and Habibi 2016). Silver
nanoparticles were incorporated into the surface of the carbon quantum dots by
ultraviolet irradiation. The sensor was applied to the determination of hydrogen
peroxide in samples in the disinfected fetal bovine serum samples using
amperometry. Furthermore, under optimal conditions, the linear working range
achieved was 0.2–27.0 μmol L�1 and the LD was 80 nmol L�1.

Similarly, green and fast methods to synthesize CD by microwave treatment of
banana peels were reported, without the use of any surface passivation agents
(Huang et al. 2017). The CD was also used as a reducing and stabilizing agent for
the synthesis of a nanocomposite of Pd-Au@CD and applied to the modification
surface of a GCE. A single-stranded DNA probe was immobilized on the surface of
the modified electrode. The biosensor was applied for monitoring colitoxin in human
serum samples. Using optimized conditions, the sensor could detect target DNA in
very little concentrations in the range from 5.0 � 10�16 to 1.0 � 10�10 mol L�1, the
LD was in the order of attomole (1.82 � 10�17 mol L�1).

CD was used to decorate NiAL-LDH for the nonenzymatic amperometric detec-
tion of acetylcholine (Wang et al. 2016), the hybrid nanomaterial was fabricated
using a hydrothermal method, using a wood-based carbon as the precursor, and the
LDH was prepared by a coprecipitation method. In the oxidation process, Ni is
oxidized to NiO2H, which oxidizes acetylcholine. The biosensor presented a wide
linear range of 5–6885 μmol L�1, high sensibility, the limit of detection of
1.7 μmol L�1, and long-term stability, of 8 weeks.

5 Conclusions and Future Outlooks

The use of electrochemical platforms for (bio)sensors has great appeal since they
offer fast, cheap, and easy-to-use techniques. However, since (bio)molecules are in
low concentration, nanomolar to picomolar, in a complex matrix, such as biofluids,
the need to obtain sensors that exhibit broad sensitivity and selectivity is increasing.

To face these challenges, composite nanomaterials have been used due to their
unique morphologies and electrocatalytic properties. Furthermore, hybrid composite
nanomaterials also provide long-term stability and high reproducibility, which are
highly desirable characteristics of (bio)sensors. Since the discovery of CNTs, and
rGO, these materials have been widely used for the fabrication of hybrid composite
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nanomaterials, while only a few reports applied carbon black, carbon dots, and
fullerenes-based nanomaterials for (bio)sensing.

In this sense, there is still plenty of opportunities for the use of hybrid nano-
materials, since new materials, organic and inorganic, are discovered each year. For
example, MXenes are in the early stages of their development, where titanium
carbides are the most studied, and the new materials of this class may offer new
features for the quantification of biomarkers and biomolecules. Furthermore, differ-
ent combinations can be used for the fabrication of hybrid nanomaterials, and more
than one nanomaterial, organic or inorganic, can be synthesized generating a com-
plex structure where a synergic effect arises due to the combination of these
materials.

However, there are still issues that must be addressed, even though a variety of
synthetic routes are available, including hydrothermal/solvothermal, chemical
reduction, electrochemical, chemical vapor deposition, and layer-by-layer assem-
bling, are fundamental studies and scalable production and the control of the quality
of the synthesized materials are yet to be demostrated. The correlation between
structure and physiochemical properties, crystallinity, composition, phase structure,
layer numbers, and interface of the heterojunction are not complete resolved. Thus
the characterization of these materials, must be evaluated to understand how these
factors affect the properties of the electrochemical (bio)sensor.

Besides, it can be believed that the development and integration of these func-
tional hybrid nanomaterials in wearable sensors can significantly improve health
care diagnostics. However, the biocompatibility of these materials should be evalu-
ated, and they differ from those of the single material. Regardless of that, hybrid
nanomaterials have been developed and applied to the monitoring of several drugs,
bioactive molecules, and DNA residues, helping in the detection of viruses and
diseases, which demonstrates their importance both for electrochemistry and for
medical and diagnostic areas.
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Abstract

The emerging demand for low-cost biosensors has resulted in the introduction of
non-rigid precursors that are flexible, disposable, biocompatible, and environ-
ment friendly. In this context, the nanopaper-based substrate has drawn signifi-
cant interest among the research community as it has paved a new way to
substitute the conventional substrate. In this chapter, we will describe different
types of paper that are being used to produce affordable, low-cost biosensing
platforms. The modification of the paper substrate with nanomaterials and its
various biosensing applications have been discussed. The emerging application
of nano paper in point-of-care diagnostics has been highlighted. Furthermore, the
challenges and the prospects of these nano paper-based biosensors are
summarized.

Keywords

Nanopapers · Nanomaterials · Conducting polymers · Point-of-care devices ·
Biosensors

1 Introduction

The application of nano papers in biosensor devices has been assessed day after day
since it has been proven that the on-site diagnosis can radically retard the develop-
ment of a disease. In clinical trial guidelines, the World Health Organization (WHO)
concluded that nano paper-based sensors are sensitive, specific, and available for
diagnosis at the point-of-care (POC) (Solanki and Pandey 2016). Paper substrates
offer resourceful technology as they are readily available in various forms and have
unique properties such as portability, ease of access, and low cost (Byrnes et al.
2013, Lee and Lee 2021). Furthermore, incorporating nanomaterials with paper is
anticipated to spur potential approaches for discovery, including advances in their
stability/strength, lifespan, and other analytical performance enhancements such as
in various detection techniques (Jaiswal et al. 2018, Khan et al. 2019, Yaqoob et al.
2020). Due to their permeable and hydrophilic properties cellulose-based papers are
widely used for POC diagnostics, allowing on-site diagnosis of disease and inflam-
mation without needing sophisticated equipment (Nayak et al. 2017, Nishat et al.
2021). In recent years, paper-based microfluidics (MF) have been explored by
sequencing paper with lyophobic obstacles to describe lipophilic channels and
regions to constrain fluid flow at a predicted position or maintain fluid flow in
preferred imprints. Several techniques have been developed for manufacturing
hydrophobic barriers, such as laser processing, wax printing, flexography, photoli-
thography, screen printing, plasma processing, and flexography. Several methods
such as chemiluminescence, colorimetric detection, fluorescence, mass spectrum,
electrochemical detection, and Raman spectroscopy with surface enhancement
(SERS) have been used to develop paper-based sensors and devices. Regarding
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the main objective to be accomplished, numerous modification techniques and
analytical methods have been used to meet the end-user’s requirements in paper-
based biosensors (Pandey et al. 2016). In this context, nanopaper-based biosensors
provide requisite sensitivity, selection, and discriminatory treatment of multiple
analytes and can better serve today’s objectives with cost-efficient and portable
equipment (Kumar et al. 2016a).

1.1 Origin of Paper

Paper has been introduced to the analytical world for centuries, starting from the
1800s, when Gay-Lussac discovered a litmus test to determine acid (Nye 1979). In
1906, a chromatographic-based spot test was performed to analyze bilirubin in urine
samples (Morgan and Wilson 2004). Paper-based device has been developed using
paraffin stamping for chromatographic discrimination in diagnosing pigments and
dyes (Müller and Clegg 1949). The history of paper-based biosensors began with
Synge and Martin’s invention of chromatography paper, for which they received the
Nobel Prize in chemistry in 1952. After that various techniques such as electropho-
resis and colorimetric were introduced to develop hydrophobic barriers on a paper
substrate. The electrophoresis technique was used on paper to separate multiple
proteins, and the colorimetric technique was presented on filter paper (Noviana et al.
2020a). The dextro-stix glucose dipstick using commercial paper was first intro-
duced in 1964 (Doumas 2006). Singer and Plotz achieved yet another milestone in
1956 when they developed the first lateral flow assay POC biosensor to diagnose
rheumatoid arthritis (Singer and Plotz 1956). The first lateral flow assay (LFA) for
identifying human chorionic gonadotropin hormone in urine was introduced
(Vaitukaitis et al. 1972). Following the urine test, the LFA device has been consis-
tently used for POC detection of multiple infectious diseases (Koczula and Gallotta
2016, Gupta and Ghrera 2021). The Whiteside group introduced a reliable and
robust POC platform for various research applications based on the MF paper
(Martinez et al. 2010). In 2011, a team at McMaster University developed another
form of bioactive paper (Pelton 2009) to detect food, aquatic bacteria and pesticides
(Gupta and Ghrera 2021). Nowadays, various paper-based biosensors are being used
for diagnostic purposes, and in the following section, we will discuss some of the
widely used paper substrates for POC applications.

2 Paper Substrates Used for POC Diagnostics

In developing POC devices, the choice of paper substrate for the desired applications
is critical because each type of paper has its own properties, such as retention
capacity, pore size, flow rate, hydrophilic and hydrophobic properties. Whatman
paper, glass fiber paper, cellulose paper, and glossy paper seem to be the most
frequently used. The different type of papers used in nanopaper fabrication and
their potential application has been summarized in Fig. 18.1.
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2.1 Whatman Paper

Whatman paper (WP) is one of the most common papers used in chromatography
because of its excellent wicking ability. WP shows good chemical compatibility with
the solution, and thus, it is suitable for POC diagnostics. WP are available in
different grades, and each grade differs in its pore size and the fluidic rate, which
further affects the absorbance of the sample from the surface, diffusion of reagents,
chemical interference, manufacturing method, and time required to coat the surface.
Various techniques such as wax printing, wax dipping, photolithography, poly-
dimethylsiloxane (PDMS) ink, SU-8 photoresist, and screen printing are used to
develop a hydrophobic pattern in WP. Some of the reported literature on the
biosensing application of WP has been summarized in Table 18.1.

2.2 Cellulose Paper

Cellulose is formulated with the most renewable biopolymer as it exhibits good
saturation and absorption ability. It is naturally derived from plants and
non-pathogenic bacteria, particularly from the Gluconacetobacter genus.
Gluconacetobacter is associated with producing a unique type of cellulose with
good mechanical and structural properties that can be used in various sensor
applications (Kumar Gupta et al. 2019, Ratajczak and Stobiecka 2020). Nanoporous

Fig. 18.1 Schematic showing different types of nanopaper used for biosensor fabrication
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Table 18.1 Various categories of WP grades are used for the detection of different analytes

WP grade type Pore size Detection method Target analyte References

Whatman#1 11 um Electrochemical,
Electrochemiluminescence

1. Glucose, lactate,
and uric acid,

Dungchai
et al. (2009)

2. Heavy-metal
ions and glucose

Nie et al.
(2010)

3. Troponin Jagadeesan
et al. (2012)

4. Glucose oxidase Tan et al.
(2012)

5. Neomycin Wu et al.
(2012)

6. Glucose Määttänen
et al. (2013),

7. Carbohydrate
antigen

Määttänen
et al. (2013),
Yang et al.
(2014)

8. Zika virus Jiang et al.
(2017)

Whatman# 903 0.1–0.45 μm ELISA,
Serological method,
Microscopic agglutination
test
Blood spot screening

Dengu virus,
Chikungunya virus
Human
leptospirosis,
Syphilis

Tran et al.
(2006),
Grivard et al.
(2007),
Desvars et al.
(2011),
Stevens et al.
(1992)

Whatman CHR
# 1

0.18 mm ELISA Haptoglobin Busin et al.
(2016)

Whatman 42 2.5 um ELISA T7 bacteriophage Khan et al.
(2015)

Whatman # 3 6 μm Colorimetric
Loop-mediated isothermal
amplification

Drug-resistant in
antibiotics,
Multiple
schistosome
parasites

Punjabi et al.
(2020),
Lodh et al.
(2017)

Whatman#
BA85

0.45 μm Electrochemical Glucose Li et al.
(2015)

Whatmann# 41 20 μm ELISA Fluidic device for
multiple analytes

Gerbers et al.
(2014)

Whatman # 113 150 mm Microscopic agglutination
test

Device formation
of unknown blood
samples and ABO
type blood samples

Songjaroen
et al. (2018)

Whatman# 5 2.5 μm Matrix composite method Human serum
albumin

Shen et al.
(2019)
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cellulose paper-based SERS platform has been reported for precise and accurate
diagnosis of multiple synthetic insecticides. Different ratios of gold nanoparticles
(AuNP) were deposited on a nano-cellulose paper substrate (Kwon et al. 2019).
Based on the results, it was concluded that the properties of cellulose fiber-based
papers and the new properties of nano-cellulose make cellulose polymer among the
most enticing and innovative materials in several research applications. Cellulose
has been activated in various forms such as aerosols, sponges, plastics, fibers, and
films, used for several biosensing applications (Lin and Dufresne 2014, Ciolacu et al.
2016, Nicu et al. 2021). The different forms of cellulose-based paper that have been
used for POC applications have been summarized in Table 18.2.

2.2.1 Cellulose Acetate
Cellulose is hydrophilic, whereas cellulose acetate (CA) is hydrophobic, and both of
them are thermoplastic polymers. Due to the highly packed structure, cellulose is
insoluble in organic solvents, whereas soluble in organic solvents and can flow with
heat. CA is the ester form of cellulose that can be used for film formation (Kamel and
Khattab 2020), membrane fibers (Khan et al. 2016), and sensor applications. The
amperometric signal detection technique used CA paper to identify glucose from
whole blood (Ahmadi et al. 2021). In another report a conductive CA paper using the
electro-spinning technique has been prepared for the 25-hydroxyvitamin-D3 detec-
tion (Chauhan and Solanki 2019). The DNA-AuNP conjugated-CA nanofiber was
used to establish portable colorimetric strips for kanamycin detection (Abedalwafa
et al. 2020). In this work, pyromellitic dianhydride was cross-linked with CA film to
enhance the signals. Using coated CA on the electrode, a mouth-guard biosensor for
the interpretation of salivary glucose was evaluated. The different characteristics of
coated CA biosensor were predicted by artificial saliva and the sensor was success-
fully used for the diabetic patients (Arakawa et al. 2020). CA can often be used
before enzyme immobilization and it may improve the process of incorporating
biological elements into cellulose or for increasing the efficiency of the biosensor.

2.2.2 Nitrocellulose Membrane
The hydrophobic nitrocellulose membrane (NCM) is formed by the interaction of
hydrochloric acid and cellulose (Jamal et al. 2020). The NCM has a negatively
charged surface owing to the influence of a nitro group. It can accumulate positively
charged functional groups of biomolecules. NCM has been used as a predominant
matrix in protein staining due to its compatibility, pore size, and high binding affinity
to the protein. NCM is available in pore sizes of about 0.1, 0.2, or 0.45 μm, which are
well suited for fabricating POC devices. The pore size of the NCM has a significant
impact on adsorption capacity because varying NCM pore sizes display different
adsorbing affinities for biomolecules (Fridley et al. 2013). The primary benefit of
NCM-based biosensors is their ability to incorporate biorecognition principles into
analytical devices, making them hypersensitive and innovative over sophisticated
instrumental techniques.
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2.3 Fiber-Based Paper

Fiber-based paper is usually cotton rag fibers or high-grade wood pulp, upon which
an ink-receptive coating is directly applied. Fiber-based paper is coated with a
photographic emulsion and used for improved wet strength and grease resistance.
According to WHO recommendations, fiber sensing platforms are currently of great
importance for POC diagnosis and much attention is being paid to their efficient
implementation in biosensors to identify various analytes. Fiber-based paper sensors
are typically inexpensive and provide a large area for biomolecular contact owing to

Fig. 18.2 Modification of paper substrate with different nanomaterials (a) Scheme shows the
development of cellulose nanofibrils/carbon dots composite nanopapers for hydrogen peroxide and
glucose (Bandi et al. 2021). (b) Fabrication of zeolitic imidazolate framework-8/aramid nanofibers
composite nanopaper (Yang et al. 2020). (c) Schematic representation of the process of obtaining
cellulose nanofibrils composite nanopapers (Ma et al. 2019). (d) Nanostructured iron oxide-
modified conducting paper sensor for cancer biomarker detection (Kumar et al. 2019b)
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their high permeability. They are commonly used for high-quality printing, display,
and archiving for sensing applications. Fibers are usually tiny in size ranging from
0.0007 μm to 8 μm. The weight of fiber-based paper is about 255 g per square meter
or higher. Currently, glass fiber and nylon-based paper have gained much attention in
POC diagnostic applications (Fig. 18.2).

Fig. 18.2 (continued)
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2.3.1 Glass Fiber
Glass fiber comprises a silica matrix and has a pore size of 0.7 μm. It has thermal
insulation properties, heat resistance, and outstanding stability and thus, presents
little extension and retrenchment under various experimental conditions. Because of
its good absorption ability and very high loading capacity, glass fiber can readily
absorb nanoparticles and biomolecules (proteins and nucleic acids), making it a
promising matrix for POC application. A variety of glass fiber-based sensing plat-
forms has been reported in the literature. Cadmium telluride quantum dots-modified
glass fiber paper (GFP)-based fluorescent sensor was evaluated for the rapid and
multiplex detection of Hg2+ and Cu2+ ions (Qi et al. 2017). The reduction method
was assessed for the deposition of silver nanoparticles (AgNP) on a glass fiber paper
surface for signal enhancement to diagnose malachite green in fish (Deng et al.
2019). Another study used the SERS detection technique on AgNP-modified glass
fiber paper substrate to detect dibenzothiophene (Ye et al. 2020). For the early
screening of methyl parathion pesticides, a GFP-based optical biosensor was eval-
uated. As a biocomponent, whole cells of Flavobacterium were immobilized on the
GFP surface, presenting homogeneity and high methyl parathion reproducibility
(Kumar et al. 2006). A molecular imprinted polymer-based 3D rotary MF paper
device was developed, where an aqueous solution of ZnSe quantum dots imprinted
polymers was transferred to the solid GFP for the testing of Cd2+ and Pb2+ ions
(Zhou et al. 2020b). The above-mentioned GFP sensor studies have shown that the
SERS detection technique can be used for POC detection of multiple analytes.

2.3.2 Nylon Fiber-Based Paper
Nylon is a polyamide formed through the condensation reaction of the amine group
and carboxylic acid groups. Since it contains terminal functional groups such as
carboxylic acid and amine, it enables covalent immobilization of the biomolecule
over the paper membrane, making it suitable as a sensory platform. Nylon is mainly
used for chemical and thermal stability because it has water-resistant and strong
mechanical properties (Wang et al. 2021). The most commonly known forms of
nylon are nylon-6,6 and nylon-6. However, the nylon-6 paper membrane has been
widely used for biosensing applications. The covalently modified Nylon-6 nano-
fibrous membrane (N6NFM) was used for spectrophotometric verification of carci-
nogenic alkylating fumigants (Tang et al. 2019). In another study, the authors used
the same sensing platform for the colorimetric detection of chloropicrin vapor in the
air. This study was based on the detoxification response of biological thiols such as
cysteamine, thioglycolic acid, homocysteine, glutathione, and N-acetyl-L-cysteine.
N6NFMwas used as a compact surface for chloropicrin vapor adsorption (Tang et al.
2018). Another quantitative N6NFM sensor was evaluated for formaldehyde detec-
tion by using electro-spinning. After interacting with formaldehyde, the sensor
provided a significant spectral response band at 550 nm, causing the graphic
appearance to change from yellow to red color (Wang et al. 2012). A nylon-based
solid-phase colorimetric plasmon sensor was developed for detecting volatile sulfide
compounds such as (CH3)2S, H2S, and CH3SH in breath samples. AgNP was used as
auxiliary material, and the nature of AgNP was investigated using spectroscopy
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(Jornet-Martínez et al. 2019). The chemical and physical stability of the evaluated
sensors based on nylon fiber eliminates the possibility of quantitative performance
errors and ensures precise detection results. Thus, nylon fiber-based paper can be
used as an excellent sensor platform for various biomedical applications due to its
film thickness for biomolecular stabilization and its good strength, desirable SERS
functionality, low cost, and durability.

2.4 Glossy Paper

Glossy paper-based devices have recently been explored as a sensing platform for
POC diagnostics. For biosensor fabrication, glossy papers are coated with various
polymeric nanocomposites. However, it is a good substitute for the fibrous matrix-
like filter paper, especially when the surface is modified with nanomaterials. The
glossy paper was modified with indium tin oxide nanopowder and poly-diallyl
dimethyl ammonium chloride composite for ethanol sensing using electron micro-
spectroscopy technique (Arena et al. 2010). The Cole-Cole impedance model has
been used to develop an inkjet-printed graphene sensor on glossy photo paper to
monitor breathing rate (Lu et al. 2019). In another application, an electrochemical
system on a patterned glossy paper was designed for the expansion of a glucose
sensor for diabetic patients. The electrochemical setup was designed on copper tape
and fixed on the patterned glossy paper (Khoshroo et al. 2020).

3 Nanomaterial-Modified Paper Substrate

A wide variety of nanomaterials have recently been used in the advancement of
paper-based POC devices (Gupta et al. 2022). The modification of paper with
nanomaterials enhances the chemical and physical properties such as surface charge,
wet strength, and so on. Further, the lyophilic and lyophobic of the paper can be
altered, and various functional groups can be introduced to the paper substrate by
modifying it with suitable nanomaterials. Modification of paper substrate with the
nanomaterials is a way that allows them to interact with the biomolecules on the
surface. Because of the outstanding intermolecular interactions between the nano-
material and the paper surface. Paper modified with nanomaterials has received
much interest when compared to the un-modified paper surface. Several nano-
materials such as conducting polymers, carbonaceous materials (such as CNTs,
graphene), and metallic nanoparticles have been employed for the modifications of
the paper substrate.

3.1 Conducting Polymer-Modified Paper

Conducting polymers (CPs) are organic polymers with alternating double and single
bonds along the polymer backbone and have intrinsically high electrical
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conductivities (Soni et al. 2015). The prime advantage of CP lies in its processability,
mainly through dispersion. The commonly used CP for biosensor application
includes polycarbazoles, polyaniline (PANI), polyindoles. Poly(3,4-ethylene
dioxythiophene) (PEDOT), polyvinylpyrrolidone (PVP), polypyrrole (PPy), poly
(p-phenylene sulfide), polyvinylpyrrolidone (PVP), and so on. CPs have been used
in various biosensing applications, particularly for electrical and electrochemical
biosensor fabrication (Nezakati et al. 2018). A composite polymer graphene/PVP/
PANI-based disposable sensor was reported for the electrochemical detection of
cholesterol (Ruecha et al. 2014). For the detection of ascorbic acid, a screen-printed
disposable paper-based electrochemical sensor was fabricated using PANI (Kit-Anan
et al. 2012). Whatman paper-1was sputtered with Au, which was further modified
with PANI. The modified paper electrode was further used to detect anti-
carcinoembryonic antigen (CEA) protein (Kumar et al. 2016a). The same group
has also fabricated an impedimetric biosensor using PEDOT:PSS, which was self-
assembled on the WP, resulting in an enhanced electrochemical signal (Kumar et al.
2016b). The electrochemical performance of the PEDOT:PSS-modifiedWP has been
further improved by incorporating iron oxide nanoparticles with the conducting
paper (Kumar et al. 2019b). Graphene was incorporated with PEDOT:PSS-modified
WP to obtain an improved electrochemical signal. The modified paper was used for
CEA detection using electrochemical impedance spectroscopy (Yen et al. 2020). A
novel label-free potentiometric paper-based immunosensor has been reported, where
the sensor was modified with PEDOT:PSS that showed remarkable performance for
detecting Salmonella typhimurium. As sensitive layers, PEDOT:PSS and multi-wall
carbon nanotubes (MWCNT) composite material were used to develop a gas sensor
to detect volatile organic compounds in the air (George et al. 2019). PEDOT:PSS
polymer showed a remarkable performance in enhancing the signal and real-time
detection of the food-borne pathogen (Silva et al. 2019). PPy has also been widely
used to modify paper for improving electroactivity and electrical conductivity. An
electrochemical sensor has been developed by electrodepositing ruthenium-
phosphate on PPy-modified carbon fiber paper. The sensor was successfully used
to detect ultra-low cholesterol in human serum samples without the use of enzymes
(Akshaya et al. 2019). A potentiometric sensor was developed on a typical
PPy-based ion-selective membrane with the modification of PPy nanoparticles
(Jaworska et al. 2017). The gas sensing applications were studied, followed by
vapor phase polymerization on PPy-coated filter paper (Majumdar et al. 2020). For
the development of an advanced combination of fabrics with nanoparticles, the paper
substrate was modified with PES for the detection of Fe3+. This combination of
sensors exhibited excellent solvent resistance and thermal stability (Yu et al. 2021).
In another approach, the CA membrane was modified with graphene-based materials
and their composite with polyindole. The GO/polyindole composites-modified paper
was used to determine methanol vapor (Phasuksom et al. 2020). The use of conduc-
tive polymer and its nanocomposites leads to the formation of a more allosteric site
on a substrate surface, which improves the sensing capability of the paper substrate.
The paper modification with CPs and its nanocomposite may lead to the development
of cost-effective, affordable POC devices having high sensitivity and selectivity.
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3.2 Carbonaceous Nanomaterial-Based Nanopapers

Carbonaceous nanomaterials (CNMs) have received considerable attention in bio-
sensor applications because of their unique physicochemical properties. Carbon in
its various allotropic forms (graphite, amorphous carbon, and diamond) has been
widely used in the growth of advanced biosensors. The most commonly used CNMs
for the paper substrate modification include graphene oxide (GO), carbon nanotubes
(CNTs), and graphene quantum dots. These CNMs exhibit unique properties are
discussed in detail in the following section (Maiti et al. 2019, Yue et al. 2020, Wei
et al. 2021).

3.3 CNTs-Modified Nanopapers

Carbon nanotubes (CNTs) have received considerable attention in the field of bio-
sensors since they have structural diversity, excellent thermal conductivity, and
mechanical and electrical properties. Because of their high tensile strength and
hollow structure, CNTs have unique properties that allow them to absorb a substan-
tial percentage of biomolecules on their surface via electronic interactions. The
electrical properties of CNTs demonstrate excellent carrier mobility, near-ideal
quantum efficiency, and an ultra-thin package, which allows them to be used on a
scale of less than 8 nm (Bandaru 2007). Modifying a paper substrate with CNT may
elucidate the signal intensity, conductivity, and catalytic activity and facilitate
electron transfer due to the high surface area (Power et al. 2018; Tang et al.
2021b). For detecting bacteria in food samples, antibodies-modified SWCNT were
used to minimize the functionalization step and enhance the stability of the paper
electrochemical sensor (Bhardwaj et al. 2017). In another study, a glucose sensor
was fabricated using SWCNT on a nitrocellulose membrane. With the modification
of the paper substrate with SWCNT, the biosensor shows high conductivity and
robust adhesion (Tran et al. 2018). An art paper-based electrochemical sensor was
reported for bisphenol detection by loading AuNP onto MWCNT (Li et al. 2016). In
another study, MWCNT, the fabricated paper was used for the detection of
17β-estradiol (Wang et al. 2018). CNTs have several unique properties that can be
used to develop biosensors. Paper modifications with CNTs have demonstrated a
remarkable combination of mechanical, electrical, thermal, optical, and electrochem-
ical properties. Because of these characteristics, paper substrates serve as a unique
platform for biosensor fabrication.

3.4 Graphene Nanopapers

Graphene is a monoatomic layer of sp2 hybridized carbon atoms, and the exclusion
of few and single-layer graphene can open a new avenue for the development of
highly sensitive biosensors (Jalil et al. 2021). These graphene sheets have been
considered to be a building block for the construction of various novel
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nanomaterials. Graphene oxide (GO), one of graphene’s derivatives, has been
identified as a versatile 2D building block for various applications owing to its
unique structure and outstanding physicochemical characteristics. Recently, free-
standing GO nanopapers have drawn much attention due to their flexibility and high
physical properties. Reduced graphene oxide (rGO) nanopapers are indeed a prom-
ising candidate for sensing purposes because of their remarkable mechanical prop-
erties, stability, ionic conductivity, and biocompatibility. The GO-based nanopapers
can be made by arranging the GO sheets onto the nanopapers so that the basal planes
of the nanoplatelets are associated with one another and the interlayer spacing
between parallel layers is reduced to achieve maximum interlayer interactions.
Bottom-up and top-down synthetic strategies are often used to explore a range of
graphene-based nanopapers. GO-based nanopapers with superior mechanical
strength, flexibility, and tensile strength were produced in this perspective. TiO2

nanobelts and graphene-based nanopapers were used to fabricate the paper substrate.
The developed paper shows excellent electron transport properties and is used to
develop photo-electrochemical biosensors. An amperometric biosensor has been
fabricated to detect the htrA gene of Orientia (Kala et al. 2021). For the detection
of POC tumor biomarkers, a low-cost, portable paper-based sensor modified with
GO, thionine, and AuNP was reported. Graphene and its raw material modification
results in excellent biocompatibility with the surface molecules (Fan et al. 2019),

Numerous studies have reported the outstanding properties of GO-modified
nanopapers like low detection limit, sensitivity, ease of use, fast response and
recovery times, and good selectivity. However, it is still necessary to determine
parameters such as the number of optimal graphene layers or the best way to measure
the response and the commercialization of the GO-modified nanopapers (Mahato
et al. 2019, Patil et al. 2019, Yusof et al. 2019, Islam et al. 2021).

3.5 Miscellaneous Carbon-Based Nanopapers

Besides CNTs, GO, quantum dots, and so on, the nanopapers are also modified with
other CNMs. Carbon black nanoparticles were used as a modifier to enhance the
electrochemical signal of paper-based biosensors, which were further used to detect
ascorbic acid (Cinti et al. 2018). A fluorescent paper-based sensor was developed by
modifying the paper with PDMS and carbon dots hybrid to detect folic acid in
orange juice samples (Li et al. 2020). An AuNP-modified graphite paper was used
for the electrochemical detection of hydroquinone (Fan et al. 2016). Similarly, a
graphite paper-based electrochemical sensor was evaluated for the tertiary butyl
hydroquinone detection. In another report, an electrochemical biosensor was
designed to determine bisphenol A (Li et al. 2016). For the fabrication of the sensor,
AuNP was used and developed with AuNP (Chandra et al. 2012; Yue et al. 2016; Fan
et al. 2017; Bhatnagar et al. 2018; Noviana et al. 2020b; Tang et al. 2021a). A non-
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enzymatic glucose sensor was developed by modifying the disposable paper screen-
printed carbon electrode along with graphene and cobalt phthalocyanine (Chaiyo
et al. 2018). A glucose biosensor was fabricated on the paper substrate by modifying
the paper with carbon ink (Amor-Gutiérrez et al. 2017). For monitoring Parkinson’s
disease and hypertension, an electrochemical biosensing platform based on carbon
dots graphite paper has been reported (Pandey et al. 2019). An affordable, paper-
based sensor was developed to identify bacteria in water where the paper substrate
was modified with screen-printed carbon electrodes, which led to enhanced electron
transfer properties (Rengaraj et al. 2018). Homemade carbon ink was used on a CA
membrane to produce a glucose sensor, which shows many advantageous properties
such as fast analysis, requirements of low sample volume, and low cost
(Rungsawang et al. 2016). To study the morphology of the paper-based sensor or
to enhance the electrochemical signal, carbon black has been used on the paper
surface (Cinti et al. 2017).

3.6 Metal- and Metal Oxide-Modified Nanopaper

In the development of nanopaper-based biosensors, metal and metal oxide are being
used to increase the conductivity, surface charge resistance, sensitivity, and hydro-
philic and hydrophobic interactions, as these metal and their oxides are surrounded
by many small voids or holes that help in the movement of electrons from one place
to another place. Various metals and their oxides such as Fe2O3, Cr2O3, TiO2, NiO,
Mn2O3, CuO, ZnO, Co3O4, MoO3, SrO, WO3, GeO2, (Pandey et al. 2014, Deka
et al. 2018, Saxena et al. 2018), and so on were used for surface modification because
they provide exclusive characteristics such as biocompatibility, less cytotoxicity, and
so on compared to equivalent larger-sized metals (Neouze and Schubert 2008,
Cartwright et al. 2020). Due to their excellent chemical and physical properties,
metal nanoparticles has been widely used in POC devices and can be applied directly
as signaling agents (Shafey 2020). Pt nanoparticles-modified flexible electrochem-
ical biosensor was developed on graphene paper using MnO2 nanowire network.
This modified sensor has been used for various applications in bioelectronics, bio-
sensors, and lab-on-a-chip devices (Xiao et al. 2012). An AuNP-modified paper
substrate-based impedimetric immunosensor was fabricated for the detection of
Escherichia coli. The developed paper-based immunosensor shows promising
results in terms of sensitivity, reproducibility, and stability (Wang et al. 2013). A
flexible silanized-titanium dioxide-modified paper-based sensor has been used for
quantitative analysis of Cr(VI) with the leaching of AuNP (Guo et al. 2016). A
disposable art paper electrode was modified with AuNP and MWCNTs to determine
bisphenol A (Li et al. 2016). An AuNP-deposited graphene-modified carbon elec-
trode was used to develop a single device for the multiple steps of electrode
modification for anti-C-reactive protein detection in human serum samples
(Boonkaew et al. 2019).
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4 Nanopaper for POC Diagnostics

Biosensing on paper is designed to detect various analytes such as nucleic acid,
biomarker, aptamer, and so on, and evaluate MF devices. Analytes can be easily
identified on the paper substrate because sensing on the paper substrate has several
advantages: low thermal expansion, availability of raw material in excess, less
expensive, biodegradable, high mechanical properties and reusability, and so
on. The recent application of paper substrates for different analyte detection has
been discussed in the following sections.

4.1 Nanopaper-Based Nucleic Acid Detection

For nucleic acid (NA) detection, the paper-based sensor serves as a POC (Hu et al.
2019) diagnostic platform with high sensitivity and specificity compared to other
immunoassays. Some critical challenges, such as sample preparation, amplicon
detection, and NA amplification, can be easily accomplished on a paper substrate
(Choi et al. 2017). An electrochemical DNA biosensor has been reported to detect a
synthetic 14-base oligonucleotide target with a sequence consistent with human
papillomavirus (HPV) type 16 DNA. For this purpose, the paper electrode was
modified with an anthraquinone-labeled pyrrolidinyl peptide NA probe and
graphene-PANI nanocomposite (Teengam et al. 2017a). Further, a fluorescent and
the colorimetric paper-based sensor was developed to detect DNA and RNA of
Mycobacterium tuberculosis, Middle East Respiratory Syndrome coronavirus, and
human papillomavirus (Teengam et al. 2017b). Further studies developed a fluores-
cent paper-based DNA sensor for hepatitis C virus detection in clinical samples
(Teengam et al. 2021). In another work, a POC DNA amplification test was proposed
to detect multiple genes of different analytes. This developed biosensor has been
used for DNA amplification, sample transportation, and storage (Liu et al. 2020). An
integrated DNA amplification, extraction, and detection system were evaluated for
Listeria monocytogenes. A variety of gene sensing applications was studied on the
paper substrate by the same authors (Fu et al. 2018). For the detection of miRNA-
492, a paper-based electrochemical peptide nucleic acid biosensor was designed.
This activity was performed on screen-printed office paper (Moccia et al. 2020). A
sensitive and simple paper-based sensor has been reported to detect Zika virus RNA.
The paper sensor was coupled with CRISPR/Cas9 molecule (Meagher et al. 2016).
The nano paper-based sensing approach is an easy, cost-effective, and simple path
for developing POC for NA detection.

4.2 Nanopapers for Immunosensor Application

Nanopapers have been used for various immunosensor applications such as chemi-
luminescence, plasmon surface resonance, optical, fluorescence, and so on. Wax and
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screen-printed paper-based electrochemical immunosensor were developed to mod-
ify paper substrate with MWCNTs/AuNP/thionine nanocomposite. The paper elec-
trode was used for the early detection of 17β-estradiol (Wang et al. 2018). A paper
strip integrated with a filter paper pad-based potentiometric immunosensor was
developed to detect Salmonella typhimurium. The proposed design showed an
expedient platform for sampling and antibody immobilization (Silva et al. 2019).
Paper was modified with PANI/graphene to detect human interferon-gamma using a
label-free paper-based electrochemical immunosensor (Ruecha et al. 2019). To
detect the H1N1 influenza virus, a homemade, low-cost paper-based immunosensor
was developed (Devarakonda et al. 2017). A cost-effective, MF paper-based
immunosensor was designed for the early recognition of Aflatoxin B1in maize
flour samples (Migliorini et al. 2020). The chief benefit of nanopaper-based
immunosensors is the incessant and discriminating diagnosis of the analyte, resulting
in real-time response. Nanopaper-based immunosensor also support quality control
measures for on-site detection and help in the kinetic study of antigen-antibody
reactions.

4.3 Nanopapers for Aptamer Detection

The single-stranded RNA/DNA or peptide molecules that can bind antigen-antibody
for a specific target are aptamers or synthetic antibodies (Gopinath et al. 2012).
Aptamers are generally used in envisaging, segregating, and tracing the cells.
Aptamers offer a high affinity against a target compared to antibodies and are widely
used in many areas of interest, and they play an essential role in clinical practice for
the prevention and treatment of disease. A colorimetric polydiacetylene paper strip
sensor detected target-specific aptamer Bacillus thuringiensis, HD-73 spores. The
fabricated biosensor can detect the target without pre-treatment paper strips (Zhou
et al. 2020a). A paper-based oligonucleotide aptamer recognition device was devel-
oped to detect multiple small molecule analytes in complex samples (Liu et al.
2021). Another paper-based potentiometric sensor was propoed to detect the Zika
virus, in which the paper was dipped in a buffer solution containing oligonucleotides
designed to bind to the Zika virus capsid proteins (Dolai and Tabib-Azar 2020).
Paper-based colorimetric aptasensor was evaluated for the determination of lead
ions. This study was performed on Whatman paper and nylon filter paper (Fakhri
et al. 2018). An inkjet-printed RNA aptasensor was proposed for the detection of
fluoroquinolone ciprofloxacin. Authors characterized the secondary structure of
aptamer to determine antibiotic adulteration (Jaeger et al. 2019). A conjugated
aptamer-AuNP fluorescent sensor was evaluated for the sensitive detection of
recombinant human erythropoietin-α. In their study, 12 nm-sized AuNP is used as
a function of nano quench and nano-scaffold (Sun et al. 2011). So, for the on-site
detection of aptamer, paper-based POC sensors have been revealed to have appeal-
ing characteristics such as small sample requirement, high sensitivity, and real-time
measurement capability (Huang et al. 2021).
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4.4 Nanopapers for Enzymatic Biosensors

In developing enzymatic biosensors, the application of nanopapers has received
enormous attention (Li et al. 2012, Janyasupab and Liu 2014, Hooda et al. 2018,
Kumar et al. 2019a, Cho et al. 2020, Wang et al. 2020), because these biosensors are
the largest group of biosensors with the most significant innovations. Electrochem-
ical biosensors based on enzymatic nanopaper have been used to detect clinical
biomarkers, small biomolecules, food contaminants, and environmental pollutants
(Saylan et al. 2019). An enzymatic glucose biosensor based on the Nafion mem-
brane modified with rGO-activated carbon composite has been reported. This
developed biosensor exhibits negligible interference response and superior electro-
catalytic activity for target glucose detection (Hossain and Park 2016). In devel-
oping a colorimetric paper sensor, a cellulose-binding recombinant enzyme was
used for lactate dehydrogenase detection. The obtained results suggest that the
biosensor can bind the enzyme to the paper substrate (Dai et al. 2017). Enzymatic
activity was studied on the paper substrate, where the enzyme horseradish perox-
idase and glucose oxidase were covalently immobilized on the paper surface
(Böhm et al. 2018). Conducting paper modified with PEDOT:PSS-grafted
rGO-titanium dioxide nanohybrid has been used to immobilize glucose oxidase
for the quantitative estimation of glucose. The impacts of various solvents (meth-
anol, glycerine, and ethylene glycol [EG]) on the conductivity of the paper were
also studied, and it was found that with EG the conductivity of the paper signif-
icantly increases from 6.9 10�5 S/cm to 1.1 10�4 S/cm (Paul et al. 2021). In the
advancement of the sensor strip, enzymatic biosensors have shown excellent
performance due to the expansion of specific identification characteristics that
can be used for in situ detection (Fig. 18.3).

5 Conclusion

Nanopapers have recently gained much attention in device fabrication due to their
cost-effectiveness, easy availability, and non-toxic and biodegradable properties.
The modification of paper with nanomaterial further improves its physicochemical
characteristics, making it a more promising substrate for fabricating opto/elec-
tronic devices such as optical, electrical, and electrochemical biosensors. We have
discussed various types of paper substrates used for biosensing applications and
have compared their properties. This will help the reader better understand and
select suitable paper substrates for biosensor fabrication. Furthermore, detailed
literature has been presented on different nanomaterials class that is being used to
tailor the paper substrate to achieve improved biosensing performance. With the
recent developments in nanopaper-based biosensors, it can be predicted that it will
emerge as the most appropriate sensing platform for POC diagnostics. Further,
efforts should be made to develop paper-based biosensors with improved perfor-
mance that can be combined with smartphones and Internet of Medical Things
applications, leading to more versatile, user-friendly, and robust POC devices.
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Fig. 18.3 Biosensing applications of nanopapers: (a) Screen-printed paper electrodes to detect
cardiovascular markers (Jagadeesan et al. 2012). (b) Scheme showing the fabrication of
rGO-TiO2@CP-based enzymatic biosensor (Paul et al. 2021). (c) Schematic illustration of
(i) electrode modification and (ii) immobilization and hybridization steps of a paper-based electrochem-
ical DNAbiosensor (Teengam et al. 2017a). (d) Schematic diagram of aptamer-based LFA (i), sandwich
(ii), competitive (iii), and adsorption-desorption (iv) formats of aptamer-based LFAs (Huang et al. 2021)
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Fig. 18.3 (continued)
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These nano paper-based devices can be used for mass testing and can help improve
the healthcare system. Moreover, nano paper-based POC must not be limited to
detecting disease, but efforts should also be made to use these nanopapers for
agricultural and environmental applications.
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Abstract

Nucleic acid amplification is now a standardized analytical technique, allowing
precise and rapid determination of the presence of a determined DNA/RNA
sequence. Moreover, some sophisticated equipment allows the exquisite quanti-
fication of the number of copies originally presented in a sample; many different
protocols, enzymes, labels, and equipment have been developed over time,
allowing high throughput and automatization. In the same way, modern nano-
technology has been developed over several decades, and now almost any
laboratory can synthesize and characterize nanoparticles of different materials
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and tune size and shape. We believe there is then an opportunity to merge both
already mature technological areas and find new and exciting applications to
improve the analytical performance, lower the per-analysis cost, and make the
whole process (from reagents elaboration to disposal) more environmentally
friendly. Here we explore some of the possibilities for nanoscience and nucleic
acid amplification to come together to obtain better analytical systems.

Keywords

Electrochemical assays · Electrode nanomaterial · LAMP · Magnetic
nanomaterial · Nanostructures · Nanolabel · PCR

1 Introduction

The detection of DNA and RNA sequences employing nucleic acid amplification
tests has made great progress since the polymerase chain reaction (PCR) appeared in
the 1980s. While PCR and quantitative PCR are the gold standard methods used in
the laboratory field, they present complex operational procedures and portability
limitations. Today, there is an urgent need for the development of simple, portable,
and practical analytical devices for nucleic acid detection. For the last 20 years,
electrochemical biosensors have shown great advances toward DNA and RNA
detection, comprising high sensitivity, low cost, and potential application as portable
analytical devices.

Although the field of electrochemical nucleic acid biosensors has increased and
different strategies and detection methods have appeared, complex or unprocessed
samples, including cell lysates, and genomic DNA and RNA extracts, among others,
remain a challenge for practical applications. The nature of the sample could, in
some cases, decrease the signal-to-noise ratio when electroactive molecules react
with the electrode or impair the electrochemical cell performance (the electrodes can
become fouled or poisoned). Moreover, the concentration of a given sequence
(target) is usually extremely low. To overcome these limitations, there are two
principal strategies: the use of nanomaterials and the use of nucleic acid amplifica-
tion methods (Fig. 19.1).

Nanomaterials are characterized by their superior physicochemical properties,
principally concerning their small size, high surface area, nontoxicity (mostly),
biocompatibility, high surface reactivity, and super-paramagnetic behavior (some
materials). They can be used to modify the surface of the electrodes (increasing the
electroactive surface area or including more recognition elements/reaction sites) and
as nanolabels or magnetic nanocarriers.

Nucleic acid amplification methods can be used to increase the number of target
DNA/RNA copies present in the original sample, to overcome problems associated
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with the interference and low concentration of the analyte (Tosar et al. 2010). In
recent years, new nucleic acid amplification tests have emerged as viable and simpler
alternatives to PCR-based amplification tests. Some of them include isothermal
amplification methods, such as loop-mediated isothermal amplification (LAMP),
recombinase polymerase amplification (RPA), helicase dependent amplification
(HDA), and rolling circle amplification (RCA). One of the most important advan-
tages of the isothermal methods is that they can be performed over solid substrates
such as electrodes or micro-nano structured materials.

Several reviews focus on different aspects, including applications and design of
nanomaterial-assisted nucleic acid amplification methods; for example, Wei et al.
(2010) concentrate on the detection of small sequence change useful for genetic
disease diagnostics, intending to design point-of-care biosensors. Other reviews
have focused on the possibilities of integrating the technology from an engineering
perspective and considering the possibilities of miniaturized integration (lab on a
chip paradigm), multiplexing sensors, and the use of smartphones as convenient
interphase for diagnostic chips (Zhu et al. 2015a; Purohit et al. 2020; Liu et al. 2020).

In this chapter, we will review the recent advances in electrochemical nucleic acid
biosensors that combine micro- and nanostructures with DNA/RNA amplification
methods. Herein, we summarize the progress in the development of biosensors that
combine elements of nanotechnology and molecular biology, in particular those
strategies that employ nucleic acid amplification approaches. In this sense, electro-
chemical biosensors have shown the potential to serve as suitable devices for point-

Fig. 19.1 Schematic diagram showing the combination of nanotechnology and molecular biology
toward the development of electrochemical nucleic acid biosensors
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of-care diagnostics, in particular for the detection of DNA and microRNAs (miRNA)
(Labib and Berezovski 2015).

2 Nucleic Acid Amplification Methods

Polymerase chain reaction (PCR) is a DNA amplification method that has continued
to improve since it was first developed in 1985 (Saiki et al. 1985, 1988), and is one of
the most important techniques in applied medical research and diagnostics. The use
of a pair of primers, a DNA thermostable polymerase and dNTPs, ensures the
amplification of a target sequence, making the technique highly specific. The
reaction is performed with a thermal cycler that raises and lowers the temperature
of the sample n times, allowing the denaturation and reannealing of DNA molecules
in a controlled manner (Fig. 19.2a). The amplicons (the amplified DNA products) are
double-stranded oligonucleotides that can be identified through traditional post-PCR
detection methods, such as DNA blotting gel electrophoresis, after performing
several PCR cycles (typically 20–40). Although PCR is the most well-established
approach to amplify nucleic acids, it presents some disadvantages, such as easy
contamination, sensitivity to inhibiting substances that can be present in real sam-
ples, and high cost, as well as being time-consuming. However, point-of-care
diagnostic platforms that alleviate some limitations of PCR have been proposed
(Zhu et al. 2020). On the other hand, the isothermal amplification of target DNA
sequences offers great advantages since it can be performed by employing simple
and affordable equipment, which is more attractive for applications in resource-
limited settings (Nguyen et al. 2020).

Rolling circle amplification (RCA) is an isothermal nucleic acid amplification
technique discovered in the mid-1990s. It can be conducted at room temperature
(up to 37 �C) in solution, on a solid support, or in a complex biological environment
(e.g., on the cell surface or inside the cell) (Feng et al. 2016). In a typical RCA, a
linear DNA probe, complementary to the target sequence, is used as a ligation
template to circulate a padlock probe with a DNA ligase, obtaining a DNA ring
that serves as a template. Once prepared, the circular template is used to hybridize
with the target sequence. Then, a DNA polymerase (e.g., Phi29 DNA polymerase)
continuously adds dNTPs to the circular template to produce ssDNA with several
tandem repeats (Fig. 19.2b). The elongated ssDNA can be customized to contain
functional sequences, including DNA aptamers and DNA nanostructures, among
others (Ali et al. 2014). Since RCA is a versatile tool, many approaches have been
developed in research areas such as genomics, proteomics, diagnosis, biosensing,
drug discovery, and nanotechnology (Zhao et al. 2008).

Loop-mediated isothermal amplification (LAMP), first reported in 2000 (Notomi
et al. 2000), is a molecular technique that amplifies the target DNA sequence at a
constant temperature of around 64–65 �C, producing around 100 times more
amplicons than PCR (Nagamine et al. 2002). LAMP employs four (up to six)
primers that recognize six or more specific regions of the target DNA sequence,
and a DNA polymerase with strand-displacement activity (Fig. 19.2c). These
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characteristics make LAMP an extremely sensitive and selective technique, used for
the amplification of very low DNA concentrations in less than 1 h. One of the most
important features of LAMP is that the amplification reaction can be detected and
monitored by a diverse range of sensing techniques, including optical, magnetic,
piezoelectric, electrochemical, and magneto-resistive transducers (Becherer et al.
2020).

Strand displacement reactions (SDRs) and toehold mediated strand displacement
reactions are molecular techniques widely used for many applications in biotech-
nology. They use DNA sequences containing overhangs that are designed to have

Fig. 19.2 Schematic representation of nucleic acid amplification methods. (a) PCR, (b) RCA, (c)
LAMP, (d) SDR, and (e) HCR
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more complementary bases and hybridize completely with the target DNA sequence,
displacing another (shorter) complementary strand (Fig. 19.2d; Gillespie et al. 2019).
The hybridization chain reaction (HCR) is a particular SDR, first reported in 2004
(Dirks and Pierce 2004). The HCR is a non-enzymatic amplification method with
high sensitivity and good selectivity toward the target detection, widely used in
biosensing applications. The HCR needs two auxiliary DNA hairpins that are
composed of a stem, toehold, and loop domain. The HCR process starts when the
target DNA hybridizes to the complementary single-stranded overhang region
(toehold) of a DNA hairpin. The target DNA opens the first hairpin, which opens
the second, and the cycle continues following a cascade reaction, with enzyme-free
amplification of the DNA (Fig 19.2e; Bi et al. 2017).

3 Integration of Micro-nano Structured Materials
with Nucleic Acid Amplification-Based Tests

3.1 Nanolabels

In recent years, many electrochemical tests have been developed for the detection of
RCA or HCR amplification products triggered by target DNA/RNA sequences. In
contrast to PCR, isothermal nucleic acid amplification methods coupled with DNA
and RNA biosensors were widely studied. The electrochemical detection strategies
include the use of metal nanoparticles (NPs) modified with DNA probes to tag
complementary sequences, metal NPs that bind electrostatically to DNA amplified
molecules, and the DNA-templated synthesis of metal NPs or nanoclusters (NCs),
used as electrochemical labels.

3.1.1 Gold and Other Nanoparticles
Gold nanoparticles (AuNPs) were one of the first types of metal NPs used to label
DNA probes, and still have a particularly important role in several tests, for many
reasons. They are highly stable and can be stored in a proper solution for years,
maintaining their high quality and dispersion characteristics. They have good bio-
compatibility, low toxicity, and well-known bioconjugation chemistry (Liu and Liu
2017). A DNA sequence target can be electrochemically detected by performing a
metal NP-based DNA hybridization assay. After the hybridization reaction with the
NP-labeled probe is performed, there are three main detection strategies: (1) based
on the intrinsic signal of the NPs, (2) dissolving the NPs for the detection of the metal
ions, and (3) instead of dissolving the NPs, performing electrodeposition of silver
over the metal NP-labeled probe.

In 2001, Authier et al. (2001) developed one of the first electrochemical DNA
detection methods for the sensitive determination of PCR amplicons. They labeled a
DNA probe with 20 nm AuNPs that were hybridized with the complementary PCR
amplicons previously immobilized on the surface of a carbon electrode. They
obtained oxidative fragments of the AuNPs by treating the complex with acidic
bromine-bromide. The gold ion, with its high solubility, is reduced electrochemically
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and is detected by anodic stripping voltammetry. However, other strategies based on
the oxidation signal of AuNP-labeled probes without the dissolution step were
proposed by Ozsoz et al. (2003). In their study, the authors preconcentrated the
DNA amplicons on the surface of the electrode by a simple polarization procedure,
decreasing the assay time. Park et al. (2002) showed that the AuNPs can be used to
label the DNA probe immobilized at the electrode surface, and, after hybridization
with the target sequence, the silver deposition over the AuNPs produced a change in
the conductivity signal. Later, other electrochemical detection techniques were
employed, based on the anodic shift of silver reduction potential in typical cyclic
voltammetry (Cai et al. 2004) or the detection of the dissolved silver ions after
chronoamperometric stripping (Li et al. 2004). Recently, the dual labeled primers
approach was developed for the electrochemical detection of PCR or RPA (isother-
mal alternative to PCR) amplicons: one of the primers was labeled with metal NPs
(de la Escosura-Muñiz et al. 2016) or carbon nanostructures (Ang et al. 2020), and
the second primer was labeled with magnetic particles (MPs). The magnetic nano-
label is important to separate/concentrate the amplicon over the surface of the
electrode (Fig. 19.3a). The AuNPs, used as labels, were electrochemically detected
in HCl 1 M by performing chronoamperometry to detect the reduction of H+ to H2,
catalyzed by the Au (de la Escosura-Muñiz et al. 2016). An interesting alternative is
to label the primers with graphene oxide materials to make use of their intrinsic
electroactivity (Ang et al. 2020).

A particularly interesting study showed that a sandwich assay can be performed
by using AuNPs modified with two different DNA probes. The particularity of the
assay is that they used AuNPs with a dual purpose, to immobilize the DNA
complementary target probe and DNA primers that recognized the circular template
used for the RCA. Therefore, when a target DNA is present, it can hybridize between
the AuNP-DNA probe and a DNA probe immobilized at the surface of the electrode.
The RCA then amplifies the AuNP-DNA probe, complementary to the circular
template. The amplification product of the RCA, a long single-stranded DNA with
many tandem repeats of a particular DNAzyme (DNAwith peroxidase-like activity),
was used for the formation of polyaniline, catalyzed by the peroxidase-mimicking
DNAzyme (Fig. 19.3b). Finally, the presence of polyaniline was electrochemically
detected by the cascade of signal amplification triggered by the target DNA previ-
ously hybridized at the electrode surface (Hou et al. 2014).

3.1.2 Quantum Dots
Along with gold, other metal NPs were employed to label and immobilize DNA
probes. An interesting approach was employed using CdTe quantum dots (CdTe-
QDs) as nanolabels. The quantum dots (QDs) were conjugated with a DNA probe to
tag RCA (Ji et al. 2012) or HCR (Liu et al. 2016) amplification products. For
example, Ji and colleagues detected DNA molecules down to attomolar concentra-
tions by employing a particular strategy (Ji et al. 2012). First, they attached a
molecular beacon over the electrode surface, which was used to hybridize with
assistants and target DNAs to form a ternary “Y-junction.” The Y-junction was
designed to be attacked by a nicking endonuclease that can open the molecular
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beacon to expose the sequence used for the second hybridization process. The
exposed sequence acted as the primer of the RCA reaction that produced several
oligonucleotide repetitions. The RCA amplification products were tagged with a
CdTe-QD containing a complementary DNA probe. After dissolving the CdTe-QDs
with acid, the Cd ions were detected by square wave voltammetry (Fig. 19.3c).

3.1.3 Silver Nanostructures
Taking advantage of the specificity for the detection of the target DNA sequence that
is given by the SDRs, electrochemical tests were designed, employing metal NPs to
tag the amplification product. For example, Zhuang and colleagues employed
cetyltrimethylammonium bromide-capped silver NPs (CTAB-AgNPs) to tag the
HCR product to detect HIV DNA (Zhuang et al. 2013). They started by

Fig. 19.3 Metal nanoparticles are used to label DNA amplification products. (a) Double labeled
DNA strategy, (b) Aniline synthesis over DNA amplification product, and (c) Detection of quantum
dots (QDs) previously used to label the RCA amplification product. (a was inspired by de la
Escosura-Muñiz et al. 2016, b was inspired by Hou et al. 2014, and c was inspired by Ji et al. 2012)
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immobilizing the capture probe over a gold electrode, which can hybridize with the
target DNA. After the hybridization reaction, a pair of hairpins were added to start
the HCR. The long-range self-assembled DNA linear structure produced at the
electrode surface was tagged with CTAB-AgNPs. The CTAB provided a net positive
charge over the surface of the AgNPs, which allowed them to electrostatically
interact with the DNA molecules, particularly with the sugar-phosphate backbone
that carries the nucleotide bases. Here, the specificity is given by the hybridization
reaction that triggers the HCR, and the CTAB-AgNPs are only used to detect the
HCR self-assembled structures. Once the nanotags were added, and the unbound
ones removed by washing, linear sweep voltammetry was used for the electrochem-
ical detection of the CTAB-AgNPs, which correlates with the amplification products
triggered by the target DNA. Similar strategies were reported for miRNA detection
(Liu et al. 2017). Hairpin DNA probes were assembled onto AuNPs displayed at the
surface of the electrode. After the target mRNA sequence hybridized with the
hairpin, 4-mercaptophenylboronic acid (MPBA) was added to interact with the
cis-diol at the 30-terminal of the miRNA to produce a covalent bond. Then, citrate-
capped AgNPs were added to interact with the MPBA anchored at the miRNA’s 30

terminal through an Ag-S bond and to interact with each other through covalent
interactions between the α-hydroxycarboxylate of the citrate and the boronate of the
MPBA. These amplification strategies, based on the aggregation of the AgNPs,
successfully increased the sensitivity, resulting in a limit of detection (LOD) of
20 aM of miRNA. Again, the specificity was given by the HCR; meanwhile, the
detection does not require the specific modification of NPs or DNA probes.

3.1.4 DNA-Templated Synthesis of Nanolabels
DNA metallization is a particular kind of biomolecule-templated bottom-up nano-
fabrication, where metal nanostructures can be deposited on DNA scaffolds by the
reduction of metal salts. The concept was first introduced in 1998, with a focus on
the fabrication of nanoscale electronics, as a way of producing conductive nanowires
(Richter 2003). Further metal nanostructures with different compositions, such as
Au, Pt, Pd, Cu, Co, Ni, Te, Rh, and their alloys, have been produced over DNA
templates for a variety of applications (Aryal et al. 2020). The general procedure,
based on in situ, DNA-templated NP synthesis, can be performed by employing wet
chemistry approaches, such as photo-induced metal deposition or electrochemical
deposition (Chen et al. 2018). Chemical reduction methods involve three main steps:
activation, chemical reduction, and growth. The activation step is based either on
exchanging ions into the DNA backbone or on the insertion of metal complexes
between the DNA bases. The second step is reduction, where reducing agents trigger
the nucleation of metal NPs. Finally, the previously deposited metal nanostructures
can grow in a particular media. While the chemical method is the most popular, it is
difficult to control the growth kinetics and thus obtain small NPs. Furthermore, the
reducing agents can, in some cases, contaminate, denature, or even destroy the DNA
strands. To minimize the disadvantages associated with DNA metallization, some
authors began to control the size of the NPs growing at the DNA template. For
example, regular PdO nanowires with a thickness of 20 nm were efficiently grown
over DNA templates (Nguyen et al. 2008). The procedure involved two steps: the
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insertion of metal complexes (Pd salt) between the DNA bases and then, instead of
adding reducing agents, the PdO nanowires were allowed to precipitate, at a rela-
tively low rate, in a hydrogen atmosphere for 20 h.

The possibility of precipitating metal nanostructures for use as DNA labels was
recently investigated for the electrochemical detection of miRNA (Zhang et al.
2019). The reaction was performed entirely at the surface of the gold electrodes,
where a pair of hairpins were used to recognize the target miRNA. RCA was then
employed to elongate a hairpin sequence, producing a guanine-rich long ssDNA.
PdNPs were successfully synthesized over DNA templates in just 60 min, taking
advantage of the affinity between Pd and guanine DNA bases. The electrochemical
signal provided by the PdNPs was detected by employing differential pulse
voltammetry after acid dissolution, obtaining an miRNA-21 LOD of 8.6 aM
(Fig. 19.4a). Like PdNPs, other metal nanostructures were shown to be more stable
in particular DNA bases; for example, cytosine (C)-rich ssDNA stabilized Ag
nanoclusters (AgNCs) (Chen et al. 2018; Yang et al. 2015), and (C)-rich dsDNA
stabilized Cu nanoclusters (CuNCs) (Wang et al. 2017). Metal NCs are ultrasmall
particles (<2 nm) containing few atoms. Recently, many studies have demonstrated
the tremendous advantages of using Ag, Au, and Cu metal NCs in combination with
DNA amplification strategies for electrochemical biosensor applications (Xu et al.
2020). Metal NCs, especially Ag and Cu, are widely used for fluorescent and
colorimetric assays. However, some metal NCs such as CuNCs were employed to
be electrochemically detected after acid dilution, showing a wide linear range of
detection (10 aM–100 fM) (Wang et al. 2017). The biosensor uses the exonuclease
T7, which is part of a reaction that involves two DNA templates and a cycle of
amplification reactions that continuously recycles the target molecule and one of the
DNA templates (Fig. 19.4b). The other DNA template hybridizes with a DNA probe
immobilized at the surface of a gold electrode. A second DNA probe is then added to
form a Y-shaped dsDNA over the electrode, and then an HCR takes place when a
pair of hairpins trigger the dsDNA assembly that serves as a template for the
formation of the CuNCs.

3.2 Electrode Nanomaterials

The unique and attractive properties of nanostructured materials make them one of
the most important components when an electrochemical biosensor is designed.
Nanostructured materials are used to modify the electrode surface owing to their
remarkable chemical stability, biocompatibility, high surface area, and good con-
ductivity. The bare electrode can be modified with the nanostructured material by
employing a wide range of methods, such as drop-casting, deep coating, or electro-
deposition, among others. An important step in designing an electrochemical DNA
biosensor is the immobilization of the DNA probe (linear ssDNA, hairpins, or
aptamers) on the surface of the electrode. The immobilization method varies with
the type and composition of the nanomaterial exposed at the electrode surface. The
most common DNA immobilization methods include physical adsorption, adsorp-
tion at a controlled potential, covalent attachment, and employing the avidin-biotin
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complex chemistry. In general, the chemistry behind DNA immobilization follows
the traditional procedures used for bulk materials (Au and carbon graphite, among
others), but with minor modifications.

Metal NPs, carbon-based nanomaterials, and DNA nanostructures have been used
to modify the electrode surface, to develop nucleic acid amplification-based tests.
Hybridization biosensors have been widely studied and many designs developed.
Since the sensitivity of hybridization biosensors is generally low, several alternatives
have been developed to increase the analytical performance. One of the main
problems is the poor accessibility of target molecules to the probes immobilized at
the electrode surface, and great effort has been taken to control the surface chemistry,
conformation, and packing density of the probes.

Fig. 19.4 Synthesis of metal nanoparticles over DNA amplified products. (a) PdNP synthesis over
RCA amplification product and (b) CuNCs synthesis over HCR amplification product. (a was
inspired by Zhang et al. 2019 and b was inspired by Wang et al. 2017)
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3.2.1 Carbon-Based Nanostructures
PCR amplicons can be detected with high accuracy with a hybridization biosensor
constructed with DNA probes covalently attached at the surface of carbon-based
nanostructures, such as multi-walled carbon nanotubes (MWCNT) (Koehne et al.
2003), carbon nanofibers (Koehne et al. 2009), or nanocomposites containing
polyaniline nanofibers and MWCNTs (Yang et al. 2009). However, better analytical
performance was obtained for electrochemical biosensors coupled to solid-state
nucleic acid amplification methods. For example, carbon nanotubes (CNTs) were
used as the solid substrate to immobilize a hairpin structured probe that recognizes
the target miRNA sequence (Tian et al. 2015). The miRNA hybridizes with the
hairpin and opens the loop to be recognized by the circular probe and start the RCA.
The amplification product, ssDNAs elongated at the surface of the electrode, can be
electrochemically detected by measuring the oxidation current of a soluble redox
compound. The ssDNA at the electrode surface acts as a barrier affecting the free
diffusion of a redox marker, resulting in a current signal decrease. The CNTs help to
increase the electroactive surface and enhance the nucleic acid amplification reac-
tion, resulting in an LOD of 1.2 fM.

3.2.2 Metal Nanostructures
Metal NPs can be used to modify the surface of the electrode and attach DNA
probes. Electrodes containing AuNPs (Brasil de Oliveira Marques et al. 2009),
AuTiO2 microspheres (Zhang et al. 2008), and reduced graphene oxide (RGO)/
AuNP nanostructured interfaces (Lei et al. 2015) were used to detect PCR
amplicons. Meanwhile, metal NPs can be used to improve and control the dispersion
and density of DNA probes over the electrode: the LOD achieved was close to 10 fM
(Brasil de Oliveira Marques et al. 2009). Detection of enterotoxigenic E. coli was
developed by immobilizing specific probes over Pt nanoparticles, and then deposited
over SP electrodes with the help of chitosan (Bansal et al. 2017).

3.2.3 DNA Nanostructures
Since the introduction of nanometer-sized DNA structures, an extraordinary break-
through in structural DNA nanotechnology has appeared. The bottom-up nano-
fabrication is mainly based on the predictable Watson–Crick base-pairing rules of
DNA self-assembly. This nanofabrication method is based on the folding of a long
ssDNA strand into a specific shape, guided by a great number of short ssDNAs. The
resulting folded DNA structure can turn into 2D or even 3D shapes, such as
triangular prisms, tetrahedrons, cubes, octahedrons, icosahedrons, buckyballs, and
more complicated DNA origami structures (Su et al. 2019). Three-dimensional DNA
nanostructures present many advantages for electrochemical biosensor applications,
for several reasons:

1. The precise predictability and reproducibility, both based on the strict base-
pairing principle.

2. The strong nuclease resistance in comparison with ssDNA, dsDNA, and duplex
DNA probes.
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3. The great biocompatibility and biodegradability.
4. They can adopt an ordered and upright orientation at the sensor surface.
5. The DNA nanostructured interfaces have fast molecular diffusion and convection.
6. They can be functionalized with aptamers, peptides, antibodies, and QDs, among

others.

The DNA tetrahedron, one of the most popular nanostructures, has been widely
used for electrochemical biosensor applications (Goodman et al. 2005; Lin et al.
2016). Typically, these nanostructures are assembled employing four strands, heated
for a few minutes at high temperatures (around 95 �C), and cooled at 4 �C for a few
seconds to obtain the nanostructures (Fig. 19.5a). The resulting nanostructures are
immobilized face down onto a gold electrode through three thiol groups, leaving the
remaining vertex, carrying the probe of interest, facing upward. Ge et al. (2014)
modified a gold electrode with a thiol-modified DNA tetrahedron and performed
HCR amplification to detect DNA and miRNA target molecules at concentrations as
low as 100 and 10 aM, respectively. Later, the LOD of miRNAwas improved (2 aM)
when a dual amplification strategy was employed (Miao et al. 2015a). The target
miRNA opens the DNA tetrahedron’s hairpin domain, releasing the sequence that can
hybridize with the complementary DNA sequence exposed at the surface of the
AuNPs. Then, the hairpins are added to initiate an HCR over the surface of the
AuNPs. Finally, AgNPs are used to tag the amplification product, which can be further
electrochemically detected by performing linear sweep voltammetry (Fig. 19.5b). A
similar approach employs a DNA tetrahedron and RCA amplification. For example,
AgNPs were used to tag the amplification product, obtaining an LOD of 50 aM for
miRNA (Miao et al. 2015b). Another possibility that has been studied recently is the
addition of enzyme-like functionality to the RCA amplification product. For example,
a DNAzyme that reduces methylene blue in the presence of H2O2 was studied,
obtaining an LOD of 100 aM for methylated DNA sequences (Liu et al. 2018).

Recent studies have shown the development of electrochemical biosensors fol-
lowing the idea of in situ assemblies of DNA nanostructures to tag nucleic acid
amplification products (Meng et al. 2020, Zhang et al. 2020). Zhang et al. (2020)
developed an electrochemical biosensor for the detection of circulating miRNA,
obtaining an LOD of 3.6 fM. The closed hairpin at the electrode surface changes the
conformation in the presence of miRNA and a second hairpin then recognizes the
exposed sequence, producing a dsDNA and recycling the miRNA for a new cycle of
amplification. After n cycles, the second amplification results in the addition of three
DNA strands that hybridize with the hairpin’s tails and form a 3D nanostructure,
similar to a net, which is electrochemically detected using a DNA electroactive
intercalant (Fig. 19.6a). On the other hand, better LODs for miRNA can be accom-
plished when 3D nanostructured nets are formed starting from Pd-modified DNA
strands, as shown by Meng et al. (2020). The LOD obtained by the authors was
63.1 aM, showing the advantage of the 3D nanostructure to increase the Pd loading
capacity. The authors added paracetamol, an electroactive substance, for the indirect
detection of miRNA through the reaction with PdNPs (Fig. 19.6b).
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4 Characteristics and Applications of Magnetic Micro-Nano
Structured Materials

4.1 Introduction

MPs have been used as useful tools for nucleic acid purification, amplification, and
detection processes (Chen et al. 2020). One of the main features of MPs is their large
surface area to volume ratio. The surface of the MPs can be modified to serve as

Fig. 19.5 DNA tetrahedron-based nucleic acid electrochemical biosensors. (a) Scheme illustrating
the DNA tetrahedron structure and a 3D space-filling representation and (b) Example of a DNA
tetrahedron biosensor. (a was reproduced from Goodman et al. 2005 and b was inspired by Miao
et al. 2015a)
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detection markers (nanolabels). In this way, MPs act as dispersible biocapture
surfaces and, in some cases, as dispersible electrodes (Goon et al. 2010).

Due to their paramagnetic properties and their small size (typically ~20 nm for
iron oxide), MPs do not agglomerate in solution. Nonetheless, once an external
magnetic field is applied, MPs selectively capture the molecular target, separating
them from the rest of the components present in the matrix and avoiding non-specific
absorption of interference. MPs can also concentrate nucleic acids, resulting in LOD

Fig. 19.6 DNA nanostructure-based electrochemical biosensors. (a) 3D nanostructure produced
over the hairpins disposed at the electrode surface and (b) 3D nanostructure produced with PdNPs
modified with ssDNAs and hairpins. (a was inspired by Zhang et al. 2020 and b was inspired by
Meng et al. 2020)
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at aM concentration levels when electrochemical methods are used (Pastucha et al.
2019).

The applicability of MPs will depend on their final size and composition, as well
as the binding characteristics of the material used to modify the surface of the MPs
(Masud et al. 2019; Wu et al. 2016).

4.1.1 Composition
The most widely used materials to obtain MPs are pure metals (Fe, Co, and Ni),
some ferrites (BaFe12O19 and CoFe2O4), and metallic oxides, such as magnetite
Fe3O4 and maghemite γ-Fe2O (Gloag et al. 2019, Shan et al. 2016). They are used
for several medical and industrial applications due to their low toxicity, chemical
stability at room temperature, and biocompatibility, both in vivo and in vitro (Car-
doso et al. 2018). Other materials commonly used in the manufacture of MPs are
conductive polymers, such as poly-(2,20:50,500-terthiophene-30-p-benzoic acid), and
spherical polymeric particles, known as magnetic beads (MBs) marketed under the
name Dynabeads™ (Pastucha et al. 2019). There are hybrid MPs formed by a
compound with paramagnetic properties and others that facilitate the redox reaction,
such as Fe3O4-graphene (Wang et al. 2015).

4.1.2 Size
The superparamagnetic properties of MPs depend on their size, which is mainly
controlled during the synthesis. When the dimensions of MPs are below the “critical
size,” they present paramagnetic mono-domain behavior; thus, they become rapidly
magnetized only when a magnetic field is applied. For example, the critical size of
Fe3O4 was estimated to be below ~20 nm, but it has not been determined exactly,
since it changes with the crystalline structure (70 nm and 128 nm for cubic and
spherical structures, respectively) (Li et al. 2017).

4.1.3 Coating
Coatings have been widely used to improve the stability and performance of MPs,
preventing unwanted reactions from taking place, as well as oxidation reactions,
which easily occur with Fe3O4 NPs. The use of a suitable coating can increase the
bioavailability of the MPs and also provide some signal amplification characteristics,
making them not only a tool to capture and separate the analyte but also a funda-
mental part of the transduction mechanism of the sensors (Gloag et al. 2019). Thus,
the coating material composition will depend on the application of the MPs in the
nucleic acid extraction process. There are several coating materials, such as Au,
polymeric membranes (e.g., polyethylenamine, polystyrene), porous materials
(especially SiO2) (Berensmeier 2006), and proteins, such as avidin and streptavidin.
Coating materials provide an ideal ionic surface that can trap nucleic acids, since
they incorporate functional groups such as amino, thiol, carboxylic, hydroxyl, tosyl,
and activated N-hydroxysuccinate groups. Hence, the surface properties (porosity,
size, and shape) play an important role in the absorption and isolation of nucleic
acids (Fig. 19.7; Zhu et al. 2015b, Tosar et al. 2010, Yeung and Hsing 2006).
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4.1.4 Functionalization
MPs by themselves do not capture or detect the analyte; therefore, they must be
efficiently functionalized to capture molecular targets and subsequently separate
them through the use of an external magnetic field in a quick and convenient step.
In this way, MPs improve the analysis in terms of specificity and sensitivity, since the
purity of the sample can be increased by the elimination of interferences (Pastucha
et al. 2019). The functionalization of MPs is related to the characteristics of the
molecule to be studied; this is expected since there will be an interaction with the
functional groups of the target biomolecules (Gloag et al. 2019).

The coating and functionalization of MPs provides an ideal surface for the
immobilization of nucleic acids and can occur by (1) electrostatic adsorption
between the positive charge of the functional groups of the coating and the phos-
phate group of the DNA amplicon; (2) covalent bonding between negatively charged
groups with nucleic acids labeled with the thiol or amino group; (3) an affinity
interaction to the protein, for example, an avidin/streptavidin-biotin-binding inter-
action; and (4) direct conjugation with the MPs using a linker, for example, Au-thiol
(Masud et al. 2020, Rashid and Yusof 2017).

4.2 Applications in Amplification-Based Tests

The most common application of MPs in the electrochemical detection of nucleic
acids involves techniques such as electrochemiluminescence and amperometry, as
well as linear sweep and cyclic voltammetry.

Fig. 19.7 Application of magnetic particles in the separation and lysis of bacterial cells, DNA
extraction, and amplification of their nucleic acids for electrochemical detection. (Inspired by Zhu
et al. 2015b)
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Nowadays, nucleic acid separation with the help of MPs produces excellent
results with very low LODs (Pastucha et al. 2019). This has led to the design of
several biosensors, for example, the point-of-care electrochemical biosensor for
Mycoplasma pneumoniae DNA detection presented by Zhao et al. (2020). In this
work, the authors used Fe3O4 MPs coated with Au, polyethylene glycol (PEG), and
chondroitin sulfate (CS) to obtain the Fe3O4@Au@PEG@CS MPs. The MPs were
deposited on the surface of the carbon electrode and measured by cyclic
voltammetry, achieving an LOD of 3.3 aM.

More sensitive biosensor development with better LODs can be obtained by
employing nucleic acid amplification techniques. Thus, using the functionality of
MPs to separate and concentrate the molecular target, Yeung et al. (2006) reported
the design of a microchip to electrochemically detect DNA amplicons of E. coli and
Bacillus subtilis. They employed avidin-coated MPs functionalized with
biotinylated DNA probes to capture specific genomic DNA sequences and subse-
quently carried out PCR amplification. Amplicons were labeled with AuNPs, and the
amplification signal on indium tin oxide-based electrodes was detected by
performing linear voltammetry.

In another study, PCR amplification of nucleic acids using MPs was reported
employing a sandwich detection method strategy (Lermo et al. 2007). The authors
reported an in situ DNA PCR amplification method for the Salmonella genome,
employing labeled primers to obtain double-labeled PCR products. One of the
primers was labeled with biotin, to immobilize DNA in streptavidin MBs. The
second primer was labeled with digoxigenin (Fig. 19.8). The authors designed a
real-time PCR reactor in which the double-labeling on the streptavidin-coated MPs
can be electrochemically detected, as shown in Fig. 19.8. An anti-digoxigenin
antibody labeled with peroxidase was used to label the digoxigenin. After the
addition of peroxide and hydroquinone (a redox mediator), the authors determined
the PCR amplification product using a carbon electrode and performing chronoam-
perometric detection.

The good results obtained using MPs in PCR-based amplification assays have
generated interest from other researchers to apply other amplification techniques
such as LAMP and RCA (Sharif et al. 2019), to reduce the assay time and achieve
the selective separation of genetic material.

Recently, LAMP was used to detect the DNA of various foodborne pathogens
(E. coli, Vibro parahaemolyticus, Staphylococcus aureus, and Listeria mono-
cytogenes) (Sharif et al. 2019). The detection was performed through an
impedimetric microfluidic sensor employing gold electrodes. After the LAMP
reaction, the amplicons were separated using MBs and washed with deionized
water, and the MB-DNA suspension was injected into the microfluidic compartment
for further detection, obtaining an LOD of 10 copies.

In addition, Fig. 19.8b shows the study carried out by Barreda-García et al.
(2014). They reported the detection of DNA from Mycobacterium tuberculosis,
performing electrochemical detection. The authors combined asymmetric HDA
amplification and hybridization techniques, using MBs of streptavidin
functionalized with a biotin-amplicon and obtaining an LOD of 0.5 aM. Other
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nucleic acid amplification methods, such as the padlock exponential rolling circle,
have been reported by Yu et al. (2017), who determined miRNA-21 using CoFe2O4

MPs functionalized with poly (diallyldimethylammonium chloride) and AuNPs
(Au@CoFe2O4/Tb-Gra) to capture miRNA. A redox molecule was used (toluidine
blue), co-immobilized onto the graphene in the absence of substrate (H2O2).

Fig. 19.8 Magnetic particles are used in the separation and amplification of nucleic acids using
electrochemical determinations. (a) PCR and (b) HDA amplification methods applying magnetic
particles and magnetic beads in nucleic acid determinations for electrochemical techniques. (a was
inspired by Lermo et al. 2007 and b was inspired by Barreda-García et al. 2014)
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Toluidinde blue was used to amplify the electrochemical signal at the electrode
surface. The electrochemical detection was performed by cyclic voltammetry and
electrochemical impedance spectroscopy, obtaining an LOD of 0.3 fM.

5 Future Perspectives

Great progress has been made by coupling micro-nano structured materials and
nucleic acid amplification methods. However, there are specific problems that need
to be solved for the development of practical and sensitive biosensors. The high
reactivity of micro-nano structured materials toward the biomolecules that increase
the background signals, the multistep fabrication of nanomaterials, and the particu-
larly long time needed to assemble DNA nanostructures are not good enough for
most standardized clinical (and some other) analyses. If these problems can be
overcome in the future, the possibility of coupling micro-nano structured materials
with nucleic acid amplification methods is a fact. The amplification methods can
increase the signal-to-noise ratio, which is highly efficient for miRNA detection or
target sequences belonging to a complex matrix. Future perspectives may focus on
the development of complete, fully disposable miniaturized devices, allowing sam-
ple clean-up, amplification and electrochemical detection, and minimal sample
manipulation (avoiding cross-contamination and safety issues), and minimizing the
time-to-result window, which is a particular challenge for the tests that employ DNA
nanostructures.
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Abstract

Mesoporous silicas are materials that have aroused the interest of the industries
and scientific community in the medical field. These nanomaterials present
several relevant characteristics, and their application has been in drug delivery,
bioimaging, and electrochemical biosensors to solve and prevent problems
related to human health. The main silicas used for this purpose are the MCM-n
and SBA-n families due to their high surface area, good biocompatibility, excel-
lent hydrothermal stability, and absence of toxicity. Furthermore, these
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synthesized nanomaterials are extremely inexpensive and have a low analysis
time than conventional techniques. Therefore, the chapter shows the recent
developments in drug delivery, bioimaging, and electrochemical biosensors
based on various nanomaterials created with mesoporous silicas. This proposal
focuses on providing an overview of the types of nanomaterials with mesoporous
silicas that are being developed in several scientific studies. In addition, this work
will show a history of the main silica families used in the development of various
biosensors, bioimaging techniques, and the application of drug delivery for
different analytes. Finally, the chapter proposes a reflection on the perspectives
and challenges of new research on drug delivery, bioimaging, and electrochem-
ical biosensors composed of mesoporous silicas.

Keywords

Mesoporous silica · Biosensor · Bioimaging · Drug delivery

1 Introduction

Porous materials are nanomaterials that have been of great interest to the evolution of
medical treatments and the detection of diseases in humans. The International Union
of Pure and Applied Chemistry (IUPAC) categorize the porous solids according to
pore size (diameter, Ø). This classification is known as microporous (Ø < 2 nm),
mesoporous (2 nm< Ø< 50 nm), and macroporous (Ø> 50 nm) (Sing et al. 1985).
Mesoporous silicas are nanomaterials that have great relevance in nanomedicine
because of important characteristics such as excellent surface reactivity and thermal,
mechanical, and chemical stability. Moreover, the presence of active sites is well
distributed on the external and internal surfaces, the high surface area (above 600 m2

g�1) and the mesoporous structure allow easy diffusion to the reaction on active sites
(Costa et al. 2021). Given these characteristics, mesoporous silicas have been
developed over the years. The scientific community and the industry have advanced
in developing several families of silicas that have been applied for drug delivery,
bioimaging, and the manufacture of biosensors.

2 Types of Mesoporous Silica

Synthetic silicas have shown excellent efficiency in biosensing. Then, several
families of silica have been studied, such as Mobil Crystalline Materials
(MCM-n), Santa Barbara Amorphous (SBA-n), Michigan State University
(MSU-n), Korean Institute of Technology (KIT-n), Folded Sheet Materials
(FSM-n), Fudan University (FDU-n), and Anionic Mesoporous Silica (AMS-n)
(Vallet-Regí et al. 2013).

The first family of porous silicas, called M41S, was created by the Mobil
Corporation Laboratories in 1992. This family has three mesoporous materials
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(MCM-41, MCM-48, and MCM-50) containing silicate and aluminosilicate in
diverse pore arrangements. The MCM-41 has two dimensions (2D), a hexagonal
structure with P6mm space-group symmetry; the MCM-48 presents a three-
dimensional (3D) cubic system with Ia3d space-group symmetry; and the MCM-
50 shows a lame form without space-group symmetry (Beck et al. 1992; Kresge et al.
1992; Vartuli et al. 1994).

Another important family is the SBA-n (n ranges from 1 to 16), developed in
1998 at the University of Santa Barbara. This family of amorphous mesoporous
silica nanomaterial was produced using a copolymer with a targeting agent and
tetraorthosilicate (TEOS) as a silicon source (Zhao et al. 1998). From this technique,
several materials were created with several pore geometric forms such as SBA-1
(cubic), SBA-3 (hexagonal), SBA-11 (cubic), SBA-12 (hexagonal 3D), SBA-14
(lame), SBA-15 (hexagonal 2D), and SBA-16 (cubic). In SBA-n family, the SBA-
15 has been extensively studied because it has high hydrothermal stability due to the
size of the silica walls (3.1–6.4 nm), larger pores (4.6–30 nm), and high surface area
(Huo et al. 1995; Zhao et al. 1998).

In the case of the MSU-n family (n ranges from 1 to 4), the materials have a
porous structure of “wormhole” in 3D with ill-defined crystallographic symmetry.
The literature reports that this family is more active in reactions of limited diffusion;
and non-ionic surfactants and block copolymers form this material (Boissière et al.
2000; Gong et al. 2001; Prouzet and Boissière 2005).

The KIT-n family (where n ¼ 1, 5 or 6) was developed at the Korea Advanced
Institute of Science and Technology (KAIST). Among the mesoporous silicas
(KIT-1, KIT-5 and KIT-6), the most studied by the scientific community are KIT-5
and KIT-6 (Dongyuan Zhao et al. 2013). KIT-1 has a disordered 3D structure
(Sanaeishoar et al. 2016). On the other hand, KIT-5 and KIT-6 materials have
well-ordered 3D mesopores (cage) in a compact cubic structure centered on the
face with Fm3m space-group symmetry, interconnected spherical amorphous walls.
The KIT-5 and KIT-6 also present good hydrothermal stability, high surface area,
large pore diameter and volume (He et al. 2020; Mahdizadeh Ghohe et al. 2019).

The FSM-n family (e.g., FSM-16) are folded sheets of mesoporous materials and
can be synthesized using surfactant of quaternary ammonium and kanemite of
polysilicate (Narayan et al. 2018; Tozuka et al. 2005). Regarding AMS-n, this
mesoporous family with anionic surfactants has been studied due to the new
interaction between inorganic and surfactant species, good cost-benefit, and lower
toxicity of anionic surfactants compared to cationic surfactants. This synthetic route
can produce several mesoporous forms such as cubic, lamelar, hexagonal, and
disordered structures (Che et al. 2003).

The FDU-n family was developed at the University of Fudan and can be
displayed in some classifications, such as FDU-1, FDU-2, FDU-5, FDU-12,
FDU-14, and FDU-15. FDU-n can present different characteristics such as pore
arrangements and well-ordered structures, large and uniform pore diameter distribu-
tion, amorphous pore wall structure, high surface area, mechanical and thermal
stability (da Silva et al. 2011; Shen et al. 2002; Wu et al. 2018; Dongyuan Zhao
et al. 2013). The Fig. 20.1 shows a scheme of some structures of mesoporous silicas.
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3 Synthetic Techniques of Mesoporous Silica Nanoparticles
(MSNs)

The synthetic techniques of mesoporous silica nanoparticles (MSNs) use three main
components: (1) template; (2) silica source; and (3) acid/base. The template is
usually a surfactant, which has the function of creating pores. The silica source
has the function of forming the walls around the pores and the third component (acid/
base) works as a facilitator of formation. The synthetic techniques of MSNs are
three: (1) sol-gel; (2) hydrothermal; and (3) green method (Isa et al. 2021).
Table 20.1 presents some examples of template and source of silica associated
with the synthesis technique reference.

Stober et al. (1968) were the first to produce monodispersed silica particles in the
spherical form of micrometric size by means of a set of chemical reactions, a method
that became known as Stober synthesis, a process of sol-gel nature. This synthesis
consists of hydrolysis of tetraalkyl silicates in a mixture of ethanol and water, and
ammonia as a catalyst. In this process, the alkoxide monomers, in the presence of a
base or acid as catalyst, are hydrolyzed and condensed into a colloidal solution (sol)
from which an ordered network of particles (gel) is formed. Different models of
structural-directing agents such as surfactants, copolymers, and organic compounds
can be used (Kumar et al. 2017; Narayan et al. 2018; Stober et al. 1968; Wu and Lin
2013).

Over the years, this synthesis was submitted the several changes according to
conditions and parameters. Grün et al. (1997) performed the first study of modifica-
tions to the Stober synthesis, by adding a cationic surfactant to the reaction, which
resulted in spherical microparticles of MCM-41 (Grün et al. 1997; Isa et al. 2021;
Narayan et al. 2018; Wu and Lin 2013). Since then, several studies have been
conducted to obtain silica particles with different sizes and volumes of the pore,
dimensions, and particle morphology. The use of traditional cationic surfactants
results in simple mesoporous materials, with ordered pores and thin walls; however,
they present limited pore size adjustment and low hydrothermal stability. Currently,
instead of the traditional quaternary ammonium cationic surfactant have been stud-
ied new ionic liquid surfactants as a template (Wang et al. 2021).

Fig. 20.1 Scheme of some structures of mesoporous silicas
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The modified Stober method consists of four steps: (1) Mixing water, template
and base; (2) Addition of the silica source and agitation, stage where occurs
hydrolysis, condensation, and formation of the sol; (3) Sol aging and gel formation;
(4) Obtaining MSN powder and calcination or extraction, by solvent to template
removal (Isa et al. 2021; Singh et al. 2014).

The synthetic hydrothermal methodology is a chemical reaction under high
temperature and pressure that results in a mesoporous material with better hydro-
thermal stability, larger pore size, and mesoscopic regularity. The steps of this
synthesis method are five: (1) Mixture among water, template, and catalyst; (2) Addi-
tion of silica source; (3) Aging or short stirring of the mixture and transfer to a Teflon
autoclave; (4) Heating of the autoclave for a certain period of time; (5) Getting MSN
powder and removing the template. Despite the improvements observed when using
this synthesis method, it requires expensive and specific equipment, which leads
most researchers to opt for the sol-gel method (Feng et al. 2018; Isa et al. 2021; Yu
et al. 2012).

Studies show that pH directly affects the morphology and size of mesoporous
silica particles because it influences the hydrolysis rate, condensation rate, and
interaction between the template and silica. Another important factor to be controlled
is the rate of agitation. If it is slow, long fibers are produced and if it is quick, fine
powder is produced. The adjustment of the pore width can be made by hydrothermal
treatment (during or after synthesis). The use of additives during the synthesis assists
the pore width. Mesythylene (1,3,5-trimethylbenzene), for example, is an additive

Table 20.1 Some examples of template and silica sources associated with the synthetic technique
reference

Synthesis
technique Template Silica source References

Sol-gel PEG Sodium silicate Hwang et al. (2021)

Sol-gel CTAC TEOS Khalil et al. (2020)

Sol-gel CTAB TEOS Oliveira and Andrada
(2019)

Sol-gel CTAB TEOS Muthusami et al. (2020)

Sol-gel CTAB TEOS Vazquez et al. (2017)

Hydrothermal Pluronic F-127 TEOS Ferreira Soares et al.
(2020)

Hydrothermal Ionic liquid
surfactants

TEOS Wang et al. (2021)

Hydrothermal CTAB TEOS Song et al. (2019)

Green Pluronic F-127 Rice husk Vanichvattanadecha et al.
(2020)

Green CTAB Banana peels ash (sodium
silicate)

Mohamad et al. (2019)

Green Pluronic P-123 TEOS Feng et al. (2018)

PEG polyethylene glycol, CTAC cetyltrimethylammonium chloride, CTAB cetyltrimethy-
lammonium bromide, TEOS tetraethylorthosilicate
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used to expand the pores without changing the particle size. The hydrothermal
treatment consists of pressurizing the newly synthesized particle and subjecting it
to temperatures ranging from 373 to 423 K, with or without additives. In medical
application, it is important to highlight that the amount of drug adsorbed on the
mesoporous silica matrix is directly proportional to its surface area, pore volume,
and affinity in both (Mehmood et al. 2017).

It is common for mesoporous materials to be synthesized under strongly acidic or
basic conditions. However, this makes large-scale production unfeasible, since the
widespread use of such reagents is eco-unfriendly. Neutral synthesis is also possible,
but these conditions often result in poorly organized materials, because hydrolysis is
incomplete and organic residues are present (Dai et al. 2012; Feng et al. 2018).

More recently, green synthetic routes, environmentally friendly and/or employing
waste as a source of silica, have been studied (Isa et al. 2021). Feng et al. (2018)
proposed a green synthesis strategy for SBA-15 and Fe-SBA-15 silicas without the
use of strong acid. A method that uses hydroxyl free radicals (�OH) was presented as
a green alternative, resulting in highly ordered materials with a high surface area than
the synthetic method in an acid medium. This study also demonstrated that, for
hydrolysis of tetraethylorthosilicate (TEOS), free radicals OH have higher catalytic
activity than H+ ions.

4 Applications of Mesoporous Sílicas

Mesoporous silica nanoparticles are for various purposes such as drug delivery,
biosensor, bioimaging, catalysis, optical devices, antimicrobial activity, protein
delivery, polymer filling, adsorption, separation, and purification. These applications
of mesoporous silicas are due to several attractive properties such as biocompatibil-
ity, high thermal stability, efficient absorption by mammalian cells, small pore
diameter, high surface area and pore volume, adjustable pore structure, and mechan-
ical stability (Kumar et al. 2017). This chapter will focus on the first three applica-
tions mentioned: drug delivery, bioimaging, and biosensor.

5 Drug and Genes Deliveries

Nanomedicine is the term commonly used to refer to nanomaterials for the distribu-
tion of drugs in the body. The first transporters, reported in 1960, were liposomes.
Then, several drug deliveries were developed to increase the effectiveness of treat-
ment. The nanoparticles used in this transport may be organic or inorganic, but it has
already been observed that inorganic ones are more stable. Vallet-Regi et al. (2001)
were the pioneers in applying MCM-41 to the transport of drugs (Ibuprofen)
(Gisbert-Garzarán et al. 2020; Vallet-Regi et al. 2001).

Nanoparticles used for drug delivery need to have properties, such as: biocom-
patibility, that is, rapid internalization by human being, without cytotoxicity,
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maximizing the amount of drug loading within the pore channels, reaching the target
and minimizing premature release (Gisbert-Garzarán et al. 2020).

Inorganic mesoporous silica nanomaterials are promising carriers for drug admin-
istration. The interaction between mesoporous silica nanoparticles (MSN) and the
drug occurs through hydrogen and/or electrostatic bonds. MSNs are biocompatible
and have an extremely porous and open structure, so that drug release to the target is
minimized. It is necessary to adapt the nanoparticles to make the drug available only
when stimulus is applied; this adaptation is the gatekeeper (Gisbert-Garzarán et al.
2017; Pal et al. 2020).

Several types of gatekeepers of the various natures can be used, each with its
specific stimulus for removing MSNs. Some examples are polymers, quantum dots,
gold nanoparticles, silver nanoparticles, fullerenes, cyclodextrins, pilararenes,
nucleic acids, proteins, peptides, etc. The stimuli are also varied with pH, redox
potential, temperature, enzyme, complementary sequence, irradiation, and others
(Gisbert-Garzarán et al. 2017; Wen et al. 2017).

MSNs present promising prospects for diagnosing and treating serious diseases
such as cancer. Despite recent advances in research related to this disease, develop-
ing more specific and effective treatments is still necessary. Chemotherapy and
radiation therapy have serious side effects on the patient. Metastasis is a challenge,
and in many cases, surgical removal is impossible. In this scenario, multifunctional
drug delivery agents utilizing different nanomaterials can be an important alternative
(Isa et al. 2021).

In general, MSNs can be used to carry various types of drugs. Each type of MSN
associated with a type of drug has an ability to transport that needs to be studied.
Examples of carried drugs are Ibuprofen, 5-Fluorouracil, Captopril, Doxorubicin,
and Lendronate (Balas et al. 2006; Chen et al. 2014; Narayan et al. 2018; Qu et al.
2006; She et al. 2015; Vallet-Regi et al. 2001; Zhu et al. 2005). Table 20.2 shows
some MSNs used in drug delivery, gatekeeper, and stimulus.

Mesoporous silica with hybrid materials are also found in the literature, enabling
the combination of several components in entities of nanometric dimension. Among
some of these hybrid materials, it can mention magnetic nanocomposites of meso-
porous silica, nanocomposites of mesoporous silica responsive to the light, and

Table 20.2 Some mesoporous silica nanoparticles (MSNs) used in drug delivery

Silica Gatekeeper Stimulus Drug References

MSN-SS-Au Au Redox Doxorubicin Zhang et al. (2020a)

MSN-NA-CS CS Redox Rhodamine 6G Chen et al. (2020)

MSN-SS-GQD Graphene Redox Rhodamine B Gao et al. (2019)

HA-FMSN HA Enzyme 5-Fluorouracil Jiang et al. (2018)

MSN Iron oxide Enzyme Doxorubicin Qiao et al. (2019)

MSN-PAA-FA PAA pH Umbelliferone Kundu et al. (2020)

MSNR Albumin pH Lamivudine Zhang et al. (2020b)

FA folic acid, PAA polyacrylic acid, HA hyaluronic acid, CS chitosan, Au gold, NA
1,8-Naphthalimide fluorophore, SS disulfide bonds, GQD graphene quantum dot, MSNR meso-
porous silica nanorod
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multicomponent nanocomposites containing mesoporous silica (Castillo and Vallet-
Regí 2019).

In addition, the use of MSNs have also been an alternative in the application of
gene delivery. MSNs have been developed to encapsulate abundant genes and
protect genes from nucleases. Through cationic modification, MSNs have been
able to complex with genes and be successfully transfected into multiple cells
(Zhou et al. 2018). Finally, drugs and genetic materials in-vitro can be selected
and co-delivered by mesoporous silica nanoparticles to be applied in different
therapeutic objectives (Paris and Vallet-Regí 2020).

6 Bioimaging

The adjustment properties of the morphology and size of MSNs have allowed the
broad development of its use as a flexible, biocompatible imaging platform with a
functionalizable surface. MSNs can be used to obtain quantitative images. The
excellent benefit is that MSNs are cleared from the patient’s body when the imaging
process is finished. Images are usually obtained by optical or magnetic resonance
(Mehmood et al. 2017; Yuan et al. 2020).

The filling of mesopores is performed with drugs, quantum dots, and/or fluores-
cent dyes, since bioimaging aims to monitor infected cells, drug molecules, and even
biological processes in vivo, resulting in an important diagnostic resource (Pal et al.
2020; Pratiwi et al. 2018). Table 20.3 describes some functionalized MSNs used in
bioimaging.

There are several strategies developed in recent years to fill the pores or surface of
MSNs with fluorescent dyes, giving rise to FMSNs (fluorescent mesoporous silica
nanoparticles) (Pratiwi et al. 2018).

7 Biosensor

Nanomedicine has focused on producing new biosensors to advance the develop-
ment of therapeutic and clinical diagnostics for the detection, prevention, and
treatment of diseases, which result in expressive improvements in human health
(Niculescu 2020; Slowing et al. 2007). Thus, the scientific community has studied

Table 20.3 Some functionalized mesoporous silica nanoparticles used in bioimaging

Silica synthesis Modifier Analyte References

CTAB/TEOS Rhodamine B Cu2+ Liu et al. (2011)

CTAC/TEOS Folic acid Cancer cells Palantavida et al. (2013)

CTAB/TEOS FITC/PEG Cancer cells Song et al. (2012)

CTAB/TEOS Iridium (III) complexes Hypochlorite Zhang et al. (2015)

FITC fluorescein isothiocyanate, PEG Polyethylene glycol, CTAC cetyltrimethylammonium chlo-
ride, CTAB cetyltrimethylammonium bromide, TEOS tetraethylorthosilicate
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MSNs in biosensors to detect several analytes that are highly important in nano-
medicine. Table 20.4 presents several biosensors based on several MSNs that have
been recently explored to detect different types of analytes.

Zheng et al. (2009) determined Dopamine, Ascorbic acid, and Uric acid in
ordered mesoporous carbon (OMC)/Nafion composite film in human urine. The
synthesis of OMC was performed through an nanocastification process using meso-
porous silica (KIT-6) as the rigid model and a commercially available PF resin
(Mw ¼ 4500), as the precursor without catalysts (Zhou et al. 2006). The authors
showed that the electrode presented a total pore volume of 1.09 cm3 g�1, a pore size
of 3.9 nm, and a surface area of 886 m2 g�1. The analysis results indicated a recovery
between 100.6 and 103% of the analytes (Dopamine, Ascorbic acid, and Uric acid).

Zhang et al. (2014) developed the ordered two-dimensional mesoporous carbon
nitride biosensor (OMCN-800). This material was treated by pyrolysis at 800 �C and
prepared with mesoporous silica (SBA-15 and Melamine to determine Hydrogen
peroxide (H2O2), Nitrobenzene and Adenine nicotinamide dinucleotide (NADH).
The advantage of using OMCN-800 is the improvement of the mechanical, conduc-
tive, field emission and energy storage properties. This biosensor presented a surface
area of 659.2 m2 g�1, pore volume of 0.52 cm3 g�1, and pore diameter of 5.24 nm.
The OMCN-800/GCE indicated high sensitivity, wide linear range, good stability,
and low detection limit.

Bagheri Hashkavayi et al. (2016) presented a system based on a Chloramphen-
icol-binding aptamer that is a molecular recognition element and mesoporous silica
supported by 1,4-Diazabicyclo [2.2.2] octane (DABCO) and SBA-15 on the surface
of a graphite electrode printed on canvas for the formation of dendritic gold
nanostructures to improve the conductivity of the biosensor. The detection of the
biosensor for the determination of Chloramphenicol was applied to blood serum
samples. The results showed that the biosensor had good selectivity and high
sensitivity for determining chloramphenicol and a wide linear range.

Khalilzadeh et al. (2016) reported an electrode composed of electrodeposited on a
modified vitreous carbon electrode HRP-MB-BP-AuNP-S-MCM-41 to measure
Caspase-3 activity in stem cell. The results showed a low detection limit (less than
5 fM). The detection method for Caspase-3 activity in stem cell proved to be reliable,
fast, sensitive and inexpensive for application in medicine. Figure 20.2 shows a
schematic of the electrochemical biosensor developed.

Chen et al. (2016) developed a chemiluminescence biosensor composed of MSNs
modified with the amino group (NH2) and aimed to determine Cocaine in human
serum. The synthesis of the MSNs was based on a controlled release delivery system
composed of the MCM-41 that is responsive to stimuli and chemically inert to the
compounds trapped in the matrix. The system consists of a mesoporous silica
nanosphere material functionalized with 2-(Propyldisulfanyl) ethylamine with an
average pore diameter of 2.3 nm and an average particle size of 200 nm (Lai et al.
2003). Chemiluminescence (CL), which is the light emission (luminescence) based
on the chemical reaction, was coupled to this system due to some relevant advan-
tages such as simplicity and low cost of the equipment, high sensitivity, tiny sample
required, and the results are unchanged by side reactions. The material synthesized
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with modified MSNs had a surface area of 956 m2 g�1, a pore diameter of 2.2 nm,
and a pore volume of 0.42 cm3 g�1. The biosensor for the determination of Cocaine
in human serum was efficient, with recovery between 94.1% and101%.

Yusan et al. (2018) created a bioenzyme glucose biosensor for glucose detection
that was developed by immobilizing Glucose oxidase (GOD) in a selenium meso-
porous silica nanoparticle (MCM-41) composite matrix and prepared as a carbon
paste electrode (CPE). The biosensor had the potential to determine the Glucose
concentration in human blood due to low detection limit (1 � 10�4 M), high
sensitivity (0.34 μA mM�1), good reproducibility (RSD of 2.8%), high affinity for
glucose (Km ¼ 0.02 mM), and stability of about 10 days when stored dry at +4 � C.

Wang et al. (2018) demonstrated that a biosensor with a raciometric fluorescence
detection system composed of MSNs coupled with quantum dots could be used to
determine Cholesterol in human serum. 5-Aminofluorescein (AF) was used to

Fig. 20.2 Schematic presentation of the electrochemical biosensor engineered by gold nanoparti-
cle functionalized MCM-41. (Reprinted with permission from Khalilzadeh et al. (2016). Copyright
2021 Elsevier)

20 Current Overview of Drug Delivery, Bioimaging, and Electrochemical. . . 447



charge the pores of the MSNs, which were involved in quantum red emission CdTe
dots (QDs) on the surface to seal in the dye molecules, forming the signal display
unit (AF-MSN-QDs) encapsulated with a zeolytic imidazolate structure (ZIF-8).
Therefore, the Cholesterol oxidase (ChOx) self-organized on the surface of AF-
MSN-QDs encapsulated in ZIF-8 via chemo-physical adsorption, forming new
composites core-shell (AF-MSN-QD @ ZIF-8-ChOx) as a detection platform for
Cholesterol detection. The results showed a linear variation of 5.17–258.6 μM and a
quantification limit of 2.39 μM for human serum, suggesting the effectiveness of the
biosensor.

Liu et al. (2020) used a biosensor with electrode based on conductive
polypyrrole/carbon-coated mesoporous silica to determine Dopamine. The MSNs
(SiO2) were synthesized with the cationic surfactant Cetyltrimethylammonium
bromide. The silica nanoparticles were coated with a carbon layer (C # SiO2) and
were also used as a core for the in situ chemical-oxidative polymerization of
conductive polypyrrole (PPy). The authors concluded that the biosensor detected
Dopamine and was successful in the presence of Uric acid and L-ascorbic acid. In
addition, the excellent performance and great sensitivity of the biosensor were
related to the low limit of detection (0.7 μM) and the good linear range (1–200 μM).

Jimenez-Falcao et al. (2019) employed a signal amplification approach for
affinity electrochemical biosensors based on MSN loaded with a redox probe and
capped with an avidin/imminobiotin pH-responsive ensemble. This signal amplifi-
cation was validated by an electrochemical aptasensor for the detection of
carcinoembryonic antigen. The aptasensor was constructed carbon screen-printed
electrodes modified with gold nanoparticles (AuNP/SPE). The limit of detection was
280 and 510 fg mL�1 in buffered solutions and diluted human serum samples,
respectively. Figure 20.3 shows a schematic of the electrochemical biosensor
developed.

Fig. 20.3 Schematic presentation a electrochemical biosensor using Avidin-gated mesoporous
silica nanoparticles. (Reprinted with permission from Jimenez-Falcao et al. (2019). Copyright 2021
Elsevier)

448 J. O. Fernandes et al.



Gu et al. (2019) developed a chemiluminescence biosensor aimed at simple and
convenient detection of S1 nuclease and bacteria in fields such as bacterial contam-
ination of food, pharmaceuticals, and clinical analysis. The limits of detection were
0.1 mU, 3.0 and 2.5 cfu mL�1 for the S1 nuclease, Escherichia coli, and Staphylo-
coccus aureus. Figure 20.4 shows a schematic of the chemiluminescence biosensor
developed.

Yang et al. (2019) studied silver-doped mesoporous silica nanoparticles-based
enzyme-less electrochemical sensor for the determination of hydrogen peroxide
(H2O2) released from live cells. The authors found a wide linear range (4 μM to
10 mM), a low detection limit of 3 μM, and an optimized potential of �0.5 V with
high selectivity over biological interferents such as uric acid, ascorbic acid, and
glucose.

8 Final Considerations

The nanomaterials composed of mesoporous silicas aimed at drug delivery,
bioimaging, and electrochemical biosensors are highly relevant to the detection,
control, and resolution of problems related to human health. MSNs, due to their
properties such as high surface area, without toxicity, excellent biocompatibility, and
excellent thermal, mechanics and chemistry stability have contributed to the devel-
opment of different drug delivery, bioimaging and electrochemical biosensors.
Several studies with different strategies for creating biosensors based on MSNs,
mainly related to the families of SBA-n, MCM-n, and modified silicas, aim to
increase the effectiveness of these nanomaterials in human health. Another interest-
ing and relevant factor is the search for biosensors with great efficiency, wide linear

Fig. 20.4 Schematic presentation a chemiluminescence biosensor for DNA nuclease and bacteria
detection. (Reprinted with permission from Gu et al. (2019). Copyright 2021 American Chemical
Society)
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range and increasingly lower detection limits to diagnose, control, and prevent
adverse effects on human health cheaply and accurately. It is essential to highlight
that detecting analytes by biosensors in blood samples has been challenging because
of the highly complex and dynamic biological matrix. Therefore, the biomonitoring
through biosensors and drug delivery composed of mesoporous silicas has contrib-
uted to the diagnosis and treatment of diseases and improved human health. For this
reason, the drug delivery, bioimaging, and electrochemical biosensors based on
nanomaterials of mesoporous silicas have had great relevance by the scientific
community and industries due to their efficiency, recovery rates, and trace detection
limits of several analytes in the nanomedicine. Finally, when financial resources are
scarce, these sensors have a high-speed analysis time and are more inexpensive than
conventional techniques.
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Abstract

Functional nanomaterials have been broadly studied due to their role in ultra-
sensitive bioassays and miniaturized platforms. They can generate a synergic
impact for catalytic activity, electrical conductivity, and feasibility to enhance the
analyte response and supply high-affinity recognitions by conjugating several
signal tags, causing highly sensitive and selective biosensing. This chapter will
focus on recent prominent progressions in biofunctionalization strategies assem-
bling multidisciplinary areas including chemistry, pharmacy, biology, and mate-
rials science. Some critical implementations of biofunctional nanomaterials have
been highlighted as superior electronic signal labels for sensitive bioanalysis. The
biofunctional nanomaterial-modified biosensing applications provide a series of
different concepts and propose promising tools for detecting trace amounts of
various analytes in clinical, environmental, and industrial implementations.
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1 Introduction

The most significant side of nanomaterials is their remarkable features connected
with nanoscale sizes. Nano-sized materials, which are attracting a lot of attention
today, present some extreme properties that were never thought of before with bulk
materials (Silva et al. 2021). The most elementary property of nanomaterials is their
large surface-area-to-volume ratio. This circumstance provides many extraordinary
physical and chemical characteristics such as increased chemical and biological
efficiencies, high catalytic impacts, improved molecular adsorption, and excessive
mechanical resistance (Chae et al. 2004; Barbieri et al. 2005; Tuantranont 2013).
Another distinctive characteristic of nanomaterials is the quantum size impact, which
causes separate electronic band structures as those of molecules. In contrast to the
increasing surface-to-volume proportion that appears when moving from the macro
to the micro sizes, the quantum impact is solely particular to nanoscale sizes less than
a few tens of nanometers (Tsai et al. 2008; Acharya et al. 2009; Tuantranont 2013).
Nowadays, studies on the preparation of new and functional nanomaterials by
researchers continue at full speed.

The nanomaterials are therefore very functional for a broad variety of nanotech-
nology areas involving nanoelectronics (Tsai et al. 2008), nanophotonics (Chung
et al. 2005; Jiang et al. 2007), nanobiotechnology (Soto and Ratna 2010), biochem-
istry (Geng et al. 2009; Soto and Ratna 2010), biomedicine (Pierstorff and Ho 2007),
electrochemistry (Chen et al. 2007), and so on. These cause a wide diversity of
implementations such as solar cells (Bernardi et al. 2010; Yu et al. 2012), catalysts
(Jakhmola et al. 2010), photocatalysts (Banerjee 2011), the molecular electronic
instrument (Pashchanka et al. 2010), fuel cells (Antolini 2009; Guo andWang 2011),
drug delivery systems (Ochekpe et al. 2009; Board et al. 2011), nanosensors (Wang
2005; Di Francia et al. 2009; Sugiyama et al. 2010; Bhatnagar et al. 2018), energy-
storage systems (Aricò et al. 2005; Simon and Gogotsi 2008; Lee and Cho 2011),
surface-enhanced Raman spectroscopy (SERS) (Guo and Dong 2011), and nano-
actuators (Ma et al. 2018). Within these application areas, sensors are one of the
fields of study that attract a lot of attention in both daily life and the scientific world.
Sensors may be divided into various classes such as optical, thermal, mechanical,
gas, magnetic, chemical, and biological. The sensors usually contain sensing mate-
rial that replies to alterations in analytes and a transducer that transforms alters into
electrical signals (Tuantranont 2013). Biosensing platforms based on electrochem-
ical measurements are widely used (Drummond et al. 2003; Wang 2005, 2007; Wang
et al. 2009a, b). Biosensing implementations also include a comprehensive series of
biologically suitable materials involving analytes existing in alive organisms such as
uric acid, cholesterol, glucose, proteins, organelles, DNAs, RNAs, cells, and so on
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(Drummond et al. 2003; Chopra et al. 2007; Wang 2007; Dong and Dae 2008; Lu
et al. 2009; Bhatnagar et al. 2018).

Our overview here has focused on functional nanomaterials used in the diagnosis
and electroanalysis of biomolecules in recent years.

2 Nanomaterials

Nanomaterial science, one of the leading fields of nanotechnology, includes the
synthesis, characterization, and applications of nano-sized materials. The nanoscale
is generally described as a dimension less than 100 nm. But this definition is
enlarged to a size smaller than 1 μm. The European Commission describes nano-
material as a native, fortuitous, or produced material involving unbound, aggregated,
or agglomerated particles with a dimension between 1 and 100 nm. Nanomaterials
can be classified as 0D, 1D, 2D, and 3D nanostructures according to their properties’
dimensionality (D) (Tuantranont 2013; Malhotra and Ali 2018). Due to the small
size of nanomaterials, new energy levels are created, and a quantum effect occurs.
Besides, nanomaterials are characterized by an enlarged surface area due to the
surface/volume proportion increment. Nanomaterials’ unique optical, electrical,
magnetic, mechanical, or chemical features make them indispensable for analytical
applications (López-Sanz et al. 2019; Rathee and Ojha 2022). Nanomaterials are
available in almost all areas of our lives: medicine, textiles, food, environment, and
others (López-Sanz et al. 2019). It is seen that the utilization of nanomaterials is quite
high in biosensor systems developed for the analysis of various biomolecules.
Figure 21.1 shows a schematic of the different pieces of a biosensor and some
nanomaterials that can be used for the modification of the sensing platform.

Electrochemical biosensors are defined as analytical tools that can convert a
biochemical event, which is formed by the interaction between molecules such as
enzyme-substrate and antigen-antibody, into an electrical signal. The biocomponent
(enzyme, antibody, nucleic acid, etc.) is immobilized to a solid matrix (transducer or
electrode) in the biosensor structure. The immobilization procedure may result in
loss of activity and specificity of the biocomponent. Nanomaterials are used to
immobilize enzymes and other molecules because of their extraordinary surface
modification properties obtained by their functionalization during or after production
(T.sriwong et al. 2022). In addition, the use of suitable functional nanomaterials is an
effective alternative for developing the performance of biosensors. Thanks to the
numerous nanomaterials with a great surface area, the analytical performance of
electrochemical biosensors can be improved in terms of increased loading capacity
and facilitated mass transport (Cho et al. 2020). Nanomaterials that we can list as
metal NPs such as gold, silver, metal oxide NPs such as Fe3O4, CuO, NiO, and ZnO;
carbon-based NPs such as MWCNT, SWCNT, graphene, and its derivatives; quan-
tum dots (QDs), and polymeric nanomaterials are the most used in electrochemical
biosensors (Harish et al. 2022). The types and size-based classification of nano-
materials used for the biosensing platform are shown in Fig. 21.2.
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2.1 Biofunctionalization of Nanomaterials

Nanomaterials used in biosensing interfaces are functionalized to lower the activa-
tion energy, accelerate electron transfer, and determine the target analyte. By
functionalizing nanostructures with biomolecules such as DNA, antibodies/antigens,
proteins, aptamers, lectins, and peptides, they can be used as specific recognition or
signal triggering elements. With the development of sensitive biosensing methods, it
is frequently used for signal generation of biological events. This process provides
excellent selectivity and specificity and improves biosensing response. In recent
studies, functional nanomaterials have been synthesized and conjugated with several
biomolecules for precise and sensitive detection of diverse biomolecules in vivo and
in vitro (Deka et al. 2018).

Biofunctionalization of nanomaterials acts an essential role in their catching
properties because the surface modification can lead to alterations in the electro-
chemical answers acquired from the transducer involving the sensor surface.
Accordingly, nanomaterials can be appropriately synthesized for biomolecule immo-
bilization, which is covalent or non-covalent, and the surface of these nanomaterials
bearing amine or carboxyl groups is activated before biomodification. Modifying the
biomolecules with amine (-NH2), carboxyl (-COOH), thiol (-SH), avidin/
streptavidin, or biotin is also possible (Choudhary et al. 2016; Erkmen et al. 2022).

Fig. 21.1 Schematic of different parts of a biosensor. (Created in BioRender)
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These functionalized nano biomaterials allowed the rapid detection of many
analytes in trace amounts. For example, an electrochemical immunosensor was
prepared via a GCE modified with molybdenum disulfide nanosheet-loaded gold
nanoparticles (MoS2/AuNPs). The primary antibody was immobilized onto the
electrode via Au-S chemistry. Then, the target analyte, insulin, was incubated with
MoS2/AuNPs modified GCE. After that, the secondary antibody (Ab2) was

Fig. 21.2 (a) Types of nanomaterials used for bio-sensing platform. (b) Classification of nano-
materials based on dimensionality. (Created in BioRender)
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conjugated with copper(I) oxide decorated with titanium(IV) oxide octahedral
loaded dendritic platinum–copper nanoparticles (Cu2O@TiO2-PtCuNPs) conju-
gated via Pt-N chemistry. This sandwich platform enables an enhanced signal
amplification due to its reproducible, selective, and stable properties (Li et al. 2019).

A promising electrochemical platform for the dsDNA adsorption was recently
prepared through in-situ synthesized keratin-SH (KerSH) particles from the waste
product of wool fabric and Pd2+ by Kalkan Erdoğan et al. (2021). The drop-casted
KerSH-Pd2+ particles were electrochemically reduced onto the GCE via chronoam-
perometry at the optimized conditions(�0.4 V, for 500 s). It was reported that after
the electrochemical PdNPs deposition, the KerSH particles were obtained onto
electrode surface self-assembly with their functional NH2 groups to adsorb nega-
tively structured biomolecule dsDNA. The electrochemical oxidation signals of
guanine and adenine bases revealed the presence of dsDNA. The authors empha-
sized the potential application area of the prepared platform in the environmental,
pharmaceutical, and medicinal fields (Kalkan Erdoğan et al. 2021).

2.2 Applications of Nanomaterials for Diagnosis of Biomolecules

2.2.1 Carbon-Based Nanomaterials
Carbon-based nanomaterials have shown significant progress in many scientific and
technological areas with different applications such as biosensors, environmental
control, biomedicine, pharmaceutical chemistry, clinical diagnosis, tissue engineer-
ing, bioimaging, targeted drug delivery, and energy devices. The history of carbon
nanomaterials begins with the exploration of fullerenes in 1985, pursued by carbon
nanotubes in 1991, graphene in 2004, and their derivatives. Recent developments in
carbon-based nanomaterials include synthesizing carbon and QDs in 2004 and 2008,
respectively (Namdari et al. 2017). These promising nanostructures can be produced
by top-down or bottom-up techniques (Baptista et al. 2015; Campuzano et al. 2019).
Carbon-based nanomaterials can be investigated in terms of their structure; zero
(0D), one (1D), and two (2D) dimensional, owing to their superior properties and
different applications. Among them, while 0D carbon QDs have high fluorescence,
high quantum yield, low toxicity, small size, and considerable biocompatibility (Liu
et al. 2020), 1D carbon nanotubes have been extensively employed in biosensing,
bioimaging, nanomedicine, and catalysis due to their matchless chemical and phys-
ical features consisting of thermal stability, high conductivity, high surface to
volume proportion, easy functionalization, adsorption capacity (Xu et al. 2019). In
addition, 2D graphene nanosheets exhibit promising electrical, mechanical, and
optical properties with lots of functional groups for sensing several biomolecules
(Soozanipour and Taheri-Kafrani 2018; Sastry et al. 2021). The integration of
carbon-based nanomaterials with biomolecules is the ultimate tool for generating
complex nanostructures and functions.

Researchers and several studies have preferred carbon-based nanomaterials, i.e.,
carbon nanotubes with carboxyl or amine group, graphene, graphene oxide (GO),
graphene QDs, and carbon dots.
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Multiwalled carbon nanotubes (MWCNTs) for functionalizing biomolecules
occupy numerous commercial and scientific applications such as gas storage, elec-
tronic devices, environmental remediation, and immobilization of several biomole-
cules. They can also be used as nanocarriers for enzyme immobilization, especially
with specific chemicals to add active groups (Meng et al. 2009). Immobilization of
various enzymes such as catalase (Canbay et al. 2021), lipase, and peroxidase
(Fu et al. 2020), etc. have been prepared with MWCNTs to fabricate an immobilized
biocatalyst for several applications. Li et al. manufactured an electrochemical glu-
cose biosensor based on MWCNTs coated with cobalt(II) sulfide (CoS) nano-
particles. Firstly, CoS-MWCNTs suspension was prepared by the in-situ
hydrothermal method, followed by the addition of GOx into the prepared composite.
Different spectroscopic and microscopic techniques characterized the GOx biosen-
sor. The determination of glucose was achieved at �0.43 V (vs. SCE). A wide
working range between 8 μM and 1.5 mM, a high sensitivity value of
15 mA M�1 cm�2, and a limit of detection (LOD) of 5 μM were obtained. The
finding demonstrates that the prepared CoS-MWCNTs nanostructure with a broad
specific surface area supplies the direct electron transfer between the enzyme and the
surface. In addition, human serum samples from a local hospital were selected and
tested to measure glucose levels by the developed enzyme electrode (Li et al. 2020).
In another study, carboxylic acid modifies MWCNTs were conjugated with
(3-aminopropyl) triethoxysilane (APTES) and glutaraldehyde (GA) for enzyme
immobilization (Fig. 21.3) (Singh and Chauhan 2020).

Fig. 21.3 Functionalization of carbon nanotubes with 3-aminopropyl-triethoxysilane (APTES)
and glutaraldehyde (GA) for enzyme immobilization. (Reproduced with permission from Methods
in Enzymology. Reproduced with permission Singh and Chauhan (2020))
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In another study, Rezaei and coworkers suggested an aptamer-based method for
the electrochemical assay of lysozyme, which is an essential enzyme in living
organisms. A new composite consisting of MWCNTs, poly(diallyldimethy-
lammonium chloride) (PDDA), and CQD (MWCNT/PDDA/CQD) was used to
modify the aptasensor and obtain a high analytical response. PDDAwas recognized
as a dispersing agent for carbon-based nanomaterials. It was noticed that the
modified aptasensor exhibits unique superiorities for the immobilization of amino-
linkage anti-lysozyme aptamer utilizing the amine coupling procedure. A signal of
Fe(CN)6

3�/4- redox probe at about +0.15 V (vs. Ag/AgCl) was selected as an
electrochemical indicator to perform the relationship between the peak signal and
lysozyme concentration. The authors calculated a low LOD value of 12.9 fmol L�1

and a wide linear range from 50 fmol L�1 to 10 nmol L�1
. A synergistic effect

between MWCNT, PDDA, and CQD provides better aptamer immobilization and
enhanced aptasensor characteristics. The method is used as a sensing platform for
white, serum, and urine actual specimens (Rezaei et al. 2018).

An ultra-sensitive aptasensor for Thrombin detection was constructed based on
fullerene (C60), MWCNTs, polyethyleneimine (PEI), and polymer quantum dots
(PQdot) modified screen-printed carbon electrode (SPCE) (Fig. 21.4). In this study,
first, C60/MWCNTs-PEI was prepared by sonication procedure. Then, the freshly
prepared PQdots were mixed with C60/MWCNTs-PEI. It is emphasized that a high
amount of aptamer molecules could be attached to the electrode surface by using
both carbon-based nanomaterials having a negative charge which helps create a
strong interaction between MWCNTs and PEI. DPV signal for redox probe solution
was employed as an indicator for the connection of the aptamer to thrombin protein.
The fabricated aptasensor exhibited a low LOD (6 fmol L�1) and a wide linear range
(50 fmol L�1 and 20 nmol L�1). The application of the suggested strategy was
evaluated in human serum specimens, and high recovery values were found (Jamei
et al. 2021).

Recently, Liu et al. improved an HRP electrochemical biosensor based on a
zeolite imidazolate framework-67(Co)/multiwalled carbon nanotube composite
(ZIF-67(Co)/MWCNT) modified GCE [60]. MWCNTs solution (1 mg mL�1) was
firstly mixed with ZIF-67(Co) suspension (1 mg mL�1), then the HRP solution was
mixed with the prepared composite mixture. This mixture was drop-casted onto the
GCE surface. ZIF-67(Co)/MWCNT modified GCE exhibited higher affinity toward
detection of H2O2 (Michaelis constant Km decreased by ~75%) compared to ZIF-67
(Co) or MWCNTs based HRP electrochemical biosensors. It is indicated that the
prepared ZIF-67(Co)/MWCNT composite has a stabilized hydrophilic/hydrophobic
characteristic that provides an appropriate microenvironment for the interplay
between the active region of the HRP enzyme and its substrate H2O2. Finally, the
developed biosensor is considered to be applicable for other MOF-enzymes systems
for the development of H2O2 biosensor (Liu et al. 2019).

Graphene and its derivatives have drawn considerable research attraction to the
functionalization of biomolecules and thus are becoming the most commonly inves-
tigated carbon-based materials due to their matchless physicochemical features such
as thermal conductivity, electrical, optical, and mechanical strength, and ease of
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surface functionalization (Bhatnagar et al. 2018). Graphene-based functionalized
nanomaterials are widely studied for implementations in different fields such as
electrochemical sensors and immobilization of biomolecules and enzymes. Due to
the promising thin-layered structure, graphene represents a high affinity to some
molecules or ions (Schedin et al. 2007; Quintana et al. 2010; Xu et al. 2017). GO
with different functional groups such as epoxy, hydroxyl, and carboxylic acid
enables a novel direction of chemical modification with various biomolecules and
enhanced properties. Furthermore, it is reported that graphene is a suitable material
for immobilizing aromatic molecules via π–π stacking forces. Some studies reported
that single-stranded deoxyribonucleic acid (ssDNA) could attach to the surface via
π–π stacking interactions between ssDNA and polyaromatic structures of graphene
and operate as a versatile tool for miscellaneous nucleic acid-based sensing strategies

Fig. 21.4 Schematic of step-wise preparation electrochemical aptasensor and C60/MWCNTs-PEI/
PQdot. (Reproduced with permission from Jamei et al. 2021)
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for several applications (Hwang et al. 2016; Lu et al. 2016). Moreover, GO possesses
oxygen-containing hydrophilic groups, allowing electrostatic interaction (Lawal
2015; Liu et al. 2015). Also, the functionalization of graphene can be accomplished
by covalent bonding either via pi bonds of graphene or oxygen-bearing functional
groups of GO (Xu et al. 2017)

Yagati et al. prepared a label-free immunosensor for the determination of C-reac-
tive protein (CRP), based on an indium tin oxide (ITO) microdisk electrode array
(MDEA) chip modified with a reduced graphene oxide-nanoparticle (rGO-NP). A
coupling reaction between the amino group of the anti-CRP antibodies and the EDC/
NHS-activatedMPAmolecules was established by employing the modified electrodes
(Fig. 21.5). rGO-NP-modified ITO microelectrodes were used for the impedimetric
measurements, and the effect of performance parameters of antibody immobilization
and CRP interaction was performed. The redox couple [Fe(CN)6]

3 �/4 – was utilized
to evaluate the impedimetric measurements, showing significant charge transfer

Fig. 21.5 (a) Fabricated rGO-NP/ITO-based MDEAs (b) optical images of working electrode
surfaces (c) schematic representation of the surface modification procedure for rGO-NP functiona-
lization and CRP binding. (Reproduced with permission from Jamei et al. 2021)
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resistance value changes after the CRP incubation. The authors obtained a wide linear
range between 1 ng mL� 1 and 1000 ng mL� 1 with detection limits of 0.06 and
0.08 ng mL� 1 for CRP in PBS and human serum, respectively (Yagati et al. 2016).

Ye and coworkers fabricated a label-free DNA biosensor modified with AuNPs
and thionine functionalized rGO (Thi-rGO). The signal transduction is established
with the help of Thi’s good electrochemical activity in the Thi-rGO nanocomposite.
The determination of the target sequence was investigated by observing the
voltammetric response current of Thi before and after the hybridization between
capture and target DNA (Ye et al. 2018).

In another study, Rahman et al. successfully developed a DNA biosensor mod-
ified with graphene oxide-wrapped gold nanostars (GO-AuNSs) for gastric carci-
noma. The authors deposited the GO-AuNSs onto the GCE electrode via the
electrochemical method, followed by DNA immobilization and hybridization. The
primary DNA was immobilized onto the modified GCE via the π–π interactions
between the GO-AuNS composite and the DNA bases. The electrochemical
response of the biosensor was evaluated with DPV, CV, and EIS. The SEM and
TEM techniques are selected to characterize the fabricated electrode (Rahman et al.
2020).

Nanomaterials have attracted more importance during the last years due to their
many characteristics. One of the significant improvements in nanomaterials technol-
ogy is the manufacture of QDs. In the 1980s, Russian Physicists discovered the QDs.
Generally, QDs are semiconductor nanocrystals with a particle size of 10 nm in
three-space dimensions (Wang et al. 2020b). QDs composed of a crystal core and a
shell with versatile bioconjugation ligand and surface modification (Aftab et al.
2021). QDs exhibit superior features such as improved electronic features, lumines-
cence characteristics, stability, broad absorption, and narrow emission spectra.
Therefore, these materials are combined with other nanomaterials in the sensor,
nanosensor, and biosensor fields that affect biological and biomedical research to
improve sensor performances. Moreover, QDs are more economical, accessible,
innovative, and produced by green synthesis methods. When using QDs as a
modification element in sensors, a sensor’s selectivity, stability, sensitivity, and
reproducibility could be increased (Arvand and Hemmati 2017).

In 2016, Vasilescu et al., developed molybdenum disulfide MoS2 nanoflake and
graphene quantum dots (GQDs) based laccase biosensor to detect caffeic acid. In this
study, firstly, the optimal amount of MoS2 nanoflakes were placed on the surface of
the carbon screen-printed electrode (CSPE). Then, GQDs suspension was cast on the
MoS2 nanoflakes modified surface. Finally, Trametes Versicolor laccase (TvL) was
immobilized on CSPE/MoS2/GQDs, and this electrode as a working electrode was
allowed to dry in a dehumidified room temperature before each measurement. The
results of the current and potential changes by cyclic voltammetry (CV) and charge-
transfer resistance values (Rct) by electrochemical impedance spectroscopy (EIS) of
the modified surfaces demonstrated that MoS2 nanoflakes and GQDs nano assembly
provide good electrocatalytic activity, great surface area, and high conductivity.
Under optimal conditions, the suggested laccase biosensor demonstrated a linear
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concentration range of 0.38–100 μM, with LOD of 0.32 to detect caffeic acid
(Vasilescu et al. 2016).

In another study, Gupta et al., proposed GQDs-based sensor for the sensitive
assay of glucose. Firstly, a glassy carbon electrode (GCE) was modified with GQDs,
and then glucose oxidase (GOx) was immobilized on the GQDs/GCE surface. In this
study, GQDs, which show electrocatalytic properties by facilitating electron transfer,
provided much higher sensitivity than GO, and rGO modified surfaces. After
determining the optimum experimental conditions, the developed sensor exhibited
an excellent linear concentration range between 10 μM and 3 mM with a LOD of
1.35 μM (Gupta et al. 2017).

2.2.2 Metal/metal Oxide Nanoparticles
Metal nanoparticles exhibit matchless spectral and optical features as well as phys-
icochemical features such as high surface-to-volume ratios and ease of functiona-
lization. These properties make metal oxides strong candidates for the preparation of
various biosensors, among many applications. Gold NPs (AuNPs) and silver NPs
(AgNPs) are the most investigated nanomaterials among metal NPs (Doria et al.
2012).

AuNPs have some interesting properties such as high electron transfer ability,
excellent microenvironment, and biocompatibility. AuNPs are a widely utilized
immobilization platform to develop the efficiency, stability, and performance of
biosensors (Florea et al. 2013; Maghsoudi et al. 2020). Han et al. (2022) prepared
an electrochemical biosensor for glucose determination by immobilizing the glucose
oxidase enzyme on graphite microelectrodes modified with GO and AgNPs. The
LOD of the sensor for glucose was determined as 1.2 μM and it was stated that it
showed good stability and reproducibility without any interference-effect. It was
emphasized that graphene oxide and AuNPs both boosted the surface area and
directed electron transfer (Han et al. 2022).

Vu et al. (2021) prepared a label-free immunosensor for the detection of
Escherichia coli (E. coli) O157 using SPCE modified with AuNPs. AuNPs prepared
by the electrochemical method were used to develop the stability and performance of
SPEs and anti-E. coli O157 antibody was immobilized on the electrodes by -NHS
cross-linking. Figure 21.6 illustrates a schematic depiction of diverse phases of the
proposed biosensor production. It has been stated that AuNPs have good biocom-
patibility, protect the activity of biological molecules, have high conductivity, and
accelerate electron transfer (Vu et al. 2021).

Maghsoudi et al. (2020) developed an electrochemical aptasensor for diabetes
diagnosis by electrodepositing flower-like gold microstructures on an SPCE and
immobilizing the serpin A12-specific thiolated aptamer onto this platform. For this,
using a gold solution, the working electrode surface was modified with AuNPs by
the CV technique. Afterward, the thiolated aptamers were covalently immobilized
on this platform surface and self-assembled layers were formed. 6-Mercapto-1-
Hexanol (MCH) was employed to block non-specific binding on the electrode
surface. After aptamer immobilization, various serpin A12 concentrations were
inset to the modified electrodes (MCH/aptamer/FLGMs/SPCEs). It was incubated
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for 30 min for the aptasensor to interact with serpin A12 at different concentrations.
The responses of the label-free aptasensor were evaluated by taking the DPV
responses in 0.1 M KCl involving 5 mM [Fe(CN)6]

3�/4- (Maghsoudi et al. 2020).
Early and rapid diagnosis of cancer is very important. An aptamer-based biosen-

sor that can selectively capture cancer cells has been developed by Meng et al. For
this, an aptamer was attached to the DNA tetrahedron nanostructure formed on the
gold electrode, and selective incineration of cancer cells was ensured by the aptamer.
Finally, by loading Cys-Arg-Gly-Asp-Ser modified AgNPs on cells, a sandwich
structure is formed, and the stripping current from AgNPs, which reflects the number
of cancer cells, was recorded. It has been seen that the prepared biosensor is a
suitable alternative for the analysis of cancer cells (Meng et al. 2016).

Metal oxide nanoparticles have advantages such as obtaining the desired shape
and size, high stability, simplicity of preparation processes, wide surface area, easy
functionalization, cheapness, and increasing selectivity. In addition, biocompatible
metal oxide nanoparticles are also used for the immobilization of bioelements in
electroanalytical sensors (George et al. 2018; Nikolova and Chavali 2020). Various
metal oxide NPs such as iron oxide (Fe2O3), zinc oxide (ZnO), tin oxide (SnO2),
titanium oxide (TiO2), and cobalt oxide (Co3O4) nanoparticles are used in electro-
analysis (Maduraiveeran and Jin 2019).

Zhang et al. 2022 constructed a label-free electrochemical aptasensor based on
Fe3O4/Fe2O3@Au NPs for the analysis of vascular endothelial growth factor

Fig. 21.6 Preparation of the electrochemical biosensor based on AuNPs-modified carbon SPEs for
label-free detection of E. coli O157 bacteria. (Reproduced with permission from Vu et al. 2021)
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165 tumor marker. Magnetic GCE surface was modified via magnetic-induced self-
assembly technique and aptamers were attached to the nanomaterials by Au-S bonds.
Fe3O4/Fe2O3@Au NPs were utilized to increase electron transfer and to ensure the
binding of the aptamer to the electrode surface. The LOD of the electrode was
determined as 0.01 pg mL�1. It has been stated that selective detection of a tumor
marker can be made with this proposed aptasensor, and it is promising for low-cost
applications (Zhang et al. 2022).

An amperometric biosensor based on the enzyme sarcosine oxidase was
improved by Yang et al. (2019) for the analysis of sarcosine, a diagnostic marker
of prostate cancer. In this study, Fe3O4 hollow nanospheres were synthesized using
Pt as a carrier to disperse the nanoparticles and the spheres were coated with
polyaniline. Pt-Fe3O4@C nanocomposites with decent electron transfer skills
occurred by pyrolysis of polyaniline to carbon. The prepared nanocomposites were
attached to the GCE and used for the immobilization of the sarcosine oxidase
enzyme. It was determined that the suggested sarcosine biosensor had good electro-
catalytic performance against sarcosine and showed a linear operating range between
0.5 and 60 mM (Yang et al. 2019).

In a study by Naderi Asrami et al. (2018), an impedimetric glucose biosensor was
prepared. For this, the nano-CuO thin film was formed on the fluorinated tin oxide
(FTO) electrode and the glucose oxidase (GOx) enzyme was immobilized by
chitosan. It has been observed that the CuO thin film forms an effective biosensing
site for the immobilization of the enzyme. FTO/Nano CuO/Chitosan/GOx biosensor
provided a rapid biocatalytic reaction to glucose and its detection limit was deter-
mined as 27 μM (Naderi Asrami et al. 2018).

Di Tocco et al. (2018) improved an electrochemical biosensor based on lipase/
magnetite-chitosan/copper oxide NPs/MWCNT/pectin composite for the detection
of triglycerides in serum specimens. First, a GCE working electrode surface was
modified utilizing a certain part of dispersion of MWCNT/pectin (MWCNT/Pe).
Then, the copper oxide NPs were electrodeposited on the MWCNT/Pe modified
electrode, and this was called GCE/MWCNT/Pe/CuONP. Last, chitosan-coated
magnetic NPs modified with the lipase enzyme (CNP-L) were immobilized on the
GCE/MWCNT/Pe/CuONP. It was determined that the suggested electrochemical
biosensor showed good performance and stability for triglyceride analysis (Di Tocco
et al. 2018).

In the literature, the interaction between ZnO and biomolecules has been exten-
sively investigated. The relatively high isoelectric point of ZnO (pH 9.1) helps in the
immobilization of biomolecules onto the ZnO surface (Umar et al. 2009; Shetti et al.
2019; Patella et al. 2022; Yadav et al. 2022).

An electrochemical aptasensor was prepared by Chakraborty et al. (2021) using
paper-based platforms for carcinoembryonic antigen (CEA) detection. This publi-
cation focuses on improving the mass transfer of the analyte in the direction of the
sensor surface thanks to the implementation of an electric field in the graphene-ZnO
nanorod heterostructure. The working electrode was modified with these hybrid
nanostructures for point-of-care (PoC) implementation. ZnO nanorods are
functionalized with aptamers and integrated into the smartphone interface with a
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low-cost potentiostat. The prepared aptasensor showed a LOD of 1 fg/ml for CEA in
human serum (Chakraborty et al. 2021).

Umar et al. (2009) prepared an amperometric cholesterol biosensor by
immobilizing cholesterol oxidase (ChOx) on ZnO nanoparticles. With the obtained
biosensor, a linear range of 1.0–500.0 nM was obtained for cholesterol, and it was
stated that the fabrication of modified electrodes with ZnO nanomaterial is easy and
allows high precision measurements (Umar et al. 2009).

In a study by Shabani et al. (2020), a label-free electrochemical biosensor was
improved for the determination of matrix metalloproteinase 9 (MMP-9) biomarkers
by antibody immobilization on zinc oxide (ZnO) NPs and ZnO nanorod electrodes
that contain some hydroxyl groups on their surfaces. The preparation and a sche-
matic description of the biosensor for analysis of the MMP-9 biomarker are shown in
Fig. 21.7. The MMP-9 biosensor demonstrated a linear attitude in the concentration
range of 1–1000 ng/ml (Shabani et al. 2020).

Batra et al. (2021) prepared an amperometric cholesterol biosensor based on the
immobilization of cholesterol oxidase on titanium dioxide NPs modified pencil
graphite electrode (PGE) and described its implementation in the determination of
serum cholesterol. ChOx/TiO2NPs/PGE was utilized as the working electrode and
was prepared by immersing the TiO2NPs modified electrode in ChOx solution and
incubating for a certain period. In the study, the working range of the biosensor for
cholesterol was determined as 3–10 mM and it was emphasized that it could be used
for cholesterol determination in serum samples (Batra et al. 2021).

Batra et al. (2013) developed an amperometric bilirubin biosensor based on
covalent immobilization of bilirubin oxidase on ZrONP coated silica NPs/chitosan
hybrid film. The sensor is based on the covalent immobilization of the enzyme on a
composite of zirconia coated silica nanoparticles (SiO2@ZrONPs)/chitosan (CHIT)
electrochemically deposited on the Au electrode. It was found that the biosensor
exhibits excellent sensitivity, and its linear operating range is between 0.02–250 mM
(Batra et al. 2013).

Nanostructured metal oxides such as zirconia, hafnia, yttria, iron oxide, copper
oxide, titania, etc. are remarkable structures in improving biosensors owing to their
superb electrochemical characteristics and the existence of oxygen moieties that
facilitate their chemical functionalization. This also allows easy immobilization of
biomolecules. In addition, their boosted surface area and good electrocatalytic
features make them perfect transduction surfaces for electrochemical biosensors.
One way to improve their structural stability, electrocatalysis properties, and con-
ductivity is to dope them with other elements. In a study by Kumar et al. (2021), a
biosensing platform based on yttria-doped zirconia-rGO nanocomposite (nYZR)
was prepared for the determination of the salivary cancer marker CYFRA-21-1.
The nanocomposite was hydrothermally prepared and amine-functionalized using
APTES. This functionalized nanocomposite (APTES/nYZR) was electrophoreti-
cally deposited on a prehydrolyzed ITO coated glass substrate, and then anti-
CYFRA-21-1 antibodies were immobilized. The LOD and working range of the
prepared biosensor were determined as 7.2 pg/mL and 1 0.01–50 ng/mL, respec-
tively (Kumar et al. 2021).
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In a study by Parthasarathy and Vivekanandan, TiO2-CeO2 nanocomposite film
was synthesized using CeO2, titanium isopropoxide (TTIP). A uric acid biosensor
was prepared by immobilizing urease and glutamate dehydrogenase enzymes on this
nanocomposite film, and the LOD of the biosensor was determined as 0.165 mM. It
was emphasized that the obtained TiO2-CeO2 nanocomposite material and the dual
enzyme system could be used to analyze uric acid in the blood of arthritis diseases
(Parthasarathy and Vivekanandan 2019).

In the healthcare field, sensors that can be used to determine neurotransmitter
levels in patients affected by memory loss or Alzheimer’s disease (AD) have
significantly increased. A biosensor based on acetylcholinesterase (AChE) and
choline oxidase (ChO) enzymes were developed for the determination of acetylcho-
line (ACh) by Chauhan et al. For this, FTO was modified with poly
(3,4-ethylenedioxythiophene) (PEDOT) and rGO nanocomposite. The enzymes
were mixed with iron oxide nanoparticles (Fe2O3NPs) and glutaraldehyde, and this
solution was dropped onto the PEDOT/rGO modified FTO electrode surface to
obtain AChE ChO/Fe2O3/rGO/PEDOT/FTO. The LOD value of the prepared sensor
for acetylcholine was determined as 4.0 nM and the working range was determined
between 4.0 nM and 800 μM (Chauhan et al. 2017).

2.2.3 Polymer-Based Nanomaterials
Polymers have undoubtedly been one of the most remarkable materials since the last
century, and they continue to be the focus of attention in scientific studies today. In
general, a polymer consists of macromolecules or many repeating subunits. The term
macromolecule can also be described as a molecule of large molecular mass, whose
structure consists essentially of multiple repeats of units derived from molecules of
relatively low molecular mass (Ahmed et al. 2019). Polymers are very multifaceted
materials and are widely utilized in diverse fields due to their engaging characteris-
tics (Silva et al. 2021). Specific polymeric systems represent unique features that can
be ascribed to structures with nanometer-range sizes and a high surface-to-volume
proportion. Due to the particular additive of these nano-sized structures, this class of
polymeric systems can be called nanostructured polymeric materials (Benson et al.
1995; Fratoddi et al. 2016). The application areas of these materials are increasing
gradually and enable significant progressions in the scientific fields such as the
improvement of drug delivery systems, advanced biosensors, catalysts, and nano-
composites (Fratoddi et al. 2016; Yadav et al. 2019; Silva et al. 2021). Polymer-
based nanomaterials can be of native or synthetic origin (Ahmed et al. 2019). Natural
polymers, also called biopolymers, include various groups such as nucleic acids,
polysaccharides, and polypeptides and their utilization are as old as human history.
Conversely, the history of synthetic polymers goes back only a century. Over the past
fifty years, many synthetic polymers have been utilized in many significant fields,
including mechanical and electrical engineering, chemical, aerospace, biochemical,
telecommunication, and biomedical implementations (Ahmed et al. 2019). More-
over, nanostructured polymers can be structurally arranged in dissimilar morphol-
ogies, such as nanoparticles (Ayad et al. 2013), nanowires (Huang et al. 2010),
nanorods (Xue et al. 2012), nanofibers (Reneker and Yarin 2008), and nanospheres
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(Mei et al. 2011). Nanostructured materials with different morphologies can be
synthesized or produced by various approaches. In general, the preparation of
nanomaterials may be employed three major manners, involving top-down, bot-
tom-up, and combination (Zhang 2003; Wang et al. 2005; Doria et al. 2012;
Gasparotto et al. 2012).

Depending on the intended use, polymers frequently need physical or chemical
alteration to obtain desired features and improve performance. Solely a few poly-
mers can be employed in pristine form as prepared. The many polymers are
combined with various chemicals, compounds, additives, and/or other polymers to
better their usefulness or endurance, thereby preparing composites or hybrids thereof
(Ahmed et al. 2019).

Polymer nanocomposites possess an essential role in modern daily life and are
extensively studied due to the numerous features that make them attractive to a
multitude of applications. They can be prepared at the nanoscale using specific
processing procedures with various materials and as suitable platforms for certain
sensing implementations. Generally, these sensor platforms contain diverse combi-
nations such as conducting polymers with graphene, carbon nanotubes, metal
nanoparticles, metal oxide nanoparticles, etc., that provide low electrical resistance,
wide surface area, and rapid electron transfer rate (John 2020).

In a recent study, it was declared that the production of a new polymer nano-
composite by the electrochemical synthesis of the PEDOTwith the polypeptide. The
nanocomposite was possessed a 3D microporous network structure, high surface
area, and superb anti-fouling skills and used for the addition of BRCA1 supplemen-
tary oligonucleotides to produce a DNA biosensor. The prepared DNA biosensor
exhibited good selectivity with a LOD of 0.0034 pM (Wang et al. 2020a).

Phonklam et al. designed a molecularly imprinted polymer (MIP) based electro-
chemical sensor using an SPCE to determine cardiac troponin T (cTnT), a cardiac
biomarker for early diagnosis of acute myocardial infarction. In this study, the SPCE
surface was modified with carboxylic functionalized MWCNTs, and then a poly-
methylene blue (PMB) redox probe was electrodeposited on this surface. Polyaniline
was deposited on the prepared surface by electrochemical polymerization, and
glutaraldehyde and cTnT were dropped on it, respectively, following the second
PANI layer was electrochemically deposited to constitute the MIP. Finally, the cTnT
templates were removed by dipping the modified electrode into acetic acid for a
particular time. The analyte peak signal was obtained utilizing differential pulse
voltammetry, where the reduction in PMB signal correlated with an enhancement in
cTnT concentration. The linear working range was achieved between 0.10 and
8.0 pg mL�1 with a LOD of 0.040 pg mL�1 (Phonklam et al. 2020).

Another example of polymer nanocomposites is the preparation of a sandwich-
type voltammetric aptasensor based on poly(3-amino-1,2,4-triazole-5-thiol)/
graphene oxide (P(ATT)-GO) composite and AuNPs modified graphite SPE
(GSPE) for analysis of lipocalin-2 (LCN2). The prepared modified electrode was
called GSPE/P(ATT)-GO/AuNPs and a sandwich structure was used to increase the
electrochemical signal. The aptasensor was prepared as a result of the treatment of
the GSPE/P(ATT)-GO/AuNPs electrode with various chemicals and processes in the

474 G. A. Tığ et al.



step-by-step (Fig. 21.8). LCN2 determination was carried out using the electroactive
feature of 1-naphthol, which consists of the interaction between alkaline phosphatase
enzyme and 1-naphthyl phosphate substrate. The working range of the aptasensor
was 1.0–1000.0 ng mL�1 with LOD of 0.3 ng mL�1 (Aydoğdu Tığ and Pekyardımcı
2020).

Ensafi et al. suggested an aptasensor for detecting insulin in real plasma. Poly(o-
phenylenediamine) was electrochemically deposited on the surface of a PGE, then
decorated with AuNPs. This layer was modified with the ssDNA aptamer using a
self-assembled S-H group at the end of the ssDNA. The prepared biosensor was
utilized to analyze insulin utilizing the EIS method. The calibration curve of the
biosensor demonstrated a linear range of 1.0–1000.0 nmol L�1 with LOD of
0.27 nmol L�1 (Jamei et al. 2021).

Martínez-Rojas et al. improved a label-free electrochemical immunosensor based
on the immobilization of specific antibody (anti-KLK3) to detect prostate-specific
antigen (PSA). The electrochemical immunosensing platform was prepared in sev-
eral steps. First, the surface of the GCE was modified with poly(indole-6-carboxylic
acid) (P(6-PICA)) followed by 4-aminophenylboronic acid (4-APBA) immobilized
on the polymer surface. Then, the anti-KLK3 antibody was immobilized on
4-APBA/P(6-PICA)/GCE. The immunosensor showed a working range between
0.50 and 100.0 ng mL�1 with a LOD of 0.11 ng mL�1 (Martínez-Rojas et al. 2021).

Jiang and Lee prepared a composite of MWCNTand polydimethylsiloxane, and it
was used as an electrode material for DNA detection utilizing the EIS technique. The
linear range and LOD for the target analyte were determined approximately
10–1000 nM and 25 pM, respectively (Jiang and Lee 2018).

Shen and Kan developed an electrochemical sensor-based pair recognition strat-
egy by adding DA-aptamer and MIP onto the electrode modified with AuNPs and
rGO. The prepared sensor was utilized for the analysis of dopamine (DA). The

Fig. 21.8 Fabrication steps of the aptasensor for LCN2 detection. (Reproduced with permission
from Aydoğdu Tığ and Pekyardımcı 2020)
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sensor demonstrated a linear range and a LOD of 5.0� 10�8–1.0 � 10�5 mol/L and
4.7 � 10�8 mol/L for the analysis of DA, respectively (Shen and Kan 2021).

In a study performed for 17-β-estradiol sensing, 3,6-diamino-9-ethylcarbazole
was synthesized as a novel monomer, and a MIP electrochemical sensor was
prepared. The analyte recognition signal on the MIP sensor was assessed utilizing
the EIS method. The MIP sensor exhibited a broad linear range from 1 � 10�18 to
1 � 10�5 mol L�1 with LOD of 3.6 � 10�19 mol L�1 (Liu et al. 2018).

3 Conclusion

Nanotechnology is a discipline that is applied in many different fields, including the
production of biosensors to determine various biomolecules. It allows the production
of nanomaterials of various shapes and sizes at the nanoscale. Especially when
preparing electrochemical biosensors that can be used for diagnosis, the sensing
platform is modified with various nanomaterials to reduce the detection limit, expand
the working range, ensure on-site use, and perform selective and accurate analysis.
Nanomaterials provide signal amplification for the sensitive analysis and diagnosis
of biomolecules and mostly show biocompatibility with biosensor elements. In this
context, this chapter aims to provide the reader with a conspectus of carbon, metal/
metal oxide, and polymer-based nanomaterials and inform some of the studies on
functionalized nanomaterials in electrochemical diagnosis.
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Abstract

Nanobioelectrochemistry is a multidiscipline branch of science encompassing nano-
materials, biotechnology, and electrochemistry. In principle, nanomaterials with
enzyme-like properties, simply referred to as nanozymes, are used in place of natural
and traditional artificial enzymes due to their resilience under a wide range of
stringent conditions. Additional advantages of nanozymes include extended storage
times, cost-effectiveness, and enhanced catalytic properties. Mechanisms of action
make use of redox activities to generate a signal that can be used to provide insight on
various analytic procedures. Some areas of major application include but are not
limited to disease detection and control, in addition to food safety. Herein, we focus
on current trends in the use of nanozymes in bioelectrochemistry. Precisely, we
highlight how electrodes in nano-bioelectrochemistry may be fabricated for optimum
performance. Furthermore, we focus on biosensing techniques, food monitoring,
cancer diagnosis, cancer therapy, bacteria detection, and Covid-19 detection as part
of current trends in nanozymes in nano-electrochemistry.

Keywords

Bioelectrochemistry · Nanozymes · Oxidoreductase · Hydrolase · Sensing

1 Introduction

1.1 Nanobioelectrochemistry

Nanobioelectrochemistry is an interdisciplinary branch of science that encompasses
fields such as nanoscience, electrochemistry, biochemistry, and materials science
(Solanki et al. 2021). Integrating nanomaterials into biological platforms allows the
innovation of devices that can be useful in detecting biological substrates. Often,
these devices are referred to as biosensors (Murphy 2006), and are crucial in many
applications that include disease detection and control. These applications exploit
redox activities of bioelectrochemical processes to give a signal that can be
interpreted to give a verdict (Sims et al. 2017; Ruff 2017). Examples of
bioelectrochemical processes include (but are not limited to): biological processes
involving enzyme catalysis, intercellular membrane transport, and intercellular reac-
tion pathways. Mahato et al., in a book review, highlighted the importance of
electrochemichal immunosensors as tools for clinical diagnosis of various diseases
(Mahato et al. 2018). In a separate research article, Shanbhag et al., developed an
electrochemical sensor that can potentially be used for monitoring diclofenac over-
dose (Shanbhag et al. 2021). As a result, applications of nanobioelectrochemistry are
important not only in disease detection (Parsaee et al. 2018) and monitoring but also
food safety (Ranadheera et al. 2017), drug design, and delivery (Thage et al. 2020).
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Industries exploiting nanobioelectrochemistry include food, military, environmental,
pharmaceutical, and healthcare. Bioelectrochemistry methods bear an edge over
other analytical methods because of their association with easy fabrication, reliable
results with small sample size, low cost, and highly selective and rapid detection
(Hasanzadeh and Shadjou 2016; Bage and Kar 2021). Recently, several biosensors
have been developed for various electrochemical purposes. To enable fast and
reliable detection of analytes, technological advances in nanoscience have resulted
in the emergence of artificial enzyme-based biosensors, commonly referred to as
nanoenzymes.

1.2 Nanoenzymes in Nanobioelectrochemistry

Nanoenzymes, sometimes referred to as nanozymes, can be defined as enzyme-
mimicking nanomaterials (Wang et al. 2017; Wang et al. 2019). Natural enzymes are
generally known to function under strict physiological conditions such as narrow
temperature and pH ranges, in addition to being highly substrate-specific. Further-
more, natural enzymes are expensive and difficult to store, which makes them less
suitable for applications that often involve stringent conditions like wide temperature
and pH ranges. When compared to natural enzymes, nanozymes are associated with
high stability and a broader range of applicability (including a wide range of
temperatures and a broad spectrum of analytes), in addition to low cost (Yu et al.
2020; Wei et al. 2021). Moreover, the optical and electrical properties of nanozymes
can be modified to enhance enzyme-like activities, thereby making nanoenzymes
ideal for most analytical applications (Mahmudunnabi et al. 2020). Nanozymes have
many applications, particularly in electrochemical biosensing devices. In most cases,
the electrode in the biosensor is modified with the nanozyme to enable rapid and
accurate detection of the analyte(s) in question (Zheng et al. 2016; Lei et al. 2003;
Liu et al. 2005; Lei et al. 2004; Yan et al. 2020; Singh et al. 2020).

2 Nanozyme Electrode Modification

2.1 Nano Enzyme-Modified Electrodes

Enzymes are biological catalysts or, simply, biocatalysts. They are known for
speeding up biochemical reactions (Chatterjee et al. 2020; Bornscheuer et al.
2012). They are highly specific in actions and exhibit efficient catalytic activities.
Enzymes are mainly composed of proteins (Blanco and Blanco 2017; Cooper 2000).
They have special characteristics that allow them to function essentially in biological
systems (Cooper 2000). As such, their stability and functions depend on the favor-
ability of their immediate environments. As mentioned in the previous section,
natural enzymes cannot withstand harsh environments such as high temperature
and/or pressure. Their catalytic activities are highly sensitive to such environmental
factors, including pH, solvents, temperature, pressure etc. (Qiu et al. 2019; Dos

22 Nanoenzyme-Based Electrodes in Biomolecular Screening and Analysis 485



Santos et al. 2014; Arcus et al. 2016; Peterson et al. 2007). It suffices to say that
enzymes are highly environmentally sensitive. These characteristics limit the appli-
cations of natural enzymes to only biological reactions whose media favor enzyme
survival and activities. It is needless to emphasize that these limitations of natural
enzymes are challenging to scientific research. Yet, their specificity and excellent
catalytic activities under optimum environmental conditions are highly desirable
(Peterson et al. 2007).

Scientific advancement has long identified reasons for synthetic enzymes that
would be more adaptive to native and non-native environments. Enzyme modifica-
tion through DNA recombinant technology, protein engineering, and other design
techniques has been used to resolve some drawbacks regarding the use of natural
enzymes. However, many other challenging issues remain unresolved. This neces-
sitates the need for synthetic surrogates of the enzymes. These surrogates have also
been referred to as “artificial enzymes.” This scientific term was reportedly intro-
duced by Breslow and Overman (Breslow and Overman 1970) to refer to materials
that mimic natural enzymes. Past research has introduced artificial enzymes based on
porphyrins, metal complexes, polymers, cyclodextrins, supramolecules, and bio-
molecules. The contrived enzymes, based on design, were able to imitate specific
natural enzymes.

A class of artificial enzymes that has been gaining the interest of researchers in the
past few years is the nanoenzymes, often shortened to nanozymes. The term “nano-
zyme” was used by Manea et al. in a 2003 article on gold-nanoparticle-based
transphosphorylation catalysts (Manea et al. 2004), and also later in 2013 by Wei
and Wang to refer to nanomaterials with enzyme-like characteristics (Wei and Wang
2013). Nanozymes form a class of artificial enzymes whose sizes/dimensions are on
the nanoscale. Nanozymes may concisely be defined as inorganic and/or organic
nanomaterials that can serve as substitutes for natural enzymes in catalysing
biochemical reactions (Wang and Gunasekaran 2020). These materials were report-
edly discovered in 2007, and have since gained the attention of many researchers in
the fabrication of materials for biosensing applications (Wang and Gunasekaran
2020). They have also gained applications in other areas such as environmental
protection and remediation, antibacterial agents, and bioimaging and cancer treat-
ment (Wang et al. 2019; Wei and Wang 2008; Cheng et al. 2016; Ye et al. 2017; Feng
et al. 2018; Brynskikh et al. 2010; Hu et al. 2017; Jiang et al. 2018).

Translational advancement in nanotechnology research and materials design
coupled with the exciting properties of nanomaterials offers nanozymes their excel-
lent characteristics. Electrochemical sensors based on nanozymes have gained
significant attention lately because of their low cost, high catalytic activity, high
sensitivity, excellent selectivity, and stability under various environmental condi-
tions (Khairy et al. 2018), in addition to other unique properties conferred on them
by the nano-based characteristics of the nanomaterials involved (Wang et al. 2019).
The roles of nanotechnology in electrode modification for electroanalysis, electro-
chemical sensing, and biosensing are well documented. Arising from their
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fascinating electron transport properties, nanomaterials have found wide applica-
tions in electrocatalysis. For these reasons, artificial enzymes developed on nano
scaffolds are gaining increasing application in biosensing, biomolecular screening,
bioanalysis, and diagnostics. A great deal of useful information on the history,
definition, characterization, synthesis, functions, and applications of nanozymes
can be found in the review article of Wei et al. (Wei and Wang 2013), and several
other related publications (Wu et al. 2019; Huang et al. 2019; Jiang et al. 2019; Gao
et al. 2020; Sun et al. 2018; Singh 2016; Kuah et al. 2016). This section provides a
concise discussion regarding recent developments on the use of nanozymes in
electrode modification for biomolecular screening and analysis.

2.2 Nanozymes Classifications and Mechanisms of Action

Nanozymes may be classified based on different criteria. However, a popular
criterion for classifying nanozymes is the catalytic reaction mechanism. Nanozymes
are classified into two families, namely oxidoreductase and hydrolase (Huang et al.
2019). The former catalyzes oxidation reactions, while the latter catalyzes hydrolysis
reactions. Oxidase and peroxidase types of oxidoreductase nanozymes are mostly
utilized for electrochemical sensors (Mahmudunnabi et al. 2020). Nanozymes can be
further grouped as antioxidants and pro-oxidants, according to their radical scav-
enging ability (Mahmudunnabi et al. 2020; Singh 2019). In this regard, antioxidant
nanozymes scavenge free radicals, while pro-oxidant nanozymes produce free
radicals and hence induce oxidative stress (Mahmudunnabi et al. 2020, Singh
2019). Peroxidase and oxidase whose catalytic activities result in the formation of
free radicals are considered to be pro-oxidants (Singh 2019). Extended classifica-
tions of nanozymes are shown in Fig. 22.1 as extracted from the recent review article
by Mahmudunnabi et al. (Mahmudunnabi et al. 2020).

Fig. 22.1 Extensive classification of nanozymes according to reaction mechanism and radical
scavenging activity (Huang et al. 2019; Mahmudunnabi et al. 2020; Singh 2019; Rahal et al. 2014)
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2.3 Nanomaterials in Nanozyme-Based Sensors

Several nanomaterials have been utilized in the development of nanozyme-based
sensors. These include metal oxides such as ZrO2 [39], NiO (Khairy et al. 2018), and
TiO2 (Qiu et al. 2019). Other nanomaterials previously used for making nanozyme-
based biosensors include gold nanoparticles (AuNPs) (Gugoasa et al. 2021), ferro-
magnetic nanoparticles (Fe3O4 NPs) (Gao et al. 2007), and copper nanoclusters
(CuNCs) (Goswami et al. 2011). A selected list of nanozymes used for colorimetric
detection and quantitative assays of microbes and related analytes in some food
samples are presented in Wang and Gunasekaran (2020). Some other nanozymes
used in previous studies for the detection of parathion, methyl parathion, isoniazid,
acetaminophen, glucose, nifedipine, and atenolol are presented in Table 22.1.

3 Applications of Nano Enzymes in Disease Control

3.1 Environmental and Food Monitoring

Quality control in the food industry is very important for consumer health. Failure to
detect either pathogens or certain chemicals may pose a public health risk – in the
worst-case scenario, globally. Nanozymes are capable of catalyzing reactions involv-
ing chromogenic substrates in trace amounts to yield chromogenic products, which
are vital in environmental and food monitoring (Xiang et al. 2021). Xiang et al.
fabricated a nanozyme with peroxidase-like enzyme properties using platinum
nanoparticles embedded on a silica base (Xiang et al. 2021). In their findings,
using 3,30,5,50-tetramethylbenzidine (TMB) as a substrate, the nanozyme proved to
be highly sensitive to trace amounts of Hg2+, which resulted in the color change of
TMB. Quantitative analysis of Hg2+ was directly related to the color change of TMB
(Xiang et al. 2021). This research can be directly applied to food and environmental
monitoring, specifically for the detection and/or monitoring of mercury ions. In
another study, Zhang and co-workers (Zhang et al. 2021) synthesized a nanozyme
for use in detecting food allergens. Both of these studies are not only important in
preventing health hazards but pave the way to identifying other analytes as well.

3.2 Cancer Diagnosis

Diagnosis of cancer in the early stages is of paramount importance to patient
treatment. When diagnosed early, most cancers can be treated effectively, and the
individual may once again live a cancer-free life. Feng and research group (Feng
et al. 2021) fabricated an electrochemical biosensor for Glypican-3 (GPC3), a
prominent biomarker for hepatocellular carcinoma (HCC). Their work utilized
copper oxide-reduction graphene oxide nanocomposites to obtain a peroxidase-like
nanozyme which reacts with the GPC3 aptamer, resulting in a signal. The GPC3
antibody reacts with the probe to form an “antibody-antigen-aptamer,” which
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catalyzes the reaction between H2O2 and AgNO3. Differential Pulse Voltammetry
(DPV) is then used to detect and record the signal emanating from this reaction
(Feng et al. 2021). This work is very useful in cancer diagnosis and monitoring those
undergoing cancer treatment.

3.3 Cancer Therapy

Although nanozymes are important in disease diagnosis, they also play an important
role in drug delivery, with cancer being one of the standout diseases where nano-
zymes are used in therapy. Research presented by Wang and co-workers (Wang et al.
2020) showed a hydrophobic SPIO and IR780 encapsulated in an amphiphilic
macromolecule. The resulting theranostic system was a nanoenzyme with photo-
therapeutic results for triple-negative breast cancer. Of key note was the absence of
notable side effects (Wang et al. 2020). In another study (Mei et al. 2020), a
nanoenzyme based on natural glucose oxidase integrated on CoFe-layered double
hydroxides monolayer nanosheets was fabricated for treating cancer. In the presence
of tumor cells, the nanozyme triggers hydroxyl radicals with anti-tumor properties.
This research has been proved to be effective both in vitro and in vivo, and paves the
way to effective chemotherapy with minimal side effects (Mei et al. 2020).

3.4 Bacteria Detection

Bacteria is one of the most common pathogens. In many instances, glucose metab-
olism is used to evaluate the presence of bacteria. When exposed to glucose, bacteria
can perform glycolysis and the remaining glucose can be used to predict bacterial
load. Qiu et al. fabricated glucose oxidase-encapsulated Zn/Co-infinite coordination
polymer-based nanozyme (Qiu et al. 2021). The nanozyme was applied for the
colorimetric detection of glucose to monitor bacterial viability. Their findings
highlighted accurate, rapid detection and usability of the nanozyme across different
species of bacteria, both gram-negative and gram-positive (Qiu et al. 2021). In
another study (Xue et al. 2021), a biosensor was fabricated for rapid and selective
detection of salmonella. MnO2 nanoflowers were used to amplify the signal. For
convenience, a smartphone application can be used to determine the concentration of
salmonella in a given sample (Xue et al. 2021). This research enables real-time
assessment and evaluation of salmonella-related risks.

3.5 Nanoenzmyes in Covid-19 Diagnosis

In early 2020, Covid-19 was declared a global pandemic. Covid-19 is associated
with high infection and fatality rates. Rapid detection of SARS-CoV-2 (the virus that
causes Covid-19) in various platforms such as work environments and immigration
control points has become mandatory. Scientists across the globe have since
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embarked on a mission to design accurate rapid test kits. For example, Liang et al.
(Liang et al. 2021) have since developed a biosensor that utilizes a smartphone-based
nanoenzyme for detecting SARS-CoV-2 nucleocapsid protein. Disposable
immunochromatography assay and optical sensors are used as the reaction and
signal detection devices respectively. This device fabricated by Liang et al. was
proved to be very sensitive and accurate in detecting the coronavirus in trace
amounts (Liang et al. 2021).

Another study (Liu et al. 2021) fabricated a peroxidase-like nanozyme that
enables point of care (POC) antigen tests for screening SARS-CoV-2 infections.
Their device exhibited high specificity to SARS-CoV-2 antigen with no cross-
reaction with other coronaviruses. When compared to nucleic acid tests, less time
was required to give reliable results (Liu et al. 2021). As part of advanced detection
methods, Mahapatra et al. emphasizethe use of diagnostic methods such as label-free
biosensors, electrical transducer-based detection approaches, and plasmonic
biosensing methods, further demonstrating the wide application range and impor-
tance of biosensors (Mahapatra et al. 2020). Rapid detection of SARS-CoV-2 can
help the entire world to fight the Covid-19 pandemic.

4 Current Trends in Nanomaterials-Based Electrochemical
Sensors

The accomplishment of the glucose immunoassay sensor technology has increased
the need to develop rapid electrochemical nano-biosensors as diagnostic medical
devices that can have extensive impact and application in human disease detection
and prevention (Idili et al. 2019; Ligler and Gooding 2019; Jiang et al. 2020;
Vermisoglou et al. 2020). According to Das and colleagues (Das et al. 2021), the
point of care (POC) diagnostic technique, which follows the World Health Organiza-
tion’s“ASSURED (Affordable, Sensitive, Specific, User-friendly, Rapid and Robust,
Equipment-free, Delivered)” criteria, is the gold standard for medical biosensor and
bioassay development. The point of care biosensor technology is developed on
natural enzyme reusability, efficiency, bioactivity, and portability. However, major
limitations in these designs include large expenses, interference, and poor immobi-
lization, causing a lack of stability and activity. Recently, nanotechnology-based
modifications have been used to improve the stability of sensing devices (Li et al.
2019; Meng et al. 2020). Advances in the stability of sensor design include the
development of wearable, water-resistant, durable, and pliable sensors composed of
“rubber-like” complexes, hydrogels, organo-gels, and polymers (Li et al. 2019;
Ferrag and Kerman 2020; Meng et al. 2020). Nano-biosensors are based on
carbon-, metal oxide-, and metal-based nanomaterials, with gold nanoparticles,
graphene, carbon nanotubes, and photonic crystals being the main types of nano-
materials fabricated due to their versatility (Cavalcante et al. 2021; Kuralay 2019).
These surfaces are prevalent due to being stable and biocompatible and having
effective electron-transfer kinetics (Ferrag and Kerman 2020); however, the basic
surfaces lack the specificity (sensitive and selective) for the electrochemical
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recognition of trace analytes. Alternatives to overcome these restrictions include the
incorporation of specific electro-chemical nano-biosensors into the enzymatic sens-
ing mechanism (Vigneshvar and Senthilkumaran 2018). Biorecognition compounds,
such as antibodies (Su et al. 2017; Guo 2004), aptamers, antigens (Vigneshvar and
Senthilkumaran 2018), and chemical linkers, are being coupled with nanoenzymes
using conjugation chemistry for development (Das et al. 2021) (Fig. 22.2). These
nanomaterial sensors are cost-effective and highly sensitive and mimic enzyme
function that is dependent on effective electron transfer and good electrical current
density (Das et al. 2021). The highly biocompatible matrix of nanoenzymes along
with ease of surface modifications with varying biorecognition ligands through
conjugation chemistry has provided a cheaper and accessible alternative to bio-
sensors fabrication.

An example of an antibody nanoenzyme-based biosensor is the lateral flow assay
for pathogenic Escherichia coli detection developed by Han et al. (2018). This
fabrication was built on the sandwich immune-assay principle, encompassing a

Fig. 22.2 Conjugation chemistry for the surface modification of “nanozymes” (nanoenzymes)
with several biorecognition ligands; reprinted with permission from Das et al. (2021)
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spherical palladium–platinum (Pd–Pt) nanozyme, which was adapted with an anti-
E. coli monoclonal antibody (mAb) as a detection probe. The conjugated nano-
zyme–mAb was prepared cost-effectively without using expensive materials and
organic linking counterparts. E. coli signal amplification occurred through the
peroxidase-like activity of Pd–Pt nanoparticles (Han et al. 2018). Similarly, Cheng
and colleagues (Cheng et al. 2017) used conjugation chemistry in a dual lateral flow
immunoassay (LFIA) combined with a smartphone device to detect pathogenic
Salmonella and E. coli bacteria. This application was based on the signal amplifier
of mesoporous core-shell palladium–platinum (Pd–Pt) nanoparticle that elevated
peroxidase-like activity and resulted in a highly sensitive dual LFIA device in
detecting the pathogens.

Nanoenzyme-based electrochemical sensors are stable under extreme physiolog-
ical environments and cost-effective in large-scale production, and the large surface
to volume ratio enables appropriate surface modifications and conjugations (Das
et al. 2021). The application of POC biosensing nanoenzymes has progressed in
signal transductions based on the profile, size, and properties, including compatibil-
ity, conductivity, and fluorescence.

5 Conclusions

This chapter summarizes various applications of nanozymes in electrochemical
devices and other biochemical applications. Emphasis is more central to the use of
nanozymes in disease detection and monitoring. Through techniques such as color-
imetry, voltammetry, and impedance, nanozymes enable accurate and rapid detection
of various substrates which can be interpreted to indicate the presence or absence of
the disease in question. Most recently, during the Covid-19 pandemic, nanozymes
have been integrated on various electrode types to help fight the pandemic through
rapid POC diagnosis. The advantages of nanozymes are their low cost, high sensi-
tivity, wide range of applications, and high stability. In many instances, a single
nanozyme can be used to detect multiple analytes, a property which is not available
with natural enzymes. This also enables multiple biomarkers to be used where
applicable.
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Abstract

After the isolation of freestanding graphene from graphite in 2004, there has been
a dramatic craze for two-dimensional (2D) materials among researchers. This
may be due to their extensive utilization in various applications, ranging from
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protective coatings to biosensors. The layered 2D materials possess tunable
optical, electrical, mechanical, and electrochemical properties that enable them
to be used in the fabrication of biosensors as well as point-of-care diagnostic tool
kits. Furthermore, these 2D materials can be principal sensing elements or can be
used as supporting materials during biosensor/point-of-care device/kit fabrica-
tion. The present chapter summarizes the methodologies and challenges that
come across during the design and synthesis of these 2D materials, as well as
studies their various sensing strategies like optical and electrochemical
approaches. Furthermore, the use of fabricated biosensors/tool kits for real-time
applications has been discussed. Finally, the future prospects of layered 2D
materials in biosensor technology have been included.

Keywords

2D materials · Transition metal chalcogenides · Transition metal oxides ·
Graphene · Biosensors · Point-of-care diagnosis

1 Introduction

Two-dimensional (2D) materials have been extensively used as transducers or sub-
strates of sensing platforms in biosensor systems (Coleman et al. 2011). The 2D
materials include graphene and graphene-like structures, graphitic carbon nitrides
(g-CNs), transition metal chalcogenides (TMDs), transition metal oxides (TMOs),
MXenes, and hexagonal boron nitrides (h-BNs). The properties of the 2D materials
are very different from their bulk counterparts, which triggered the scientific com-
munity to explore their utility in diverse applications. An interesting feature of 2D
materials suited to use in biosensor technology is their larger surface areas with
numerous active reaction sites. 2D materials exhibit a broad range of electrical
properties, that is, some of them are metallic (graphene), semi-metallic (VS2 and
TaS2), semiconducting (MoS2 and WS2), and insulating in nature (Bolotsky et al.
2019). Similarly, their optical properties are also diversified, like some of them
quench fluorescence intensity and highly fluorescent (Balendhran et al. 2013;
Chhowalla et al. 2013; Kurapati et al. 2016; Morales-Narváez and Merkoçi 2019).
Furthermore, the surface properties of the 2D materials can be tuned through
chemical functionalization or defect engineering so that these materials exhibit
specific selectivity toward a particular analyte during sensing studies (Shao et al.
2010; Wang et al. 2010). The higher sensitivities exhibited by the 2D materials when
used in sensing studies are due to their large surface-to-volume ratios and atomic
thickness (Bolotsky et al. 2019). The above-mentioned features of 2D materials yield
better surface adsorption properties, which are necessary for both optical and
electrochemical sensing operations. The good adsorbent properties of the substrate
or sensing material help in concentrating a more significant number of analytes on
reacting surface from the bulk solution, resulting in increased sensitivity during
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electrochemical sensor systems. In addition, higher surface-to-volume ratios of the
2D materials result in a more significant number of analytes surface reactive sites
with respect to the volume of the senor material (Varghese et al. 2015). This results in
more significant electronic structural changes of the senor material. The modulation
in the electronic structures of the sensor material results in enhancing the sensitivity
and the limit of detection (LOD) when used in sensor applications (Varghese et al.
2015). Another interesting factor of 2D materials is their excellent surface area per
gram (SAPG). The highest theoretical SAPG value of graphene is 2630 m2/g
(Bonaccorso et al. 2015). The SAPG values of 2D materials can be further increased
by decreasing the number of layers in their structures through various exfoliation
techniques. The SAPG value of h-BN has been increased from 10 to 140 m2/g and
8.4 to 25,140 m2/g in the case of the MoS2 (Liu et al. 2017). The sensor materials
with higher SAPG values and lower electrical noise can have lower detection levels
in sensing applications.

As a continuation in the research of 2D materials, fascinating composites are
reported utilizing defect engineering, doping with hetero atoms or compositing with
various nanostructures (Lin et al. 2016; Ren et al. 2017; Zhang et al. 2017). The
bandgap of the 2D materials can be modulated by changing their layer numbers,
strain, and alloying with other substrates (Bertolazzi et al. 2011). The planar
structure of 2D materials make them superior compared to other nanostructures
like carbon nanotubes (CNTs) and Si nanowires with respect to compatibility while
fabricating sensor systems and devices on a commercial scale using modern tech-
niques (Bolotsky et al. 2019). The CNTs and Si nanowires have some significant
differences in their length, diameter, and alignment, making challenging task while
fabrication as sensor device using conventional techniques (Bolotsky et al. 2019).
The ultrathin 2D materials have remarkable mechanical flexibility, making them to
withstand 10% greater strains before rupturing, making them superior to other
available best mechanically flexible materials (Bertolazzi et al. 2011). This attractive
mechanical flexibility of the 2D materials allows them to fabricate robust sensor
systems used in wearable or implantable diagnostic tool kits. The optical biosensors
based on TMDs employing plasmonic emissions are found to exhibit 1000 times
better response compared to the other methods based on metallic species like Au and
Ag (Ouyang et al. 2017). The superior performance of TMDs over metallic elements
is due to the longer plasmonic lifetimes of the former materials. Furthermore, the
tunable optical properties of the 2D materials can be tuned by functionalization,
applying strain or electric field (Ouyang et al. 2017). The optical properties of the
materials can be tuned so that the materials can exhibit required absorptions at
operational wavelengths (Ouyang et al. 2017). The structural features and related
optical and electrical properties of 2D materials discussed in the above sections make
them suitable candidates to use in sensor systems for fabricating biosensor devices
and miscellaneous diagnostic tool kits. This chapter enumerates the design, synthesis
of 2D materials, fabrication of biosensing platforms/diagnostic wearable or implant-
able test kits using synthesized materials and their applications in disease diagnosis
and monitoring.
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2 Synthetic Protocols of 2D Materials for Biosensor
Applications

A two-dimensional material’s synthetic methods play an essential role for various
applications, including biosensors, energy storage, catalysis, and so on. Two differ-
ent ways can obtain the 2D materials: (i) the bottom-up process and (ii) the top-down
process, reported in the literature (Rao and Maitra 2015; Xu et al. 2013). Some of the
synthetic methods are described here.

2.1 Synthesis of Graphene

To date, several synthetic methods were established to prepare graphene. For
example, Geim and his coworkers discovered graphene sheets in 2004 via mechan-
ical exfoliation of pyrolytic graphite using scotch tape, further called as “scotch tape
method” (Geim 2009; Novoselov et al. 2004; Park and Ruoff 2009). However, it is
still extensively being used in laboratories for the preparation of graphene.

Graphene can also prepare by heating silicon carbide (SiC) single crystals in the
presence of a high vacuum or Ar atmosphere (Emtsev et al. 2009; Van Bommel et al.
1975). While heating the SiC, Si sublimates, and C remains on the surface because of
the high Si vapor pressure compared to C, which forms graphene (de Heer et al. 2011).
The formation of monolayer graphene needs the degradation of at least three layers of
SiC (Van Bommel et al. 1975). In 1975, Van Bommel et al. has discovered this
technique (Van Bommel et al. 1975). Later, Novoselov et al., and Berger et al. were
also reported the preparation of graphene using SiC (Berger et al. 2004; Novoselov
et al. 2004). The SiC surface orientation affects the graphene layers thickness;
homogeneous, few-layer graphene is formed in Si (0001), but SiC (0001̅) yields
more disordered graphene layers. It is to be noted that vacuum pressure or temperature
may result in different forms of carbon, such as carbon nanotubes (CNTs) and graphite
(Cambaz et al. 2008). More recently, Chithaiah et al. developed a large-scale synthesis
of rGO nanosheets by green and facile approach via thermal decomposition of glycine
and sucrose at 475 �C (Chithaiah et al. 2020). First, reduced graphene oxide (rGO) was
prepared by dissolving 2 g of sugar in a 100 mL beaker, then placed in the pre-heated
muffle furnace at 475� 10 �C, which undergoes decomposition and produces a black
foam in just a few min. Finally, the obtained product was used for further analysis.

2.2 Synthesis of Carboxyl-Functionalized GO Sheets

Carbonyl-functionalized GO sheets were prepared by the interaction of chloroacetic
acid with graphene sheets in primary conditions. In this reaction, the epoxide(–O–),
ester, and hydroxyl(–OH) groups were changed into carboxylic acid groups, forming
covalently linked graphene oxide (GO–COOH), which leads to the formation of
oxygenated groups in the basal planes and carboxyl groups at the edges
(Okhrimenko et al. 2013; Subrahmanyam et al. 2008). Then GO–COOH sheets

502 K. Surehkumar et al.



were subjected to ultrasonication in an aqueous solution (0.275 g/L, 10 mL) which
exposed the hydrophilic functional groups, such as –COOH and –OH, on the basal
planes of GO sheets shows the chemical structures on GO-COOH sheets.

2.3 Synthesis of GO and GO-AuNP Nanocomposites

During the process, GO (0.5 mg/mL, 20 mL) was subjected to ultrasonication in an
aqueous solution for 2 h, then a 100 mL solution of HAuCl4�3H2O was added. The
resultant mixture was stirred for about 30 min to get homogeneous dispersion of Au
ions with GO. Next, the solution mixture was heated slowly to 80 �C and added
2 mL of C6H5Na3O7�2H2O aqueous solution and continued the reaction with
constant stirring for 4 h. Finally, centrifuged the resultant material at 6000 RPM
for 2 h, and then washed with UPW to remove the excess AuNPs and obtained
GO-AuNPs composite. The GO-AuNPs dispersed in UPW and placed in the refrig-
erator for further analysis (Khalil et al. 2019).

2.4 Synthesis of MoS2

Several methods are available to prepare 2D MoS2. Among these, exfoliations of
MoS2 thin layers from bulk 2HMoS2 and vapor/liquid-phase deposition of MoS2 on
a substrate are familiar. Mechanical exfoliation processes are still being used exten-
sively to prepare 2D MoS2 using adhesion tapes, which helps develop field-effect
biosensors. In addition, several vapor/gas-phase chemical deposition methods were
established for the growth of 2D MoS2 on a wafer scale which yields large dimen-
sional MoS2 sheets (Balendhran et al. 2012; Liu et al. 2012). The chemical deposi-
tion methods initially start with the formation of organic/inorganic precursors of 2D
MoS2 thin films, followed by sulfurization and annealing steps (Balendhran et al.
2012). The materials such as ammonium tetrathiomolybdate and molybdenum
oxides have commonly been used as starting precursors (Liu et al. 2012). The
sulfurization process is usually carried out at 500 �C or above using sulfur vapor
or H2S gas (Liu et al. 2012). The present scenario is to obtain homogeneous and
high-quality wafer-scale 2D MoS2 sheets for which the substrate crystallinity and
other features play a vital role. Sapphire substrates yield good results, but Si/SiO2

wafers and silica glass substrates have a high demand for developing biosensors
(Sarkar et al. 2014; Wang et al. 2014; Zhu et al. 2013). Furthermore, liquid
exfoliation techniques are more desirable to obtain 2D MoS2 suspensions
(Benavente et al. 2002; Chrimes et al. 2013). Lithium intercalation techniques are
considered for high yield, but it is generally hazardous and needs a longer time
(Benavente et al. 2002; Chrimes et al. 2013). Thus, microwave-assisted methods are
developed to decrease the reaction time. High power sonication liquid exfoliation
methods are also established to enhance the MoS2 surface adhesion. Colman et al.
have developed shear force effect-based liquid exfoliation methods using organic
solvents or surfactants that can be readily used to suspend 2D MoS2 organic
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solvents, which are compatible with biosensing applications (Coleman et al. 2011;
O’Neill et al. 2012; Smith et al. 2011; Voiry et al. 2015).

2.5 Synthesis of MoO3

The MoO3 exfoliation method was obtained from the Yao et al. report (Yao et al.
2013). During the experimental process, 1 g of MoO3 powder ground thoroughly in
1 mL acetonitrile for about 15 min. The homogeneous mixture was subjected to
ultrasonication for 2 h in a 1:1 ratio of 40 mL ethanol/water mixture. The exfoliated
MoO3 nanoflakes were obtained by centrifugation of the suspension mixture at
4000 rpm for 30 min (Balendhran et al. 2013). Sreedhara et al. have synthesized
ultrathin MoO3 nanosheets of 1–3 bilayers by oxidation of few-layer MoS2 nano-
sheets (Sreedhara et al. 2016).

3 Preparation of MXenes

3.1 Preparation of Ti3C2Tx MXene

Titanium carbide sheets were prepared by the mechanical exfoliation of commer-
cially purchased bulk Ti3AlC2. Initially, during the process, the bulk Ti3AlC2 was
dispersed in HF (40%) for 2.5 h, then obtaining suspension was washed several
times with distilled water. Later, it is filtered to obtain two-dimensional nanosheets of
titanium carbide (MXenes).

3.2 Preparation of Au/MXene Composite

Nanocrystalline Au doped Ti3C2Tx MXene nanosheets were obtained by the chem-
ical reduction method (Rakhi et al. 2016). In this method, 0.075 M HAuCl4�3H2O
solution was reduced using 1 M NaOH and 0.1 M NaBH4 with constant stirring and
then added 0.05 g of Ti3C2Tx to the previous solution mixture. Then the resultant
solution sonicated for about 30 min. After the reaction was complete, washed the
water a few times and filtered it with cellulose membranes (pore size 0.1 μm).
Finally, the purified sample dried at 80 �C for 2 h in a vacuum oven for further
analysis.

Mechanical exfoliation techniques have become extensive, very cheap, and
simple to prepare several high-quality 2D materials, including graphene, all while
producing (Yi and Shen 2015). However, materials obtained by mechanical exfoli-
ation show limitation in size and thickness over a large area; hence, these methods
are not desirable for largescale production (Kauling et al. 2018; Li et al. 2016;
Novoselov et al. 2004; Wangyang et al. 2016). To overcome these limitations,
techniques such as ball milling and three-roll milling attracted significant interest,
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enhancing the ease of manufacturing and output (Chen et al. 2012; Jeon et al. 2013;
Jeon et al. 2012; Ji et al. 2019; Knieke et al. 2010; Zhao et al. 2010). In addition,
Liquid-based exfoliation has been considered an alternative exfoliation technique
that comprehends both physical methods (sonication-assisted exfoliation) and chem-
ical processes (surfactant-assisted, ion intercalation, ion exchange, and redox-based)
(Guardia et al. 2011; Jawaid et al. 2017; Nicolosi et al. 2013; Osada and Sasaki 2009;
Radisavljevic et al. 2011). These techniques produce large two-dimensional nano-
flakes in solution, but the thickness and lateral dimensions are not controllable (Chen
et al. 2012). Furthermore, due to sonication, the liquid exfoliation process leaves
chemical impurities from the solvents, leading to a change in the material quality
(Novoselov et al. 2004).

The electrochemical deposition technique offers an authentic, economical, and
flexible route (via pH, voltage, etc.) to develop 2D materials at low temperatures.
This method was used to prepare graphene, reduced graphene oxide (rGO), and
several TMDs (Amin et al. 2018; Chakraborty et al. 2013; Chen et al. 2011;
Devadasan et al. 2001; Hilder et al. 2011; Hu et al. 2010; Rastogi et al. 2017).
Additionally, the solvothermal method offers a cost-effective and straightforward
process to synthesize different 2D materials for biosensors with good yield and low
environmental effect (Murugesan et al. 2013; Xu et al. 2016; Yan et al. 2016). In
contrast to these methods, chemical vapor deposition (CVD) could result in 2D
materials on a large surface area with excellent quality films (in terms of uniformity
and crystal size) by passing vapor-phase precursors onto the substrates which
decompose, resulting in the deposition of a film. Common substrates used in CVD
include Si/SiO2, sapphire, and transition metal catalysts (e.g., Cu, Ni) (Fanton et al.
2011; Gui et al. 2014; Hwang et al. 2013; Kim et al. 2009; Li et al. 2009; Reina et al.
2009; Song et al. 2012; Zhan et al. 2012). CVD-grown films can be doped with
different elements (Yang et al. 2014; Zhang et al. 2015a). In addition, other methods
to prepare 2D materials include molecular beam epitaxy (MBE), colloidal phase
methods and Atomic Layer Deposition (ALD) (Dumcenco et al. 2015; Lehtinen
et al. 2015; Mahler et al. 2014; Roy et al. 2016; Sreedhara et al. 2018; Sun et al.
2016; Vishwanath et al. 2015; Yan et al. 2010). These techniques provide 2D
materials with good uniformity, controllable size, thickness, composition, and mate-
rial phase. Stacking of 2D materials also possible with these techniques by using
different precursors and parameters, which makes promising techniques for
biosensing applications.

4 Smart-Based Biosensors for Point-of-Care Diagnosis

The 2D materials have been extensively used in biosensing platforms due to their
interesting structural features, as discussed in earlier sections which suited for the
fabrication of biosensor platform (James Singh et al. 2021; Lam et al. 2021; Mathew
et al. 2021; Mohammadniaei et al. 2019).
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4.1 Graphene-Based Biosensing Platforms

Since its introduction as the first 2D material into the material science field, it holds a
lion share in the research as well as its usage in various applications. Moreover, its
single atomic layer thickness with pure sp2 hybridization, recent technological
advances to produce in bulk quantities in pure form further increased its usage.
The below section lists some of the sensing platforms constructed using graphene-
based materials.

A non-enzymatic sensor was made using 3D monolithic nanoporous gold scaf-
fold (NPG)-based electrode on supported with graphene paper (GP) was enhanced
by an effective and simple ultrasonic electrodeposition technique for compact,
ultrasound, and well-dispersed binary platinum-cobalt (PtCo) alloy nanoparticles
(Zhao et al. 2016). This sensor evidenced a broad linear range (35 μM–30 mM),
sensitivity 7.84 μA cm�2 mM�1 of glucose sensing and 5 μM limit of detection
(LOD) (Lee et al. 2016). The platinum graphite composites-based low-cost, flexible,
and non-enzymatic/enzymatic glucose sensor was reported; see Fig. 23.1 (Abellán-
Llobregat et al. 2017).

A gold-dried graphene glucose sensor was prepared by CVD using Ag/AgCl as a
counterpart electrode that remarkably increased the sensitivity and enabled the
sensing of glucose, at a lower concentrations (Liu et al. 2016). Another enzymeless
glucose sensor, based on flower-like 2D copper cobaltite (CuCo2O4) nanosheets

Fig. 23.1 (a) Illustration of the fabricated sensor and sensing mechanism. (b) Process involved
during fabrication. (c) Screen printing process showing a layer of components (Abellán-Llobregat
et al. 2017)
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deposited on a flexible graphite paper, was prepared by a simple hydrothermal
technique followed by a post-annealing process (Labroo and Cui 2013). The flexible
graphene-based sensor was fabricated for lactate sensing, which can be fabricated on
different plastic substrates. The authors proved that the sensing response diminishes
with increasing the bending angle and number of repetition bandings. However, they
demonstrated the sensing abilities under different mechanical bending conditions
(Melai et al. 2016).

Another new electrochemical pH sensor was prepared based on melanin pigment
functionalized by graphene and dimethyl sulfoxide (DMSO) using a screen printing
method is shown in (Fig. 23.2) (Zhu et al. 2013). Graphene oxide (GO)-based pH
sensor was developed by drop-casting the GO on the screen-printed electrode
substrate to monitor wound healing (Zhu et al. 2013). The sensitivity of the sensor
was observed to be ~31.8 mV/pH. The pH was measured using the GO-modified
screen-printed electrode by open-circuit potentiometry (Zhu et al. 2013). The selec-
tive, sensitive, and versatile laser-induced graphene sensor was fabricated for the
detection of human stress hormone cortisol. This sensor is lightweight; microfluidic
patch is mechanically stable and can be laminated in accordance with the skin
(Fig. 23.3) (Torrente-Rodríguez et al. 2020).

4.2 MoS2-Based Biosensing Platforms

MoS2, the 2D layered structure, belongs to the transition metal chalcogenide family,
found to be interesting to use in biosensor fabrication because of its excellent
photoluminescence properties, tunable bandgap, large surface areas, stability in solu-
tion phase, particularly low cytotoxicity, high electron mobility and intercalatable
structural features. The electronic, optical, and electrocatalytic properties of these
materials are found to be changed with respect to morphology of the MoS2 structures.

Fig. 23.2 (a) The top view of
electrode used for pH sensing
fabricated by screen printing
process. (b) Optical image of
the electrode. (c) Cross
section of the electrode (Zhu
et al. 2013)
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Single-layer MoS2 nanosheets can quench fluorescence strongly, and their affinity
toward ss and dsDNA is different. These two properties of MoS2 sheets have been
used in fabricating the sensor for DNA and other small molecules (Wang et al. 2018).
Another MoS-based sensor was developed for small molecules and protein detection
based on fluorescence-activated DNA-MoS2 nanosheets (Kinnamon et al. 2017).
The sensor was fabricated by self-assembly of the DNA aptamer on the MoS2
nanosheets (Kinnamon et al. 2017). The portable biosensor for detecting the usual
stress biomarker cortisol was reported based on the label-free MoS2-integrated
porous flexible electrode system (Wang et al. 2018). The specificity of this sensor
was achieved by an affinity assay which uses MoS2 nanosheets and the cortisol
antibody as a sensing device. The cortisol was monitored using the fabricated
portable sensor system from the perspired human sweat. The electrochemical
impedance spectroscopic technique was used for monitoring the cortisol using the
fabricated sensor system (Wang et al. 2018). A new sensor category was developed
for monitoring analytes of interest in human sweat was reported based on depositing
a Cu submicron bud on a freestanding graphene layer deposited with a monolayer of
MoS2 nano crystals (Xi et al. 2014). The fabricated substrate was used as a working
electrode system for bifunctional glucose and lactate detection in human sweat by
electrochemical amperometric technique (Xi et al. 2014).
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Pituitary gland

CRH

d

a

e f g

b

c

Circadian rhythm

Stress response

Cortisol
release

Time

1 mm1 cm

ACTH

Cortisol

Circulatory system

Adrenal gland

Circulatory system

Sweat gland Salivary gland

Fig. 23.3 A wireless, integrated graphene-based sweat, stress sensing system (GS4) for (a) the
analysis of dynamic and non-invasive stress hormone. Schematic representation of the origin of
cortisol hormone in sweat and saliva, the use of the GS4 to analyze the cortisol level circulation.
Pictorial representation of cortisol dynamics regulated by circadian rhythm (b) and triggered by
psychological stress (c). (d) Representation of the laser engraving method of a graphene platform.
(e) Mass production of graphene sensor arrays on a polyimide substrate. (f) Picture of a flexible,
disposable graphene sensor array. (g) TEM image of the surface of the graphene electrode (Torrente-
Rodríguez et al. 2020). Note: CRH-corticotropin-releasing hormone; ACTH-adrenocorticotropic
hormone
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4.3 Other 2D Materials as Biosensing Platforms

WS2 nanosheet fluorescence quenching combined with duplex-specific nuclease
signal amplification was found to exhibit preferential affinity toward microRNA
(Zhang et al. 2015b). This property has been utilized for differential sensing of
mRNA in the presence of ssDNA using the above sensor system (Zhang et al.
2015b). Multiplexed fluorescent detection of DNAwas achieved by using a single-
layer TaS2 NS-based nanosensor (Zhou et al. 2018). Black phosphorus nanosheets
were effective in sensing and detecting microRNA when used as the fluorescence
quenching material, and a good linear response was obtained from 10 nM to
1000 nM using the sensor (Patil et al. 2019). The few-layered thick flakes of ternary
copper indium selenide were synthesized, which is a promising platform for atom-
ically layered optoelectronic device development (Tan et al. 2015). Based on their
high fluorescence quenching ability, a novel fluorescent sensor for the detection of
DNA was developed based on single-layer Ta2NiS5 nanosheets (Balendhran et al.
2013). The FET-based biosensor platform using 2D MoO3 nanoflakes as a conduc-
tive channel for bovine serum albumin was reported (Lin et al. 2020). The simple
hydrothermal approach was used for direct NiSe2 growth on cellulose paper and
used as a disposable glucose sensor (Lin et al. 2020). Recently, a lower concentration
sweat lactate sensor that operates on passively expressed eccrine sweat without
redox molecules was reported (de Araujo et al. 2017). A three-electrode laser-scribed
graphene (LSG) structure on cheap paperboards demonstrated by Araujo et al.
Caffeic acid, ascorbic acid, and picric acid can be analyzed using this sensor (Ruecha
et al. 2019). Ling et al. came up with a flexible biosensor based on a metal-organic
framework (MOF) for the detection of small molecules like L-histidine and ascorbic
acid (AA), as well as H2O2 (Ruecha et al. 2019). Ruecha et al. recently developed a
novel label-free electrochemical impedance immunosensor coupled with a paper-
based microfluidic device for the highly sensitive detection of human interferon-γ
(IFN-γ), which is a cytokine generated mainly by natural killer cells and T lympho-
cytes with regard to antigen stimulation; it can be used as a biomarker during
tuberculosis diagnosis (Vogt et al. 2012). Semiconducting metal dichalcogenides
(e.g., SnS2 and SnSe2) and buckled graphene analogs (MXenes) have recently
emerged as candidate 2D crystals for flexible nanoelectronics (Li et al. 2013,
2014; Song et al. 2013). Table 23.1 summarizes the application of various 2D
materials for biosensing applications.

5 Future Prospective

In conclusion, 2D materials have been extensively used as biosensing platforms due
to some of their favorable properties. Mainly, two biosensing approaches, electro-
chemical and fluorescence techniques, were performed using the 2D materials.
Among diverse 2D materials, rapheme and its derivatives have been used exten-
sively used to fabricate biosensor platforms. Graphene has been used in the fabrica-
tion of electrochemical sensors platforms, whereas its analogs like GO, rGO, GQDs,
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and carbon dots have been used in the fabrication of fluorescent sensing platforms
because of their excellent fluorescence emission properties. The other 2D substrates
used in biosensor fabrication includes MoS2, WS2, MoO3, MXenes, MOFs, InS2,
SnS2 and SnSe2, and so on. Using the aforementioned pristine 2D substrates/2D
composites, various portable biosensors, diagnostic tool kits, point-of-care devices,
implantable biochips, and so on were fabricated for a variety of medical emergency
applications. Numerous portable diagnostic tool kits for specific and accurate sens-
ing of one of the physiologically important analytes, glucose, responsible for deadly
diabetes mellitus disease in the human race, have been reported based on 2D sub-
strates. Recently, biosensor platforms for human stress biomarker cortisol were also
reported based on the 2D substrates. The 2D biosensor platforms fabricated for
cortisol were used to monitor its levels in human sweat and exhibit accurate results.
Finally, there are still numerous implications of these materials, with respect to their
extensive usage in biosensor fields in order to reach remote places with modest
medical facilities due to their portability, cost-effectiveness, and other issues, need to
be addressed during the designing, synthesis, and fabrication steps.
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Abstract

Nanobiomaterials are used in controlled drug delivery systems, medical devices
in the production of prosthetic materials, tissue engineering in the construction of
tissue scaffolds, and in the field of nanomedicine. In each of these areas, well-
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defined polymers classified according to their physicochemical properties and
biodegradability are used to provide effective treatments. Fibrin, collagen, albu-
min, pullulan, chitosan, alginate, cellulose, self-assembling peptides, and
hydroxyapatite-based inorganic biomaterial can be given as examples of the
main polymers of organic and inorganic origin widely used for drug delivery
applications. These polymers have applications in many fields, especially oph-
thalmology, orthopedics, wound healing, and tissue engineering.

Keywords

Nanobiomaterials · Drug delivery · Application · Nanomedicine · Biodegradable
polymer

1 Introduction

Nanotechnology-based drug delivery systems is a multidisciplinary field and pro-
vides an advantage by solving challenges such as (i) increasing bioavailability by
improving the solubility of hydrophobic drugs, (ii) helping to reach the therapeutic
concentration of drugs in a target zone, (iii) reducing toxicity and immunogenic
response, (iv) preventing the plasma instability of drugs, and (v) in case of
bio-imaging, increasing the contrast of tissue by enhancing permeability with nano-
particles (NPs) (Koutsopoulos 2012; Jacob et al. 2018). Nanotechnology enables
targeted delivery of therapeutic agents to the disease site by formulating them in
biocompatible nanocarriers such as nanocapsules, micelle systems, and dendrimers.
This can be accomplished either by passive targeting of drugs to the site of action or
by active targeting of the drug (Parveen et al. 2012). Nano-delivery systems in
nanotechnology offer numerous benefits in the treatment of chronic diseases by
delivering nano-sized therapeutics to target areas to be treated. In addition, smart
drug delivery systems provide significant advances in cancer treatment (Parhi et al.
2012; Patra et al. 2018).

The use of oversized materials in drug delivery poses challenges in terms of
in vivo instability, poor bioavailability and poor solubility, poor absorption in the
body, target-specific delivery, and potential adverse effects of drugs. Therefore,
using nanoscale drug delivery systems to target drugs to specific body parts is
considered as an option that can solve these critical problems (Martinho et al.
2011; Jahangirian et al. 2017; Patra et al. 2018). Nanoparticles used in controlled
drug delivery and targeted drug delivery systems provide enhanced drug delivery as
they can penetrate deeper into tissues, provide increased diffusivity, lack immuno-
genicity, and have the ability to target specific tissues (Koutsopoulos 2012; Su and
Kang 2020). Particle size, zeta potential, cationic surface charge, and solubility of
nanoparticles are factors that affect their biocompatibility. These factors influence
cytotoxicity, clearance process (kidney or biliary), clearance by the mononuclear
phagocyte system/reticuloendothelial system, and enhanced permeability and reten-
tion (Parveen et al. 2012; Zamboni et al. 2012). Drug delivery systems are designed
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to transport a pharmaceutical compound throughout the body and release the ther-
apeutic dose. In these systems, with nano-encapsulation of the active compound, its
physicochemical and enzymatic degradation decreases and its bioavailability
increases, and its undesirable side effects decrease (Felice et al. 2014; Vega-Vásquez
et al. 2020).

The properties of ideal drug delivery systems are given in Fig. 24.1
(Koutsopoulos 2012; Vega-Vásquez et al. 2020).

Nanoscaled materials have chemical, physicochemical, and immunological
responsive biological properties. Biodegradable nanomaterials are materials that
can naturally degrade in the body under biological conditions (Su and Kang
2020). Biodegradable synthetic polymers are chosen as prosthesis materials for
medical device development, scaffolds for tissue engineering, and controlled release
medication delivery systems. To provide successful therapies, all of these applica-
tions require polymers with well-defined physical, chemical, biological, biomechan-
ical, and degrading properties (Koutsopoulos 2012; Han et al. 2018; Su and Kang
2020).

2 Common Nanobiomaterials for Drug Delivery
and Nanomedicine Applications

It is possible to develop controlled release rate, drug targeting, alternative adminis-
tration methods, and delivery routes with polymer-based nanomaterials. In the
future, polymer-based nanomaterials offer a great deal of potential for developing
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Fig. 24.1 Drug delivery system (2)
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new vaccines and medication systems for vaccination antigens and pharmaceuticals
(Han et al. 2018).

In addition, new drug systems involving biomolecules are being developed in the
field of nanobiotechnology by utilizing the physical, mechanical, and catalytic
properties of nanomaterials. For example, efforts are being made to create nano-
bio-conjugates with nanomaterials together with antibodies and enzymes to facilitate
drug delivery to the target, for in vivo imaging, and to overcome the challenges
associated with modern healthcare applications (Mahato et al. 2020).

Since these systems frequently show similarity in their size and structure to
natural carriers such as viruses and serum lipoproteins, they offer specific properties
in drug delivery approaches. Furthermore, the multifunctionality with detectable
surface groups and specific drug release mechanisms could be followed by addi-
tional improved interactions with specific cells and drug concentration in cells. Thus,
polymeric systems play an important role in drug and gene delivery (Qiu and Bae
2006; Han et al. 2018).

2.1 Polymeric Biomaterials

As many nano-sized drug delivery systems have been prepared, the importance of
polymer structure–property relationships has been increasingly understood and
highlighted. Polymer architecture defines the nature of a single polymer molecule,
which defines its physicochemical properties. Polymers selected for drug delivery
applications are generally classified due to chemical structure, biodegradability, and
water solubility. While polymer selection is a major concern, mainly with regard to
compatibility with the active substance, the production process needs to be consid-
ered as well, since the additives used during polymerization cause drug degradation
(Pillai and Panchagnula 2001). Commonly used polymers that have been inspected
for drug-delivery applications are given below.

2.2 Fibrin

Fibrin is a type of natural biopolymer involved in blood coagulation steps. Fibrin can
be isolated from the patient’s own blood and considered as an effective biomaterial
for personalized treatments (Vedakumari et al. 2013).

Fibrin particulates were studied as a drug delivery system for treatment of
diseases including cancer as fibrin layers and implantable fibrin gels. Fibrin has
outstanding biocompatibility and biodegradable properties and therefore can be used
as a matrix for tissue regeneration. Additionally, fibrin has been used as a drug
delivery system for controlled release over a prolonged period. Fibrin scaffolds were
loaded with platelet-produced growth factors and neurotrophin-3 to stimulate the
proliferation and differentiation of embryonic stem cell-derived neural progenitor
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cells, while fibrin gels with recombinant transforming growth factor beta-1 addition
displayed regulated release behavior. Moreover, fibrin sealed implants were studies
to treat osteomyelitis. Fibrin nanocarriers provided a suitable system for the con-
trolled release of antibiotics and a convenient method for delivering antibiotics to
orthopedic infections. Also, Fibrin nanocarriers have been loaded with chemother-
apeutic drugs and have been shown to not cause significant toxicity in vivo.
Therefore, fibrin nanocarriers can be used as potential vehicles for drug delivery
applications (Vedakumari et al. 2013).

2.3 Silk Fibroin

Silk fibroin is a protein-based biomaterial consisting of amino acid repeats with a
repeated sequence of six residues of Gly-Ala-Gly-Ala-Gly-Ser. It is generally used
as biomaterial due to its capacity to achieve slow and prolonged drug delivery in
the form of films, three-dimensional scaffolds, hydrogels, electrospun fibers, and
nanoparticles. Additionally, silk fibroin can be used to deliver genes like other
natural proteins. The pH- and temperature- dependent phase behavior of fibroin
makes it an exciting system for drug delivery approaches (Kundu et al. 2010; Jacob
et al. 2018).

2.4 Collagen

Collagen characterizes the main structural protein that makes up about 30% of all
vertebrate body protein. Different types of collagen are required to impart different
biological properties to distinct types of body connective tissues. The use of collagen
as biomaterial has been enabled by the development of methods for obtaining
medical grade animal collagen and, more recently, methods for producing collagen
from a patient’s own cells (Purcel et al. 2016).

Collagen has been considered a biocompatible and non-immunogenic polymer.
However, it is not clear whether collagen is non-immunogenic or not. Proper
cleaning and sterilization with detergents is usually sufficient to reduce the collagen
immune response. But xenogeneic collagen can trigger the cross-reactivity of human
antibodies targeting animal-derived collagen to human collagen in susceptible
humans, resulting in organ damage or autoimmune diseases.

Collagen is the main protein of musculoskeletal and skin tissues, and this is the
most abundant protein found in the human body. Collagen is used in drug delivery
systems in various shapes and types, with a variety of protein meshes, nanoparticles,
films, hydrogels, and rods using protein-based platforms. Drug release from inflated
collagen matrices is primarily mediated by diffusion, but enzymatic matrix break-
down and hydrophobic drug–collagen interactions also play a role. Water uptake was
inhibited by chemically cross-linked collagen structures, extending drug release
(Koutsopoulos 2012).
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2.5 Albumin

Albumin is a macromolecular protein that has been presented to be biodegradable
and non-toxic with a non-immunogenic profile, and is therefore a perfect candidate
for the preparation of nanoparticles.

Encapsulation of drugs into albumin nanoparticles is an important strategy, as
various types of drugs can be encapsulated into the particle matrix owing to the
diverse drug binding sites present in the albumin molecule. Because of the distinct
albumin primary structure and high content of charged amino acids, albumin nano-
particles can permit the electrostatic adsorption of anionic or cationic molecules
without the addition of any other chemicals (Elzoghby et al. 2012a). Albumin
nanoparticles are used for treating several conditions including burns, surgery or
trauma, cardiopulmonary bypass, acute respiratory distress, and hemodialysis.
Moreover, the albumin nanoparticle is an acceptable carrier for many chemopreven-
tive drugs and antibiotics, such as ciprofloxacin (Kratz 2008).

3 Polysaccharide-Based Biomaterials

3.1 Pullulan

Pullulan is a linear homopolysaccharide of glucose produced from starch by strains
of the fungus Aureobasidium pullulans. The unique linkage configuration of
pullulan provides the polymer with unique physical characteristics, such as adhesive
properties and film formation, which is important for mucosal/transmucosal drug
delivery. Furthermore, the structure of pullulan is described as α-(1 ! 6) linked
maltotriose. It is assumed that pullulan is biodegradable and it is mentioned in
studies that pullulan has been used for carrying drugs and genes, mostly using
hydrophobic derivatives. Pullulan-based nanoparticles can adhere to the nasal epi-
thelium, which is an important property regarding mucosal administration. Akiyoshi
et al. studied pullulan hydrogel nanoparticles (20–30 nm) synthesized to encapsulate
and release insulin. Insulin spontaneously and easily formed a stable colloid system
by forming complexes with pullulan carrying hydrophobized cholesterol with
hydrogel nanoparticles (Akiyoshi et al. 1998).

In another study, Gupta et al. found a methodology for the delivery of encapsu-
lated nucleic acids (~ 50 nm) and genes in pullulan hydrogel nanoparticles. The
methodology may be useful in personalized cancer treatments with sequenced
genomes and defined targets (Gupta and Gupta 2004).

3.2 Chitosan

Chitosan is the main component of crustaceans such as crabs, shrimps, lobsters, and
shrimp in chitin form that can be converted to chitosan by alkaline deacetylation.
Chitosan is a highly biodegradable and biocompatible biomaterial, with great
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potential for use in pharmaceutical applications such as high drug encapsulation,
non-toxicity, and bioadhesion.

Chitosan can electrostatically connect to a negatively charged protein or plasmid
DNA to produce polymer composites that protect protein and DNA from degrada-
tion, making it a good adjuvant or carrier. Chitosan also has strong adsorption,
permeability, and moisture retention properties (Kumar 2000).

Chitosan nanoparticles were generally synthesized by ionotropic gelation of
chitosan bound to tripolyphosphate. This process involves adding an alkaline tri-
polyphosphate solution (pH ~ 8) to an acidic chitosan solution. Mixing these
solutions results in the direct formation of cationic chitosan nanoparticles
(300–400 nm). The drug-loaded chitosan nanoparticles can be prepared by mixing
the drug with tripolyphosphate solution and then adding the mixture to the chitosan
solution with continuous stirring. The characteristic bioadhesion properties of
chitosan allow for greater absorption of the drug from the gut through the epithelial
layer.

The blood–brain barrier permeability of drug-loaded chitosan nanoparticles
through intranasal administration was also studied and a significant amount of the
drug was detected in the CNS. Moreover, delivery of peptide, dopamine, and caspase
inhibitors via the blood–brain barrier has been observed following systemic admin-
istration by using chitosan nanoparticles. These results suggest that brain cancer
patients may benefit from incorporating anti-cancer drugs into chitosan nanoparticles
(Bugnicourt and Ladavière 2016).

3.3 Alginate

Alginate-based nanoparticles are another type of nanomaterials. Alginic acid is a
negatively charged material consisting of α-l-glucuronic acid and β-d-mannuronic
acid. Alginate is a biocompatible and gel-forming agent in the presence of divalent
cations such as calcium ions and shows low toxicity, biocompatibility, and relatively
low cost. Moreover, alginate nanoparticles can be prepared with sodium alginate in
methylcellulose cross-linked with glutaraldehyde (Augst et al. 2006). Gelation under
gentle conditions allows encapsulation and release of the sensitive bioactive drug
molecule. Research on alginate has been focused on the development and applica-
tion of alginate particles, which is one of the most commonly used polymers for the
formation of hydrogel particles. For instance, various antimicrobial drugs were
incorporated in the alginate nanoparticle formulation and showed that the bioavail-
ability of the drugs in alginate nanoparticles was increased in comparison to free
drugs (Koutsopoulos 2012; Paques et al. 2014).

3.4 Cellulose

Cellulose is found in wood, plants, marine animals, algae, and bacteria and is the
most abundant natural resource on the planet. Acid hydrolysis, enzyme treatment,
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mechanical disintegration, and chemical reactions can all be used to make cellulose
nanoparticles. Moreover, nanoprecipitation methods can be used for the preparation
of cellulose nanoparticles (Li et al. 2015). There has been great interest in cellulose
nanoparticles for various uses such as in cosmetics, foods, electronics, and drug
delivery systems because of their unique properties. Nevertheless, studies on the
preparation of cellulose nanoparticles are rare as compared to chitosan, alginate, and
dextran nanoparticles. Cellulose nanoparticles can be prepared by hydrolysis of
cellulose with concentrated sulfuric acid with a particle size around 100 nm. How-
ever, sulfuric acid is a very corrosive reagent, and therefore it is important to use
special reactors, which are not suitable for large-scale production of these nano-
particles. Moreover, the size of the particles cannot be precisely controlled by this
method (Chin et al. 2018).

3.5 Starch

Starch is a biomaterial with an anhydrous glucose unit that is usually accumulated in
the unique and independent granules. Starch nanoparticles can be prepared using
acid hydrolysis and enzyme hydrolysis. These nanoparticles show crystalline prop-
erties with renewability and biodegradability. Starch has a wide application in drug
delivery owing to its distinctive physiochemical and functional properties. This
biomaterial can be isolated from natural sources and generally used as a controlled
drug delivery system and for bone repair and replacement. The surface area of starch
microspheres increases, the adsorption capacity of functional groups increases, the
adsorption equilibrium time decreases, and the slow release effect and colloid
stability become more obvious (Morán et al. 2013; Kim et al. 2015; Han et al. 2018).

3.6 Self-Assembling Peptides

Self-assembly is universal in nature and defines the spontaneous organization of
various distinct units into exact structures. Molecular self-assembly can be explained
by association of peptides through non-covalent linkage. Separately, these interac-
tions are weak; however, their enormous amounts will control the structural and
conformational behavior of the assembly (Kyle et al. 2009).

Peptide hydrogels are ideal for use in nanomedical applications as they are easy to
use, non-toxic, non-immunogenic, non-thrombogenic, biodegradable, and can be
applied to localized treatments by injection into a specific tissue. The incorporation
of a group of some peptides consisting of hydrophobic and hydrophilic amino acids
into electrolyte solution results in the spontaneous formation of 10–20 nm diameter
nanofibers. The scaffolds of self-assembling peptide scaffolds are biocompatible,
and they can be used for different applications such as tissue engineering applica-
tions including bone-cartilage reconstruction, heart tissue regeneration, and angio-
genesis due to their coherent molecular design (Rajagopal and Schneider 2004).
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These nanofibers combine to form highly hydrated hydrogels with 5–200 nm pore
sizes. In addition to their conventional hydrogel properties, peptide hydrogel offers
high safety properties as it does not contain toxic chemicals (solvents, cross-linkers)
and its degradation products are natural amino acids.

Peptide nanofibers, hydrogels, drug molecules like growth factors, and anti-
bodies can be used for the delivery of proteins with therapeutic properties. This
drug delivery is intravenous since transition from gel to liquid occurs during the
interaction of peptide solution with biological fluids containing the electrolytes.
The release pattern of self-assembling peptides can be changed from days to
months depending on the size of the protein or drug compound of any peptide
concentration that characterizes the peptide nanofiber density of the hydrogel
(Kyle et al. 2009).

3.7 Inorganic Nanobiomaterials

Inorganic materials, as well as metal, silica, and carbon-based materials, have been
developed and used in various fields such as energy, technology, and medicine.
However, not all inorganic materials can be employed in drug delivery applications
since most of them have poor biocompatibility, insufficient drug loading, excessive
toxicity, and unpredictable breakdown kinetics. Only silica, carbon, a few metal
oxides, metal -organic framework (MOF), and hydroxyapatite have previously been
employed as drug delivery methods (Zou et al. 2021).

Inorganic biomaterials are generally used for bone applications, for example,
osteomyelitis. Osteomyelitis treatment requires removal of unhealthy bone tissue
and application of antibiotics to eliminate any infection caused by bacteria. Intra-
venous or other drug administration routes may not be effective due to chronic
ischemia of necrotic bone and soft tissue. Hence, to achieve the wanted anti-
bacterial effect, it is important to provide a relatively high dose of antibiotics
without toxic side effects for a long time. A localized controlled drug delivery
device is advantageous because it reduces the systemic toxicity and adverse effects
of parenteral antibiotics while also increasing efficiency by delivering higher
medication dosages to infected tissue (Zhou and Lee 2011; Koutsopoulos 2012;
Alizadeh-Osgouei et al. 2019). The antibacterial activity control of the antibiotic-
loaded hydroxyapatite-based drug delivery system prepared for this purpose is
shown in Fig. 24.2.

Hydroxyapatite-based drug delivery systems were formulated in order to treat
bone diseases, and biomaterial was formulated to suit the size and shape of the
diseased bone tissue in specific diseases. Likewise, hydroxyapatite-based drug
delivery systems were loaded with several drugs for infections or to increase bone
tissue regeneration. The selection of hydroxyapatite for many dental and orthopedic
applications was due to this inorganic material being one of the components of bones
and teeth, and hydroxyapatite is the most thermodynamically stable phase in a
precipitating solution of calcium phosphates (Zhou and Lee 2011; Koutsopoulos
2012; Alizadeh-Osgouei et al. 2019).
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4 Applications in Nanomedicine and Drug Delivery

Nanobiomaterials are currently in the growth phase in terms of both product variety
and number, and in the field of nanomedicine and drug delivery more recently. Most
of the patents of these materials in nanomedicine belong to the drug delivery
systems. Common applications of nanomaterials are given below.

4.1 Topical Applications

Apart from cosmeceuticals, sunscreens, shampoos, toothpastes, medical diagnostic
devices, topical epidermal/transdermal drugs, and parenteral drugs applied under the
skin are included in this field. Our knowledge about the safety of nanomaterials
released into the environment through these products is limited. In terms of derma-
tological applications, nanobiotechnological tools can be evaluated in three broad
groups: drug delivery systems, diagnostic devices (sensors), and therapeutic devices.

The skin, which is the largest organ of the body, allows many local and parenteral
applications. Control of the shape and size of the nanomaterials allows them to be
used for human diagnosis and/or therapeutics. For human use (although veterinary
practice should not be ignored), it is important to use biologically acceptable
materials.

Topical formulations can be used to treat a problem, and to improve treatment,
smoothness, softness, stickiness, congestion, and skin hydration. To increase the
bioavailability and residence time of the drug, various approaches have been devel-
oped to address nanotechnology aspects of absorption or penetration. The main

Fig. 24.2 Hydroxyapatite-
based drug delivery system
loaded with antibiotics of
antibacterial activity
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advantages of using and incorporating nanocarriers are related to the capacities of
conventional formulations (Elzoghby et al. 2012b).

Encapsulating or incorporating water-soluble molecules, the preservation of
drugs results from chemical and physical degradation and provides a controlled
release, avoiding repeated administration and providing greater patient compliance
(Kamaly et al. 2016).

The most commonly applied nanobiomaterials for topical applications are lipo-
somes, solid lipid nanoparticles, nanoemulsions, polymeric nanoparticles,
hydrogels, and microneedles (Severino et al. 2016).

One aim is to use nanosensors at cellular or subcellular level diagnostically (Pelaz
et al. 2017). For this purpose, the use of nanotechnological chips has been proposed.
These chips can be designed to analyze DNA, proteins, or immunoassays. Nano-
particles (NP) can also be shaped as follower devices beyond being just detectors, by
attaching to stem cells, bacteria and viruses, and normal and malignant cells. Such a
follow-up may even reveal malignant transformation. The blockade of this activation
may allow the development of a new treatment modality.

Due to the nanoscale of the tools used, even single cell behaviors and molecular
pathways can be studied in detail, which can allow important developments in basic
sciences. Probes used prior to nanotechnology were too large to allow direct
observation without significant changes in these chemical processes. An important
method that has been used is gold NPs. These particles can be attached to DNA up to
10 nm in size. The easy recognition of gold allows millions of different DNA
sequences to be followed at the same time (Hung et al. 2010).

Quantum dots are inorganic fluorides (chemical compounds that reflect light and
fluorescence upon excitation), and due to their size, they can enter cells or attach to
the surface without affecting normal cellular processes. By attaching CNs to normal
and tumoral cells, it is possible to reveal the physiology of both types of cells and to
detect the differences in their processes. Quantum dots can also be used for real-time
detection of viruses and bacteria (Zhang et al. 2008). This may be of great impor-
tance for rapid diagnosis, especially in patients who require immediate treatment
selection. Another possible use could be in bioterrorism, where small amounts of
toxin need to be detected.

Apart from these uses, NPs can provide precise determination of intracellular and
extracellular ions (Na, K, Cl, and Ca), oxygen, OH radicals, and even singlet oxygen
level. Various options are available to create NPs of different shapes, sizes, and
materials that can affect organic processes. Today, most of the oncological research
aims to generate NPs that can bind to cells and specific receptors in specific regions.
In most of these initiatives, the main target is the direct transfer of pharmaceutical
agents such as chemotherapeutics to the malignant target tissue. The aim is to ensure
high efficiency at the targeted point while protecting the surrounding tissue. In
addition to malignant cells, premalin cells and abnormal pathways expressing
abnormal proteins can also be identified and targeted in this way. Gold NPs can be
heated with light energy to create the effect of tumoricidal hyperthermia (Jiménez-
Jiménez et al. 2020).
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As nanotechnology progresses, nanobots can be made that can display the
abnormality, detect it, and then correct it. For this, a feedback line is needed to
complete the required treatment process. In terms of the created module, it is possible
to eliminate malignancy and infections and develop a regenerative medical process
with nano-sized particles. It is a natural result to use NPs as photosensitizers.
Photosensitizers used as IV cannot travel very far before the body detects and
attaches to them. Binding usually occurs with albumin or low-density lipoprotein.
The NP-protein complex is either phagosylated by macrophages or these NP-protein
complexes continue their journey in the blood. In most commercial products thera-
peutics are encapsulated in lipoproteins, primarily very low-density lipoprotein.
Since fats and proteins are required for the high metabolic activities of malignant
cells and normal cells with rapid turn-over, this encapsulation process is a rational
way to target these regions (Senapathy et al. 2020).

4.2 Ophthalmic Applications

The eye is one of the most isolated organs within the body. Numerous barriers such
as the cornea, blood–aqueous barrier, blood–retina barrier, and physiological clear-
ance mechanisms such as the blinking reflex and the nasolacrimal drainage system
limit the entry of foreign materials into the eye. Nanobiomaterials, especially
hydrogels, are used as drug delivery systems to various segments of the eye.
Moreover, these systems were formulated to enhance bioavailability of drugs,
which is low in many conventional ophthalmic formulations. Invasive methods for
ocular drug delivery can increase the bioavailability of drugs; however, intravitreal
injection may lead to side effects such as vision loss. To avoid side effects, ophthal-
mic drug delivery systems should control the drug release to establish an ideal drug
concentration over a prolonged period of time and target the drug to a specific tissue
and offer patient-friendly applications.

Several polysaccharide nanobiomaterials-based systems have been studied for the
treatment of ocular diseases. For instance, cyclosporine A-loaded chitosan nano-
particles have been prepared and it was revealed that the nanoparticles showed
promising results in the treatment of dry eye syndrome and conjunctivitis. Chitosan
is one of the most suitable polymers for ocular diseases as it is hydrophilic and
biodegradable. Moreover, chitosan enhances permeation from the ocular barrier and
improves bioavailability.

Because of the small sizes of nanobiomaterial carriers, vitreous barrier perme-
ability of drugs is highly increased, which results in an increase in the rate of drug
administration to rear tissues.

Depending upon the bioadhesive characteristics shown by various types of
nanoparticles used in nano drug carriers, retention of drug delivery systems in
targeted tissues can be significantly prolonged. Nano drug delivery systems devel-
oped using nanobiomaterials can be applied as eye drops that require fewer repeated
applications because of the greater retention of drugs in the eye, reducing the
application cost and improving patient compliance. However, several types of
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drug delivery systems cannot be applied as ophthalmic delivery systems because the
particle size of ocular drug delivery systems must be smaller than 10 μm to prevent
scratching of the eye and vision treatment (Zimmer and Kreuter 1995; Liu et al.
2012). Various nanobiomaterial-based ophthalmic drug delivery systems are listed
below.

Micellar drug delivery systems are self-assembled nanoparticles from different
types of materials which are generally used for the encapsulation of water-insoluble
drugs. Micellar drug delivery systems can be produced by the self-assembly method,
which includes nanoprecipitation, dialysis, or emulsion.

Micelles have been studied for enhancing the ocular permeability of various
drugs and it has been shown that the permeability of drugs was improved compared
to drugs in solution form. Studies show that micellar drug delivery systems have
potential not only in increasing the stability by encapsulation of drugs, but also in
enhancing the drug permeability through different ocular barriers (Liu et al. 2012).

Moreover, biodegradable and biocompatible biomaterials are preferred to avoid
adverse effects of the micellar drug carriers on physiological systems. The chitosan-
based amphiphilic copolymer synthesized by Qu et al., quaternary ammonium-
almitoyl glycol chitosan (GCPQ) micellar nanoparticles, showed up to 20–200
times higher encapsulation of hydrophobic drugs compared to Pluronic block
copolymers. Also it was shown that after ocular administration of GCPQ loaded
with prednisolone, the bioavailability of prednisolone increased ten-fold compared
to an emulsion formulation of prednisolone (Qu et al. 2006). Hydrogel colloids are
defined as water-soluble networks protecting 3D structures despite absorbing more
than 20% of their weight. As hydrogels can be produced from any hydrophilic
material, the chemical and physical characteristics of hydrogels can be tailored by
changing the porosity of polymer hydrogel networks in matrices, by changing the
cross-link density, or by using external stimulants such as pH or temperature to
control the diffusion of drugs within the matrix.

Chitosan was studied for a wide variety of applications because of biocompatible,
biodegradable, bioadhesive, and non-toxic characteristics. As a result of sustaining
the release of the delivery system in mucin layer and also further increasing the
duration of drug activity, the mucoadhesion is essential for ophthalmic drug delivery
systems. The release of a drug from the biomaterial-based drug delivery system is
dependent on the chitosan content in prepared hydrogels. Moreover, in situ gelling
systems were also prepared by addition of different polymers to chitosan gel
systems. Subsequently, because of application to the physiological environment,
the solution undertakes gelation to form a hydrogel in which the drug is trapped and
slowly released through the gel by diffusion. Lipid chitosan complex was also
studied for enhancement of cellular uptake in the pre-corneal sections. The higher
cellular uptake conjunctiva showed that the prepared nanoparticles primarily trapped
by the mucus layer and permeation occur through the conjunctival cells. However,
studies showed that precipitate can occur in chitosan particles which is close to
physiological pH. A modified version of chitosan can be used to solve the sedimen-
tation problem (Diebold et al. 2007).
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An increase in the rate of absorption into the ocular cavity through corneal
membranes and therapeutic superiority of topical application of nanomaterial/drug
complexes targeting the posterior segments of the eye in comparison with intravitreal
or periocular injection has not been proven to date. However, owing to the nature of
the eye, it is expected that nanomaterial-based drug delivery systems can be used to
overcome the major problems caused by the ocular barriers. Although the biocom-
patibility and biodegradability of nanobiomaterials studies have shown that the
prepared nanoparticles do not show irritation or inflammation in the target zone,
the long-term stability and effect of these nanomaterials must be analyzed both in the
ocular zone and systemic circulation (Zimmer and Kreuter 1995; Liu et al. 2012).

4.3 Orthopedic Applications

There is a significant interest in orthopedic drug delivery and bone regeneration
since these are linked to increased life expectancy. Consequently, studies on bone-
related medical treatments and drug delivery systems are increasing. The main
purpose of orthopedic research is the selection of the optimum biomaterial which
supports cell and tissue growth (Christenson et al. 2007).

Tissue engineering is a promising alternative for regenerating damaged organs,
and the success of orthopedic bone implants depends on the biomaterials used.
Various synthetic structures were originally prepared to impart bulk properties to
the structure, such as sufficient mechanical strength and bearing properties for cell
infiltration and tissue organization. While some of these materials closely resemble
the characteristics of bone tissue, the structures failed before complete healing
occurred. The achievement of successful therapy depends on both the material of
the orthopedic implant and the tissue surrounding it. Insufficient tissue regeneration
around the biomaterials due to poor surface interaction with tissue causes implanta-
tion failure.

Nanoscale protein interactions in natural tissues play a crucial role in controlling
cell functions such as proliferation, extracellular matrix production, and migration.
Protein adsorption properties depend on the surface properties (roughness, load,
chemistry, wettability) of the implanted biomaterials. The particle size of the material
affects the relevant protein interactions and surface properties. Studies showed that
nanoscaled materials can enhance the adsorption of proteins. In addition, the func-
tion of osteoblasts was increased with nanobiomaterials such as fibronectin,
vitronectin, laminin, and collagen compared with micron-sized materials.

The extracellular matrix of bone consists of the inorganic biomaterial calcium
phosphate, which is similar to hydroxyapatite. As a natural inorganic-based bioma-
terial, calcium phosphate ceramics show good biocompatibility and they are capable
of bonding with the bone. However, their insufficient mechanical properties make
them less important for orthopedic use. Hence, calcium phosphate is generally used
for coating of metallic implants. Various techniques for preparing calcium phosphate
coatings on metals are available, such as plasma sputtering, biomimetic deposition,
laser deposition, ion beam deposition, radiofrequency magnetron sputtering

532 E. M. Zanbak Çotaoğlu et al.



deposition, and electrostatic sputtering deposition. However, the most common
technique for preparation of calcium phosphate-coated materials for orthopedic
and dental use is plasma sputtering. Interestingly, calcium phosphate coatings can
be combined with active substances. By using this property, the coating also
increases the activity of biomaterial and decreases the infection risk caused by
bacteria (Christenson et al. 2007; Szurkowska et al. 2018).

Another coating technique, electrostatic sputtering deposition, helps calcium
phosphate to increase the interaction with proteins due to its porous nature. The
interaction between proteins and cell receptors increases cell behavior. Moreover, the
higher surface area improves the drug delivery potential of calcium phosphate
coatings, and the particles can be prepared by electrostatic sputtering deposition.

Other than calcium phosphate, alumina, titania, and hydroxyapatite-based
ceramics were also evaluated for their adhesion behaviors. It was revealed that
nano-sized particles show higher adhesion with osteoblasts when compared with
conventional (micron grain-sized) ceramic formulations. Moreover, enhanced oste-
oblast functions were found with ceramic particles at sizes below 60 nm
(Christenson et al. 2007).

Another design parameter regarding orthopedic nanomaterials is the particle
aspect ratio. Combined substrates formulated from nanofibrous alumina (diameter:
2 nm, length >50 nm) showed a significant increase in osteoblast function in vitro
compared to similar alumina substrates formulated from nanospheric particles (Price
et al. 2003).

Nanophase metals and polymers are another type of nanomaterial which supports
the functions of ceramics on bone cells. Additionally, bone cell adhesion can be
enhanced using nanophase materials. Research has shown that nanophase materials
such as selenium improved the osteoblast functions when compared with traditional
biomaterial. Due to selenium having an anti-cancer effect, it was found that the
prepared nanophase material can also be used for implants in the treatment of bone
cancer.

Along with the hydroxyapatite-collagen biomaterials, nanocomposite bone sub-
stitutes can be used for the replacement of bone due to the fact that this biomaterial
can mimic natural bone in composition and structure. Hydroxyapatite can facilitate
higher osteoconduction and related functions, and these functions can be enhanced
using hydroxyapatite in nano-sized rather than conventional material. Nevertheless,
hydroxyapatite is a non-osteoinductive material and shows slow biodegradation
properties. The disadvantages of hydroxyapatite can be overcome by combining it
with collagen. Collagen is a biodegradable biomaterial that can be used to osteoblast
cellular systems. The biomaterial can support cellular adhesion and proliferation in
prepared nanomaterial systems (Kikuchi et al. 2001).

Nanofiber matrices show incredible potential as tissue engineering scaffolds for
bone regeneration. They are mainly suitable to use as bone scaffolds because of their
continuous structure. After administration, nanofibers promote a biomimetic envi-
ronment and the matrix affects the interaction of surrounding cells. Nanofibers also
show morphological properties which are similar to the extracellular matrix. It has

24 Nanobiomaterials: Applications in Nanomedicine and Drug Delivery 533



been shown that nanofiber scaffolds can support the osteogenic differentiation of
mesenchymal stem cells (Christenson et al. 2007).

4.4 Dental Applications

The oral cavity is one of the gateways to the biological system. In this region many
different bacteria can occur, and the existence of bacteria can lead to various dental
diseases. Various biomaterials have been used to treat these diseases; however,
treatment efficiency is dependent on the materials used. To improve treatment
efficiency, nanoparticles can be used either directly or by incorporating into mate-
rials. The unique characteristics of biomaterials such as (i) improved stability in
biological environment, (ii) ease of preparation even at large scales, and (iii)
controlled release of the active substance of nanoparticles make them an ideal
vehicle for dental applications (Elizabeth et al. 2019).

Nanomaterials have been used for carrying drugs in the treatment of dental
disorders such as in restoration of tooth decay, remineralization of teeth, and treating
infections in the oral cavity. For this purpose, various types of nanomaterials
including nanocrystals, nanocomposites, and nanocapsules have been used. For
instance, inorganic biomaterial substituted with hydroxyapatite can be used to
increase dentin sensitivity and inhibition of tooth decay.

Administration of nanobiomaterials in nanocrystal form is another type of
approach in dentistry. Prepared nanoparticles can be formulated as solutions, sus-
pensions, gels, oils, and solid dosage forms. Nanocrystals improve the effect of
drugs due to their small sizes, which increases the penetration of drugs into dentinal
tubules.

Metal nanoparticles are commonly used as dental material both as pure metal and
in a compound form. Silver nanoparticles are used in dental implants, cements,
intraoral devices, and drug formulations due to their antimicrobial effects. Metal
oxide particles have significant dental effects. Joy et al. reported the antibacterial
activity of zinc oxide nano-sized particles added in a resin-based formulation with
10% w/w via the reduction of biofilm growth or accumulation of plaque. The other
effects attributed to the metallic nanoparticles are the provision of aesthetically
appealing surface appearance, increased power and low polymerization shrinkage,
as well as anti-plaque and anti-odor effects.

Silica nanoparticles are widely used in dentistry, especially in toothpastes. Prin-
cipally, these biomaterials are non-toxic and non-irritating in oral usage. Silica can
increase the surface hardness and rheological behavior of formulations. Moreover,
the material shows better fixation of dental prostheses in nanoparticle form.

Periodontal diseases are the most common disorders for which nanoparticles are
used in dentistry. In these diseases. Periodontal disease is a term describing the
pathologic condition which is explained by the degeneration and inflammation of the
tissues, periodontal ligament, alveolar bone, and dental cement surrounding and
supporting the teeth. The purpose of periodontal disease treatment is to inhibit
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re-infection of the treatment region by periodontopathic microorganisms, and there-
fore to remove bacteria or dental plaque on the tooth surface with adequate oral
hygiene and mechanical treatment to protect the tooth. Periodontal infections can be
managed by local or systemic application of various antibiotics. However, several
side effects such as microbial resistance, depression, and tachycardia can be
observed, and after systemic drug administration, therapeutic concentrations can
be observed for only a short period. Thus, repeated doses are required to extend the
therapeutic drug concentration. Conversely, the use of local antibacterial and anti-
microbial drugs applied to the infected area can be advantageous in eradicating
bacteria, therefore improving the effectiveness of conventional surgical treatment
without the unwanted effects of systemically applied drugs. In addition to antimi-
crobial therapy, a regenerative therapy may be used to restore the damaged structures
caused by periodontal diseases. Bone grafts, cements, or tissue regeneration can be
used for regenerative therapy. Moreover, fibroblast growth factor, stem cell therapy,
and photodynamic therapy can be used both in nanoparticle form and as conven-
tional therapy (Elizabeth et al. 2019; Subramani and Ahmed 2013; Mirsasaani et al.
2012).

Owing to progress in biotechnology, it is possible to use growth factors and other
peptide and gene therapies in wound healing and tissue regeneration. Chen et al.
concluded that the drug delivery systems loaded with Growth Factors (GFs) should
adequately increase the retention time of the drug in the treatment area to provide
permission to tissue regenerating cells to emigrate to the injury site and change or
eliminate the bioactivity loss. Moreover, characteristics such as easy application,
targeted application, controlled release kinetics, and enhancement of cell/tissue
permeability are desired (Chen et al. 2009).

Compared to microparticles, nanoparticles have certain benefits such as the
penetration ability to the intracellular and extracellular domains, including periodon-
tal pocket areas which are not reached by the other transmission systems due to their
small size. Nanoparticle administration to the periodontal region maintains the
effective drug release rate by providing an effective accumulation of active agents
in the target area for a long time. Moreover, the stability of nanoparticles is better
than conventional dosage forms in biological fluids (Elizabeth et al. 2019).

This shows that nanomaterial drug delivery can offer new approaches in preven-
tive drug therapy in dentistry, especially in the treatment of bacterial biofilms and in
eliminating tooth decay. A proteinaceous surface coating, a film called pellicle, is
formed as a result of the exposure to oral fluids. Bacteria adhere to the pellicle and be
colonized the surface of the teeth, then produce dental plaque. Plaque formation is
described by bacterial interactions and progressively different bacterial populations.
Biofilm formation can be reduced by anti-adhesive surface coatings. Moreover,
abrasion-resistant nanocomposite surface coatings were produced and applied to
the tooth surface to inhibit the pathogenic consequences of biofilm formation. The
fluoro-polymer matrix loaded with inorganic nanoparticles also shows easy-to-clean
surface properties which can be used in the protection of biofilm formation
(Mirsasaani et al. 2012).
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4.5 Wound Healing and Tissue Engineering Applications

Progress in material sciences revealed the use of new nanobiomaterials in wound
healing and in special wound care. Soft nanotechnology, including the hydrogel
scaffold and drug delivery systems, has been instrumental in wound management,
complementing physicobiochemical and mechanical considerations (Singh et al.
2018).

Implantable tissues have been developed that are used in tissue engineering, in
humans (e.g., skin and cartilage) or in clinical trials (e.g., bladder and blood vessels).
Tissue engineering is based on the principle that cells seeded or harvested on three-
dimensional biocompatible scaffolds can reassemble into functional structures
resembling natural tissues (Shi et al. 2010).

The dimensional benefits of nanoparticles provide the chance to adapt to
systemic circulation and permeation across cell membranes, and they concentrate
and accumulate within the cytoplasm. They provide continuous drug release in
target areas and can be stored for a longer time in the systemic circulation. The
most important feature of nanomaterials for drug delivery originates from the
easy and reliable surface modifications for specific tissue/organ targeting (Singh
et al. 2018).

One of the most important advantages of nanomaterials is high surface/volume
ratio. They can cover a large applied surface area. This feature offers a distinctive
opportunity for the surface treatment process where a minimal amount of a drug is
needed to cover a large area.

As extracellular matrix formation is the main route in morphogenesis, wound
healing, growth, and fibrosis, it is essential to take into consideration extracellular
matrix morphology and function when evaluating the design of nanobiomaterials for
wound healing and restorative tissue management. Moreover, extracellular matrix-
mediated cell signaling aids in the retention of different bioactive molecules such as
fibrous proteins, Glycosaminoglycans (GAGs), growth factors, and cytokines, which
are essential stages in tissue remodeling at wound sites.

Nano-hydrogels have been developed for wound healing and tissue repair.
Nanobiomaterial-based hydrogels are hydrophilic and swallowable materials
such as alginate, chitosan, agarose, chitosan, and fibrin. Designed hydrogels
require a flexible material simulating the extracellular matrix (ECM). Such
hydrated hydrophilic polymer networks often contain pores and void regions
between the polymer chains, which can be conducive to improved supply of
nutrients and oxygen for the cells. Hydrogels are designed for occlusive dressing,
cartilage repair, injectable cellular scaffold, spinal cord injury axonal regenera-
tion, and brain surgery for tissue sealants. The new strategy could be the design of
a hydrogel-based bio-scaffold containing fibronectin functional domains and
hyaluronan for tissue repair. Fibronectin containing hydrogel matrix helps in
situ fibroblast migration, an important step for tissue generation for remodeling
damaged tissue, as it is a tremendous environment to promote wound healing by
binding with platelet-derived growth factors (Schwall and Banerjee 2009; Shi
et al. 2010).
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5 Conclusion

Up until now, there have been many studies showing that natural biomaterials are
used as drug delivery systems. However, there are still some issues that must be
solved. Primarily, a major portion of these studies are only formulation studies, or
only in vitro results were evaluated. In addition, organic nanobiomaterials obtained
from natural sources were used in many studies and the variation in the origin of the
material was ignored. This situation can be overcome by using standardized recom-
binant nanobiomaterials for the drug delivery system instead of natural origin bio-
materials with different variations. Peptide drugs can show low bioavailability and
metabolic liability. Moreover, after oral administration, peptides degrade in the
gastrointestinal tract. These drawbacks can be overcome by formulating these
drugs into nanobiomaterial-based carriers. The prepared biomaterials sustain the
drug release, which can be beneficial in several diseases. However, especially in
treatments where sudden drug release is required, it is impossible to use these types
of drug release systems. Therefore, in future, more studies should look at the suitable
manufacture of biopolymers to achieve the desired type of drug release.
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Abstract

The new functional nanomaterials and analytical technologies offer significant
advancements for the clinical diagnosis of several biomarkers targeting dis-
eases. Nanostructured metals have superior properties that provide extensive
applicability in sensing configurations. Metal nanoparticles exhibit excellent
physical and chemical properties by increasing detection sensitivities. Apply-
ing these nanoparticles in electrochemical sensing in place of conventional
technologies has led to significant developments. Unique properties of metal
nanoparticles, such as extremely high electrical conductivity, increased sur-
face area, high electron mobility, small size (sufficient to interact with
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biological molecules), and stability, make them suitable for detecting bio-
markers. Many promising metal nanoparticles, such as gold (Au), silver
(Ag), platinum (Pt), palladium (Pd), and copper (Cu) and their bimetallic
nanocomposites, have been extensively used for diagnostics purposes and
targeted delivery. Electrochemical techniques with a high performance of the
metal nanoparticles have an essential role in biomarker detection for accurate
sample analysis. The design of a metal nanoparticle decorated electrochemical
platform is required to diagnose serious diseases such as cancer, coronary
disease, neurological disorders, and obesity. The benefits of the metal nano-
particle modified systems such as cost-effectiveness, simplicity, high selectiv-
ity, easy preparation process, real-time monitoring, and simultaneous sensing
capability of the critical biomarkers provide a crucial role in fabricating new
electrochemical sensing strategies. These strategies include biology, biochem-
istry, chemistry, electrics-electronics, pharmaceutical sciences, material sci-
ence, and medicine.

Keywords

Electrochemical · Determination · Biomarker · Gold · Silver · Platinum

1 Introduction

Biomarkers are proteins found in body fluids or tissues that reflect the normal or
abnormal activity of the organism (Rezaei et al. 2016). Biomarkers are produced
directly by tumor tissue or embryonic tissue. A biomarker is a property that is
determined and considered as a result of normal biological processes, pathogenic
processes, or a pharmaceutical response to therapeutic intervention, according to
the National Institutes of Health (Li et al. 2012). Biomarkers can be a particular
molecule or cell, genes, gene products, hormones, or enzymes (Chandra 2013).
Biomarkers can be measured in biological media, tissues, cells, or fluids by using
different techniques enzyme-linked immunosorbent assay (ELISA) (Arya and
Estrela 2018), immunosensors (Mahato et al. 2018), etc. The emergence of bio-
markers in body fluids or tissues and changes in their concentrations indicate that
they are symptoms of many diseases. For these reasons, measurable biomarkers are
a significant advantage in minimizing the screening cost and increasing their
usefulness (Li et al. 2012). Nanoscale materials can be classified according to
their structures, such as tubes, wires, crystals, rods, thin films, and particles. In
recent years, interest in studies using nanomaterials has increased. The remarkable
chemical and physical (structural, magnetici optical, and electronic) properties of
nanoparticles have gained considerable attention. Structures are nanoscale mate-
rials classified according to tubes, wires, crystals, rods, thin films, and particles
(Sajid 2022).
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Materials with an average diameter of <100 nm are called nanostructures. These
structures can be polymers (Shanbhag et al. 2021), particles (Hua et al. 2021), tubes
(Onyancha et al. 2021), rods (Ferhan et al. 2021), etc. As a large part of nanotech-
nology, nanoparticles are widely used in chemistry, biology, physics, and many other
areas (Datta et al. 2014). The properties of nanoparticles generally depend on their
shape, size, stabilizing chemicals, and controlled preparation conditions. Nano-
particles are the subject of intense research studies as they provide good analytics
such as reliability, selectivity, sensitivity, low cost, ease of use, and fabrication
(Merkoçi 2013). In addition to these, it is frequently researched due to its imaging,
sensing, and optical properties. Nanoparticles have an essential property, such as
surface area/volume ratio, which allows them to interact easily with other particles.
This high surface area/volume ratio accelerates diffusion in nanoparticles. Metallic
nanoparticles have been more interesting in various industrial applications than bulk
metals due to their different physical and chemical properties.

2 Metal Nanoparticles

Metals are substances that have a unique shine, have a high tendency to form cations,
and are good conductors of heat and electricity. Moreover, metals can be formed into
wire and sheets and have high melting and boiling points. Metals combine with
oxygen to form basic oxides.

Studies on nanosized materials have made significant progress in recent years to
become an important field. Materials are defined as nanosized structures; nano-
particles are divided into different classes such as nanotubes, nanocrystals, nanorods,
nanowires, or nano-thin films. The main reason for the studies on this area is that the
items show unusual functionality and properties between specific dimensions, unlike
their volumetric structures (Merkoçi 2013). Metal nanoparticles have opened up a
new field of terminology among nanoparticles in recent years. Many metals are used
to synthesize nanoparticles and are called metal nanoparticles. The dimensions of
metal nanoparticles are below 100 nm.

Metal nanoparticles have many uses in biomedical applications (Fig. 25.1).
Synthesis techniques for most metal nanoparticles are constantly evolving, resulting
in improvements in size and shape. Synthesis techniques for most metal nano-
particles are continually changing, resulting in improvements in size and shape.
Metal nanoparticles allow direct electron transfer and thus without the need for
electron transfer mediators for electrochemical sensing (Liu et al. 2003; Yáñez-
Sedeño and Pingarrón 2005).

2.1 Synthesis Methods of Metal Nanoparticles

The synthesis of metal nanoparticles depends on the melting and boiling point of the
metal to be used physical and chemical properties such as reactivity with acids,
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bases, and oxygen (Shnoudeh et al. 2019). Many different chemical and physical
methods strategies have been proposed for metal nanoparticles in the literature.
However, when classified in general, metal nanoparticles can be evaluated into
two main classes: bottom-up methods and top-down methods. The main difference
between the two methods is the starting material of the metal nanoparticles.
Top-down methods use bulk material as starting material, while bottom-up methods
use atoms and molecules (Fig. 25.2).

In top-down methods, the bulk material is converted into small nanosized
materials. These methods are based on the preparation of metal nanoparticles,
reducing the size of the starting material using different chemical and physical
processes. Techniques such as mechanical/ball milling, thermal/laser ablation,
chemical etching, and sputtering are widely used for preparing nanostructures.
Although the top-down methods are easy to implement, it is not suitable for
preparing tiny nanoparticles. Changes in nanoparticles’ physicochemical and
surface chemistry create a significant problem with this method (Meyers et al.
2006).

Bottom-up methods are based on the fact that tiny particles such as atoms and
molecules come together to form nanoparticles. In this method, nanostructured build-
ing blocks of nanoparticles are formed and ultimately combined to produce the

Fig. 25.1 Application areas of metal nanoparticles
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nanoparticle. The bottom-up process can be broadly divided into two classes. These
are the chemical method and the biological method. Chemical/electrochemical pre-
cipitation, atomic/molecular condensation, vapor deposition, sol-gel process, laser,
spray, and aerosol pyrolysis methods are used in chemical ways. In biological
methods, green synthesis from bacteria, plant extracts, fungus, and algae are mainly
selected and applied (Meyers et al. 2006).

After synthesizing metal nanoparticles, the properties (crystal structure, shape,
size, maximum absorbance, etc.) are essential. Various spectroscopic and micro-
scopic techniques are used to characterize the obtained particles. These are
ultraviolet-visible region spectroscopy (UV-vis), Fourier Transform Infrared
Spectroscopy (FT-IR), Scanning Electron Microscope (SEM), Transmission
Electron microscopy (TEM), X-ray diffraction analysis (XRD), Thermo-
gravimetric Analysis (TGA)-(Differential Thermal Analysis) DTA, and zeta
potential analysis.

2.2 Functionalization of Metal Nanoparticles

Due to the rapid increase in research on metal nanoparticles, many applications are
expected. Although some metal particles have superior physical and chemical
properties, generally, they do not have a suitable surface for detecting various
analytes (Ruckenstein and Li 2005). To increase the selectivity and sensitivity of

Fig. 25.2 An overview of the top-down and bottom-up methods
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biosensor, metal nanoparticles should be functionalized to recognize biomolecules
and generate higher signals. Processes for the functionalization of metal nano-
particles can be classified as non-covalent interactions such as specific affinity
interaction, physical adsorption and retention of biomolecules around nanoparticles,
and covalent interaction of biomolecules with functional groups on the nanoparticle
surface. Functionalizing the surface stabilizes the nanoparticles against agglomera-
tion and makes them compatible with other phases. For example, when suitable
molecules are added to the metal, the metal can become water-soluble (Lei and Ju
2012).

2.2.1 Noncovalent Association of Metal Nanoparticles with Biological
Molecules

To increase the sensitivity and specificity of detection, suitable methods must be
selected to functionalize metal nanoparticles with biomolecules. By electrostatic
attraction, van der Waals, or π–π stacking, biological molecules are immobilized to
the metal surface, preventing the destruction of conjugated skeletons and loss of
electronic properties of nanoparticles. It is an alternative method for depositing
macromolecules such as proteins and enzymes on the metal nanoparticle surface.
Another way is to immobilize biocompatible molecules such as nafion solution,
chitosan, functional polymers, and oligonucleotides on the nanoparticle surface.
These methods can generate many electrons during the electrochemical process to
amplify the electrochemical signal and increase the detection sensitivity (Lei and Ju
2012).

2.2.2 Covalent Association of Metal Nanoparticles with Biological
Molecules

The binding of functional molecules to metal nanoparticles should be preferred to
non-specific physisorption in terms of stability and reparability of surface functiona-
lization. The number of functional groups should be controllable by making appro-
priate adjustments during functionalization. These can be accomplished by direct
chemical reaction, bonding chemical reaction, and click chemistry. In the direct
reaction strategy, the functional groups on the nanoparticle surface can be directly
attached to the reactive ligands by a reaction facilitated with the help of catalysts
(Yu et al. 2006). This method is generally used to bind DNA, aptamer, and antibody-
antigen to nanoparticles.

Biochemical functionalization is required in the direct interaction of biomol-
ecules with solid surfaces. A low molar mass is modified to the nanoparticle
surface with the help of functional binders. Thus, nanoparticle surfaces are
activated with low molar mass binders for direct covalent binding to target
molecules. Firstly, the surface is modified with an alkyne or azide; then, this
platform is treated with the biomolecule. This reaction is fast and effective,
forming water-soluble and biocompatible bonds with moderate reaction condi-
tions (aqueous and neutral media). It offers high selectivity, stability, and robust-
ness than other bonding methods.
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3 Specific Affinity Interaction Between Metal Nanoparticles
and Biomolecules

Bioconjugation of targeted ligands with nanoparticles is highly effective due to the
interaction with affinities, strong complementary and specific recognition interac-
tions such as nucleic acid-DNA, antigen-antibody, streptavidin-biotin, aptamer-
protein, lectin-glycan, aptamer-small biomolecule, and hormone. The bond formed
is stronger and more stable than any non-covalent interaction (Ding et al. 2008).

3.1 Electrochemical Detection Principles of Biomarkers Based
on Metal Nanoparticles

Electrochemistry is one of the sub-branches of chemistry, which studies the electrical
behavior of substances by combining studies in electricity and chemistry. For an
electrochemical reaction to occur, a solution containing the substance to be analyzed,
an electrode system in which the substance is chemically transformed, and a
translation system connecting these electrodes are required. The triple electrode
system is used in the experiments in the studies. These are the working electrode,
counter electrode, and reference electrode. GCE, gold electrodes, screen printed
electrodes (SPE), pencil graphite electrodes (PGE) are frequently used as working
electrodes. These electrode surfaces are modified with metal nanoparticles (Au, Ag,
Pt, Pd, Cu, and similar metals) to be applied to samples with different properties,
allowing new production methods and strategies to improve selectivity detection
limits.

When electrochemical methods are examined, they have divided into two classes
solution and interface methods. In the solution method, the electrical conductivity of
the solution is measured. In contrast, the interface methods examine the chemical
and physical transformations between the electrode surface and thin solution layers
(Fazio et al. 2021).

3.2 Gold Nanoparticles

Nanomaterials provide cost-effectiveness, selectivity, and rapid identification in
methods developed for performing clinical diagnoses. AuNPs have stable chemical
structures, low toxicity, and high biocompatibility. AuNPs have simple and reproduc-
ible synthesis methods. They are known to have the properties to interact with light
and resist oxidation. AuNPs increase the selectivity in biosensor applications because
they have a high surface/volume ratio that enables the conjugation of biomolecules. It
has been observed that AuNPs can label many different cell types, such as closed stem
cells and immune cells in chemical diagnosis without harming these types (António
et al. 2021; Hammami et al. 2021). Au nanostructures-based biosensors used for the
diagnosis of biomolecules have been summarized in Table 25.1.
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This section gives studies on biosensors developed using AuNP in clinical
diagnosis.

Ghavati et al. designed an immunosensor for the detection of prostate cancer bio-
markers. The immunosensor platform used for this detection is Au nano-
particles@multiwall carbon nanotubes-graphene quantum dots (AuNPs@MWCNTs-
GQDs). This platform features a signal amplifier. It is stated that this platform is coated
on a GCE surface. The prostate-specific antigen (PSA) was detected using the
AuNPs@MWCNTs-GQDs modified electrode. The designed impedimetric
immunosensor was characterized using TEM, EDS, XRD, FTIR, CV, and EIS
methods. [Fe(CN)6]

3�/4� was used as a redox probe in the immuno-interactions
research using the EIS method. The measurements made for this immunosensor
determined that the impedance increase was in a wide range between 1 pg/mL and
10,000 pg/mL. Also, the low detection limit was calculated as 0.48 pg/mL. The ELISA
method was selected to analyze the commercial samples to compare the results, and the
obtained data were in good agreement. This designed immunosensor can be used for
the early diagnosis of prostate cancer (Ghanavati et al. 2020).

L. Li et al. designed an immunosensor with which PSA, carcinoembryonic
antigen (CEA), and α-fetoprotein (AFP) can be detected simultaneously. The surface
of this immunosensor is coated with GCE. In this immunosensor, Au NPs were
efficient and used as signal enhancers. Three different metal ions, Pb2+, Cd2+, and
Zn2+ were fixed on the surface of the nanocomposites. Since three various analyses
have been investigated, the SWV method was used, and the peaks of the analyte
signals were determined. Comprehensive measurement linear ranges specified for
analytes; PSA is 0.01–100 ng mL�1, CEA and AFP are 0.01–80 ng mL�1. Low
detection limits were also found to be PSA 3.6 pg mL�1, CEA 3.0 pg mL�1, and
AFP 2.6 pg mL�1, S/N ¼ 3. Human serum samples were used to evaluate the
designed immunosensor and compared with references. As a result of this compar-
ison, it was observed that there was no difference between the reference and actual
samples regarding the early diagnosis of tumors (Li et al. 2021b).

Another study for detecting PSA was done by Talamin et al. (2018). Talamini
et al. developed an electrochemical biosensor for PSA detection. This biosensor is
based on Liquid crystal (E)-1-decyl-4-[(4-decyloxy-phenyl)diazenyl]pyridinium
bromide (BrPy) and is label-free. BrPy, which has a liquid crystal structure, showed
redox properties on the surface of the electrode used, and it was also seen that it
provided a good film formation. Heparin-stabilized AuNP (AuNP-Hep) and Nafion
were also used in this biosensor.

For this reason, it was determined as a redox probe for the developed
immunosensor. An incubation period for immunocomplex formation has taken
place. This process and immunosensor characterization were performed by CV,
SWV, and EIS methods. In this developed immunosensor, PSA concentrations
were directly determined by suppressing the BrPy peak used as a redox probe.
Accordingly, the range of PSA to which the optimized immunosensor responds is
0.1–50 ng mL�1. The calculated limit of detection for this response is 0.08 ng mL. In
this study, in which human blood plasmas were used, reproducibility, selectivity, and
accuracy were sufficient (Talamini et al. 2018).
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Amyloid-β (Aβ) is a peptide produced in the brain and transported to the blood
across the blood-brain barrier, used in the blood-based early diagnosis of
Alzheimer’s disease (AD). This peptide has several isoforms. In 2020, YK. Yoo,
et al. aimed to perform a blood-based Aβ assay using a sandwich-based impedance
biosensor. They used gold nanoparticles (AuNP’s) and interconnected microelec-
trodes (IME’s). Linear sensitivity and detection limit was determined as 74.84% with
2.87 fold. The blood plasma of a wild mouse (WT) double mutation APP/PS1
transgenic (TG) was used as a sample. Afterward, AB and AD diagnostic abilities
were sought in the plasma sample prepared from this blood. As a result, the sandwich
assay with AuNP successfully distinguished TG-WT and provided Aβ detection.
This result is promising for the early detection of AD (Yoo et al. 2020).

Thirty-three percent of patients with cardiovascular diseases die due to these
diseases worldwide. Patients in the risk group should continuously follow-up to
prevent these deaths. The strategies require inexpensive and appropriate diagnostic
methods. Mansuriya and Altintas developed an ultra-sensitive and enzyme-free
nano-immunosensor to diagnose acute myocardial infarction (AMI) early in 2021.
The biomarker to diagnose AMI is cardiac troponin-I (cTnI). This developed
immunosensor contains Graphene quantum dots (GQDs), AuNPs, and screen-
printed gold electrode (SPGE) in its structure. SWV, CV, EIS, and amperometry
methods detected cardiac troponin-I levels. These methods allow the evaluation of
the biomarker in a wide concentration range. Before using these methods, AuNP
synthesis was performed. Then these AuNPs and GQDs were modified to the SPGE.
Immobilization of anti-cTnI was provided to carry out the identification. Both buffer
and human serum were used as samples in this experiment. The range of investiga-
tion ranges for the buffer is 1–1000 pg mL�1, and the calculated detection limit is
0.1 pg mL�1. The human serum’s investigation ranges and detection limit values are
10–1000 pg mL�1 and 0.5 pg mL�1, respectively. It was observed that the detection
time, which varies according to the method used, is in the range of 10.5–13 min. The
developed immunosensor gave indistinct responses to some biomolecules but gave a
much more pronounced and more pronounced response to cTnI. In addition, the
sensitivity and binding affinity of the immunosensor was determined. These values
are 6.81 μA cm�2 pg mL�1 and< 0.89 pM, respectively. CV, SWV, EIS, and atomic
force microscopy (AFM) in each sensor development stage. TEM and SEM were
used to characterize AuNP, GQD, and nanocomposites. This analysis using four
different electrochemical techniques is promising in the early diagnosis of AMI. The
sensor’s sensitivity, cost, and speed are reasonable (Mansuriya and Altintas 2021).

Simsek and Aydogdu, in a study they conducted in 2021, aimed to determine the
neurotransmitters dopamine (DA) and serotonin (5-HT), which are prominent in
neurological diseases. The nanocomposite they developed to detect these substances
includes AuNP, GQD, and poly(L-lysine). The nanocomposite platform was desig-
nated PPGE/AuNPs/P(L-Lys)-GQD. Dopamine and 5-HT to be detected were
analyzed by CV and DPV. According to the data obtained from the analysis results,
the limit of detection (LOD) values were calculated as 0.03 μM for DA and
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0.017 μM for 5-HT. The linear ranges were 0.1–80.0 μM for DA and 0.05–200.0 μM
for 5-HT. In this study, fetal bovine serum was used as a sample (Şimşek and Gözde
Aydoğdu 2022).

Singh S. et al. developed an immunosensor using cardiac myoglobin as a
biomarker. In the first step, a composite consisting of AuNP’s and reduced graphene
oxide (AuNPs@rGO) was formed. Then, this composite was modified onto a SPE.
The methods used to characterize the nanocomposite are TEM, SEM, AFM, FTIR,
and EIS. Indium tin oxide-coated glass plates were used to deposit the nano-
composite. The principle of the immunosensor is based on the immobilization of
the antibody onto the electrode for the detection of cardiac myoglobin. DPV was
used to monitor the immunosensing response. The peak was seen at ~ � 0.5 V
against Ag/AgCl. It is known that this peak is due to the decrease in the iron metal of
the heme group of myoglobin. In addition, the dynamic linearity range and the LOD
value for cardiac myoglobin were 1 ng mL�1–1400 ng mL�1 and ~ 0.67 ng mL�1,
respectively. These results were eight times better than the results obtained with the
ELISA test (Singh et al. 2016).

Luo, J. et al. investigated peroxidase-like activity using an electrochemical probe
in 2019. AuNP’s functionalized hollow mesoporous Prussian blue nanoparticles
(Au@HMPB NPs) were modified to the electrode. The Au@HMPB NPs platform
was able to reduce H2O2 with high precision. The low detection potential was
�0.1 V. The measurements were carried out using the amperometric method. The
probe’s performance was measured using interleukin-2 (IL-2) protein. The soluble
α-chain (sCD25) of this protein served as a biomarker. sCD25s were captured and
enriched with magnetic nanospheres functionalized using the antibody. As a result, it
was observed that increasing CD25 concentration increased the electrochemical
responses to 1 mmol/L H2O2 (Luo et al. 2019).

L-tryptophan (L-Trp) is an essential amino acid that can not be synthesized in the
human body and needs supplementation in some cases. In L-Trp deficiency, diseases
such as anxiety, obesity, and sleep disorders may occur, and in overdose cases, many
side effects such as nausea may occur. In 2020, Khoshnevisan K. et al. aimed to
detect L-Trp, which was selected as a biomarker in the presence of DA, ascorbic acid
(AA), urea, and glucose. For this, a new nanocomposite modified electrode has been
developed. This electrode is structurally composed of rGO decorated with 18-crown-
6 (Cr.6) and gold nanoparticles (GNPs) on the surface of a GCE. SWV method was
used for the activity measurement of this platform. The electrode-modified materials
were tested in different combinations, and the electrochemical behavior of L-Trp in
these combinations was investigated. Accordingly, the highest oxidation current and
potential were observed in the rGO-GNPs-Cr.6/GCE platform, at 40 μA at 0.85 V.
Diabetic and normal serums (from female, age 41 volunteers) used as samples were
evaluated separately. The low LOD values were determined to be 0.48 μM (for
diabetic serum) and 0.61 μM (for normal serum). The linear concentration range in
which L-Trp is seen in the SWV method is 0.1–2.5 μM. In the last step, nano-
composite rGO-GNPs-Cr.6 was modified to the GCE, and the obtained platform was
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applied to the samples. The limit of detection value was extremely low, and the
recovery rate was higher than 91.8% (Khoshnevisan et al. 2020).

Cholesterol, an essential component of the mammalian cell membrane, gains the
ability to act with multiple immune cell types and is transported to the blood plasma.
Thus, it takes part in the production of many molecules. It is a regulator of cancer and
some autoimmune conditions (King et al. 2022). Heart diseases are associated with
the level of cholesterol in the blood. Huang et al. in 2020, developed an ultra-
sensitive biosensor to determine the level of cholesterol in the serum. The biosensor
was constructed with electrodeposited AuNPs onto screen-printed carbon electrodes.
Cholesterol oxidase (CHOD) and cholesterol esterase (CHER) were immobilized
onto Au NPs/SPE surfaces. The use of CHER and CHOD is for the deposition of Ag
on the surface. For this purpose, H2O2 capable of reducing Ag ions in the solution
was produced. Linear Sweep Voltammetry (LSV), CV, and XPS techniques were
utilized to characterize the Ag/CHER&CHOD/Au NPs/SPE platform. Anodic strip-
ping voltammetry (ASV) was used to measure the sensitivity of the cholesterol. The
anodic stripping peak current of Ag correlates with cholesterol concentration in
5–5000 μg/mL with a regression correlation coefficient of 0.9983. A detection limit
was determined as 3.0 μg/mL obtained from the 3σ rule. The developed cholesterol
biosensor is a sensitive, reproducible, and successful recovery (Huang et al. 2017).

Thrombin is a serine protease that converts fibrinogen to fibrin. Detection of this
type of protease is vital in diseases and abnormalities involving coagulation. This
substance is also used to control bleeding in surgeries. Yingjie Li et al. designed a
sandwich biosensor for thrombin detection in human serum. Two different thrombin
aptamers are used in this sandwich biosensor (TBA1-thrombin-TBA2). The biosen-
sor was developed based on the principle of double signal amplification. First, gold
nanoparticles@graphene composite (GNP’s@graphene) was obtained by deposition
of solution of chloroauric (III) acid tetrahydrate and graphene solutions with CV
method. After this modification, thiol-coated TBA1 was immobilized on the GCE
surface. TBA2 was anchored to the surface of the GNPs after being modified with
Ru(bpy)3

2+. Electrochemiluminescence (ECL) and CV methods were used to char-
acterize this biosensor. According to the calculations made according to these
methods, the linear range is 0.01–10 nM, and LOD is 6.3 pM. Human serum was
used as the sample, and the biosensor’s selectivity was checked in the presence of
different proteins. The biosensor was found to be sufficiently selective for thrombin
in the presence of Bovine Serum Albumin (BSA) and lysozyme (Li et al. 2017).

Choline is a vital nutrient with multiple functions, such as participating in the cell
membrane structure, providing signal transmission, and synthesizing essential phos-
pholipids. Since it is also involved in muscle and memory control, it can diagnose
AD and Parkinson’s diseases early. H.S. Magar et al. designed an amperometric
biosensor and aimed to detect choline. Multiwalled carbon nanotubes (MWCNT)
and GNPs were used in developing this biosensor. First, MWCNTwas modified with
Chit, and the carbon nanotubes (CNT) were dispersed. The resulting Chit-MWCNT
was then dropped onto the GCE surface, and after this process, GNP was
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immobilized with choline oxidase (ChOx). The linear range value for the resulting
platform (ChOx/(GNP)4/MWCNT/GCE) is 3–120 μM. LOD value was calculated as
0.6 μM. Milk sample was used as an actual sample for this biosensor with a
sensitivity of 204 μA cm�2 mM�1. In addition, the use of the EIS method was the
first for the determination of choline in this study (Magar et al. 2016).

It has been determined that the most common type of cancer that causes the death
of women is breast cancer. Again, these statistics show that breast cancer cases make
up 29% of other cancer types. A. A. Saeed et al. designed a DNA-based biosensor to
detect breast cancer in 2017. In the sandwich-type detection chosen as the detection
strategy, two types of DNAwere used as biomarkers. These DNAs are ERBB2c and
CD24c and were studied in parallel on these two DNAs. AuNP modification and
graphene oxide (GO) loading were made to the GCE for the biosensor platform. The
platform of the developed biosensor is DNA-c/AuNPs-GO/GCE. The hybridization
of the AuNP and GO-bound GCE surface to the target DNA is schematically
illustrated in Fig. 25.3. CV and EIS methods were used to characterize developed
platforms. Many methods such as Raman spectroscopy, UV–vis spectroscopy,
FT-IR, TEM, SEM, and energy-dispersive X-ray spectroscopy have been used to
characterize GO. After electrochemical characterization, LOD and sensitivity for
both DNAs were calculated separately. LOD value for ERBB2 is 0.16 nM and the
sensitivity is 378 nA/nM. When these values were calculated for CD24, the LOD
value was 0.23 nM, and the sensitivity was 219 nA/nM. The linear range value is
0.37–10 nM for both DNAs (Saeed et al. 2017).

3.3 Silver

It is seen that nanoparticles have recently played a role in developing modern
technologies such as sensors, drugs, and water treatment. AgNPs have started to
be preferred more in these applications because they are less costly. Although some
problems such as poor stability, oxidation, or agglomeration are encountered in
various applications, some solutions have been suggested for AgNPs. Changing
particle sizes or creating a synergetic effect are some of these solutions. Several
methods for modifying AgNP and other nanoparticles into electrodes: dipping,
electrodeposition, spray coating, spin coating, sputtering and electrophoresis, and
drop-casting. The use of AgNP at the stage of coating the electrode surface, which is
frequently seen in biosensor applications, increases the effect of the surface area and
therefore improves the electrocatalytic activity. After AgNP modification, high
sensitivity, low detection limit, reproducibility, and fast response were obtained
(Abbas and Amin 2022). The performance improvement properties, high conduc-
tivity, and catalytic activity of AgNPs in biosensors make it possible to use these
nanoparticles to diagnose diseases. In addition, it is known that AgNPs are used as
redox mediators during electrochemical biosensor designs since they form
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prominent oxidation peaks in buffer solutions (Miranda et al. 2022). In this section,
studies related to the use of AgNPs in the diagnosis of diseases are included.

Recently, Aydogdu Tig aimed to determine the levels of AA, DA, uric acid (UA),
and L-Trp simultaneously based on the DPV method. For this purpose, she devel-
oped a sensor and used a glassy carbon electrode as an electrode. This electrode used
was modified with Ag NP’s, GO, and poly(L-arginine) (P(Arg)). The developed

Fig. 25.3 Schematic presentation of the proposed sandwich-type DNA sensor showing the
prepared AuNPs-GO/GCE and the hybridization of target DNA with the specific capture probe
and HRP-labelled probe. (Reproduced with permission from Saeed et al. 2017)
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sensor showed high electrocatalytic activity against four different substances. CV
and EIS methods were used to characterize the electrode and determine its potential
against Ag/AgCl. According to the DPV method used to measure AA, DA, UA, and
L-Trp levels, the relationship between peak currents and concentration for AA is
linear in the range of 4.0–2400.0 μmol L�1. This range is 0.05–50.0 μmol L�1 for
DP, 0.5–150.0 μmol L�1 for UA, and 1.0–150 μmol L�1 for L-Trp. Detection limit
values were also calculated for these substances. The detection limit value is
0.984 μmol L�1 for AA, 0.01 μmol L�1 for DA, 0.0142 μmol L�1 for UA, and
0.122 μmol L�1 for L-Trp. Urine samples were used for the developed sensor. It was
determined that it is suitable for detecting various molecules Na +, K +, L-lysine,
glucose, L-cysteine, urea, and citric acid in the urine (Tığ 2017).

In 2017, L. Han et al. created a label-free electrochemical immunosensor for
detecting PSA. In fabricating this immunosensor, a screen-printed three-electrode
system was used, rGO/Ag NP composites were used as support material. Hydrazine
hydrate and sodium citrate were used to synthesize rGO/Ag NP. This platform was
created by reducing GO to rGO and placing Ag NPs between graphene-structured
sheets. Ag NPs inhibited the accumulation of rGO and increased the electrical
conductivity. In addition, the conductive path between Ag NP and rGO is because
the defects of rGO are covered by AgNP. Characterization was performed at different
scan rates and on other platforms with the CV method. In the resulting electrochem-
ical immunosensors, a linear response range of 1.0–1000 ng/mL and a low detection
limit value of 0.01 ng/mL were calculated. In addition, the immunosensor is specific,
expandable, reproducible, and stable (Han et al. 2017).

Electrochemical immunosensors can also detect diseases caused by viruses
(Mahapatra et al. 2020). Awan, M. et al. have developed an immunosensor based
on a graphite pencil electrode modified with AgNPs targeting the flavivirus known to
cause dengue, one of the viral diseases. This sandwich-type immunosensor was used
to detect NS1 biomarker, which has a glycoprotein structure for dengue disease. The
development steps of the biosensor and the labeling of the antibody with AgNP are
shown schematically in Fig. 25.4. DPV method was selected to characterize the
sandwich-based immunosensor. The linear range and detection limit values for
detecting the biomarker are 3–300 ng/mL and 0.5 ng/mL, respectively. This
immunosensor can be used in broad areas to detect biomarkers against which viral
diseases can be seen (Awan et al. 2020).

Human chorionic gonadotropin (hCG) is a type of hormone. Xia, N. et al. used an
electrochemical method to detect hCG, but this method did not include antibodies.
To determine the applicability of this method, serum and urine samples from
pregnant and non-pregnant individuals were used. In this method, peptide/6-mer-
capto-1-hexanol (peptide/MCH) and AgNP modification were made on gold elec-
trode (AuE) as a platform. LSV method was used for the characterization. Finally,
LOD value and concentration range are 0.4 mIU/mL and 1 mIU/mL–0.2 IU/mL,
respectively (Xia et al. 2017).

Ortega et al. designed a microfluidic immunosensor in 2015. This immunosensor
was designed to detect epithelial cell adhesion molecule (EpCAM), a cancer bio-
marker. As a platform for the immunosensor, synthesized AgNPs coated with
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chitosan were used. Next, this platform was covalently linked to the immunosensor
center. Peripheral blood cells were used as samples in this study. Using AgNPs is to
immobilize anti-EpCA and identify EpCAM in samples directly. The amount of
biomarkers were measured using HRP-conjugated anti-EpCAM-antibody. The
detection limits for the developed immunosensor are 2.7 pg mL�1, while for
ELISA, this value is 13.9 pg mL�1. As a result, the microfluidic immunosensor is
usable, reproducible, and sensitive for detecting epithelial cancer cells. When the test
times of the immunosensor developed with the ELISA kit were compared, it was
observed that while testing with ELISA took 270 min, it took 34 min with the
immunosensor. The chitosan, a natural polymer, has also enabled it to play a
stabilizing role (Ortega et al. 2015).

T4 polynucleotide kinase (T4 PNK) is a catalyst belonging to the 50-kinase
family. Its task is to transfer and replace the PO4

3� (phosphate) group from ATP to
the 50-hydroxyl terminus of polynucleotides. This function repairs the broken ends
of DNA or RNA induced by agents and takes part in DNA replication and repair
situations. One of the directly or indirectly related diseases is cardiovascular disease
groups. It is also known to be associated with Werner and Myelodysplastic syn-
dromes. Yu Jiang et al. developed an electrochemical biosensor to detect T4 PNK in
2019. For this detection method, firstly, a single-stranded DNA probe was
immobilized on the surface of the electrode used. Next, the kinase desired to be
detected was phosphorylated. The binding of the phosphorylated kinase with the
DNA probe with the amino group tag was ensured. The next step aims to reduce the
background signals, and for this, DNA probes are released by applying a denatur-
ation process. After the DNA probes were removed, the remaining amino groups

Fig. 25.4 (a) Preparation of AgNPs modified antibody (b) Construct of electrochemical sandwich
immunosensor for diagnosis of dengue biomarker. (Reproduced with permission from Awan et al.
2020)
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remained, and these amino groups were used for the adsorption of AgNPs. LSV, an
electrochemical method, was used for characterization, and the linear range detection
limit values were calculated. The linear range for this biosensor is 0.1–20 U mL�1,
and the detection limit value is 0.01 U mL�1 (Jiang et al. 2019).

Estradiol (EST) is an endogenous estrogen steroid. Its structure is 1,3,5 (10)-
estratriene-3, 17 β-diol. This steroid acts as a growth hormone for the female
reproductive organs. The EST level is significantly lower in postmenopausal
women than in women aged 18–35. Caffeine (CAF) is a psychoactive drug with
1,3,7-trimethylxanthine structure and is found in many foods. CAF consumption has
many positive and negative functions in women aged 18–35 and in menopausal
women. In addition to stimulating the nervous system and cardiovascular systems, it
has effects such as causing a lower risk of diabetes, secreting stomach acid, and
reducing the risk of Parkinson’s in postmenopausal women. Studies show that there
may be a relationship between CAF consumption and the level of EST in the body.
Mamta Raj and Rajendra N. Goyal developed a biosensor in 2019 to determine the
relationship between CAF and EST levels. Reduced graphene oxide (ErGO), pyrotic
graphite, and AgNPs were used for this biosensor. After the modifications, the
platform was determined as AgNPs: ErGO/P.G. During the analysis, it was deter-
mined that AA, UA, xanthine (XT), and hypoxanthine (HX) in the environment did
not pose an obstacle. Serum and urine samples of five women of childbearing age
were used throughout the analysis, and EST and CAF characterizations were
performed separately. EIS, CV, and SWV methods characterize bare and modified
electrodes. The concentration curve range for EST is 0.001–0.175 μM, and the
detection limit value is 0.046 nM. The concentration curve range for CAF is
0.001–200 μM, and the detection limit value is 0.54 nM (Raj and Goyal 2019).
Ag nanostructures-based biosensors used for the diagnosis of biomolecules have
been summarized in Table 25.2.

3.3.1 Platinum
Platinum nanoparticles (PtNP) are widely used in sensing and biosensing applica-
tions due to their excellent conductivity, high electrocatalytic activity, and biocom-
patibility. PtNP immobilized on the electrode surface provides superior conductivity
and widens the surface area, enabling sensitive electrochemical determination of
molecular and biomolecular analytes (Bakirhan et al. 2018).

In a study by Wang et al. in 2021, cardiac troponin I (cTnl), a suitable marker for
diagnosing early AMI, was determined based on a sandwich-type electrochemical
aptasensor. After being modified with melamine, Pd@Pt dendritic bimetallic nano-
particles were modified on carbon spheres with a hollow mesoporous structure
(Pd@Pt DNs/NH2-HMCS). The unique properties of NH2-HMCS increased the
loading capacity and dispersion of Pd@Pt dendritic bimetallic nanoparticles (Pd@Pt
DNs), while the affinity interaction between Pd@Pt and the binding stability also
improved considerably. The synergistic catalysis effect between NH2-HMCS and
Pd@Pt DNs enhanced the electrocatalytic reduction of H2O2 and further strength-
ened the signal. Under optimum conditions, the prepared aptasensor for detection of
cTnI has a wide range of 0.1 pg/mL to 100.0 ng/mL and a low detection limit of
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15.4 fg/mL (S/N ¼ 3). With the prepared sensor, human serum samples containing
cTnI were analyzed and determined to be suitable for the diagnosis of AMI (Wang
et al. 2021).

In a study by Singal et al. in 2018, an impedimetric biosensor was developed to
detect the human cardiac biomarker troponin-I (cTnI). PAMAM-Pt was electro-
chemically deposited on SPCE, and its carboxyl groups were used as binders for
site-specific biomolecular immobilization of the protein antibody anti-cTnI. The
prepared sensor was characterized by transmission electron microscopy,
UV-visible spectroscopy, and electrochemical techniques. Changes in phase angle
obtained at an optimized frequency for antigen-antibody interactions were moni-
tored, and an impedance study was performed for biomolecular sensing. A
concentration-related increase in the phase angle of the sensor was observed with
increasing cTnI concentration in the range of 1 pg mL�1 to 100 ng mL�1. The
dissociation constant was calculated to be 0.51 pM reflecting high affinity of
biosensor toward cTnI analyte arising due to high anti-cTnI loading with a better
probe orientation on the 3-dimensional PAMAM-Pt structure (Singal et al. 2018).

In a study conducted by Yola in 2021, a sandwich-based voltammetric
immunosensor was designed to determine the breast cancer biomarker human
epidermal growth factor receptor 2 (HER2). The sensor was modified with gold
nanoparticles and then developed with a copper-organic framework (AuNPs/Cu-
MOF) and platinum-doped graphite carbon nitride (g-C3N4) with quaternary chal-
cogenide as the base. Pt-doped g-C3N4 composite (Pt/g-C3N4) and Cu2ZnSnS4
nanoparticle (CZTS NP) quaternary chalcogenide were labeled as CZTS NPs/Pt/
g-C3N4. AuNPs functionalized with an amino group, and Cu-MOFs containing
carboxylic acid were synthesized. After conjugating primary HER2 antibody and
antigen HER2 protein to AuNPs/Cu-MOF as a sensor platform, CZTS NPs/Pt/g-
C3N4 composite was prepared by hydrothermal method. HER2 immunosensor ready
after 30 min of immune reaction, SEM XPS, TEM, XRD method, FTIR, character-
ized by CVand EIS. The developed sensor showed high sensitivity with a detection
limit of 3.00 fg mL�1. In addition, the proposed method has beneficial features such
as high selectivity, stability, repeatability, and reusability (Yola 2021).

3.4 Other Metal Nanoparticles

In some studies, biosensor studies have been carried out in which nanoparticles of
other metals are used, unlike PtNP, AuNP, and AgNP. In these studies, it is seen that
metals are combined singly or bimetallic. As an example of obtaining these metals,
the production of chromium particles by electrochemical or chemical reduction
methods and the electrochemical deposition of palladium can be given. Other studies
on the direct or indirect use of metal nanoparticles in diagnosing diseases are
included in this section (Welch and Compton 2006). Hybrid nanostructure-based
biosensors used for the diagnosis of biomolecules have been summarized in
Table 25.3.
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Different biomarkers can determine the oxidative stress values in our bodies.
Gowthaman, N.S.K. et al. designed an electrochemical sensor to detect hydrogen
peroxide (HP) level in urine in a study in 2019. HP can be used to determine
oxidative stress in the body. Au-AgNPs fabricated carbon cloth, and GCE are used
in this designed sensor. AgNO3 and HAuCl4 were used to bind these metal ions to
the electrode surface. CV and Differential Pulse Voltammetry (DPV) methods were
used to characterize Au-AgNPs modified to the electrode. As a result, the detection
limit and range values are, respectively, 59 nM (S/N ¼ 3) and 500 nM–2 mM. This
flexible sensor has successfully measured HP (Gowthaman et al. 2019).

In a study by M. Guler et al., H2O2, used to detect many diseases, was determined
on milk samples. In this work, they developed a sensitive sensor whose platform is
Nafion/palladium@silver/reduced graphene oxide/glassy carbon electrode
(Nf/Pd@Ag/rGO-NH2/GCE). The rGo-NH2 in the sensor has been developed
with other platform layers. FTIR, XRD, and High-resolution transmission electron
microscopy (HRTEM) were used to characterize synthesized nanocomposites. In
addition, CV and EIS were used for electrochemical characterization. The sensor’s
success in milk samples indicates that it may also be used for non-enzymatic H2O2

determination in other samples. In this study, the linear range of the sensor has a wide
range, such as 2–19,500 μM. At the same time, LOD was found to be 0.7 μM. This
linear and wide range is due to Pd and Ag nanoparticles (Guler et al. 2018).

H2O2 can be detected by developing sensors using nanomaterials. Q. Sheung
et al. developed a nanomaterial platform on which H2O2 detection was performed in
2017. Next, this platform was modified on a GCE. The Ag@C platform was
modified with Nickel (Ni) and supported in this study. Thus, Ni/Ag@C platform
was formed. SEM, TEM, energy dispersive X-ray spectroscopy, and FT-IR methods
characterize this platform. Then, CV was used to evaluate and electrochemical
characterization of H2O2 at different concentrations. The calculated linear range of
this platform for non-enzymatic H2O2 detection is 0.03–17.0 mM. Also, the detec-
tion limit value is 0.01 mM (Sheng et al. 2017).

Blood glucose level is data that can be measured in many ways to diagnose
diabetes mellitus (DM). It is possible to determine the blood sugar level by a blood
draw, but it is a painful and challenging method to follow. In 2021, Li and colleagues
developed a sensor for determining glucose levels in saliva and blood. Cluster-like
hollow AgAu nanoparticles (AuAg HNP’s) were synthesized and modified to the
platform. These HNPs are used as glucose detection matrix after characterization by
electronic microscopy, UV-Vis spectrometry, IR spectrometry, XRD, XPS, and
electrochemical methods. The synthesized AuAg HNPs are modified on indium tin
oxide (ITO)-coated glass, part of the biosensor platform. The adhesion of hydrolyzed
(3-aminopropyl) trimethoxysilane (APTMS) during AuAg HNP synthesis and mod-
ification on ITO, which acts as a basal electrode, increases electro-
chemiluminescence and provides sensitivity. A glucose sensor was created by
adding glucose oxidase to the platform. The resulting GOD/AuAg HNPs/ITO
platform was electrochemically characterized by ECL. Figure 25.5 represents the
SEM and TEM images of AuAg NPs before and after centrifugation. According to
the TEM image, the AuAg alloy has a diameter of 20 nm before centrifugation.
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However, it was observed that they tend to form a hollow sphere with a diameter of
100 nm by collecting after centrifugation. The SEM image confirms this claim. As a
result, the linear range was determined as 5.0 μM–1.0 mM. In addition, the detection
limit value is 0.40 μM. This advanced sensor is suitable for disposable situations.
The values obtained from saliva and blood samples were related to each other.
(Li et al. 2021a).

Fig. 25.5 The TEM images of (a) AuAg NPs before centrifugation and (b, c) AuAg HNPs after
centrifugation; Inset in (a) is the corresponding particle-size distribution histogram, in (c) shows the
lattice distance of the selected area. (d) The SEM image of AuAg HNPs. The TEM images of AuAg
NPs obtained without (e) and with BSA (F-H). (Reproduced with permission from Li et al. 2021a)
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In 2019, the world faced a pandemic because of severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2). Due to the significant threat to human
health, the diagnostic methods of COVID-19 should be developed by scientists.
Some of the techniques used to diagnose COVID-19 to date are real-time reverse-
transcriptase polymerase chain reaction (RT-PCR), computed tomography (CT),
and serum virus neutralization test (SVNA). In 2021, J. Tian, Z. Liang, O. Hu et al.
developed a new biosensor to diagnose this infectious disease where early detec-
tion and sensitivity are essential (Tian et al. 2021). This developed biosensor has an
electrochemical double aptamer structure. The biomarker used to detect COVID-
19 disease is the SARS-CoV-2 nucleocapsid protein (2019-nCoV-NP). First, a gold
electrode (GE) was used as the surface, and two different aptamers (thiol modified
N48 and N61) were immobilized. Afterward, Au@Pt nanoparticles and horserad-
ish peroxidase (HRP), and G-quadruplex DNAzyme were used to make the
necessary detection and increase the sensitivity. The platform of this double
aptamer biosensor (Au@Pt/MIL-53(Al)) was characterized by EIS, DPV, and
CV methods. Finally, the linear range was found to be 0.025–50 ng mL-1, and
LOD was 8.33 pg mL�1 (Tian et al. 2021).

It is known that the p53 gene is involved in the growth of cells that suppress
tumors. It has been observed that this gene is mutated in many types of cancer.
Therefore, detection of protein-structured p53 will be advantageous if used for the
early diagnosis of diseases. In 2020, Gisela Ibáñez-Redín and colleagues developed
a disposable biosensor based on SPEs to detect the p53 gene. The principle of the
aim of this biosensor is to adsorb anti-p53 antibodies to attach to the carboxylated
NiFe2O4 NPs and polyethyleneimine. The platform of this unlabeled biosensor was
determined as SPCE/PEI/NPs-Ab B, and the DPV method was used for character-
ization. The detection limit for the improved disposable immunosensor was calcu-
lated as 5.0 fg mL�1. The linear range was extremely wide, 1.0 to 10� 103 pg mL�1.
Negligible errors were observed in high protein fetal bovine serum and cell lysate
matrices which shows high selectivity of the immunosensor (Ibáñez-Redín et al.
2020).

Tumor biomarkers are widely used in the diagnosis of cancer diseases. By
detecting these markers, it is aimed to obtain information on the extent of the
tumor and its preoperative level. In a study by Dan Wu et al. in 2015, a high-
sensitivity and non-enzymatic sandwich-type immunosensor was used to detect
gastric cancer, the second leading cause of cancer deaths globally. The biomarker
used in this study is CA72–4, mucin with a high molecular weight of 220–400 kDa.
Pt, Pd, and Fe3O4 were used to produce the biosensor, and the synergistic effect of
these different nanoparticles was utilized. GCE was used in the immunosensor. First,
the primary antibody, anti-CA72–4 (Ab1), was immobilized, and then reduced
graphene oxide tetraethylenepentamine (rGO-TEPA) modification was made. The
secondary anti-CA72–4 antibody (Ab2) was adsorbed with the nanoparticles. CV
was used to characterize bimetallic PtPd NP’s and Fe3O4 in the presence of PBS. In
the DPV studies, the detection limit and linear range were obtained as 0.0003 U/mL
and 0.001–10 U/mL, respectively (Wu et al. 2015).

Cardiovascular diseases are a type of disease in which common diseases such as
heart attack are also included in the heart and vessels. According to a statistic
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published by WHO in 2016, 31% of deaths were due to cardiovascular diseases.
Mazharul Haque et al. designed a biosensor in 2020 intending to detect nanomolar
myoglobin (Mb), a biomarker used to diagnose cardiovascular diseases, at different
concentrations. The basis of this biosensor is a gold-plated screen-printed electrode.
In addition, Cu-containing ZnO nanoparticles were synthesized and characterized by
XRD, Fourier transform infrared spectroscopy methods. Afterward, it was deter-
mined that the biomarker Mb was related to the Cu concentration, and CV and EIS
methods in the range of 3–15 nM were used for this. As a result of the analysis, the
detection limit value was 0.46 nM (Haque et al. 2020).

Polyphenols, an antioxidant, should be abundant in diets to prevent cardiovascu-
lar and cancer diseases. Sheetal Chawla et al. designed an amperometric biosensor in
2012 and aimed to determine the total phenolic content in different fruit juices. The
AuE was used for this biosensor. First, a composite of carboxylated multiwalled
carbon nanotubes (cMWCNTs)/polyaniline (PANI) was decorated. (Lac) was
immobilized on this decorated platform, and the resulting platform was modified
on the electrode used. SEM, FTIR, CV, and EIS methods were used for the
biosensor, which became Lac/NiNPs/cMWCNT/PANI/AuE in the final stage. The
Pt wire was chosen for the reference electrode. The detection limit value for the
biosensor is 0.05 μM. The linear range was evaluated separately for low and high
concentrations. It is 0.1–10 μM for low concentrations and 10–500 μM for high
concentrations. Using the electrode 200 times over 4 months shows repeatable
results (Chawla et al. 2012).

4 Conclusion

Biomarkers are proteins that reflect the normal or abnormal activity of the organ-
ism. It is found in tissues and body fluids. The appearance of biomarkers here and
their concentration changes are symptoms of many diseases. Therefore, early
diagnosis and diagnosis of biomarkers are crucial. Therefore, rapid, sensitive,
and cost-effective analysis methods that can be used in clinical settings are needed
to detect biomarkers. Electrochemical sensors for detecting biomarkers have been
extensively developed with successful applications. The developed electrochem-
ical sensors are preferred because of their many features, such as high sensitivity
and the detection of target biomarkers at low concentrations. To increase the
sensitivity of the developed sensor, the sensor surface is modified with functional
and conducting molecules. Metal nanoparticles are the most widely used among
them. Metal nanoparticles are nanomaterials with an average diameter of less than
100 nm. These metal nanoparticles are often preferred in sensors because they
exhibit unusual physical and chemical properties. This way it allows for faster and
more precise determination of the substance. To summarize, advances in identi-
fying electrochemical sensors and biomarkers will enable new research areas for
ongoing research in this area.
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Abstract

Biosensors are modern analytical tools capable of monitoring diseases, drugs,
proteins, environmental pollutants, and bioterrorism agents. They are alternative
to the conventional analytical techniques due to the fact that they have practical
and miniaturized bodies as well as they have target-specific characteristics. The
integration of biosensor technologies into electrochemical analysis methods
makes the bioanalytical system more reliable, robust, sensitive, and selective
platform that can perform quantitative analysis. The use of nanomaterials and
their nanocomposites enhances robustness, sensitivity, and selectivity features of
these analytical tools. Herein, nanomaterials-based disposable electrochemical
biosensor applications that are frequently used in recent years are presented. Due
to distinctive properties of this group of biosensors, high-performance point-of-
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care diagnostics developed by using them are expected to have great global
market potential in future.

Keywords

Single use · Electrochemical biosensor · Nanomaterials · Pencil graphite
electrode · Screen-printed electrode · Paper-based electrode

1 Introduction

Biosensors are the recognition tools developed for quantitative or semiquantitative
monitoring of target molecules by using their target-specific biological recognition
(biorecognition) elements (Turner 2013; Wang et al. 2014). Their most common
biorecognition elements may be different types of nucleic acids, antibodies,
aptamers, enzymes, and cells (Moraskie et al. 2021), and new types of
biorecognition elements have been still developing. The interaction between the
biorecognition element and the target molecule triggers a biocatalytic reaction that
gives a readable signal monitored by a transducer and a digital system
(Lakshmipriya and Gopinath 2019). This signal could be observed by different
detection techniques such as optical, electrochemical, piezoelectric, colorimetric,
etc., and finally, reliable monitoring of the target molecule could be achieved
(Pandey and Malhotra 2019).

Since the first biosensor definition introduced by Clark and Lyons (Lakshmipriya
and Gopinath 2019; Dowlatshahi and Abdekhodaie 2021) in the field of analytical
chemistry, researchers have made great efforts to design ideal biosensor systems
adaptable to several areas such as environmental monitoring (Wang et al. 2014;
Congur 2021), diagnostic applications for vital diseases (Choudhary et al. 2016;
Kamali et al. 2022; Wang 2017), or metabolites related to physical activities (Kim
et al. 2019), and development of drugs (Gonçalves et al. 2014). An ideal biosensor
system not only must recognize the target molecule -in other words, analyte-
selectively and sensitively but also should be robust, cheap, time-saver, portable,
and applicable to real-life (Lakshmipriya and Gopinath 2019). Researchers have
been taking advantage of nanotechnology science to achieve the desired goals while
developing a biosensor structure (Seo et al. 2019; Sharifi et al. 2019; Srivastava et al.
2018). Due to the fact that the modification of the nanomaterials provide large
surface area to perform the biocatalytic reaction, an amplified biosensor response,
namely a signal, is obtained that results in the sensitive and selective recognition of
the analyte. Furthermore, the use of nanomaterials makes biosensors more stable,
robust, and miniaturized analytical devices. In the light of these explanations, the
term “nanobiosensors” could be defined as the biosensors constructed with at least
one type of nanomaterials which are capable of not only precise monitoring of the
analyte but also having the properties as fast, stable, and miniaturized.

Selection of the detection method is a paramount feature during the fabrication
process of the biosensor systems. The required properties described above are gained
in by choosing the right detection strategy. Although there are many types of
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detection techniques, electrochemical sensing methods take a step forward because
they provide to obtain reliable and sensitive quantitative results as well as allow the
fabrication of portable devices (Loo and Pui 2020; Thapa et al. 2022). On the other
hand, nanomaterials enhance the electron transfer rate resulting signal amplification
and providing a larger surface area in the electrochemical biosensor systems
(Bhatnagar et al. 2018; Mahato et al. 2019; Mujica et al. 2020; Dowlatshahi and
Abdekhodaie 2021). Therefore, there is an increasing number of reports in the
literature about the combination of nanotechnology science and the electrochemical
biosensors area.

An electrochemical biosensor includes a three-electrode system consisting of a
reference electrode, a counter electrode, and a working electrode. The electrochemical
measurements are performed in an electrochemical cell that contains the target analyte
and/or appropriate measurement solution. The selected nanomaterials are modified at
the surface of the working electrode, where the redox reactions related to the biocata-
lytic reactions occur. Amperometric, potentiometric, voltammetric, or impedimetric
responses are obtained as a result of electrochemical measurements. In a voltammetric
biosensor, the redox reactions are recognized based on a current value produced by
applying a potential at the electrode/electrolyte interface (Batchelor-McAuley et al.
2015). In an impedimetric biosensor, the biosensor response is the impedance value
(Dzulkurnain et al. 2021). Voltammetric measurements can be performed with an easy
and affordable way, and the biosensor response can be obtained in just few seconds/
minutes (Batchelor-McAuley et al. 2015).On the other hand, an impedimetric detection
route provides the sensitive analysis of the targetmolecule bymeasuring the impedance
value after each modification or the interaction step occurring at the surface of the
working electrode (Goh et al. 2021; Ahmadi et al. 2022).

The critical factor for the fabrication of disposable electrochemical biosensors is
the type of the working electrode. Although several types of working electrodes have
been intensively worked to fabricate the electrochemical biosensors, some of them
are reusable, such as glassy carbon electrode (GCE), carbon paste electrode (CPE),
and metal electrodes. They should be prepared with several mechanical or chemical
techniques before their use. These pretreatment techniques are time-consuming, hard
to apply for every electrochemical measurement, and require using extra chemical
agents (usually acidic solutions). On the other hand, being simple, feasible, and
sustainable are the desired features not only for the fabrication of a biosensor system
but also for the designing of all new-generation engineered tools. Disposable raw
materials help to achieve these features in the structure of an electrochemical
biosensor (Killard 2017). Furthermore, they serve stable and appropriate surfaces
for modification of the nanomaterials. The principles of the development of a
disposable electrochemical biosensor are represented in Fig. 26.1.

In this chapter, disposable electrochemical biosensors developed with different
types of nanomaterials for biomolecular analyses are presented. Disposable elec-
trode materials are introduced and how possible to use them as a biosensor is
explained in detail. It is aimed to give deep understanding and wide perspective to
the audience about nanomaterials-based disposable electrochemical biosensors by
giving the modification procedures of nanomaterials in different examples.
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2 Disposable Electrode Materials for the Development of an
Electrochemical Biosensor

There are different types of single-use materials used for the development of an
electrochemical biosensor. However, the potential of their applicability in the elec-
trochemical biosensor area depends on their robustness, affordable, and sustainabil-
ity structural properties (Killard 2017). Additionally, their easy modification and
superior electrical properties make them preferable for the selection of electrode
material. In this manner, frequently applied disposable electrode materials are given
in this section.

2.1 Pencil Graphite Electrodes

Carbonaceous leads have been widely used for the purpose of writing instead of
classical pencils during the last century. Their electrically conductive structure was
discovered, and their use as electrode material began. They provide high surface area
for modification/immobilization processes as well as provide superior electrochem-
ical properties. Furthermore, they have all the crucial properties that a disposable
biosensor should have. However, being cheap and easy to use get them one step
forward in implementation of an electrochemical biosensor application.

Pencil leads are produced by mixing the graphite powder with a lump of clay as a
binder. Then, this mixture is extruded, and heat treatment is applied (Ishida and Saito
1977). They have different hardness levels ranging from 10H to 10B (Torrinha et al.
2018). The graphite/clay ratio increases from H to B and this ratio also depends on

Fig. 26.1 Schematic representation of the development of a disposable electrochemical biosensor
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the manufacturer. Therefore, it is important to choose the right hardness level and the
manufacturer (Torrinha et al. 2018). There are different reports in the literature to use
different hardness levels of the pencil leads as 6B (Down et al. 2016), 8B (Lee et al.
2016), 2B (Lim et al. 2012), 1H (Sha and Badhulika 2019), or HB (Erdem et al.
2009).

Their first use was introduced in the literature by Mašek (1960) as an anode
material in the polarographic system. Then, different research groups worked on its
usage as an electrode material compared to other classical carbon electrodes (Aoki
et al. 1989; Sujaritvanichpong and Aoki 1989; Pishko et al. 1990; Wang et al. 2000).
Torrinha et al. (2018) reported that the first PGE-based electrochemical biosensor
was introduced by Pishko and coworkers (Pishko et al. 1990). In that study,
polycationic redox polymer synthesized with Os complexes was used to modify
glucose oxidase enzyme. It was aimed to obtain enhanced redox reactions between
the enzyme and its substrate by the modification process. This modified enzyme was
immobilized at the graphite lead, and enzyme-substrate reactions were monitored by
amperometry.

Joseph Wang and his team performed the electrochemical detection of nucleic
acids (transfer RNA, single-stranded DNA, and oligo(dG)20) by adsorptive stripping
voltammetry technique and PGE (Wang et al. 2000). They compared PGE, CPE, and
GCE in terms of biosensor response and showed that the highest guanine oxidation
signal could be measured by PGE. They also investigated the effect of the hardness
of pencil leads upon the biosensor response and found that HB type gave the best
biosensor response. They represented the calibration curves of single-stranded DNA
and oligo(dG)20 and concluded that PGEs had excellent properties for the detection
of trace levels of nucleic acids. This is the first study in the literature for the
electrochemical detection of nucleic acids by using PGEs.

There are countless number of PGE-based electrochemical biosensor platform in
the literature since 1990s. Some of them are pointed out comprehensively in the third
section.

2.2 Screen-Printed Electrodes (SPEs)

Screen-printed electrodes (SPEs) are miniaturized platforms that have the configu-
ration of a printed three-electrode cell system on a robust surface. The printing
platform is usually ceramic, but it can also be transparent plastic material or glass
(Mincu et al. 2020). The electrical connection is provided between the three-
electrode cell and the printed surface. The electrode is directly bound with the
potentiostat when an electrochemical measurement is performed. Therefore, practi-
cal and time-saving applications could be designed by using these disposable
electrodes.

Another important advantage of these electrodes is the requirement of low
amount of the sample for electrochemical measurements. In a typical SPE, a
30–40 μL of sample is required for one analysis, but this amount could be dimin-
ished by designing personalized SPE systems. As an example, Erdem and her team
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developed amultichannel screen-printed array which were constructed of 16 working
electrodes with 1 reference and 1 counter electrodes (MUX-SPE16) for the electro-
chemical detection of microRNAs (Erdem et al. 2013; Erdem and Congur 2014).
They used just a 3 μL of sample for one electrochemical measurement by this array.
In another study of the same research group, 8-channel screen-printed electrochem-
ical array system (MULTI-SPE8) was designed for the detection of activated protein
C (Erdem and Congur 2014). This array contained 8 three-electrode systems, and
each of them needed a 20 μL of sample for one electrochemical analysis. These array
systems allowed performing one-by-one analysis of 16 or 8 different samples. Thus,
rapid and multi-screening could be obtained regarding the type of SPEs.

Different carbon- or metal-based working electrodes can be included in an SPE
structure. Furthermore, different types of nanomaterials, biomaterials, and polymers
are modified easily onto the surface of the SPEs by using different modification
techniques such as drop-casting, electropolymerization, and electrodeposition.

2.3 Paper-Based Electrodes

Miniaturization studies of electrochemical biosensors have been performed because
of not only the increase in the demand for rapid, reliable, and sensitive monitoring of
diseases and the factors threatening environment but also the demand for easily
accessible and affordable recognition tools. Cheap and readily available raw mate-
rials should be picked out for designing a miniaturized disposable electrochemical
biosensor system. At this point, paper is an appropriate candidate due to its
eco-friendly, flexible, cheap, biocompatible, and easily shaped structure (Gutiér-
rez-Capitán et al. 2020). It is an abundant raw material which can be obtained in
nature or through recycling process. No external pumping is required due to its
porous structure to flow the biofluids through the biosensor surface (Gutiérrez-
Capitán et al. 2020; Nilghaz et al. 2016), and capillary action of the fluid happens.
Moreover, paper substrates have a high affinity for various types of analytes
(Nilghaz et al. 2016; Loo and Pui 2020). Properties such as porosity, flow rate,
affinity degree, and thickness vary by paper type. Therefore, choosing the right paper
highly affects the selectivity, sensitivity, and other crucial requirements of an elec-
trochemical biosensor platform. Although filter papers and office papers that have
different thicknesses are used to design a paper-based electrochemical biosensor,
thinner ones are preferable for several printing methods (Loo and Pui 2020). It was
reported that the most used one is Whatman grade 1 chromatographic filter paper due
to the fact that it has a smooth surface, high alpha-cellulose content, and provides to
obtain reproducible and sensitive biosensor response (Silveira et al. 2016). Conse-
quently, this paper type is suitable for biomolecular recognition using electrochem-
ical techniques (Loo and Pui 2020).

One of the significant design features of paper-based biosensor platforms is
forming hydrophobic zones. These zones should be defined by hydrophobic walls
patterned by using different printing techniques such as photolithography or wax-,
inkjet-, screen-, or laser-printing. Forming of hydrophobic zones prevents the
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unstable flow of the sample solution. Among all printing methods, wax-printing is
the most preferable one since desired hydrophobic and hydrophilic zones could be
easily and effectively printed onto cellulose matrix (Loo and Pui 2020; Carrilho et al.
2009).

The first paper-based sensor application was designed in a two-dimensional
(2D) form. Martinez et al. reported a multiplexed paper-based bioassay for simulta-
neous detection of different analytes in biological fluids (Martinez et al. 2007). They
used chromatography paper and patterned using a photoresist. Three separate zones
were formed, two of them were for glucose and bovine serum albumin (BSA)
detection, and one of them was the control group. Then, the immobilization of
horseradish peroxidase/glucose oxidase or tetrabromophenol blue (TBPB) for the
detection of glucose or BSA, respectively. The detection of glucose and BSA at
different concentration levels was performed and more sensitive detection of the
analytes was achieved compared to commercially available dipsticks. The detection
was also tested in artificial urine sample. However, this biosensor platform depended
on colorimetric measurements. The first electrochemical application of paper-based
biosensors was reported in 2009 by Dungchai et al. (2009). Microfluidic channels
were provided by photolithography, and electrodes were placed by screen-printing
technique. Thus, three different detection zones constituted with one working
electrode, one reference electrode, and one counter electrode were combined in
one rigid platform, and this platform was the paper substrate. However, these three
zones were interconnected with each other in hydrophilic areas. Each carbon work-
ing electrode containing Prussian blue (PB) was modified with glucose oxidase,
lactate oxidase, or uricase to detect glucose, lactate, and uric acid in serum samples.
PB acted as a redox mediator for the product of the oxidase enzymes and their
substrates, H2O2. After the interaction between the enzymes and their substrates,
direct current chronoamperometry technique was used for electrochemical detection.

As explained in the previous paragraph, it could be possible to see several 2D
paper-based electrochemical biosensor applications in the literature. On the other
hand, 3D-designed electrochemical biosensors appear as new-generation electro-
chemical biosensors using paper substrates due to their easy folding and cutting
features. In contrast to the ones developed in 2D form, 3D paper-based biosensors
have folded structures in a specific configuration. While the working electrode could
be in one piece of this folded structure, reference and counter electrodes could be
placed in the other parts (Loo and Pui 2020). Thus, sophisticated biosensors can be
constructed by using this unique feature of the paper.

3 Most Commonly Used Nanomaterials for Construction
of Disposable Electrochemical Biosensors

The world has been changing since the First Industrial Revolution. Manpower has
been gradually replaced by machines to increase the productivity and yield of the
manufacturing processes. Today, we are living in the time of the Fourth Industrial
Revolution defined by Klaus Schwab in 2016 (Min et al. 2019). We have a high-tech

26 Disposable Electrochemical Nanobiosensors for Biomolecular Analysis 575



world, but we also have environmental disasters, fatal diseases, and a global climate
crisis. While some of us are living in prosperity, poverty is still a major problem for
others, especially those who live in Africa and the Middle East Region. Our natural
resources are running out, but our population is growing. We should fight our
problems with sustainable, effective, cheap, and accessible solutions. At this point,
nanotechnology science gives us the power to produce a variety of pathways to reach
the solutions to our new-generation problems. When a material is produced at the
nano level, it generally gains enhanced chemical, physical, mechanical, and thermal
properties. Since Richard Feynmann’s famous lecture given in 1958, nanotechnol-
ogy science has been tremendously growing in terms of not only the synthesis of
novel nanomaterials but also their applications.

There are several classification types of nanomaterials based on their raw mate-
rials, shapes, dimensions, etc. In this chapter, the most commonly used nano-
materials and their applications in the disposable electrochemical biosensor area
were stated.

3.1 Nanotubes and Their Use for the Development of Disposable
Electrochemical Biosensor Area

“Nanotubes” term was introduced by Iijima in the literature by synthesizing carbon
nanotubes (Iijima 1991). Carbon nanotubes consist of sp2 hybridized carbon atoms
oriented in a tubular shape. They are defined as one-dimensional nanomaterials.
They are classified as single-walled or multi-walled carbon nanotubes that have
hollow inner part since they are formed by rolling up a graphite layer in a honey-
comb lattice. They have unique properties such as high electrical and thermal
conductivity, providing high surface area for immobilization of biomolecules,
being stable and robust surfaces, etc. (Popov 2004; Sawant et al. 2022). Although
the “nanotubes” term evokes carbon-based ones, there are other types of nanotubes
in the literature. For example, halloysite nanotubes (HNTs) are synthesized using
aluminosilicate clay. Their discovery dates back 1800s (Saadat et al. 2020). Mineral
sheets are used in their synthesis process; Al, Si, H, and O are the four main elements
of them. Their use brings several advantages to the process such as being easily
accessible, being sustainable and not harmful, and allowing for modification/immo-
bilization on their surfaces (Saadat et al. 2020; Saif et al. 2018; Goda et al. 2019).

For another nanotube application, lipid bilayer walls are rolled to form an open-
ended cylindrical hollow structure. This type of nanotube is called a lipid nanotube
(LNT) (Wang et al. 2022). Their formation is based on the membrane form com-
prised of lipid molecules. Lipid molecules can shape in different orientations based
on the physical and chemical properties of the solution that surrounds them. LNTs
are one of these orientations of lipid molecules. Their highly oriented structure is a
unique feature among other formations. Besides, they provide biomolecule trans-
portation and biomolecular recognition (Wang et al. 2022; Zhou 2008). Another
biomolecule-based nanotube form is peptide nanotube (PNT). Protein blocks are
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formed in a well-developed nanotube structure appropriate for desired modification
step (Katouzian and Jafari 2019).

Metal telluride nanotubes are the other nanotube formations comprised of
dichalcogenide layers (Hussain and Hussain 2020). Metal chalcogenides are the
hybrids of electropositive elements and groups VIA elements (sulfur, selenium and
tellurium). They do not form like C atoms in graphite, but they can be rolled to form
a tube-like shape. Metal tellurides are a member of chalcogenides family synthesized
with tellurium element (Hussain and Hussain 2020). They could have nanotube
formation by rolling up the metal telluride layer. Due to the fact that they are the best
thermoelectric materials (Ghosh et al. 2021), they are used in photocatalytic and
thermocatalytic reactions (Arora et al. 2022). Table 26.1 represents some nanotubes-
based disposable electrochemical biosensors. The researches performed since 2015
are represented to give more up-to-date information about this field.

Although some reports about the development of nanotubes-based electrochem-
ical disposable biosensors are represented in Table 26.1, there are countless number
of nanotube applications in the electrochemical (bio)sensor area regardless they are
disposable or not. Nanotubes evoke the ones synthesized by carbon atoms, namely,
carbon nanotubes (CNTs), since most of the applications are performed using them
(Devarakonda et al. 2017; Congur et al. 2015b, c; Ensafi et al. 2015; Hernández-
Ibáñez et al. 2016; Hu et al. 2018; Kanat et al. 2018; Karimi-Maleh et al. 2015; Lu
et al. 2021; Mustafa et al. 2021; Nochit et al. 2021; Sengiz et al. 2015; Taei et al.
2015; Tutunaru et al. 2021; Unal et al. 2017; Viet et al. 2019; Wu et al. 2022; Zhang
et al. 2015; Zhou et al. 2016; Zhu et al. 2017). On the other hand, there are some
examples in the literature about using different types of nanotubes for the fabrication
of disposable electrochemical biosensors (Bolat et al. 2021; Feyzizarnagh et al.
2016; Vural et al. 2018; Yaman et al. 2020). There are some efforts for the designing
of HNTs-based electrochemical sensors, but there are few applications for the
development of HNTs-based electrochemical biosensors, and there is no report
about their usage for the fabrication of disposable ones.

Different types of carbon nanotubes as single-walled (SWCNT) or multi-walled
(MWCNT) were synthesized, and several disposable electrochemical biosensor
applications were reported. As seen in Table 26.1, PGEs, SPEs, paper substrates,
and even chip designs have been used intensively in this area. They can be used by
themselves, but they are widely applied by combining different nanomaterials/bio-
materials. In one application, PGEs were modified with GOQDs/CMWCNTs to
detect the toxicity of metal ions (Cd, Hg, and Pb) and phenols (Zhu et al. 2017).
First, GOQDs/CMWCNTs nanocomposite was synthesized and modified at the
surface of PGEs by the drop-casting method. The HepG2 cells were grown in a
96-well plate, then, incubated with metal ions or phenolic compounds (pentachlo-
rophenol (PCP), 2,4-dinitrophenol (2,4-DNP), and 2,4,6-trichlorophenol (2,4,6-
TCP)) at different concentration levels. The electrochemical detection of the
HepG2 cells was investigated by using the CV technique, and well-defined three
oxidation peaks were found at +0.67V, +0.94V, and þ 1.00 V depending on four
purines (guanine/xanthine, adenine, and hypoxanthine, respectively) exist in the
cells. The effect of the metals or phenolic compounds was evaluated by monitoring
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the changes at these three signals measured by LSV. IC50 levels of these toxic
components were determined by this methodology. It was reported that the devel-
oped electrochemical biosensor for the detection of toxicity of the selected com-
pounds was more sensitive than the MTTassay which is a conventional method used
for the determination of IC50 levels.

PGE-based carbon nanotubes modified disposable electrochemical biosensors
have been intensively used for the detection of drug-DNA interactions in recent
years (Congur et al. 2015b; Ensafi et al. 2015; Kanat et al. 2018; Karimi-Maleh et al.
2015; Sengiz et al. 2015; Taei et al. 2015; Unal et al. 2017). In one of them, MWNTs-
Fe2O3/SnO2

� CHIT nanocomposite was synthesized and used for the modification
of PGE (Taei et al. 2015). DOX is an anticancer drug that binds dsDNA by
intercalation. The electrochemical investigation of the interaction between dsDNA
and DOX was performed by using modified PGEs and DPV technique by monitor-
ing the changes in the DOX oxidation signal. MWNTs-Fe2O3/SnO2

� CHIT nano-
composite was modified at the surface of PGE by dipping of PGEs into the
nanocomposite solution for 40 min. Then, dsDNA was immobilized at the surface
of the modified PGEs by dipping the electrodes in the dsDNA samples in a stirred
media for 1 h. DOX samples were transferred into the electrochemical cell, and the
interaction of dsDNA and DOX was performed by applying a controlled potential.
The interaction was also monitored in human blood and urine samples.

In another study reported by Unal et al. (2017), PGEs were modified with
SWCNTs and used for the voltammetric monitoring of dsDNA and 6-TG that is
another anticancer drug. The modification of PGEs was characterized by micro-
scopic and electrochemical techniques. dsDNA was immobilized at the surface of
SWCNT/PGEs, then the interaction of dsDNA and 6-TG was done at the modified
PGE surface. The interaction process was quantitatively detected based on the
guanine signals obtained before and after the interaction process. The interaction
was performed in the presence of 6-TG at different concentration levels, and the
interaction performed during 1, 3, 5, and 7 min was monitored via DPV and EIS
techniques. The changes in the biosensor responses obtained by two different
techniques were compared.

There are some applications for the modification of PNTs and their nano-
composites at the surface of PGEs (Bolat et al. 2021; Vural et al. 2018; Yaman
et al. 2020) and Au-SPE (Feyzizarnagh et al. 2016). Feyzizarnagh et al. (2016)
developed HRP encapsulated PNTs modified Au-SPE for amperometric detection of
H2O2. Encapsulation of the enzyme into the PNTs provided stability and enhanced
electron transfer between the electrode and the active site of HRP. They obtained
more sensitive results by using PNTs compared to the one obtained by using
hydroquinone (HQ).

CNTs and their nanocomposites were widely used for the modification of SPEs
(Hernández-Ibáñez et al. 2016; Hu et al. 2018; Mustafa et al. 2021; Viet et al. 2019;
Wu et al. 2022; Zhou et al. 2016), papers (Devarakonda et al. 2017; Lu et al. 2021;
Nochit et al. 2021), and chip systems (Tutunaru et al. 2021; Zhang et al. 2015). They
are miniaturized, easy-to-use, and portable prototypes or devices. A handmade
paper-based immunosensor was reported by Devarakonda et al. (2017) for the
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electrochemical detection of H1N1 virus. First, they applied hydrophobic poly-
dimethylsiloxane (PDMS) modified silica nanoparticles onto the selected part of
the Whatman chromatography paper to obtain enhanced hydrophobicity. After the
paper dried, they printed the three-electrode system via the stencil-printing tech-
nique. Then, they modified at paper-based electrode surface by using chitosan and
SWCNTs and immobilized H1N1-specific monoclonal antibody at the modified
electrode surface. They used the DPV technique to monitor antibody-antigen inter-
action, and they found the detection limit as 104 PFU mL�1 by using the modified
paper-based biosensor. They tested the selectivity of the biosensor in the presence of
MS2 bacteriophage and influenza B virus.

A micro-fabricated chip system was used for the development of a disposable
electrochemical biosensor for the detection of glucose. Micro-fabricated Pt elec-
trodes were prepared by applying the photolithography method onto the surface of
the silicon wafer. Then, the layer-by-layer assembly technique was used to construct
CS–GNp–glucose oxidase multilayer film onto the SWCNT-modified electrode
surface. Enzyme-substrate interaction was monitored quantitatively by
amperometry, not only in buffer but also in saliva sample. Reproducible, repeatable,
sensitive, and selective results were obtained using the modified paper-based elec-
trochemical biosensor.

3.2 The Applications of Graphene and Its Derivatives

Graphene was discovered by Andre Geim and Kostia Novoselov in 2004 (Geim and
Novoselov 2007). Its discovery opened the door for the investigation of 2D nano-
materials, and graphene and its derivatives have been synthesized and used in a great
variety of applications such as new-generation batteries, electronic devices, fuel
cells, catalysts, and eventually biosensors (Lawal 2018). Graphene has hexagonal-
formed sp2 carbon atoms that have π-π interactions with the binding (bio)molecules
(Arshad et al. 2022). It has superior electrochemical, optical, thermal, mechanical,
and physical properties (Huo et al. 2018; Pumera 2010; Yu et al. 2021). Exfoliation
and oxidation techniques are applied to graphite (Obayomi et al. 2022) to synthesize
graphene oxide (GO) which is a versatile form of graphene (Arshad et al. 2022). The
oxidation process introduces functional groups into the graphene nanosheets. These
functional groups as hydroxyl, carboxyl, epoxide, carbonyl, and phenol groups
(Li et al. 2019; Obayomi et al. 2022) act as the binding sites of biomolecules,
nanomaterials, and biomaterials (Yu et al. 2021). Therefore, GO forms are more
useful for surface modification, immobilization, or the formation of nanocomposites
(Joshi et al. 2021; Obayomi et al. 2022). Furthermore, this form has enhanced
physical, thermal, and chemical properties (Joshi et al. 2021; Yu et al. 2021).

Graphene and its derivatives are appropriate materials to develop disposable
electrochemical biosensors due to their excellent electrical, chemical, and physical
properties (Joshi et al. 2021; Yu et al. 2021). Some of the applications reported from
2015 to the present are listed in Table 26.2.
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Due to its appropriate structure for the synthesis of different nanoshaped-
materials and the modification, novel graphene-based nanomaterials and their nano-
composites were introduced in the literature. As seen in Table 26.2, GO and rGO are
the most applied graphene-based nanomaterials in the disposable electrochemical
biosensor area. rGO (or RGO, reduced graphene oxide) is obtained by conversion of
GO into rGO through the reduction reaction. The oxygen-contained groups of GO
are removed and rGO gains more hydrophobic properties than GO. rGO may have
aggregated shape in aqueous solutions, but it has enhanced chemical and electrical
properties in comparison to GO (Feng et al. 2020).

miRNAs are short single-stranded RNAs that are indicative nucleic acids for vital
diseases such as cancer (Moshiri et al. 2018), neurodegenerative diseases (Congur
et al. 2015a), viral infections (Yeung et al. 2005), and diabetes (Assmann et al. 2018).
Therefore, the development of miRNA-specific biosensors is an attractive topic, and
several electrochemical applications for the fabrication of single-use monitoring tools
were reported in the literature (Akbarnia et al. 2019; Congur et al. 2015a, 2018; Eksin
et al. 2018; Erdem et al. 2017; Isin et al. 2017; Pothipor et al. 2022; Torul et al. 2021).
The prototypes using PGEs, SPEs, and paper-based electrode systems were presented
for the fabrication of point-of-care test devices in the future. Briefly, a target miRNA-
specific single-stranded DNA probe is used for the sensitive recognition. The nucleic
acid hybridization between the DNA probe and its miRNA target is achieved and this
hybridization is monitored by using different graphene-based nanomaterial modified
electrodes and voltammetric/impedimetric techniques. PGEs serve as cheaper recog-
nition surface than SPEs and paper-based electrodes since no printing costs are
required for the development of PGE-based analytical tools. On the other hand, SPE
and paper-based ones are relatively close to the device designs.

Graphene quantum dots (GQD, GQDs) are another graphene-based nanomaterial
synthesized by introducing a bandgap into the graphene structure (Jin et al. 2015;
Kelarakis 2015). They are sustainable alternatives to heavy metal-based quantum
dots due to their green synthesis methods and low toxicities (Kelarakis 2015). Their
modified physical properties make them good candidates for novel applications in
different areas including electrochemical biosensors (Faridbod and Sanati 2019;
Thangamuthu et al. 2019). In one of the disposable electrochemical biosensor
applications, microRNA-541 which is the biomarker for lung cancer (Lu et al.
2016), diabetes (Han et al. 2012), and cardiovascular diseases (Liu et al. 2014)
was monitored by using GQDs modified PGEs (Akbarnia et al. 2019). The nucleic
acid hybridization between 5’ NH2 labeled miRNA-541 specific DNA probe and its
RNA target was performed at the surface of covalently activated GQDs-PGE. Then,
the electrode was incubated with a restriction enzyme, Hinf1, to apply the enzymatic
digestion method. Before and after the hybridization, the oxidation signal of guanine
base was recorded, and a decrease at this signal was monitored after the hybridiza-
tion. The enzymatic digestion caused more decreased guanine signal that enhanced
the sensitivity of the nanobiosensor. The application of the GQDs-PGE-based
electrochemical biosensor was shown in serum samples, and the selectivity of the
biosensor was tested against noncomplementary miRNA sequence.

In another GQDs-based disposable electrochemical biosensor design, a micro-
fluidic device was fabricated taking the advantages of GQDs (Cincotto et al. 2019).
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The device was constructed by screen printing of two carbon working electrodes
onto sheets of polyester. These electrodes were modified with GQDs and used for the
electrochemical detection of uric acid and creatinine associated with kidney diseases.
Uric acid was directly determined based on its oxidation signal on the working
electrode-1 whereas the other one should be treated with creatininase enzyme before
creatinine detection. Creatinine was converted to creatine by using the enzyme-
substrate reaction, and creatine reacted with an electrochemical mediator,
hexaammine-ruthenium (III) chloride. Finally, ruthenium (II) was formed and its
oxidation signal was monitored for the detection of creatinine. SWV technique was
implemented for both uric acid and creatinine detection and simultaneous detection
of both biomarkers could be achieved in human urine samples.

There has been a great effort for electrochemical glucose sensing since the 1960s
(Clark and Lyons 1962) through enzymatic and nonenzymatic detection routes.
Enzyme-based biomonitoring is preferable to enhance the sensitivity and selectivity
of the biosensor system (Vukojević et al. 2018). The enzymatic reaction between
glucose oxide and glucose can be monitored by using different electroanalytical
techniques (Teymourian et al. 2020). Novel electrochemical glucose biosensors take
place in the literature with the applications of graphene-based nanomaterials
(Ahmadi et al. 2021; Burrs et al. 2016; Rabti et al. 2016; Vukojević et al. 2018;
Plekhanova et al. 2021). Furthermore, graphene-based nanocomposites were used
for the fabrication of these biosensors. Vukojević et al. reported an enzymatic
glucose biosensor fabricated by using MnO2 nanoparticles decorated on graphene
nanoribbons (GNRs) (Vukojević et al. 2018). They emphasized that although
graphene-based nanomaterials were widely used for the construction of electrochem-
ical biosensors, there were limited applications of GNRs that gain a form by a
combination of graphene and carbon nanotubes. Their study is the first report in
the literature in terms of the use of GNRs decorated with MnO2 nanoparticles for the
development of an electrochemical glucose biosensor. They fabricated SPEs having
carbon working electrodes and synthesized the nanocomposite. Then, they prepared
MnO2-GNR/SPE and immobilized GOx onto this modified electrode. The electro-
chemical and microscopic studies proved the modification of the nanocomposite
onto the SPE surface and enhancement at the sensitivity. They monitored glucose via
chronoamperometric measurements not only in buffer but also in honey samples.

Table 26.2 represents the examples of antibody-based biosensors, namely
immunosensors developed by using graphene-based electrochemical recognition
platforms to monitor proteins (Cao et al. 2017; Mehta et al. 2016; Mutić et al.
2020; Parate et al. 2020a, b; Pothipor et al. 2022; Rong et al. 2021; Sethi et al. 2021;
Yao et al. 2019) and cells (Borisova et al. 2017, 2018; Gupta et al. 2019; McLamore
et al. 2020). A three-dimensional (3D) electrochemical immunosensors was reported
by Zhao et al. (2019) for the detection of α-fetoprotein antigen which is a tumor
biomarker. For this purpose, graphene@Ni foam was modified with gold nano-
particles (AuNPs) and an AFP-specific antibody (Ab1) was immobilized. Then, the
electrode was incubated with the AFP sample. As a second step, the AFP capture
antibody tagged with NH2 functionalized SiO2 nanospheres (Ab2) was immobilized
at the surface of the electrode. After the electrodeposition of silver nanoparticles
(AgNPs), linear sweep voltammetry (LSV) measurements were performed. It was
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reported that sensitive and selective detection of the target protein could be achieved
by using the developed 3D biosensor system.

Interdigitated electrodes (IDEs) are miniaturized electrode systems that have
several advantages (Brosel-Oliu et al. 2019), but the most remarkable property of
them is to allow the fabrication of portable and easy-to-use electroanalytical tools.
There are some examples of the use of graphene-based nanomaterials for the design
of electrochemical biosensors (Parate et al. 2020a, b). Electrochemical histamine
immunosensor developed by using IDEs fabricated by aerosol jet printing of
graphene ink onto a polyimide substrate was reported by Parate et al. (2020a). The
biointeraction between histamine-specific antibody and histamine was monitored by
the EIS technique and the charge transfer resistance (Rct) value was recorded before
and after each immobilization/interaction step. The changes at the Rct value were
evaluated for the detection of histamine and the evaluation of the selectivity. In
another study, graphene-based IDEs were developed by using the same technique
reported, and used for the fabrication of an impedimetric immunosensor for inter-
feron-gamma (IFN-γ) and interleukin-10 (IL-10) that are the cytokines associated
with immune system functions (Conti-Freitas et al. 2012). Similar to the previous
study, nyquist diagrams were recorded and the changes at the Rct value were
evaluated in terms of the detection of the target molecules.

Selective and sensitive detection of the microorganisms are desirable to monitor the
contaminations and microorganisms-related diseases. Thus, there are efforts to
develop sensitive and selective recognition platforms for microorganisms by using
graphene or its derivatives modified single-use electrochemical biosensors (Borisova
et al. 2017, 2018; Gupta et al. 2019; McLamore et al. 2020). Brettanomyces
bruxellensis (Brett) is a yeast and contaminant factor for wine production. Borisova
and coworkers reported an AuNPs-rGO modified SPE fabricated for amperometric
detection of Brett (Borisova et al. 2017). After the construction of an AuNPs-rGO/
SPE, an antibody that is specific for Brett was immobilized at the electrode surface.
Then, antibody-antigen biointeraction occurred and concanavalin A-hydrogen
peroxidase conjugate (ConA-HRP) was immobilized at the electrode surface. The
redox reaction between ConA-HRP and H2O2 was monitored by amperometry. The
electrochemical and microscopic characterization of the modified electrode surface
was performed, and the sensitivity and selectivity of the developed biosensor system
were studied.

Vibrio parahaemolyticus is a foodborne pathogen found in water resources. Its
contamination causes diseases in both animals and humans (Kampeera et al. 2019).
Kampeera et al. (2019) designed an electrochemical biosensor for sensitive and
selective monitoring of Vibrio parahaemolyticus in a fast way. The detection prin-
ciple of that biosensor was the combination of electrochemical detection with loop-
mediated isothermal amplification (LAMP) method that enhances the sensitivity and
selectivity. They used screen-printed graphene electrode and modified it with
graphene nanoparticles. They designed and produced a mini-potentiostat to perform
CV and CA measurements. For electrochemical measurements, they mixed the
LAMP products with a redox probe containing 20-(4-hydroxyphenyl) � 5-
(4-methyl-1-piperazinyl) � 2,50-bi(1H-benzimidazole). They measured the
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oxidation signal of this redox couple after the LAMP amplification of the samples.
They performed LAMP reaction with 36 foodborne pathogens and obtained only
positive results in the presence of the target pathogen, Vibrio parahaemolyticus by
using the LAMP-based electrochemical device (LAMP-EC). They found that
LAMP-EC gave sensitive and selective results. They could be designed a point-of-
care system for the online analysis of a foodborne pathogen.

Aptamers are antibody-like biorecognition molecules that are synthesized through
systematic evolution of ligands exponential enrichment (SELEX) methods. They are
single-stranded DNA or RNAmolecules that have the ability of the specific binding of
the target molecules such as drugs, proteins, metals, cells, etc. They are produced
in vitro, and they are stable, highly sensitive and selective biomolecules that are
superior properties in comparison to the antibodies (Famulok et al. 2007). Therefore,
numerous applications of aptamers for the development of electrochemical biosensors
were reported in the literature (Nooranian et al. 2021; Wen et al. 2017; Iliuk et al.
2011). Some of the graphene-based disposable ones were given in Table 26.2. An SPE
modified with graphene nanoplatelets (GNPs) was reported for the voltammetric
detection of lipocalin-2 (LCN-2) protein that is associated with different diseases
such as kidney disruptions (Viau et al. 2010; Lau et al. 2000) and cancers (Moniaux
et al. 2008; Lee et al. 2011; Bauer et al. 2008; Miyamoto et al. 2011). GNP modified
SPEs were treated with covalent activation agents, and LCN-2 specific DNA aptamer
was immobilized at the modified electrode surface. Bovine serum albumin (BSA) was
used as the blocking agent to prevent the unspecific binding of interference factors at
the electrode surface. The specific binding of LCN-2 onto the electrode surface was
monitored in the presence of a redox couple, {Fe(CN)6}

4�/3�. The selectivity of the
biosensor was tested in the presence of nonspecific DNA aptamer and different
proteins under optimum conditions. Spiked LCN-2 in human plasma was also ana-
lyzed to prove the applicability of the biosensor in the real-life analysis.

Kanamycin is a veterinary medicine and its common overdose usage cause
environmental and agricultural pollution (Song et al. 2011). Due to the importance
of monitoring this drug, a paper-based electrochemical aptasensor was designed by
Yao et al. (2019). A graphene paper (GNP) was prepared and kanamycin specific
DNA aptamer was immobilized at GNP surface. The potentiometric detection of
kanamycin was performed in the presence of DNAase I to cleavage the dissociative
aptamer and increase the sensitivity. This graphene paper-based potentiometric
aptasensor was tested against other antibiotics under optimum experimental condi-
tions. Furthermore, the biosensor response was measured by a smartphone which
allowed real-time monitoring of the samples.

4 Concluding Remarks

In this chapter, disposable electrochemical biosensor platforms combined with the
most used nanomaterials, nanotubes, and graphene and its derivatives or their
nanocomposites were presented. The use of these nanomaterials enhances not only
the selectivity and sensitivity but also the robustness of the biorecognition platforms.
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The PGE-based electrochemical biosensors are cheap and practical. Therefore, a
countless number of electrochemical nanobiosensor were developed by using PGEs.
On the other hand, SPEs and paper-based analytical platforms are miniaturized
prototypes for devices that are capable of real-time monitoring. Both voltammetric
and impedimetric analyses can be implemented with the said single-use electrode
types. Several biorecognition elements such as nucleic acids, antibodies, aptamers,
and enzymes can be used for the specific detection of the target molecule. However,
the right biorecognition element should be chosen to obtain reliable, sensitive, and
selective results. Due to the fact that disposable analytical tools have indispensable
properties, it is expected that miniaturized and commercialized single-use electro-
chemical nanobiosensors will have a considerable portion in the field of analytical
monitoring in the future.

References

Ahmadi A, Khoshfetrat SM, Kabiri S, Fotouhi L, Dorraji PS, Omidfar K (2021) Impedimetric
paper-based enzymatic biosensor using electrospun cellulose acetate nanofiber and reduced
graphene oxide for detection of glucose from whole blood. IEEE Sensor J 21:9210–9217

Ahmadi SF, Hojjatoleslamy M, Kiani H, Molavi H (2022) Monitoring of aflatoxin M1 in milk using
a novel electrochemical aptasensor based on reduced graphene oxide and gold nanoparticles.
Food Chem 73:131321

Akbarnia A, Zarea HR, Moshtaghioun SM, Benvidi A (2019) Highly selective sensing and
measurement of microRNA-541 based on its sequence-specific digestion by the restriction
enzyme Hinf1. Colloid Surf B 182:110360

Aoki K, Okamoto T, Kaneko H, Nozaki K, Negishi A (1989) Applicability of graphite reinforce-
ment carbon used as the lead of a mechanical pencil to voltammetric electrodes. J Electroanal
Chem Int Electrochem 263:323–331

Arora A, Oswal P, Datta A, Kumar A (2022) Complexes of metals with organotellurium compounds
and nanosized metal tellurides for catalysis, electrocatalysis and photocatalysis. Coord Chem
Rev 459:214406

Arshad F, Nabi F, Iqbal S, Khan RH (2022) Applications of graphene-based electrochemical and
optical biosensors in early detection of cancer biomarkers. Colloid Surf B 212:112356

Assmann TS, Recamonde-Mendoza M, Puñales M, Tschiedel B, Canani LH, Crispim D (2018)
MicroRNA expression profile in plasma from type 1 diabetic patients: case-control study and
bioinformatic analysis. Diabetes Res Clin Pract 141:35–46

Batchelor-McAuley C, Katelhön E, Barnes EO, Compton RG, Laborda E, Molina A (2015) Recent
advances in voltammetry. Chem Open 4:224–260

Bauer M, Eickhoff JC, Gould MN, Mundhenke C, Maass N, Friedl A (2008) Neutrophil gelatinase-
associated lipocalin (NGAL) is a predictor of poor prognosis in human primary breast cancer.
Breast Cancer Res Treat 108:389–397

Bhatnagar I, Mahato K, Ealla KKRA, Asthana A, Chandra P (2018) Chitosan stabilized gold
nanoparticle mediated self-assembled gliP nanobiosensor for diagnosis of Invasive Aspergillo-
sis. Int J Biol Macromol 110:449–456

Bolat G, Vural OA, Yaman YT, Abaci S (2021) Label-free impedimetric miRNA-192 genosensor
platform using graphene oxide decorated peptide nanotubes composite. Microchem J
166:106218

Borisova B, Villalonga ML, Arévalo-Villena M, Boujakhrout A, Sánchez A, Parrado C, Pingarrón
JM, Briones-Pérez A, Villalonga R (2017) Disposable electrochemical immunosensor for

590 G. Congur



Brettanomyces bruxellensis based on nanogold-reduced graphene oxide hybrid nanomaterial.
Anal Bioanal Chem 409:5667–5674

Borisova B, Sánchez A, Soto-Rodríguez PED, Boujakhrout A, Arévalo-Villena M, Pingarrón JM,
Briones-Pérez A, Parrado C, Villalonga R (2018) Disposable amperometric immunosensor for
Saccharomyces cerevisiae based on carboxylated graphene oxide-modified electrodes. Anal
Bioanal Chem 410:7901–7907

Brosel-Oliu S, Abramova N, Uria N, Bratov A (2019) Impedimetric transducers based on interdig-
itated electrode arrays for bacterial detection. Anal Chim Acta 1088:1–19

Burrs SL, Bhargava M, Sidhu R, Kiernan-Lewis J, Gomes C, Claussen JC, McLamore ES (2016) A
paper based graphene-nanocauliflower hybrid composite for point of care biosensing. Biosens
Bioelectron 85:479–487

Cao L, Fang C, Zeng R, Zhao X, Zhao F, Jiang Y, Chen Z (2017) A disposable paper-based
microfluidic immunosensor based onreduced graphene oxide-tetraethylene pentamine/Au nano-
compositedecorated carbon screen-printed electrodes. Sens Act B 252:44–54

Carrilho E, Martinez AW, Whitesides GM (2009) Understanding wax printing: a simple micro-
patterning process for paper-based microfluidics. Anal Chem 81:7091–7095

Chang Z, Zhu B, Liu J, Zhu X, Xu M, Travas-Sejdic J (2021) Electrochemical aptasensor for
17β-estradiol using disposable laser scribed graphene electrodes. Biosens Bioelectron 185:113247

Chiticaru EA, Pilan L, Damian CM, Vasile E, Burns JS, Ioni M (2019) Influence of graphene oxide
concentration when fabricating an electrochemical biosensor for DNA detection. Biosensors 9:
113–130

Choudhary M, Yadav P, Singh A, Kaur S, Ramirez-Vick J, Chandra P, Arora K, Singh SP (2016)
CD 59 targeted ultrasensitive electrochemical immunosensor for fast and noninvasive diagnosis
of oral cancer. Electroanalysis 28:2565–2574

Cincotto FH, Fava EL, Moraesa FC, Fatibello-Filho O, Fariaa RC (2019) A new disposable
microfluidic electrochemical paper-based device for the simultaneous determination of clinical
biomarkers. Talanta 195:62–68

Clark LC, Lyons C (1962) Electrode systems for continuous monitoring in cardiovascular surgery.
Ann N YAcad Sci 102:29–45

Congur G (2021) An up-to-date review about (bio)sensor systems developed for detection of
glyphosate. Int J Env Anal Chem Ahead-of-print, 1–13

Congur G, Eksin E, Erdem A (2015a) Impedimetric detection of microRNA at graphene oxide
modified sensors. Electrochim Acta 172:20–27

Congur G, Erdem A, Mese F (2015b) Electrochemical investigation of the interaction between
topotecan and DNA at disposable graphite electrodes. Bioelectrochemistry 102:21–28

Congur G, Plucnara M, Erdem A, Fojta M (2015c) Detection of p53 gene by using genomagnetic
assay combined with carbon nanotube modified disposable sensor technology. Electroanalysis
27:1579–1586

Congur G, Eksin E, Erdem A (2018) Impedimetric detection of miRNA-34a using graphene oxide
modifiedchemically activated graphite electrodes. Sens Act A 279:493–500

Conti-Freitas LC, Foss-Freitas MC, Mamede R, Foss NT (2012) Interferon-gamma and ınterleukin-
10 production by mononuclear cells from patients with advanced head and neck cancer. Clinics
67:587–590

Devarakonda S, Singh R, Bhardwaj J, Jang J (2017) Cost-effective and handmade paper-based
ımmunosensing device for electrochemical detection of influenza virus sensors. Sensors
17:2597

Dowlatshahi S, Abdekhodaie MJ (2021) Electrochemical prostate-specific antigen biosensors based
on electroconductive nanomaterials and polymers. Clin Chim Acta 516:111–135

Down MP, Foster CW, Ji X, Banks CE (2016) Pencil drawn paper based supercapacitors. RSC Adv
6:81130–81141

Dungchai W, Chailapakul O, Henry CS (2009) Electrochemical detection for paper-based micro-
fluidics. Anal Chem 81:5821–5826

26 Disposable Electrochemical Nanobiosensors for Biomolecular Analysis 591



Dzulkurnain NA, Mokhtar M, Rashid JIA, Knight VF, Yunus VMZW, Ong KK, Kasim NAM, Noor
SAM (2021) A review on ımpedimetric and voltammetric analysis based on polypyrrole
conducting polymers for electrochemical sensing applications. Polymers 13:2728

Eksin E, Zor E, Erdem A, Bingol H (2017) Electrochemical monitoring of biointeraction by
graphene-based material modified pencil graphite electrode. Biosens Bioelectron 92:207–214

Eksin E, Bikkarolla SK, Erdem A, Papakonstantinou P (2018) Chitosan/nitrogen doped reduced
graphene oxide modified biosensor for ımpedimetric detection of microRNA. Electroanalysis
30:551–560

Ensafi AA, Lesani S, Amini M, Rezaei B (2015) Electrochemical ds-DNA-based biosensor
decorated with chitosan modified multiwall carbon nanotubes for phenazopyridine biodetection.
J Taiwan Inst Chem Eng 54:165–169

Erdem A, Congur G (2014) Label-free voltammetric detection of MicroRNAs at multi-channel
screen printed array of electrodes comparison to graphite sensors. Talanta 118:7–13

Erdem A, Karadeniz H, Caliskan A (2009) Single-walled carbon nano-tubes modified graphite
electrodes for electrochemical monitoring of nucleic acids and biomolecular interactions.
Electroanalysis 21:464–471

Erdem A, Congur G, Eksin E (2013) Multi channel screen printed array of electrodes for enzyme-
linked voltammetric detection of MicroRNAs. Sens Act B 188:1089–1095

Erdem A, Eksin E, Isin D, Polat D (2017) Graphene oxide modified chemically activated graphite
electrodes for detection of microRNA. Electroanalysis 29:1350–1358

Famulok M, Hartig JS, Mayer G (2007) Functional aptamers and aptazymes in biotechnology,
diagnostics, and therapy. Chem Rev 107:3715–3743

Faridbod F, Sanati AL (2019) Graphene quantum dots in electrochemical sensors/biosensors. Curr
Anal Chem 15:103–123

Feng J, Ye Y, Xiao M, Wu G, Ke Y (2020) Synthetic routes of the reduced graphene oxide. Chem
Paper 74:3767–3783

Feyzizarnagh H, Park BW, Sharma L, Patania MM, Yoon DY, Kim DS (2016) Amperometric
mediatorless hydrogen peroxide sensor with horseradish peroxidase encapsulated in peptide
nanotubes. Sens Bio-Sens Res 7:38–41

Flauzino JMR, Nguyen EM, Yang Q, Rosati G, Panacek D, Brito-Madurro AG, Madurro JM,
Bakandritsos A, Otyepka MC, Merkoçi A (2022) Label-free and reagentless electrochemical
genosensor based on graphene acid for meat adulteration detection. Biosens Bioelectron
195:113628

Geim AK, Novoselov KS (2007) The rise of graphene. Nat Mater 6:183–191
Ghosh T, Dutta M, Biswas K (2021) High-performance thermoelectrics based on metal selenides.

In: Thermoelectric energy conversion theories and mechanisms, materials, devices, and appli-
cations, Woodhead Publishing series in electronic and optical materials, pp 217–246

Goda ES, Gab-Allah MA, Singu BS, Yoon KR (2019) Halloysite nanotubes based electrochemical
sensors. Microchem J 147:1083–1096

Gogola JL, Martins G, Gevaerd A, Blanes L, Cardoso J, Marchini FK, Banks CE, Bergamini MF,
Marcolino-Junior LH (2021) Label-free aptasensor for p24-HIV protein detection based on
graphene quantum dots as an electrochemical signal amplifier. Anal Chim Acta 1166:338548

Goh GL, Tay MF, Lee JM, Ho JS, Sim LN, Yeong WY, Chong TH (2021) Potential of printed
electrodes for electrochemical ımpedance spectroscopy (EIS): toward membrane fouling detec-
tion. Adv Electron Mater 7:2100043–2100064

Gonçalves AM, Pedro AQ, Santos FM, Martins LM, Maia CJ, Queiroz JA, Passarinha LA (2014)
Trends in protein-based biosensor assemblies for drug screening and pharmaceutical kinetic
studies. Molecules 19:12461–12485

Gupta A, Bhardwaj SK, Sharma AL, Deep A (2019) A graphene electrode functionalized with
aminoterephthalic acid for impedimetric immunosensing of Escherichia coli. Microchim Acta
186:800

Gutiérrez-Capitán M, Baldi A, Fernández-Sánchez C (2020) Electrochemical paper-based biosen-
sor devices for rapid detection of biomarkers. Sensors 20:967

592 G. Congur



Han B, Shi X, Peng Q, Gao W (2012) Study on genetic variance of miR-541 in type 1 diabetes.
ISRN Endocrinol 2012:630861

Hasanjani HRA, Zarei K (2021) DNA/Au-Pt bimetallic nanoparticles/graphene oxide-chitosan
composites modified pencil graphite electrode used as an electrochemical biosensor for
sub-picomolar detection of anti-HIV drug zidovudine. Microchem J 164:106005

Hatamluyi B, Es’haghi Z (2018) Quantitative biodetection of anticancer drug rituxan with dna
biosensor modified pamam dendrimer/reduced graphene oxide nanocomposite. Electroanalysis
30:1659–1668

Hernández-Ibáñez N, García-Cruz L, Montiel V, Foster CW, Banks CE, Iniesta J (2016) Electro-
chemical lactate biosensor based upon chitosan/carbon nanotubes modified screen-printed
graphite electrodes for the determination of lactate in embryonic cell cultures. Biosens
Bioelectron 77:1168–1174

Hu X, Gou KY, Kumar VS, Catanante G, Li Z, Zhu Z, Marty JL (2018) Disposable electrochemical
aptasensor based on carbon nanotubes-V2O5-chitosan nanocomposite for detection of cipro-
floxacin. Sens Act B 268:278–286

Huo PP, Zhao P, Wang Y, Liu B, Yin GC, Dong MD (2018) A roadmap for achieving sustainable
energy conversion and storage: graphene-based composites used both as an electrocatalyst for
oxygen reduction reactions and an electrode material for a supercapacitor. Energies 11:167–189

Hussain RA, Hussain I (2020) Metal telluride nanotubes: synthesis, and applications. Mat Chem
Phys 256:123691

Iijima S (1991) Helical microtubules of graphitic carbon. Nature 354:56–58
Iliuk AB, Hu L, Tao WA (2011) Aptamer in bioanalytical applications. Anal Chem 83:4440–4452
Ishida N, Saito K (1977) Pencil lead and manufacturing method of the same. US Patent No:

4017451
Isin D, Eksin E, Erdem A (2017) Graphene oxide modified single-use electrodes and their

application for voltammetric miRNA analysis. Mater Sci Eng C 75:1242–1249
Jamaluddin RZAR, Heng LY, Tan LL, Chong KF (2018) Electrochemical biosensor for nitrite based

on polyacrylic-graphene composite film with covalently ımmobilized hemoglobin. Sensors 18:
1343–1359

Jamaluddin RZAR, Tan LL, Chong KF, Heng LY (2020) An electrochemical DNA biosensor
fabricated from graphene decorated with graphitic nanospheres. Nanotechnology 31:485501

Jin Z, Owour P, Lei S, Ge L (2015) Graphene, graphene quantum dots and their applications in
optoelectronics. Curr Opin Colloid Inter Sci 20:439–453

Joshi DJ, Koduru JR, Malek NI, Hussain CM, Kailasa SK (2021) Surface modifications and
analytical applications of graphene oxide. Trend Anal Chem 144:116448

Kamali P, Zandi M, Ghasemzadeh-Moghaddam H, Fani M (2022) Comparison between various
biosensor methods for human Tlymphotropic virus1 (HTLV1) detection. Mol Biol Rep 49:
1513–1517

Kampeera J, Pasakon P, Karuwan C, Arunrut N, Sappat A, Sirithammajak S, Dechokiattawan N,
Sumranwanich T, Chaivisuthangkura P, Ounjai P, Chankhamhaengdecha S, Wisitsoraat A,
Tuantranont A, Kiatpathomchai W (2019) Point-of-care rapid detection of Vibrio para-
haemolyticus in seafood using loop-mediated isothermal amplification and graphene-based
screen-printed electrochemical sensor. Biosens Bioelectron 132:271–278

Kanat E, Eksin E, Karacicek B, Erac Y, Erdem A (2018) Electrochemical detection of ınteraction
between dacarbazine and nucleic acids in comparison to agarose gel electrophoresis. Electro-
analysis 30:1566–1574

Karimi-Maleh H, Tahernejad-Javazmi F, Atar N, Yola ML, Gupta VK, Ensafi AA (2015) A novel
DNA biosensor based on a pencil graphite electrode modified with polypyrrole/functionalized
multiwalled carbon nanotubes for determination of 6-mercaptopurine anticancer drug. Ind Eng
Chem Res 54:3634–3639

Karimi-Maleh H, Bananezhad A, Ganjali MR, Norouzi P, Sadrnia A (2018) Surface amplification of
pencil graphite electrode with polypyrrole and reduced graphene oxide for fabrication of a

26 Disposable Electrochemical Nanobiosensors for Biomolecular Analysis 593



guanine/adenine DNA based electrochemical biosensors for determination of didanosine anti-
cancer drug. App Surf Sci 441:55–60

Karuppiah S, Mishra NC, Tsai WC, Liao WS, Chou CF (2021) Ultrasensitive and low-cost paper-
based graphene oxide nanobiosensor for monitoring water-borne bacterial contamination. ACS
Sens 6:3214–3223

Katouzian I, Jafari SM (2019) Protein nanotubes as state-of-the-art nanocarriers: synthesis methods,
simulation and applications. J Control Release 303:302–318

Kelarakis A (2015) Graphene quantum dots: in the crossroad of graphene, quantum dots and
carbogenic nanoparticles. Curr Opin Colloid Inter Sci 20:354–361

Khodadadi A, Faghih-Mirzaei A, Karimi-Maleh H, Abbaspourrad A, Agarwalf S, Kumar Gupta V
(2019) A new epirubicin biosensor based on amplifying DNA interactions with polypyrrole and
nitrogen-doped reduced graphene: experimental and docking theoretical investigations. Sens
Act B 284:568–574

Killard AJ (2017) Disposable sensors. Curr Opin Electrochem 3:57–62
Kim J, Campbell AS, BEF Á, Wang J (2019) Wearable biosensors for healthcare monitoring. Nat

Biotech 37:389–406
Lakshmipriya T, Gopinath SCB (2019) An introduction to biosensors and biomolecules. In:

Nanobiosensors Biomolecular Targeting. Elsevier, pp 1–21
Lau WKO, Blute ML, Weaver AL, Torres VE, Zincke H (2000) Matched comparison of radical

nephrectomy vs nephronsparing surgery in patients with unilateral renal cell carcinoma and a
normal contralateral kidney. Mayo Clin Proc 75:1236–1242

Lawal AT (2018) Progress in utilisation of graphene for electrochemical biosensors. Biosens
Bioelectron 106:149–178

Lee EK, Kim HJ, Lee KJ, Lee HJ, Lee JS, Kim DG, Hong SW, Yoon Y, Kim JS (2011) Inhibition of
the proliferation and invasion of hepatocellular carcinoma cells by lipocalin 2 through blockade
of JNK and PI3K/Akt signaling. Int J Oncol 38:325–333

Lee SH, Ban YJ, Oh CH, Park HK, Choi S (2016) A solvent-free microbial-activated air cathode
battery paper platform made with pencil-traced graphite electrodes. Scientific Reports 6:28588

Li Z, Wang L, Li Y, Feng Y, Feng W (2019) Carbon-based functional nanomaterials: preparation,
properties and applications. Compos Sci Technol 179:10–40

Lim J, Ling W, Khan A, Saad B, Ghani SA (2012) Electro polymerized 4-vinyl pyridine on 2B
pencil graphite as ionophore for cadmium (II). Talanta 88:477–483

Liu F, Li N, Long B, Fan Y, Liu C, Zhou Q, Murtaza I, Wang K, Li P (2014) Cardiac hypertrophy is
negatively regulated by miR-541. Cell Death Dis 5:1171

Liu J, Zhu B, Dong H, Zhang Y, Xu M, Travas-Sejdic J, Chang Z (2022) A novel electrochemical
insulin aptasensor: from glassy carbon electrodes to disposable, single-use laser-scribed
graphene electrodes. Bioelectrochemistry 143:107995

Loo SW, Pui TS (2020) Cytokine and cancer biomarkers detection: the dawn of electrochemical
paper-based biosensor. Sensors 20:1854

Lu YJ, Liu RY, Hu K, Wang Y (2016) MiR-541-3p reverses cancer progression by directly targeting
TGIF2 in non-small cell lung cancer. Tumor Immunol 37:12685–12695

Lu Q, Su T, Shang Z, Jin D, Shu Y, Xu Q, Hu X (2021) Flexible paper-based Ni-MOF composite/
AuNPs/CNTs film electrode for HIV DNA detection. Biosens Bioelectron 184:113229

Mahato K, Purohit B, Bhardwaj K, Jaiswal A, Chandra P (2019) Novel electrochemical biosensor
for serotonin detection based on gold nanorattles decorated reduced graphene oxide in biolog-
ical fluids and in vitro model. Biosens Bioelectron 142:111502

Martinez AW, Phillips ST, Butte MJ, Whitesides GM (2007) Patterned paper as a platform for
inexpensive, low-volume, portable bioassays. Angew Chem Int Ed Engl 46:1318–1320

Mašek J (1960) A simple microcoulometric arrangement for polarographic purposes using the
three-electrode system. J Electroanal Chem 1:416–421

Matassan ND, Rizwan M, Mohd-Naim NF, Tlili C, Ahmed MU (2019) Graphene nanoplatelets-
based aptamer biochip for the detection of Lipocalin-2. IEEE Sensors J 19:9592–9599

Mehta J, Vinayak P, Tuteja SK, Chhabra VA, Bhardwaj N, Paul AK, Kim KH (2016) Deep A
graphene modified screen printed immunosensor for highly sensitive detection of parathion.
Biosens Bioelectron 83:339–346

594 G. Congur



Min J, Kim Y, Lee S, Jang TW, Kim I, Song J (2019) The fourth industrial revolution and its impact
on occupational health and safety, worker’s compensation and labor conditions. Saf Health
Work 10:400–408

Mincu NB, Lazar V, Stan D, Mihailescu CM, Iosu R, Mateescu AL (2020) Screen-printed
electrodes (SPE) for in vitro diagnostic purpose. Diagnostics 10:517

Miyamoto T, Kashima H, Suzuki A, Kikuchi N, Konishi D, Seki N, Shiozawa T (2011) Laser-
captured microdissection-microarray analysis of the genes involved in endometrial carcinogen-
esis: stepwise upregulation of lipocalin2 expression in normal and neoplastic endometria and its
functional relevance. Hum Pathol 42:1265–1274

Mohammad-Razdari A, Ghasemi-Varnamkhasti M, Izadi Z, Ensafi AA, Rostami S, Siadat M
(2019a) An impedimetric aptasensor for ultrasensitive detection of Penicillin G based on the
use of reduced graphene oxide and gold nanoparticles. Microchim Acta 186:372

Mohammad-Razdari A, Ghasemi-Varnamkhasti M, Izadi Z, Rostami S, Ensafi AA, Siadat M,
Losson E (2019b) Detection of sulfadimethoxine in meat samples using a novel electrochemical
biosensor as a rapid analysis method. J Food Comp Anal 82:103252

Mohanraj J, Durgalakshmi D, Rakkesh RA, Balakumar S, Rajendran S, Karimi-Maleh H (2020)
Facile synthesis of paper based graphene electrodes for point of care devices: a double stranded
DNA (dsDNA) biosensor. J Colloid Inter Sci 566:463–472

Moniaux N, Chakraborty S, Yalniz M, Gonzalez J, Shostrom VK, Standop J, Lele SM, Ouellette M,
Pour PM, Sasson AR, Brand RE, Hollingsworth MA, Jain M, Batra SK (2008) Early diagnosis
of pancreatic cancer: neutrophil gelatinase-associated lipocalin as a marker of pancreatic
intraepithelial neoplasia. Br J Cancer 98:1540–1547

MoraskieM, Roshid HO, O’Connor G, Dikici E, Zingg JM, Deo S, Daunert S (2021)Microbial whole-
cell biosensors: current applications, challenges, and future perspectives. Biosens Bioelectron
191:113359

Moshiri F, Salvi A, Gramantieri L, Sangiovanni A, Guerriero P, De Petro G, Bassi C, Lupini L,
Sattari A, Cheung D (2018) Circulating miR-106b-3p, miR-101-3p and miR-1246 as diagnostic
biomarkers of hepatocellular carcinoma. Oncotarget 9:15350

Mujica ML, Gallaya PA, Perrachionea F, Montemerlo AE, Tamborelli LA, Vaschetti VM, Reartes
RM, Bolloc S, Rodríguez MC, Dalmasso PR, Rubianes MD, Rivas GA (2020) New trends in the
development of electrochemical biosensors for thequantification of microRNAs. J Pharm
Biomed Anal 189:113478

Mustafa RR, Sukor R, Eissa S, Shahrom AN, Saari N, Nor SMM (2021) Sensitive detection of
mitragynine fromMitragyna speciosa Korth using an electrochemical immunosensor based on
multiwalled carbon nanotubes/chitosan- modified carbon electrode. Sens Act B 345:130356

Narwal V, Pundir CS (2019) Development of glycerol biosensor based on co-immobilization of
enzyme nanoparticles onto graphene oxide nanoparticles decorated pencil graphite electrode. Int
J Biol Macromol 127:57–65

Nilghaz A, Guan L, TanW, ShenW (2016) Advances of paper-based microfluidics for diagnostics –
the original motivation and current status. ACS Sens 1:1382–1393

Nochit P, Subudom P, Teepoo S (2021) Multiwalled carbon nanotube (MWCNT) based electro-
chemical paper-based analytical device (ePAD) for the determination of catechol in wastewater.
Anal Lett 54:2484–2497

Nohwala B, Chaudharya R, Pundir CS (2020) Amperometric L-lysine determination biosensor
amplified with L-lysine oxidase nanoparticles and graphene oxide nanoparticles. Process
Biochem 97:57–63

Nooranian S, Mohammadinejad A, Mohajeri T, Aleyaghoo G, Oskuee RK (2021) Biosensors based
on aptamer-conjugated gold nanoparticles: a review. Biotechnol Appl Biochem 1–18

Obayomi KS, Lau SY, Danquah M, Chiong T, Takeo M (2022) Advances in graphene oxide based
nanobiocatalytic technology for wastewater treatment. Environ Nanotechnol Monit Manag
17:100647

Pandey CM, Malhotra BD (2019) Biosensors: fundamentals and applications, 2nd edn. De Gruyter,
Berlin/Boston

26 Disposable Electrochemical Nanobiosensors for Biomolecular Analysis 595



Panraksa Y, Siangproh W, Khampieng T, Chailapakul O, Apilux A (2018) Paper-based ampero-
metric sensor for determination of acetylcholinesterase using screen-printed graphene electrode.
Talanta 178:1017–1023

Parate K, Pola CC, Rangnekar SV, Mendivelso-Perez DL, Smith EA, Hersam MC, Gomes CL,
Claussen JC (2020a) Aerosol-jet-printed graphene electrochemical histamine sensors for food
safety monitoring. 2D Mater 7:034002

Parate K, Rangnekar SV, Jing D, Mendivelso-Perez DL, Ding S, Secor EB, Smith EA, Hostetter JM,
Hersam MC, Claussen JC (2020b) Aerosol-Jet-printed graphene immunosensor for label-free
cytokine monitoring in serum. Appl Mater Interfaces 12:8592–8603

Pishko MV, Katanis I, Lindquist SE, Heller A, Degani Y (1990) Electrical communication between
graphite electrodes and glucose oxidase/redox polymer complexes. Mol Cryst Liq Cryst 190:
221–249

Plekhanova Y, Tarasov S, Reshetilov A (2021) Use of PEDOT:PSS/graphene/nafion composite in
biosensors based on acetic acid bacteria. Biosensors 11:332–342

Poletti F, Scidà A, Zanfrognini B, Kovtun A, Parkula V, Favaretto L, Melucci M, Palermo V,
Treossi E, Zanardi C (2022) Graphene-paper-based electrodes on plastic and textile supports as
new platforms for amperometric biosensing. Adv Funct Mater 32:2107941

Popov VN (2004) Carbon nanotubes: properties and application. Mater Sci Eng R 43:61–102
Pothipor C, Bamrungsap S, Jakmune J, Ounnunka K (2022) A gold nanoparticle-dye/poly

(3-aminobenzylamine)/two dimensional MoSe2/graphene oxide electrode towards label-free
electrochemical biosensor for simultaneous dual-mode detection of cancer antigen 15-3 and
microRNA-21. Colloid Surf B 210:112260

Pumera M (2010) Graphene-based nanomaterials and their electrochemistry. Chem Soc Rev 39:
4146–4157

Rabti A, Mayorga-Martinez CC, Baptista-Pires L, Raouafi N, Merkoçi A (2016) Ferrocene-
functionalized graphene electrode for biosensing applications. Anal Chim Acta 926:28–35

Rong S, Zou L, Zhu Y, Zhang Z, Liu H, Zhang Y, Zhang H, Gao H, Guan H, Dong J, Guo Y, Liu F,
Li X, Pan H, Chang D (2021) 2D/3D material amplification strategy for disposable label-free
electrochemical immunosensor based on rGO-TEPA@Cu-MOFs@SiO2@AgNPs composites
for NMP22 detection. Microchem J 168:106410

Saadat S, Pandey G, Tharmavaram M, Braganz V, Rawtani D (2020) Nano-interfacial decoration of
Halloysite nanotubes for the development of antimicrobial nanocomposites. Adv Colloid Int Sci
275:102063

Saif MJ, Asif HM, Naveed M (2018) Properties andmodificationmethods of halloysite nanotubes: a
state-of-the- art review. Chil Chem Soc 63:4109–4125

Sawant SV, Patwardhan AW, Joshi JB, Dasgupta K (2022) Boron doped carbon nanotubes:
synthesis, characterization and emerging applications. Chem Eng J 427:131616

Sengiz C, Congur G, Eksin E, Erdem A (2015) Multiwalled carbon nanotubes-chitosan modified
single- use biosensors for electrochemical monitoring of drug- DNA interactions. Electroanal-
ysis 27:1855–1863

Seo SE, Tabei F, Park SJ, Askarian B, Kima KH, Moallem G, Chong JW, Kwon OS (2019)
Smartphone with optical, physical, and electrochemical nanobiosensors. J Ind Eng Chem 77:1–11

Sethi J, Bulck MV, Suhail A, Safarzadeh M, Perez-Castillo A, Pan G (2020) A label-free biosensor
based on graphene and reduced graphene oxide dual-layer for electrochemical determination of
beta-amyloid biomarkers. Microchim Acta 187:288

Sethi J, Suhail A, Safarzadeh M, Sattar A, Wei Y, Pan G (2021) NH2 linker for femtomolar label-
free detection with reduced graphene oxide screen-printed electrodes. Carbon 179:514–522

Settu K, Liu JT, Chen CJ, Tsai JZ (2017) Development of carbongraphene-based aptamer biosensor
for EN2 protein detection. Anal Biochem 534:99–107

Sha R, Badhulika S (2019) Few layered MoS2 grown on pencil graphite: a unique single-step
approach to fabricate economical, binder-free electrode for supercapacitor applications. Nano-
technology 30:035402

596 G. Congur



Sharifi M, Avadi MR, Attar F, Dashtestani F, Ghorchian H, Rezayat SM, Saboury AA, Falahati M
(2019) Cancer diagnosis using nanomaterials based electrochemical nanobiosensors. Biosens
Bioelectron 126:773–784

Shoja Y, Kermanpur A, Karimzadeh F (2018) Diagnosis of EGFR exon21 L858R point mutation as
lung cancer biomarker by electrochemical DNA biosensor based on reduced graphene oxide/
functionalized ordered mesoporous carbon/Ni-oxytetracycline metallopolymer nanoparticles
modified pencil graphite electrode. Biosens Bioelectron 113:108–115

Silveira MC, Monteiro T, Almeida GM (2016) Biosensing with paper-based miniaturized printed
electrodes–a modern trend. Biosensors 6:51

Soares RRA, Hjort RG, Pola CC, Parate K, Reis EL, Soares NFF, McLamore ES, Claussen JC,
Gomes CL (2020) Laser-induced graphene electrochemical immunosensors for rapid and label-
free monitoring of salmonella enterica in chicken broth. ACS Sens 5:1900–1911

Song KM, ChoM, Jo H, Min K, Jeon SH, Kim T, HanMS, Ku JK, Ban C (2011) Gold nanoparticle-
based colorimetric detection of kanamycin using a DNA aptamer. Anal Biochem 415:175–181

Srivastava AK, Dev A, Karmakar S (2018) Nanosensors and nanobiosensors in food and agricul-
ture. Env Chem Lett 16:161–182

Stanković V, Đurđić S, Ognjanović M, Antić B, Kalcher K, Mutić J, Stanković DM (2020) Anti-
human albumin monoclonal antibody immobilized on EDC-NHS functionalized carboxylic
graphene/AuNPs composite as promising electrochemical HSA immunosensor. J Electroanal
Chem 860:113928

Sujaritvanichpong S, Aoki K (1989) Electrode reactions of 3,4-dihydroxyphenylacetic acid
(DOPAC) at glassy carbon, graphite-reinforcement carbon, and carbon fiber electrodes. Elec-
troanalysis 1:397–403

Taei M, Salavati H, Hasanpour F, Shafiei A (2015) Biosensor based on ds-DNA decorated Fe2O3/
SnO2-chitosan modified multiwalled carbon nanotubes for biodetection of doxorubicin. IEEE
Sensors J 16:1–1

Teymourian H, Barfidokht A, Wang J (2020) Electrochemical glucose sensors in diabetes manage-
ment: an updated review (2010–2020). Chem Soc Rev 49:7671–7709

Thangamuthu M, Hsieh KY, Kumar PV, Chen GY (2019) Graphene- and graphene oxide-based
nanocomposite platforms for electrochemical biosensing applications. Int J Mol Sci 20:2975

Thapa K, Liu W, Wang R (2022) Nucleic acid-based electrochemical biosensor: recent advances in
probe immobilization and signalamplification strategies. WIREs Nanomed Nanobiotechnol
14:1765

Torrinha A, Amorim CG, Montenegro MCBSM, Araújo AN (2018) Biosensing based on pencil
graphite electrodes. Talanta 190:235–247

Torul H, Yarali E, Eksin E, Ganguly A, Benson J, Tamer U, Papakonstantinou P, Erdem A (2021)
Paper-based electrochemical biosensors for voltammetric detection of miRNA biomarkers using
reduced graphene oxide or MOS2 nanosheets decorated with gold nanoparticle electrodes.
Biosensors 11:236–252

Tu D, He Y, Rong Y, Wang Y, Li G (2016) Disposable L-lactate biosensor based on a screen-printed
carbon electrode enhanced by graphene. Meas Sci Technol 27:045108–2704514

Turner AFP (2013) Biosensors: sense and sensibility. Chem Soc Rev 42:3184–3196
Tutunaru O, Mihailescu CM, Savin M, Tincu BC, Stoian MC, Muscalu GS, Firtat B, Dinulescu S,

Craciun G, Moldovan CA, Ficai A, Ion AC (2021) Acetylcholinesterase entrapment onto
carboxyl-modified single-walled carbon nanotubes and poly (3,4-ethylenedioxythiophene)
nanocomposite, film electrosynthesis characterization, and sensor application for dichlorvos
detection in apple juice. Microchem J 169:106573

Unal DN, Eksin E, Erdem A (2017) Carbon nanotubes modified graphite electrodes for monitoring
of biointeraction between 6-thioguanine and DNA. Electroanalysis 29:2292–2299

Viau A, Karoui KE, Laouari D, Burtin M, Nguyen C, Mori K, Pillebout E, Berger T, Mak TW,
Knebelmann B, Friedlander G, Barasch J, Terzi F (2010) Lipocalin 2 is essential for chronic
kidney disease progression in mice and humans. J Clin Invest 120:4065–4076

26 Disposable Electrochemical Nanobiosensors for Biomolecular Analysis 597



Viet NX, Hoan NX, Takamura Y (2019) Development of highly sensitive electrochemical
immunosensor based on single-walled carbon nanotube modified screen-printed carbon elec-
trode. Mater Chem Phys 227:123–129

Vukojević V, Djurdjića S, Ognjanović M, Fabián M, Samphaod A, Kalchere K, Stanković DM
(2018) Enzymatic glucose biosensor based on manganese dioxide nanoparticles decorated on
graphene nanoribbons. J Electroanal Chem 823:610–616

Vural T, Yaman YT, Ozturk S, Abaci S, Denkbas EB (2018) Electrochemical immunoassay for
detection of prostate specific antigen based on peptide nanotube-gold nanoparticle-polyaniline
immobilized pencil graphite electrode. J Colloid Inter Sci 510:318–326

Wang L (2017) Screening and biosensor-based approaches for lung cancer detection. Sensors
17:2420

Wang J, Kawde AN, Sahlin E (2000) Renewable pencil electrodes for highly sensitive stripping
potentiometric measurements of DNA and RNA. Analyst 125:5–7

Wang X, Lu X, Chen J (2014) Development of biosensor technologies for analysis of environmental
contaminants. Trend Env Anal Chem 2:25–32

Wang Y, Zhang J, Gao H, Sun Y, Wang L (2022) Lipid nanotubes: formation and applications.
Colloid Surf B 212:112362

Wei B, Mao K, Liu N, Zhang M, Yang Z (2018) Graphene nanocomposites modified electrochem-
ical aptamer sensor for rapid and highly sensitive detection of prostate specific antigen. Biosens
Bioelectron 121:41–46

Wen L, Qiu L, Wu Y, Hu X, Zhang X (2017) Aptamer-modified semiconductor quantum dots for
biosensing applications. Sensors 17:1736

Wu G, Zheng H, Xing Y, Wang C, Yuan X, Zhu X (2022) A sensitive electrochemical sensor for
environmental toxicity monitoring based on tungsten disulfide nanosheets/hydroxylated carbon
nanotubes nanocomposite. Chemosphere 286:131602

Yaman YT, Vural OA, Bolat G, Abaci S (2020) One-pot synthesized gold nanoparticle-peptide
nanotube modified disposable sensor for impedimetric recognition of miRNA 410. Sens Act B
320:128343

Yao Y, Jiang C, Ping J (2019) Flexible freestanding graphene paper-based potentiometric enzymatic
aptasensor for ultrasensitive wireless detection of kanamycin. Biosens Bioelectron 123:178–184

Yeung ML, Bennasser Y, Myers TG, Jiang G, Benkirane M, Jeang KT (2005) Changes in
microRNA expression profiles in HIV-1-transfected human cells. Retrovirology 2:81

Yu H, Guo W, Lu X, Xu H, Yang Q, Tan J, Zhang W (2021) Reduced graphene oxide nano-
composite based electrochemical biosensors for monitoring foodborne pathogenic bacteria.
Food Control 127:108117

Zhang W, Du Y, Wang ML (2015) On-chip highly sensitive saliva glucose sensing using multilayer
films composed of single-walled carbon nanotubes, gold nanoparticles, and glucose oxidase.
Sens Bio-Sens Res 4:96–102

Zhao C, Li X, An S, Zheng D, Pei S, Zheng X, Liu Y, Yao Q, YangM, Dai L (2019) Highly sensitive
and selective electrochemical immunosensors by substrate-enhanced electroless deposition of
metal nanoparticles onto three-dimensional graphene@Ni foams. Sci Bull 64:1272–1279

Zhou Y (2008) Lipid nanotubes: formation, templating nanostructures and drug nanocarriers. Crit
Rev Solid State Mater Sci 33:183–196

Zhou J, Qiu X, Su K, Xu G, Wang P (2016) Disposable poly (o-aminophenol)-carbon nanotubes
modified screenprint electrode-based enzyme sensor for electrochemical detection ofmarine
toxin okadaic acid. Sens Act B 235:170–178

Zhu X, Wu G, Lua N, Yuan X, Li B (2017) A miniaturized electrochemical toxicity biosensor based
on graphene oxide quantum dots/carboxylated carbon nanotubes for assessment of priority
pollutants. J Hazard Mater 324:272–280

598 G. Congur



Nanoporous Silica Materials
for Electrochemical Sensing
and Bioimaging

27

Vinodhini Subramaniyam and Moorthi Pichumani

Contents
1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 600

1.1 Preparation of Nanoporous Silica Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 601
1.2 Hybridization of Nanoporous Silica to Enhance Opto-electronic Properties for

Specific Applications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 602
2 Electrochemical Sensing Applications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 602

2.1 Electrochemical Sensing of Metal-Ions and Heavy Metal-Ions . . . . . . . . . . . . . . . . . . . . . . 602
2.2 Electrochemical Sensing of Biomolecules . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 604
2.3 Electrochemical Sensing of Gas . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 605
2.4 Electrochemical Sensing of Chemical Species . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 608
2.5 Electrochemical Sensing of Insecticide, Radiative, Explosive, and Stimulant

Drug . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 608
3 Biosensing and Imaging Applications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 609

3.1 Drug Delivery . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 609
3.2 Biomolecules Immobilization/Encapsulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 611
3.3 Biosensing Through Various Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 612
3.4 Bioimaging Applications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 613

4 Conclusion and Outlook . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 614
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 615

Abstract

Silica (SiO2) is a simple inorganic porous material commonly found on the earth.
The homogeneous porosity, hydrothermal firmness, increased surface area, pore
size, pore volume, ordered texture, chemical inertness, and biocompatible nature
are the iconic and crucial properties of the nanoporous silica. Each specific
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properties of the nanoporous silica enables the wide applications into numerous
fields. The adaptability of silica is helping in hybridizing with other organic
and/or inorganic species. This hybridization with other species enhances the
properties of the pristine silica for different applications. Besides, the chemical
inertness of the pristine silica is helpful to stabilize the chemical species inside the
pores and using in electrochemical sensing of metal/heavy metal ions, biomole-
cules, gas molecules, insecticide, radiative element, explosive trigger, stimulant
drug, and other potential chemical species. The ordered porous structure is used
as a backbone in the form of films, coatings, and membranes in electrodes.
Additionally, the uniform pore size easing the electrode accessibility by enhanc-
ing the diffusivity of charges and ions. The optical property of hybridized silica is
greatly utilized in the sensing and imaging applications. Especially, the biocom-
patibility of the nanoporous silica is playing a predominant role in the bioimaging
of cancer cell growth. By the help of drug immobilization, the nanoporous silica
can be efficiently utilized in targeting drug delivery in in vivo therapeutic appli-
cations. The nanoporous silica is the potential material with multitude applica-
tions in various fields.

Keyword

Nanoporous silica · Hybridization · Membrane · Electrochemical sensor ·
Biosensor · Bio-imaging

1 Introduction

Silicon (IV) dioxide (SiO2) is a common inorganic material is also called Silica.
Silica materials can be found as crystalline (quartz) as well as amorphous. The silica,
a ceramic material, is composed by one silicon atom and two oxygen atoms
coordinated in a linear fashion (O-Si-O). Silica is considered to be a richest mineral
present on the earth. The Silica material with its bulk form is used in the production
of glasses, concrete, silica foam, MEMS devices, sand casted metallic materials, IC
insulators, shale gas and oil hydraulic cracking, additive in food manufacturing,
semiconducting materials development, and etc. The chemical inertness and bio-
compatibility of the silica materials make them as prominent coating material on
various electrode materials (Chen et al. 2016). Notably, the porous nature of the
silica material is making them as protuberant templates in the preparation of several
pristine and hybrid nanoparticles and/or nanostructures. Further, due to the chemical
inertness and porous properties, the silica material is used as the ever-classic material
in various separation columns (Khoo and Leow 2021).

Porous materials are generally classified into three categories with respect to their
pore size such as microporous (0.2 nm < pore diameter < 2 nm), mesoporous
(2 nm < pore diameter < 50 nm), and macroporous (50 nm < pore diame-
ter < 1000 nm). Paradoxically, after the development of nanoscience domain, the
materials with a pore size of 1 nm< pore diameter< 100 nm, which are either open,
closed, and/or interconnected pores, are considered to be nanoporous materials.
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Among all, mesoporous materials are coming under the nanoporous materials, as
subcategory. Compared with the mesoporous silica, nanoporous silica possess ver-
tical alignment of pores that enhances the surface-to-volume ratio and molecular
accessibility.

Nanoporous silica materials including, particles, fibers, membranes, gels, aerogels
with large-range order possess outstanding properties such as great surface area, pore
size and pore volume, hydrothermal firmness, and homogeneously tailored particle
texture (Badiei et al. 2018). Moreover, thermal annealing and ion-irradiation treat-
ments can induce thermal spikes showcasing the improved mechanical stability of
nanoporous silica (Kucheyev et al. 2011). Nanoporous silica is broadly used in the
form of film in electrodes of the electrochemical sensors. This provides a direct contact
toward the surface of the electrode material to the species with solution phase. The
nanoporous silica materials are cost effective and being prepared easily than the ideally
used carbon black materials for the electrodes used in electrochemical systems. They
offer the adaptability with other electroactive and/or conducting additive materials,
while formulating the paste for electrode preparation. The nanoporous network ease
the charge-electrode accessibility, which results in mass charge transportation. The
ordered pore structure with homogeneous size of the nanoporous silica enables the
electron and ionic diffusivity (Wei and Hillhouse 2007).

Nanoporous silica materials are also prepared in the form of individual or
supported membranes. These membranes are highly required in the broad fields of
electrochemistry and molecular separation (Wang et al. 2007; Zhou et al. 2020).
Nanoporous silica substrates with protein imprints are utilized in immunoassay
sensing (Blinka et al. 2010) and waveguide sensor chips (Horvath et al. 2005)
applications. Nanoporous silica are used as supporting stubborn layer, core, or
backbone embedded with biological systems like phospholipid bilayers (Kendall
et al. 2013; Sun et al. 2015) and cellular level evaluation (Li et al. 2017). Adsorption
of metal ions (for example, Be+, Pd2+), sensing of metal ions (for example, Cd2+,
Pb2+, Cu2+, Ni2+, Ag+, Hg2+, Fe3+, Cr3+, Ce3+), detection of refractive index (Chen
et al. 2016), catalyzation for artificial photosynthesis (Frei 2009), and chemical
conversion (Yang and Tang 2019) are also performed using both pristine and
functionalized nanoporous silica.

1.1 Preparation of Nanoporous Silica Materials

Nanoporous silica particles are generally synthesized with co-condensation
(Fatemeh Silakhori et al. 2020), and stöber method (Di Paolo et al. 2019). Meso-
porous silica materials used as a source to the synthesis of nanoporous silica. For
example, the nanoporous silica fibers prepared using templated electrospinning
method with mesoporous silica, which is primarily synthesized with sol-gel method
(Kanehata et al. 2007; Elsherief et al. 2020). Nanoporous silica (amorphous) in
large-scale is synthesized from etching the silica sheets. The size and morphology of
the resultant silica nanostructures can be easily tuned in this method (Hui et al.
2020). Nanoporous silica structures/films also fabricated on substrates using self-
assembly process (Doshi et al. 2005; Bollmann et al. 2007; Canning et al. 2014).
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Among all other above-said methods, nanoporous silica synthesis are time-
consuming syntheses with high energy and expensive chemicals. But, cost-effective
biosynthesis diminishes all the demerits, which presents in the other chemical
involved synthetic methods. The nature-gifted photosynthetic microalgae, diatom,
possess various micro and nanoporous structures. The diatom with nanoporous silica
shells and frustules can be synthesized/cultivated naturally within few days
(Gnanamoorthy et al. 2014).

1.2 Hybridization of Nanoporous Silica to Enhance
Opto-electronic Properties for Specific Applications

The nanoporous silica itself has photoluminescence property in a long-range from
ultraviolet to visible spectrum (Hui et al. 2020) with enhanced surface area and pore
size (Elsherief et al. 2020). Further, the luminescence property of the nanoporous
silica enhanced by doping (Hayashi et al. 2021) of many materials including Eu
(II) (Tagaya et al. 2011), Fe3O4–Au core (Zhang et al. 2010), naphthoquinone
(Fatemeh Silakhori et al. 2020), spirorhodamineamide (Di Paolo et al. 2019),
9-acridinylamine (Zhad et al. 2011), and diatoms (photosynthetic microorganism,
algae) (Yoneda et al. 2016) for fluorescent sensing applications and pH indicator
utilizations.

Experiments on synthesis of nanoporous silica aerogels offers enhanced mechan-
ical, thermal, and physiochemical properties (Lee et al. 2006; Hong et al. 2013).
Hybridization with magnetic nanoparticles followed by polymer materials
functionalization offers the composite a field-dependent magnetization properties
with large pores (Liu et al. 2012; Janßen et al. 2018), which enables them to use in
many fields such as, drug delivery, adsorption, cellular uptake, bioimaging, etc.,
Nanoporous silica functionalized with sulfonic acid is used as the nano-reactor in the
synthesis of organic materials (Mohammadi Ziarani et al. 2011). Membrane of
nanoporous silica-phenyl sulfonic acid with polyvinyl alcohol is applied in the
Polymer Electrolyte Membrane (PEM) fuel cells due to their enhanced water
retention ability and thermal stability offered by the acidic nature of the nanoporous
silica porous structure (Beydaghi et al. 2011). Extensively, the applications of the
hybridized nanoporous silica in electrochemical sensing, biosensing, immobiliza-
tion, drug delivery, and bioimaging are discussed widely in the following sections.

2 Electrochemical Sensing Applications

2.1 Electrochemical Sensing of Metal-Ions and Heavy Metal-Ions

Silica-based materials are globally utilized in the electrochemical sensors to sense
metal ions (Yadavi et al. 2013) and heavy metal ions (Rechotnek et al. 2021).
Especially, mechanically and thermally stable nanoporous silica materials with
homogeneous size, high surface area, and biocompatibility are simple and cost-
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effective with great sensitivity and selectivity toward metal ion detection. Nano-
porous silica modified with 1-(2-pyridylazo)-2-naphthol is used to detect a list of
heavy metal ions (Cu2+, Pb2+, Cd2+, and Ni2+) from the samples of water and
seafood with a detection limit of 0.4, 0.9, 0.3, and 0.6 ng mL�1. In electrochemical
sensing, the adsorption of metal/heavy metal ions into the nanoporous silica, pH is
the most crucial parameter. By fixing the pH (offers increased quantitative recovery),
the interference of unidentified complex matrices present in real samples could be
reduced (Abolhasani and Behbahani 2015). Nanoporous silica in the form of gel,
functionalized with dipyridyl (DPSG) used in the electrochemical sensor to sense
Ag+ ions with a detection limit of 1.0 � 10�7 M. The increment in current response,
while the Ag+ ions interact with the electrode is clearly revealed in the Fig. 27.1a.
The nanoporous silica offers improved performance, response time, sensitivity, and
stability to the electrode (Javanbakht et al. 2007a). Similarly, the Ag+ ion sensed
using nanoporous silica gel are modified with phenylthiourea with a limit of detec-
tion, 5 pM L�1 (Javanbakht et al. 2009a).

Nanoporous silica is incorporated into polyfurfural, and then coated on a glassy
carbon electrode to sense Cd2+ and Pb2+ ions electrochemically as well as

Fig. 27.1 pH response of the freshly prepared electrode vs (a) DPSG-based electrode, (b)
DPNSG-based electrode, (c) CPE5-based electrode, and (d) DTPSG-based electrode. (Taken
from Javanbakht et al. 2007a, b, 2009a, b, c, and Zhang et al. 2012b)
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simultaneously with a detection limit of 0.9 ng L�1 and 0.02 ng L�1, respectively.
The resultant electrode displays improved stability, reliability, selectivity, and sen-
sitivity with a broad linear range (Fang et al. 2019). Dipyridyl group covalently
functionalize with nanoporous silica gel (DPNSG) are used to detect the Cu2+ heavy
metal ions with a limit of detection, 8.0 � 10�8 M. The Fig. 27.1b shows the
detection of Cu2+ ions with the current hike response. The resultant electrochemical
sensor shows enhanced durability and selectivity with quick response time
(Javanbakht et al. 2007b). Likewise, the DPNSG modified electrode also tends to
detect Ce3+ ions with linear response (Javanbakht et al. 2008).

Nanoporous silica gel functionalized with dipyridyl is utilized to determine Hg2+

ions with a limit of detection, 8 nM. The electrode possess increased lifetime and
stability by limiting the leach of functional groups from the nanoporous silica
backbone (Javanbakht et al. 2009c). Detection of Hg2+ ions are also performed
using nanoporous silica functionalized with thiourea with a limit of detection of
7.0 � 10�8 M dm�3. The hike in current response when the interaction of Hg2+ ions
with the electrode is shown in Fig. 27.1c. Typically, the electrode exhibits improved
performance, sensitivity, and stability (Javanbakht et al. 2009b). Nanoporous silica
embedded with glycinyl-urea is used to sense Pb2+, Cu2+, and Hg2+ ions with
excellent durability by protecting the depletion of the functional ligands (Lin et al.
2004). The nanoporous silica gel modifying with diazo-thiophenol used to sense
Ag+ ions with a limit of detection, 9.5 � 10�7 M. The electrode responding with
high current for the interaction of Ag+ ions with the electrode surface is displayed in
Fig. 27.1d. This offers quick response time, longer stability, enhanced selectivity,
and reproducibility (Zhang et al. 2012a). In the same way, the nanoporous silica gel
functionalized with 2-acetylpyridine is used to electrochemically sense Cr3+ ions in
coffee and tea leaves with a limit of detection, 8.0 � 10�9 M. The quick response
time, sensitivity, and stability of the electrode are protected by using nanoporous
silica (Zhou et al. 2009).

2.2 Electrochemical Sensing of Biomolecules

The electrochemical sensing method is widely used to detect biomolecules (Liu et al.
2017; Shanbhag et al. 2021). The sensing of the biomolecules are ideally performed
by loading the corresponding enzyme into porous electrode materials. Nanoporous
materials with high surface area are unique in biomolecule sensing (Zhang et al.
2012b), especially, nanoporous silica (Yu et al. 2006) with chemical inertness and
fast charge transfer nature (Dhara and Mahapatra 2020). Specifically, nanoporous
silica synthesized from biological source (diatoms) enables surface modifications
and diffusivity of the chemical species. Diatomic nanoporous silica membrane with
improved rapid sensitivity and greater selectivity, even without the usage of label, is
utilized to sense C-reactive protein (Vattipalli et al. 2011). Similarly, diatomic
nanoporous silica is used to sense C-reactive protein and myeloperoxidase, inflam-
matory proteins (Lin et al. 2010) as label-free method.
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Transparent nanoporous silica films embedded with triple photoluminescence
dopants such as, nitrogen, boron, and carbon quantum dots (CQDs) used to sense
glucose with a detection limit ranges from 1.0 mg dL�1 to 100 mg dL�1 (Kipnusu
et al. 2020). Hybridized silica-based immunosensors are in trend now for the
immobilization of the antibodies to sense the analytes (Mahato et al. 2018). A
Ru-Si@Au nanocomposite-based electrochemical immunosensor (showed in
Fig. 27.2), in which the nanoporous silica particles doped with Ru(bpy)3

2+ to
sense p53 protein. The second part of the Fig. 27.2 clearly shows the nanoporous
silica particles, in which the Ru(bpy)3

2 embedment followed by labelling. The
immunosensor is highly stable and selective toward p53 protein with a detection
limit of 22.8 fM in human serum samples (Afsharan et al. 2016). The nanoporous
silica is also used as thermal stable coating for the substrates to grow single walled
carbon tubes (SWCNTs). The SWCNTs grown on the nanoporous silica substrates
are lengthier with interconnections than the uncoated substrate. This interconnection
between the SWCNTs increases the electrical conductivity, which results in linear
current-voltage (I-V) response. Further, this enhances the signal-to-noise ratio during
the prostate-specific antigen (PSA) biomolecule sensing by hydrophobic interaction,
π-stacking, and affinity of amino groups (Han et al. 2012).

2.3 Electrochemical Sensing of Gas

The presence of higher specific surface area, pore structure, pore size, pore volume,
and defect sites properties in a sensor material plays a vital role in gas sensing
applications. For biological-related applications, especially in vivo, the sensor mate-
rial must be biocompatible, chemically stable, mechanically strong, and antifouling
in nature. Nanoporous silica are widely used as nanoporous template to synthesize
semiconducting sensor materials with required properties. For instance, ZnO nano-
structures prepared using nanoporous silica template is offering increased surface
roughness with sensitive recognition of hydrogen (H2) gas (Gupta et al. 2014). For
in vivo oxygen (O2) monitoring in living rat brain, vertically oriented nanoporous
silica membrane with homogeneous pore size with great porosity is used
(Fig. 27.3a). The nanoporous silica is grafted with carbon fiber microelectrode
(CFME) sustaining the O2 analytical sensitivity, compared with the bare CFME.
The nanoporous silica coating is protecting the CFME from biofouling and conserv-
ing the O2 permeability. During in vivo operation, the electrode displays outstanding
current stability with quick response for 2 h. The nanoporous silica makes the CFME
capable of monitoring O2 for a long-term.

Thermally stable nanoporous silica-coated substrates helps to grow longer
SWCNTs with interconnected curls and knots from the Fe seed catalyst. This
shows a reduced electrical sheet resistance and linear current-voltage (I-V) response,
when compared with the uncoated substrates. The interconnected SWCNTs improve
the signal-to-noise ratio in large scale sensing of gas molecules with enhanced
detection limit. The nanoporous silica-mounted SWCNT is utilized to electrochem-
ically sense the gases ammonia (NH3) and nitrogen dioxide (NO2) at room
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Fig. 27.2 Illustration of the preparation of the p53 immuno-electrochemical sensor using
Ru-functionalized nanoporous silica@Au nanocomposite. (Taken from Afsharan et al. (2016))
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temperature. The nanoporous silica substrates offers great diffusion of gas molecules
to the sensing electrode. The electrochemical resistance increased for NH3, since the
charge carrier density decreased by the NH3 molecules (donating electron) and
decreased for NO2, since the charge carrier density increased by the NO2 molecules
(withdrawing electron). This results in great sensitivity and recovery of both the gas
molecules (Han et al. 2012).

Fig. 27.3 (a) Continuous O2 monitoring on living rat brain using nanoporous silica/CFME and (b)
Detection of H2O2 using Pt@nanoporoous silica membrane electrode. (Taken from Zhou et al.
(2019) and Li et al. (2020))
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2.4 Electrochemical Sensing of Chemical Species

The electrochemical sensing is an effective way to determine the organic chemicals.
Organic chemicals are often considered to be reactive, hazardous, and can cause
several health effects. Nanoporous silica is chemically stable with large sized pores,
and is often utilized for sensing applications. Nanoporous silica altered by gold and
magnetic microparticles encapsulating enzyme horseradish peroxide is used to sense
hydroquinone (HQ) and hydrogen peroxide (H2O2). The direct electroreduction of
hydroquinone into quinone is performed by the biocatalytic ability of the enzyme.
This gives a linear current-voltage response with the limit of detection of
4 � 10�7 M. The response for the detection of hydrogen peroxide is similar to the
hydroquinone with linear response and limit of detection, but for different concen-
tration ranges (Elyacoubi et al. 2006).

One more research group also sense the hydrogen peroxide using electrochemical
method. Nanoporous silica is etched as microspheres and prepared as electrode by
above-mentioned protocol to sense the hydrogen peroxide. The micro-spherical
structure enhances the electron transfer to sensitively detect the hydrogen peroxide.
Hydrogen peroxide sensing is also achieved by nanoporous silica-based membranes.
Nanoporous membrane are embedded with platinum nanostructure catalysts to form
the working electrode. As shown in the Fig. 27.3b, the nanoporous silica membrane
efficiently hinder the fouling molecules and protect the electrode from fouling and
allowing only the interaction of H2O2. The fabricated Pt@nanoporous silica mem-
brane/ITO electrode is used in in vitro electrochemical detection of hydrogen
peroxide from the commercial detergent and in vivo electrochemical detection in
rat brain for up to 1.5 h.

2.5 Electrochemical Sensing of Insecticide, Radiative, Explosive,
and Stimulant Drug

The organic chemicals can be used in constructive manner as well as destructive
manner. Many organic chemicals used as pesticides/insecticidescauses soil and
water pollutions. The chemicals with radiative nature and exploding nature is used
as destructive manner in wars and so on. Also, few of them used as stimulant drugs
spoils the life of several youngsters. This creates the urge and necessity to sense the
dangerous chemical as shown in Fig. 27.4. Naturally derived nanoporous silica from
the diatom (Phaeodactylum tricornutum) is hybridized with zirconium dioxide
(ZrO2) to the electrochemical sensing of the insecticide, methyl parathion. The
electrode is performed at linear concentration range with low limit of detection,
54.3 pM of methyl parathion. Also, the nanoporous silica/ZrO2 is very selective
toward methyl parathion among all the other highly concentrated interferents
(Gannavarapu et al. 2019). Uranium ions are radiative contaminants, which are
very unique risk in the contaminated water at very tiny levels. Nanoporous silica
modified with acetamide phosphonic acid–coated carbon paste electrode is used to
sense the tiny level of uranium ions with ppb (parts per billion) level of limit of
detection. The uranium ion forms complex with the ligand in the electrochemical
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aqueous solution. This might concentrate the acetamide phosphonic acid ligand from
further complex formation. The nanoporous silica prevents this from the concentra-
tion of the complex on the electrode surface (Lin et al. 2004).

The nitroaromatic compounds like nitrotoluene, dinitrotoluene, and trinitrotolu-
ene are explosives, which needs to be handled/stored cautiously. Nanoporous silica-
based membrane with the electroluminescence label of tris(2,20-bipyridyl)ruthenium
(II)(Ru(bpy)3

2+) is used for the effective sensing of nitroaromatic compounds. This
electrochemiluminescence response is connected with a smartphone for the ease of
detection. Due to the high specific surface area, the nanoporous silica-based mem-
brane electrode is stable with electrochemiluminescence response (Li et al. 2019).
Few volatile organic chemicals are not explosives, but can used to turn on the
explosives. Cyclohexane is a solvent used to recrystallizes the RDX (1,3,5-trinitro-
1,3,5-triazinane) and HMX (1,3,5,7-tetrazocane). The sub-ppm (parts per million)
range of cyclohexanone vapor with detection limit of approximately 150 ppb can be
sensed using the nanoporous silica-dye microspheres modified electrodes (Li 2018).
Further, nanoporous silica membrane is altered with the corresponding aptamer
(AGACAAGGAAAATCCTTCAATGAAGTGGGTCG) for the electrochemical
sensing of the stimulant drug, cocaine (Abelow et al. 2011).

3 Biosensing and Imaging Applications

3.1 Drug Delivery

The requirement of nanoporous materials arise once a particular target needs the
drug when it is necessary. Nanoporous silica with higher surface area, magnetic and
luminescent properties make them as prominent material in drug adsorption loading

Fig. 27.4 Illustration of the radiative substance, insecticide, nitroaromatic compounds, explosives,
and stimulant drug molecules electrochemically sensed by nanoporous silica-based hybrid materials
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and delivery. Magnetically active nanoporous materials are strongly preferred to ease
this targeted localized drug delivery, since they can be simply accessible by using an
external magnetic field. For this purpose, the drug carrier material should have
enough pore size, good dispersity, biocompatibility, and luminescent to track the
particles during transportation. Core-shell type magnetic nanoparticles covered by
nanoporous silica can match the requirement of a drug carrier (Janßen et al. 2018).
Furthermore, the drug carrier must adsorb the drug molecules and store them
efficiently (Liu et al. 2012).

Nanoporous silica is coated on an in vivo implant (Bioverit®II prosthetic
device) to successfully deliver the ciprofloxacin (antibiotic drug) to the middle
ear of the rabbits against the Pseudomonas aeruginosa bacterial infections after
surgery. The study group rabbits show almost no infection by the bacteria com-
pared with the control group (Lensing et al. 2013). Naturally existing materials
also exhibits porous structures, especially, diatoms possess nanoporous silica
shells and frustules with inner and outer pore availability. This eases the efficient
load and release of the drug molecules. As well as, they are biocompatible to use as
drug carriers (Gnanamoorthy et al. 2014). The hydrophilic streptomycin drug
loading and in-vitro oral releasing in a diatomic (Coscinodiscus concinnus) nano-
porous silica is shown in the Fig. 27.5. The drug molecule adsorption into
nanopores of the diatomic silica is confirmed by the contraction of pore size after
loading and vice versa. The nanoporous diatomic silica shows 33.33 � 2% of drug
loading capacity with two-phase release. First phase of drug release occurs in 6 h,
which is due to the slack adsorption on the surface. The second phase is occurring
as sustainable drug release up to 7 days.

Fig. 27.5 Illustration of streptomycin drug loaded diatomic nanoporous silica during drug release.
(Taken from Gnanamoorthy et al. (2014))
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3.2 Biomolecules Immobilization/Encapsulation

The nanoporous silica-related materials are always attractive toward the adsorption/
encapsulation/immobilization of ions/molecules for various applications, including
wastewater treatment, separation, storage, molecular recognition, drug delivery, and
sensing. Besides, ionic liquids are immobilized into the nanoporous silica, since the
electrochemical devices (for example, fuel cells, batteries, and capacitors) needs
electrolytes as well as high surfaced porous electrodes. Nanoporous silica mem-
branes are used to immobilize the ionic liquid (1-hexyl-3-methyl-imidazolium
hexafluorophosphate) with enhancement in diffusion co-efficient. This is achieved
by the interaction between the ionic liquid and the silanol groups present on surface
of the pores. This interaction is clearly seen in the Fig. 27.6a as dark ellipse (Iacob
et al. 2010). Likewise, 3-ethynyl-1-methylimidazole ionic liquid is immobilized into
the clickable nanoporous silica. This is used to remove H-acid from the wastewater
in environmental-related applications (Khaniani et al. 2012).

The nanoporous materials are offering great surface area, stability, reusability,
flexibility, and biocompatibility. Especially, in the form of fibers, they offer enhanced
enzymatic activity. Nanoporous silica fibers utilized to immobilize the enzymes,
namely, horseradish peroxidase, m-AChE, mutant (Drosophila melanogaster mod-
ified acetylcholinesterase enzyme), and acid phosphatase (ACP) for biosensor and
biocatalytic applications (Wei et al. 2001; Sotiropoulou et al. 2005; Patel et al. 2006).
Inulinase, a hydrolase enzyme, is immobilized into nanoporous silica modified with
octadecyl. This immobilization exhibits 7.89- and 3.73-fold increase in half-life

Fig. 27.6 Illustration of (a) single nanopore immobilized with ionic liquid elaborated from the
Scanning Electron Microscopy (SEM) analysis and (b) single enzyme nanoparticle (SEN)
immobilized into nanoporous silica. (Taken from Iacob et al. (2010) and Kim et al. (2006))
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period of the enzyme. During hydrolysis, the enzyme withstands up to 10 cycles with
retained activity (Karimi et al. 2016).

A single enzyme nanoparticle (SEN), α-chymotrypsin is encapsulated inside the
positively surface charged silanized nanoporous silica, as shown in the Fig. 27.6b.
The SEN interacts with the surface silanol group of the nanoporous silica via
covalent bonding, which provides stability to the SENs (Kim et al. 2006). Nano-
porous silica is functionalized with alkyl groups to immobilize the enzyme, urease.
The immobilization results in storage efficiency and stability (especially, 65-fold
greater half-life and 7–13.5-fold activation) (Nabati et al. 2011). Similarly, the
silane-functionalized nanoporous silica is also used to immobilize the polysialic
acid (polysaccharide, PolySia) (Williams et al. 2015). To developing the bioreactors
along with biosensors, the enzymes tyrosine phenol-lyase and tryptophan indole-
lyase are immobilized into the nanoporous silica (wet gel). This offers slowly
attained steady state and enhanced inhibitors dissociation constant values (Pioselli
2004).

3.3 Biosensing Through Various Methods

Biosensors are the cost-efficient, fast, and simple technique to analyze the biological
analytes (Chandra and Roy 2020). The nanoporous silica is used in sensing bio-
molecules with various methods, other than electrochemical sensing. The nano-
porous silica is modified with fluorescein dye and histamine blue to selectively
sense the histamine molecule using Fluorescence Resonance Energy Transfer
(FRET). As shown in the Fig. 27.7a, the nanoporous silica is acting as solid-state
support for the dopants, and the fluorescein dye is indicating the interaction of the
histamine molecule with a FRET-ON response (Chaicham et al. 2018). Nanoporous
silica film is functionalized with streptavidin and antibody for chemiluminescence
immunoassay device to sense carbohydrate antigen 125 (CA 125 protein). The
immunosensing device using nanoporous silica, shown in Fig. 27.7b, offers stability,
reproducibility, and broad dynamic range with minimal incubation time (Yang et al.
2008). As already discussed, nanoporous silica substrate embedded with antibody of
Cy3-troponin and Cy5-protein to sense the troponin I is clearly shown in the
Fig. 27.7.c. The nanoporous silica film offers a low limit of detection, 10�5 ng mL�1

with high reliability (Nampi et al. 2013).
Nanoporous silica is embedded with trypsin (enzyme molecule, proteases) for the

rapid label-free optical detection of proteolytic activity. The nanoporous silica offers
a greater sensitivity on the interaction of biomacromolecules (Shtenberg et al. 2018).
Allantoinase is embedded with nanoporous silica to sense the allantoin (metabolic
intermediate) by fluorescence method. The nanoporous silica slightly influence the
structure and catalytic activity of the embedded allantoinase. Due to the negligible
influence, the device is greatly retaining the activity after several re-uses for quite a
lot of months (Marchetti et al. 2020). Other than FRET and fluorescence method,
Surface-Enhance Raman Spectroscopy (SERS) is also utilized to sense the bio-
molecules with nanoporous silica-based methods. Nanoporous silica is imprinted
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with methacrylate polymer to sense the cholesterol-derived steroid hormone,
β-Estradiol in milk. The enhanced surface area of the nanoporous silica is offering
a great support for the imprinted polymer to provide active signal augment substrate
for SERS sensor. The resultant SERS sensor shows great stability and reusability
with a detection limit of 0.073 ng mL�1 (Mugo and Lu 2022).

3.4 Bioimaging Applications

Bioimaging using a highly stable material is crucial in detecting the cancer cells
(Chandra et al. 2013). The cancer cells are widely imaged using mesoporous silica-
based nanoparticles (Rosenholm et al. 2009; Mehravi et al. 2013; Fazaeli et al.
2016). The nanoporous silica featured with large pore and surface area can adsorb
and hold enough small to large molecules. Additionally, the non-toxicity, stability
biocompatibility, and dispersity enable them to be utilized in many areas including
biological and therapeutical applications. Nanoporous silica is doped with Eu3+ and
folate N-hydroxysuccinimidyl ester (cancer targeting ligand). The
N-hydroxysuccinimidyl ester interacts with the cancer cells of HeLa and NIH3T3
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Fig. 27.7 Illustration of (a) Histamine sensing in FRET mechanism using modified nanoporous
silica, (b) one-step chemiluminescence immunoassay of sensing CA 125, and (c) antibody-antigen
interaction of Troponin I in FRET phenomenon using nanoporous silica substrate. (Taken from
Chaicham et al. (2018), Yang et al. (2008)), and Nampi et al. (2013))
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fibroblasts, the luminescence of Eu3+ ions indicating the position of the cells (Tagaya
et al. 2013, 2014).

The nanoporous silica is modified with APS (3-aminopropyltriethoxysilane)/
DTPA (diethylenetriamine pentaacetic acid) with Eu3+, Tb3+, and Gd3+ separately.
This nanoporous silica complex material is used as probe for MRI-optical
bioimaging toward mouse macrophage cell line (RAW 264.7). The nanoporous
silica is used as carrier to hold the lanthanide ions, which withstands the photo-
bleaching with sharp emission spectrum (Pinho et al. 2012). The highly periodic and
homogeneous pore size distribution of nanoporous silica coated chip is utilized to
isolate the proteins and peptides of nude mice lungs with tumor growth of luciferase
gene engineered MDA-MB-231 human breast cancer cells. The blue to red colored
fluorescence response, shown in the Fig. 27.8, implies the growth of the cancer cells.
This bioimaging helps in determining the various stages of the growth of breast
cancer cells for the targeted and personalized drug supply (Fan et al. 2012).

4 Conclusion and Outlook

Nanoporous silica are the best materials as film or membrane to embed other
functional group species, backbone, or substrate to hold chemical/biological species,
and matrix to various dopant molecules. The biocompatibility and chemical
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Fig. 27.8 Bioimaging of nude mice lungs with tumour growth of luciferase gene engineered
MDA-MB-231 human breast cancer cells. (Taken from Fan et al. (2016))
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inertness are playing a crucial role in biological applications. The homogeneous pore
size and the vertically aligned distribution is adsorbing the enzymes and drugs kind
of biomolecules to encapsulating/immobilizing them into the pores. The surface
functional groups of the nanoporous silica-based material are protecting the
immobilized molecules from leaching out. This turns the electrode of the biosensor
into durable and stable one for a long time. By functionalizing the nanoporous silica
with magnetic nanoparticles, the immobilized drug molecules can be delivered at the
required area.

Additionally, the optical property of the nanoporous silica is a boon to use them in
bioimaging applications. They can be modified with fluorescent materials for the
bioimaging, especially for the imaging of the growth of cancer cells. The ordered
pore arrangement of the nanoporous silica is easing the diffusivity of ions and
charges for the electrochemical sensing of the metal/heavy metal ions (including,
Cd2+, Pb2+, Cu2+, Ni2+, Ag+, Hg2+, Fe3+, Cr3+, Ce3+), biomolecules (including,
C-reactive protein, myeloperoxidase, glucose, p53 protein, protein-specific antigen),
gas molecules (including, hydrogen, oxygen, ammonia, nitrogen dioxide), chemical
species (including, hydroquinone, hydrogen peroxide), insecticide (including,
methyl parathion), radiative (including, uranium), explosive (including,
nitroaromatic compounds, explosive simulant solvents), and simulant drug (includ-
ing, cocaine) molecules. Besides electrochemical sensing, other efficient methods
like FRET, SERS, fluorescence, etc. are utilized to sense biomolecules.

The electrochemical sensing using nanoporous silica-based materials opens up
the long-term and simultaneous chemical/biomolecule sensing, health, and environ-
mental monitoring. The efficiency of the nanoporous silica can bring-down the size
of the electrode with upholding the sensing capacity. The biocompatibility and
non-toxic behavior of the nanoporous silica materials enable them in in vivo drug
delivery and bioimaging in real-time samples. These real-time biological applica-
tions can changeover the medical field with a revolution. On the other hand,
nanoporous silica coated templates are used as nano-synthetic reactor to grow
CNTs and various nanoparticles. The well-ordered and homogenously sized pore
structures can act as better templates for the controlled growth of the nanoparticles in
various structures and manners.
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Abstract

The nanomaterials in the recent decades have provided a relevant footprint in the
development of smart and sensitive electrochemical (bio)sensors. Since the
discovery of carbon nanotubes in 1991, these have largely been used in electro-
chemical sensors for implementing their analytical features, namely sensitivity,
robustness, and storage/working stability. Nowadays, graphene is the carbon-
based nanomaterial largely used due to its outstanding features, including large
surface area and charge carrier mobility. Among carbon-based nanomaterials,
recently carbon black has been re-discovered for the development of electro-
chemical (bio)sensors, exploiting its outstanding electroanalytical features such
as improved electron transfer and resistance to fouling. Furthermore, carbon
black can be used as received by suppliers without any chemical and physical
treatment. In addition, its cost-effectiveness (approx. 1 €/Kg) and the easiness of
obtaining a stable dispersion are added values for the delivery of cheap and
reproducible carbon black-based sensors. Herein, I will highlight the multifarious
uses of carbon black in the development of smart and cost-effective
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electrochemical (bio)sensors by using carbon black alone or combined with other
nanomaterials or biocomponents.

Keywords

Carbon-based nanomaterials · Paper-based (bio)sensors · Loading agent ·
Nanomodifiers

1 Introduction

Carbon black (CB) is a carbon-based nanomaterial constituted of colloidal spheres
with a diameter of between 15 and 100 nm which form aggregates with dimensions
lower than 1 μm. CB is characterized by the absence of long-range crystalline order,
having only small homogeneous domains with some degree of short-range order.
The main application of CB in the sensor field is found in the gas sensor sector (Alfè
and Gargiulo 2020); indeed, searching in Google Scholar with the words “carbon
black,” “sensor,” and “gas phase,” around 21,900 documents were reported. The first
application of CB as a nanomaterial for the sensing of analytes in a liquid phase was
reported in 2007 by Hočevar and Ogorevc (2007). The authors used CB for the
construction of carbon paste micro-electrodes with the aim to evaluate the electro-
chemical performance toward some analytes such as dopamine, ascorbic acid, Cd2+,
and Pb2+. Subsequently, Ogorevc together with Svegl et al. (2008) used CB for its
deposition on Indium tin oxide/glass for ascorbic acid, H2O2, and copper ions
detection. Arduini et al. started to use CB as material for electrode fabrication in
the same years with the first publication in 2010. We explored the use of CB in
carbon-paste electrode fabrication, testing different analytes and observing a limited
improvement in the case of ascorbic acid (Arduini et al. 2010a). In our previous work
(Mita et al. 2007), we observed that the use of nanomaterials such as carbon
nanotubes hinders the easy obtainment of a reproducible paste to be inserted in the
electrode. Thus, we have hypothesized that the main issue in using CB is the high
surface area, which is an obstacle in the fabrication of reliable CB-based carbon
paste electrodes. With the aim of solving this issue, we have started to prepare a
CB-based dispersion for the modification of screen-printed electrodes by drop-
casting, observing an outstanding increase of sensitivity in the case of Nicotinamide
adenine dinucleotide detection (Arduini et al. 2010b). In addition, we explored the
possibility of using CB directly in the ink during the printing process. In this case, we
have observed that the maximum amount to add to the ink is 10% wt% because a
higher percentage allowed for a high viscosity, which negatively affected the
deposition of the inks. By studying the electrochemical response of the CB-based
screen-printed electrodes modified in the ink or by drop-casting, we observed that
the high amount of CB onto the working electrode surface, observed by using
scanning electron microscopy, allowed for the lower peak-to-peak separation and
higher intensity of the peaks in the cyclic voltammetry using ferricyanide as redox
probe (Arduini et al. 2012). We observed the typical sponge-like appearance of the
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working electrode surface, due to the presence of carbon black nanoparticles, with
the dimension between 17.95 and 32.5 nm in the case of CB N220.

In addition, we observed that the drop-casting procedure is the preferred fabrica-
tion method using polyester-based support to prepare a sensitive CB-based elec-
trode, leaving a homogenous film on the working electrode surface. In contrast, in
the case of the CB-based screen-printed electrode, in which CB was used in the ink,
only limited regions were observed on the working electrode surface.

Another useful issue in the fabrication of effective sensors by drop-casting is
the need to use stable dispersion, which is mandatory to obtain reproducible and
sensitive drop-cast electrodes. Usually, the concentration selected to prepare a
stable dispersion is 1 mg/mL in different solvents, such as dimethylformamide-
water (Mazzaracchio et al. 2019) or water with the presence of chitosan (Talarico
et al. 2016), cetyltrimethylammonium bromide (Svegl et al. 2008), and
dihexadecylphosphate (Silva and Fatibello-Filho 2017). We used acetonitrile in
the first study (Arduini et al. 2010b), which is a solvent able to deliver a stable
dispersion, leaving a reproducible film on the working electrode surface. How-
ever, in the case of the porous insulating layer, the acetonitrile and ethanol-based
dispersions are not able to remain well confined on the working electrode surface,
and thus a different solvent is used, namely dimethylformamide-water in ratio 1:1
(v/v) (Arduini et al. 2012). Another CB dispersion used is the one which employs
chitosan. For instance, we selected the chitosan instead of dimethylformamide-
water in ratio 1:1 (v/v) to prepare a dispersion with acetylcholinesterase enzyme,
to obtain the most suitable environment for the biomolecules (Talarico et al.
2016). At the same time, the dispersion is also able to affect the electrochemical
behavior, as reported by Vicentini et al. (2015). The authors evaluated the
electrochemical response of CB-modified glassy carbon electrodes by drop-
casting with a few μL of CB dispersion prepared in ultrapure water in the absence
and presence of dihexadecylphosphate or in chitosan solution. Cyclic
voltammetry as a technique and potassium ferrocyanide as the electrochemical
probe obtained the best electrochemical behavior in terms of lower peak-to-peak
separation and higher peak intensity using chitosan-based-dispersion, because
only the presence of chitosan provided an adherent film on the surface of the
working electrode.

In each case of dispersion, the sonication step is required; however, it is important
to highlight that after several sonication steps we observed a loss of the electro-
chemical properties of CB. This behavior can be ascribed to the conversion of CB
into a different structure, as reported in the literature. Indeed, Li et al. (2007)
demonstrated that after ultrasound irradiation for 44 h, CB N330 was transformed
into carbon nanosheets; thus careful attention is recommended in carrying out
multiple steps of sonication.

To obtain a stable dispersion, another prerequisite is the type of CB used, indeed
the amount of oxygen content and the particle dimension the different CB types
allow for delivering dispersions characterized by different stability, as highlighted in
Fig. 28.1.
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2 CB-Based Sensors

For the design of electrochemical sensors, CB has demonstrated its ability to
implement three main figures of the sensors, namely increase of sensitivity, require-
ment of low applied potential, and resistance to fouling.

Our group demonstrated the outstanding features of CB-based electrochemical
sensors in the detection of phenolic compounds, namely catechol, gallic acid, caffeic
acid, and tyrosol (Talarico et al. 2015a). Figure 28.2a shows the response using
CB-based screen-printed electrodes (black line) and bare electrode (blue line). The
results reported in Fig. 28.2a demonstrate the suitability of the CB-based sensors to
detect the phenolic compounds tested at the reduced applied potential with a relevant
increase of sensitivity and low detection limit, equal to 0.1 μM, 1 μM, 0.8 μM, and
2 μM, respectively, for catechol, gallic acid, caffeic acid, and tyrosol.

Fig. 28.1 Dispersion of different types of CB in solution and drop-cast on paper. (Reprinted with
permission from Mazzaracchio et al. 2019)
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Fig. 28.2 (a) Square wave voltammetry using bare screen-printed electrode (blue line) and
CB-modified screen-printed electrode (black line) in phosphate buffer solution 0.1 M+ KCl
0.1 M, pH ¼ 7, in absence (dashed line) and in presence of several concentrations (continuous
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The capability to detect compounds with increased sensitivity was also
highlighted in the case of thiols, namely thiocholine, cysteine, glutathione, and
cysteamine (Arduini et al. 2011). In the case of thiocholine and cysteine, a sensitivity
of 299 mA mol�1 l cm�2 and 441 mA mol�1 l cm�2 was obtained, respectively. The
high sensitivity of thiocholine and its ability to bind in ratio 1:1 mercury ions was
used to detect mercury. Because the formation of the complex resulted in a
no-electroactive complex (thiol–Hg), the decrease of the response is correlated to
the concentration of mercury ions, furnishing a quantitative electroanalytical
method. By using a selected concentration of thiocholine, a concentration of mercury
equal to 5 � 10�9 mol l�1 (1 ppb) was detected in standard solution, demonstrating
good recovery values in samples of drinking water. The presence of CB on the
working electrode surface also demonstrated the capability to detect phosphate ions
at low applied potential by reducing the phosphomolybdate complex. In the litera-
ture, the possibility to switch the reference colorimetric method with the electro-
chemical one was reported, replacing the chemical reduction of phosphomolybdate
complex with its electrochemical reduction. However, using the classical configu-
ration with an external counter/reference electrode and a microelectrode as working
electrode, the second couple of redox peaks were selected with an applied potential
of 0.3 V vs Ag/AgCl, even if the first couple of peaks were observed at an applied
potential close to 0.1 V, characterized by higher sensitivity (Quintana et al. 2004).
Indeed, the authors reported that at the applied potential of +0.1 V vs Ag/AgCl, a
drift of signal was observed and this behavior was ascribed to the fouling problem.
To overcome this issue, we used a screen-printed electrode modified with CB and
observed a well-resolved peak for both the couples of peaks at ca. +0.1 and þ 0.3 V
together with an increase of sensitivity of ca. 10 times (Talarico et al. 2015b). In
addition, we observed the resistance to the fouling problem due to the properties of
CB. This sensor was able to detect phosphate in amperometric mode at +125 mV vs
Ag/AgCl pseudoreference with linearity up to 100 μM and a detection limit equal to
0.1 μM. The capability of the sensor modified with CB to resist fouling was also
demonstrated using this sensor embedded in an automatable flow system for auto-
matically monitoring phosphate (Talarico et al. 2015c). The presence of CB on the
surface of the working electrode allowed for the quantification of phosphate by
measuring the reduction of phosphomolybdate complex at +125 mV versus
Ag/AgCl, without a fouling problem. Indeed, by measuring the phosphate at a
concentration of 50 μM 20 times by using the same sensor, the same response was
observed within the experimental errors, demonstrating the resistance to fouling in a

�

Fig. 28.2 (continued) line) of catechol (a), caffeic acid (b), gallic acid (c) and tyrosol (d). Reprinted
with permission from Talarico et al. (2015a). (b) Cyclic voltammetry using bare screen-printed
electrode (a) and CB-modified screen-printed electrode (b) in sulfuric acid solution with molybdate
in absence and in presence of increased concentrations of phosphate starting from 0.01 mM up to
0.2 mM. Reprinted with permission from Talarico et al. (2015b). (c) CB-modified screen-printed
electrode embedded in a flow system to measure 50 μM phosphate (n ¼ 20). Reprinted with
permission from Talarico et al. (2015c)
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flow system using a wall-jet electrochemical cell (Fig. 28.2c). This sensor
highlighted the capability to be inserted in a flow system for the online monitoring
of phosphate, achieving a detection limit of 6 μM. When tested in different water
sources, good recovery percentages were found in the range between 89% and
131.5%.

The automatable systems allow for the monitoring of the analyte in the absence of
the operator, thus matching the 11th principle of Green Chemistry with the aim of
real-time analysis for pollution prevention. However, the multiple analyses produce
a relevant amount of chemicals as waste. To address the issue of reducing the
chemicals both as reagents and by-products, we conceived the electrochemical cell
in the paper network. We designed a paper-based electrochemical device for the
detection of phosphate with the advantage that the paper strip contains all reagents
needed for the reaction, allowing for restricted use of chemicals (Cinti et al. 2016a).
We loaded into the hydrophilic area all the reagents needed for the measurement,
namely molybdate ions, potassium chloride, and sulfuric acid, by adding 10 μL of a
solution containing 100 mM molybdate ions, 100 mM potassium chloride, and
100 mM sulfuric acid, followed by solvent evaporation at RT. Indeed, by adding
the sample solution (5 μL), solubilization of the reagents entrapped in the cellulosic
network occurred, allowing for the measurement of phosphate with a detection limit
of 4 μM, using only a few μL of chemicals. In addition, after the measurement, given
that the whole electrochemical cell consists of paper, the sensor can be incinerated,
further improving the sustainability of this analytical tool. The same approach was
also reported by us in the case of bisphenol A detection (Fig. 28.3a). To fabricate a
miniaturized and sustainable sensor, we printed the entire electrochemical cell on
filter paper and the reagents were loaded into the paper network, to fabricate a
reagent-free analytical tool. In this case, the electrochemical cell was printed using
ink modified with carbon black for sensitive detection of bisphenol A (Jemmeli et al.
2020). Under optimized conditions, this sensor is able to detect the target analyte by
using square wave voltammetry with a detection limit of 0.03 μM. When the sensor
was challenged in river and drinking water samples, good recovery values demon-
strated its suitability for analyses in water samples by using a reagent-free approach,
because the only task required by the operator was to add few μL of the sample onto
the working electrode surface.

The electrodes modified with CB were also employed for the simultaneous
detection of different compounds. As an example, Raymundo-Pereira et al. (2017)
developed a sensor based on a glassy carbon electrode by drop-casting with CB for
simultaneous detection of hydroquinone and paracetamol, with the linear range
between 80 nM and 230 μM. Deroco et al. (2018a) developed a glassy carbon
electrode modified with CB for the detection of amoxicillin and nimesulide by
square wave voltammetry with a detection limit of 0.12 and 0.016 μM, respectively.
Glassy carbon electrodes modified with CB were also exploited for the detection of
dopamine and paracetamol, with a limit of detection of 0.013 and 0.11 μM (Eisele
et al. 2019), and for ascorbic acid, dopamine, uric acid, and paracetamol (Vicentini
et al. 2016), with detection limits equal to 3.03 � 10�8, 5.24 � 10�8, 4.07 � 10�8,
and 4.53 � 10�8 mol L�1, respectively.

28 The Affordable Nanomaterial Carbon Black as Nanomodifier for Smart (Bio)Sensors 627



Fig. 28.3 (a) Paper-based sensor for bisphenol A detection by using screen-printed electrode with
graphite ink modified with CB. Reprinted with permission from Jemmeli et al. (2020). (b) SEM
micrographs of a) bare screen-printed electrode modified with Prussian blue nanoparticles using in
situ chemical deposition, b) screen-printed electrode previously modified with CB dispersion and
modified with Prussian blue nanoparticles using in situ chemical deposition (bilayer), c) screen-
printed electrode previously modified with CB in ink followed by Prussian blue nanoparticles
chemical deposition, d) screen-printed electrode modified by drop-casting with a CB/ Prussian blue
nanoparticles dispersion. Reprinted with permission from Cinti et al. (2014b)
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3 CB-Nanocomposite-Based Sensors

The outstanding features of CB were also exploited in conjunction with other
nanomaterials, including metallic nanoparticles such as gold nanoparticles or elec-
trochemical mediators such as Prussian blue nanoparticles. In the case of screen-
printed electrodes, the presence of both CB and gold nanoparticles demonstrated
superior electrocatalytic performance with respect to only gold nanoparticles or
CB. For instance, in the case of H2O2 reduction, the electrochemical process was
observed at lower negative potentials with the improvement of sensor sensitivity
(Arduini et al. 2015a). In the case of stripping analysis of heavy metals, namely As
(III) and Hg2+, the presence of CB as a substrate layer before the deposition of gold
nanoparticles allowed for improved sensitivity, because the CB layer under the gold
nanoparticles layer offers a larger loading area for gold nanoparticles. This config-
uration encompasses the double layers of CB and the gold nanoparticles exploited
for the detection of As(III) trace in drinking water (Cinti et al. 2014a) and mercury
ions in river water and soil (Cinti et al. 2016b). Also, Au–Pd core-shell nanoparticles
were cast on the glassy electrode surface, exploiting CB as support. In this case,
Deroco et al. (2018b) used the modified sensor for hydrazine detection, observing a
decrease of applied potential and a low detection limit in respect to bare electrodes.
A CB layer as a support layer was also used for the electrodeposition of Prussian
blue followed by the deposition of a layer of Nafion to improve the stability of the
sensor (Rojas et al. 2018). This platform was employed for hydrogen peroxide at an
applied potential of �50 mV (vs. Ag) with linearity between 200 nM and 1 mM,
with the final aim to detect hydrogen peroxide in the Neuroblastoma cell line
SH-SY5Y. CB was also used to customize the dimension of Prussian blue nano-
particles, tuning the sensitivity of the sensor toward the detection of hydrogen
peroxide (Cinti et al. 2014b), by using different modes for the chemical deposition
of Prussian blue nanoparticles on CB as follows: (i) in situ Prussian blue nano-
particles chemical deposition on screen-printed electrodes previously modified with
CB dispersion (bilayer), (ii) by in situ Prussian blue nanoparticles chemical deposi-
tion on screen-printed electrodes prepared with graphite ink containing CB, and (iii)
by casting screen-printed electrodes with a CB/ Prussian blue nanoparticles disper-
sion. The use of CB in different configurations allows for obtaining Prussian blue
nanoparticles at different sizes with different electroanalytical features. For instance,
screen-printed electrodes modified with CB/Prussian blue nanoparticles dispersion
having Prussian blue nanoparticles with an average diameter of 19� 3 nm have been
characterized by a detection limit of 0.3 μM. CB was also combined with (i) organic
electrochemical mediators such as copper-phthalocyanine for the detection of
17β-estradiol by differential pulse voltammetry. The sensor was able to detect the
target analyte in river water (S. Paulo State, Brazil) and synthetic urine samples
(Wong et al. 2019); (ii) MoS2 for cocoa catechin determination by differential pulse
voltammetry with linearity up to 25 μM and a detection limit of 0.17 μM (Della Pelle
et al. 2019); (iii) carbon nanotubes and MoS2 for bisphenol A detection with a linear
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range between 0.1 and 130 μM and detection limit equal to 0.08 μM (Thamilselvan
et al. 2019), highlighting the suitability of CB to work synergically with other
nanomaterials.

4 CB-Based Biosensors

The high surface area of CB and the functional groups present in this nanomaterial
such as O-C ¼ O groups confer to CB valuable features for using it in combination
with biomolecules, including enzymes, antibodies, and DNA sequences. In 2010, we
combined tyrosinase with a CB paste electrode for the fabrication of an amperomet-
ric biosensor to detect catechol, reaching a sensitivity of 625 nA/mM and a detection
limit of 0.008 mM (Arduini et al. 2010a). The higher sensitivity can be ascribed to
the close proximity of the bioreceptor to the nanomaterial, as well as to the capability
of CB to load a higher amount of enzyme thanks to its high surface area. CB was also
modified by the chemical treatment, which included oxidation with nitric and
sulfuric acids 1:1 (v/v) mixture to enhance the oxygenated functional groups for a
better immobilization of tyrosinase enzyme in the presence of bovine serum albumin
and glutaraldehyde, obtaining a limit of detection of 8.7 � 10�8 mol L�1 (Ibáñez-
Redín et al. 2018). Nadifiyine et al. (2013) used CB and tyrosinase for carbon paste
fabrication for the quantification of phenolic compounds in olive oil, obtaining an
agreement with the Folin―Ciocalteu spectrophotometric reference method.

CB-based enzymatic biosensors were also developed using cholinesterase as the
biocomponent. As an example, we designed a printed electrode modified by drop-
casting with CB to immobilize butyrylcholinesterase enzyme by cross-linking using
glutaraldehyde, Nafion, and bovine serum albumin (Fig. 28.4a) (Arduini et al.
2015b). The resistance of CB to the fouling issue was demonstrated in the case of
thiocholine detection; indeed, after six successive analyses of the thiocholine, RSD%
equal to 3.9 was measured, highlighting the stability of the signal. This biosensor
was challenged for the quantification of paraoxon in standard solution with a
detection limit of 5 μg L�1, as well as in surface water samples with good recovery
values, that is, 96 � 2%. The suitability of this biosensor in another type of sample,
namely olive oil, was also evaluated. Olive oil samples were treated with the
QuEChERS method for the extraction of pesticides from the whole fatty matrix
and the treated sample was then analyzed using CB-based butyrylcholinesterase
biosensor (Arduini et al. 2017). CB was also employed as nanomodifier for the
development of smart immunosensors. As an example, Suprun et al. (2012) devel-
oped a label-free electrochemical immunosensor by immobilizing the antibody
toward cardiac myoglobin immobilized on CB-modified screen-printed electrodes.
The peak current variation in square wave voltammetry vs. the logarithm of myo-
globin concentration showed a linear range from 5 to 500 μM. Another label-free
immunosensor was reported by Aydin et al. using antibodies toward tumor marker
p53 as a biocomponent and electrochemical impedance spectroscopy as a technique,
reaching a detection limit as low as 3 fg/mL with a wide linear range, that is,
0.01–2 pg/mL (2018). Screen-printed electrodes modified with CB were also
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Fig. 28.4 (a) CB-based enzymatic biosensor using butyrylcholinesterase as biocomponent to
detect organophosphorus pesticides in water samples. Reprinted with permission from Arduini
et al. (2015b). (b) CB-based immunosensor using magnetic beads to immobilize the immunological
chain for SARS-CoV-2 detection in saliva. Reprinted with permission from Fabiani et al. (2021)
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recently developed combined with magnetic beads for the immunosensing of SARS-
CoV-2 in saliva (Fabiani et al. 2021). Magnetic beads were used as support of
immunological chain and secondary antibody with alkaline phosphatase as immu-
nological label for the detection of Spike (S) protein or Nucleocapsid (N) protein,
present in the SARS-CoV-2 virus. Screen-printed electrodes modified with CB were
used for sensitive detection of 1-naphtol enzymatic by-product (Fig. 28.4b). As
conceived, the electrochemical immunoassay was able to detect S and N proteins
in untreated saliva with a detection limit equal to 19 ng/mL and 8 ng/mL, respec-
tively. In addition, the data obtained in the case of saliva clinical samples was found
to be in agreement with the data obtained using the nasopharyngeal swab specimens
and Real-Time PCR reference method, demonstrating the suitability of this cost-
effective, non-invasive, and rapid analytical tool. CB was also exploited for the
design of a smart DNA sensor, as reported by Yammouri et al. (2017), using pencil
graphite modified with CB and DNA probe for microRNA-125a detection. The
electrochemical impedance spectroscopy was selected as the electrochemical tech-
nique for designing a label-free DNA sensor able to quantify microRNA-125a with a
detection limit equal to 10 pM (1 pg/mL). A screen-printed electrode modified with
CB was also employed as a platform to design a tailor-made heterogeneous
oligonucleotide-antibody biosensor for the quantification of sulfur mustard (Colozza
et al. 2021). The immunoassay was fabricated with immobilization process
encompassing a primary antibody for the selective recognition of the sulfur
mustard-oligonucleotide adduct and an alkaline phosphatase-conjugated anti-
mouse anti-IgG as the secondary antibody. The detection was carried out using
1-naphthyl phosphate and measuring the enzymatic by-product in differential pulse
voltammetry, obtaining a detection limit equal to 12 μM.

5 CB-Nanocomposite-Based Biosensors

The conjugation of CB with other nanomaterials has established a pillar in the
development of smart CB-based electrochemical biosensors by combining CB
with other nanomaterials, namely gold nanoparticles, organic and inorganic electro-
chemical mediators, and several biocomponents to realize a sensitive and reliable
bio-device. As an example, we developed a laccase-based biosensor using a
thionine/CB-modified screen-printed electrode for the detection of bisphenol A
(Portaccio et al. 2013) by entrapping the enzyme on the electrode surface using
neutralized aqueous solution of Nafion. In this case, CB was exploited to absorb
thionine as an electrochemical mediator to avoid its leakage. Under optimized
conditions, the application of this biosensor in a real matrix was evaluated by testing
tomato juice samples in metallic cans, obtaining satisfactory recovery values, that is,
between 92% and 120%. CB was also combined with Prussian blue for the detection
of hydrogen peroxide in the realization of glucose biosensors, as hydrogen peroxide
is a glucose oxidase by-product. As an example, Calegari et al. (2017) fabricated a
carbon composite electrode based on a mixture of CB, poly(ethylene-co-vinyl
acetate), and Prussian blue followed by immobilization of glucose oxidase for
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glucose detection in tears with a linear range up to 6.95 � 10�4 M. The high surface
of CB, as well as its dispersibility, was exploited to load cobalt phthalocyanine (Cinti
et al. 2016c). In this way, it was possible to obtain a stable dispersion for production
by drop-casting a butyrylcholinesterase-based biosensor able to quantify paraoxon at
nM level. Acetylcholinesterase-based biosensors have also been reported by the
Evtugyn group (Evtugyn et al. 2014), using CB with thiacalix[4] and Ag nano-
particles, used as reducing and encapsulating agents to avoid nanoparticle aggrega-
tion. CB was also exploited to design smart and sensitive enzymatic paper-based
biosensors. For instance, we developed a double strip for the detection of
butyrylcholinesterase inhibitors, that is, organophosphorus compounds using the
working electrode modified in ink, with CB and Prussian blue nanoparticles being
able to electrocatalyze the oxidation of enzymatic by-product thiocholine. In the case
of paper-based devices, each strip is able to carry out only one measurement because
for inhibitive biosensors a dual-strip paper-based device based on lateral flow is
conceived (Cinti et al. 2017). This paper-based biosensor consisted of a strip of
nitrocellulose loaded with butyrylthiocholine, the enzymatic substrate, an electro-
chemical cell printed with CB and Prussian blue nanoparticles on the waxed-paper
test area, and a test area loaded with a butyrylcholinesterase enzyme loaded using a
buffered solution. For the measurement, 10 μL of distilled water was added at the
edge of the nitrocellulose strip, on which 10 mM butyrylthiocholine was adsorbed,
followed by the measurement of thiocholine enzymatic by-product applying
+300 mV (Fig. 28.5a). For the pesticide detection in the sample, the sample was
added in the second strip and after 10 min (incubation time), 10 μL of water was
added at the edge of the nitrocellulose strip, and was reported for the enzymatic
activity measurement in absence of inhibitor. This paper-based device demonstrated
a detection limit equal to 3 μg/L. The same CB-based nanocomposite was used
for the development of a smart origami system for mustard agent detection,
exploiting the capability of CB/Prussian blue nanoparticles to electrocatalyze the
reduction of the enzymatic by-product hydrogen peroxide using choline oxidase as
biocomponent (Colozza et al. 2019). Because the mustard agents are able to inhibit
the choline oxidase, by monitoring the decrease of the response it is possible to
quantify the mustard agents in the sample analyzed. The measurements were carried
out in the liquid and in the aerosol phases, obtaining a detection limit of 1 mM and
0.019 g/m3, respectively (Fig. 28.5b).

Elliot’s group evaluated gold nanostars, gold nanospheres, and CB to modify
screen-printed electrodes, highlighting the outstanding electrochemical perfor-
mances of CB-modified screen-printed electrodes and taking into account the low
transient current, low capacitance, and good porosity. This platform was used to
develop a competitive immunoassay for the detection of shellfish toxin domoic with
a detection limit of 0.7 mg kg�1 of shellfish (Nelis et al. 2020).

A nanocomposite was synthesized using a two-dimensional tungsten disulfide
and acetylene black combined with gold nanoparticles to develop a DNA biosensor
(Shuai et al. 2016). The DNA capture probe was immobilized by thiol―gold bonds,
followed by hybridization with the target DNA to provide a linearity from 0.001 pM
to 100 pM. CB combined with gold nanoparticles was used by Yammouri et al. for
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Fig. 28.5 (a) Paper-based device using butyrylcholinesterase as biocomponent and CB/Prussian
blue nanoparticles as nanocomposite to modify the ink to detect nerve in water samples. Reprinted
with permission from Cinti et al. (2017). (b) Origami paper-based biosensor for mustard agent
detection in gas phase using choline oxidase as biocomponent and CB/Prussian blue nanoparticles
as nanocomposite to modify the ink. Reprinted with permission from Colozza et al. (2019)
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the realization of an electrochemical biosensor for the detection of microRNA-21, by
exploiting the gold nanoparticles to immobilize a thiolated capture probe (comple-
mentary sequence of microRNA-21) labeled with methylene blue (Yammouri et al.
2019). After hybridization with the target microRNA-21, a decrease in the methy-
lene blue response was observed, reaching a limit of detection of 1 fM and demon-
strating good results in serum.

6 Conclusions

In recent decades, nanomaterials have completely changed the behavior of devices in
several fields starting from physical devices, through chemical tools to biological
systems. The use of nanomaterials in electrochemical biosensors has established a
new route conferring unprecedented features to the nanodevices, including smart
configuration, improved sensitivity, and selectivity, combined with an enhancement
in terms of working and storage stability (Kour et al. 2020). In the field of carbon-
based nanomaterials, the use of carbon nanotubes has opened the route to the use of
this type of nanomaterials in the development of newly designed electrochemical
(bio)sensors. At present, the position occupied by carbon nanotubes has been
replaced by graphene, which has tarnished the use of carbon nanotubes, setting the
stage for a new generation of electrochemical biosensors. In this overall scenario, CB
is acquiring a relevant role due to its outstanding electrochemical properties com-
bined with its specific features, namely cost-effectiveness and the feasibility to
obtain a stable dispersion for the modification of electrodes by drop-casting. Since
2010, increased use of CB in electrochemical (bio)sensors has been observed,
demonstrating its re-discovery with a new application as nanomodifier for delivering
cost-effective and reliable electrochemical (bio)devices.
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Abstract

Nanobiosensors, which are advancing daily, are of interest to many researchers
and enabled developments in this field. Considering the increasing population
today, nanobiosensors have become widely used methods for the early diagnosis
of many diseases. Compared to traditional analytical methods, nanobiosensors
have significant advantages such as high sensitivity and selectivity, shorter
analysis time, biocompatibility, and easy miniaturization of used devices
for on-site analysis. Like biosensors, nanobiosensors can be classified in
various ways, either by biological molecules such as enzymes, antibodies, and
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aptamers or by working principles such as optical and electrochemical. This
chapter summarizes nanobiosensors designs, characterizations, applications,
and advances for detecting various diseases and biomarkers. Current studies of
nanobiosensors were given, along with detailed information on nanoparticles’
effect, biological molecules, and detection methods. As a result, it can be con-
cluded that the outputs obtained by using nanobiosensor technology will increase
the quality of life.
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1 Introduction

Nanotechnology’s history dates back to the 1950s and has contributed to the
emergence of nanoscale materials with extraordinary properties. In addition, nowa-
days, developments in nanotechnology have allowed the obtaining of new materials
by processing different materials at the atomic level. As the materials approach the
nanoscale, they gain many new superior physical and chemical properties. Nano-
sized materials exhibit different properties than normal-sized materials due to their
surface and quantum effects. Nanomaterials have unique physical, chemical, and
mechanical properties with quantum size effects, unique characteristics of surface
atoms, size dependence of electronic structure, and high surface/volume ratio.
Nanoparticles have found wide applications in many different fields from biomed-
ical, optics, and electronics, and they arouse great interest because they form a bridge
between bulk materials and atomic or molecular structures (Asadian et al. 2019;
Saleh et al. 2019; Dutta and Das 2021; Shen et al. 2021; Laraib et al. 2022).

Nowadays, the development of sensitive and selective methods for determining
and detecting compounds used to diagnose and treat many diseases that threaten
human health is possible by integrating nanomaterials into sensors and creating
nanosensors. Moreover, biosensors that contain a biological recognition element,
such as an enzyme, antibody, or oligonucleotide, and transform the biochemical
response resulting from the interaction of this element with the target molecule into a
measurable physical signal also enable the development of sensitive and selective
analytical methods (Nosrati et al. 2018; Huang et al. 2021a; Tahir et al. 2022; Younis
et al. 2022).

To mention the immobilization of nanoparticles on the sensor surfaces, much
more sensitive and selective analyses can be performed by expanding the surface
area of the biomolecule-modified sensors and increasing their electrical conductivity.
This chapter provides recent advancements, salient features, types, and uses of
nanobiosensor to determine and detect several diseases.
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2 Concept of Nanobiosensors

Sensors are electronic devices that record a physical, chemical, or biological change
and convert these changes into a measurable signal. The sensor contains a recogni-
tion element that provides a selective response to a particular or group of analytes,
thereby minimizing interference from other sample components. Another significant
sensor component is the transducer or detector device that generates the signal. It is a
signal processor (Balasubramanian and Burghard 2006; Simões and Xavier 2017;
Raj and John 2018).

Living organisms have a high sensitivity feature beyond what is known; for
example, it has been reported that dogs’ sense of smell is 100,000 times more
sensitive than humans, eels are sensitive enough to immediately detect a few drops
of foreign matter added to tons of water, and algae are very sensitive to toxic
substances in the literature (Yonzon et al. 2005; Sekhar and Wignes 2016). All living
organisms immediately perceive the changes in their environment and strive to adapt
to them to survive. The basis for the in vitro use of biosensors is based on this
sensing mechanism.

Combining analysis systems with biological substances that make it possible to
detect these stimuli in living things has led to the emergence of biosensors. In this
way, while only anion and cation analyzes can be made with classical electrochem-
ical methods, adding biomaterial to the system while preparing the sensor makes it
possible to determine many substances (Fatima et al. 1986; Vaz et al. 2022).

While the device that determines and records a physical feature is defined as a
sensor, the biosensor is defined as a sensor system that combines a biochemical
component with a physicochemical converter. The task of a biosensor is to produce a
continuous digital electrical signal proportional to the amount of an analyte. In
biosensor systems, changes in physical size are measured by converting them to
changes in electrical size. Examples of these changes are current, voltage, and
temperature (Chandra 2013; Mahapatra et al. 2020; Nazare et al. 2021).

Generally, nanobiosensors consist of the analyte, bioreceptor, transducer com-
bined with nanomaterials, and finally, detector. The analytes serve as a sample for
analysis and/or detection of the respective bioreceptors. Next, a transducer coupled
with nanomaterials converts the physiochemical response into an electrical signal.
These signals can be measured as different responses such as current, electric
potential, conductivity, density, impedance, phase of electromagnetic radiation,
mass, temperature, and viscosity. Changes in these responses provide information
for quantitative and qualitative determination of the analyte. Nanomaterial used in
nanobiosensors act as an interlayer between the transducer and biological agents.
The transducer is integrated with nanomaterials to create a nanobiosensor (Sharifi
et al. 2020; Sellappan et al. 2022; Thakur and Sankar 2022). The schematic diagram
for the basic principle of nanobiosensors is presented in Fig. 29.1.
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2.1 Ideal Features of Nanobiosensors

There are main features that an ideal nanobiosensor should have for precise and
sensitive determinations. Linearity must be wide enough to detect high analyte
concentrations. It should be sufficiently sensitive depending on the analyte concen-
tration exhibiting high selectivity to obtain reliable results. The time to achieve 95%
of the total response should be as short as possible. Properties such as biocompat-
ibility, stability at usual storage circumstances, and stabilizability also contribute to
the high specificity of nanobiosensors towards the analyte. Nanobiosensors must be
distinct and unrestrained of any physical factors such as agitation, pH, etc. In
addition, the nanobiosensor designed as a disposable sensing platform is another
important feature that attracts users for on-site analysis (Malik et al. 2013;
Chamorro-Garcia and Merkoçi 2016; Mahato et al. 2018b).

2.2 Components of Nanobiosensors

Incorporating nanomaterials into biosensors has demonstrated remarkable benefits
over conventional sensors and/or last-generation biosensors. These benefits include
a relatively higher sensitivity due to a somewhat larger surface area, shorter response
time, faster electron transfer capability, high stability, and a long lifetime. Therefore,
it is not correct to completely separate the term nanobiosensor or its components
from biosensor systems. As with the biosensor, the nanobiosensor has three essential
elements: bioreceptor (sensing probe), transducer coupled with nanomaterials, and
signal amplification (Parolo and Merkoçi 2013; Srivastava et al. 2018; Gajdosova
et al. 2020).

As the first component, bioreceptors are biological components that can capture
or interact with the target analyte and respond according to the interaction. Tissues,
bacteriophages, proteins, microorganisms, organelles, human cells, nucleic acids,
enzymes, and antibodies are the most commonly used biological components to
produce nanobiosensors. As the second component, the transducer acts as an
interface. It measures external or physical changes, interacts with bioreceptors, and
then converts the changes in energy levels into a measurable electrical signal at the
detector. Detector elements collect the signals from the transducer and transmit these
signals to a microprocessor for analysis.

Fig. 29.1 Schematic representation of the nanobiosensors
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Moreover, nanobiosensors are a concept that emerged by combining nano-
materials with transducers. Therefore, nanomaterials exhibit a significant role in
the current and future advancements of nanobiosensors. Nanomaterials have unique
properties such as being more robust, lighter, cheaper, more durable, and sensitive.
Common nanomaterials, used in nanobiosensor design, are metallic nanoparticles,
carbon nanotubes, magnetic nanoparticles, quantum dots, polymeric nanomaterials,
etc. These properties also make nanomaterials attractive in the fabrication of nano-
biosensors (Park et al. 2016; Mishra and Rajakumari 2018; Bozal-Palabiyik et al.
2021; Krzyczmonik et al. 2021; Pérez et al. 2021).

Biosensors can be classified according to the types of bioreceptor such as DNA,
enzyme or antibody-based, as well as transducer types such as electrochemical,
optical, microwave, and mass-based (Chamorro-Garcia and Merkoçi 2016; Thakur
and Sankar 2022). Within the scope of this handbook, electrochemical nano-
biosensor designs are classified according to bioreceptor type, and information
about their structures and their use in the diagnosis of various diseases is presented
in this chapter.

2.3 Nanobiosensors for Diagnosis of Disease

In enzyme-based nanobiosensors, enzymes are adsorbed onto electrode surfaces
using various immobilization techniques, either by van der Waals force or by
chemical bonding. The enzyme and its associated substrate interact on the surface,
where the enzyme acts as a biorecognition element with outstanding catalytic
properties. The biochemical reactions between enzyme and substrate rely specifi-
cally on the biospecificity of enzymes. Monitoring the changes occurring due to the
response makes it possible to produce nanobiosensors that offer compassionate,
specific, selective, stable, and reproducible results (Yang 2012; Das et al. 2016;
Kurbanoglu et al. 2020).

Since the concept of biosensors was introduced by Clark and Lyons in 1962 to
measure glucose levels, glucose sensors still maintain their importance today.
Because real-time glucose determination in various body fluids is essential to
manage the progression of diabetes, one of the most important diseases of our age
(Fracchiolla et al. 2013). In their study, Kausaite-Minkstimiene et al. designed a
novel amperometric glucose nanobiosensor using a nanobiocomposite consisting of
poly(1,10-phenanthroline-5,6-dione) (PPD), poly(pyrrole-2-carboxylic acid)
(PPCA), gold nanoparticles (Au NPs), and glucose oxidase (GOx). In this study,
firstly, the graphite rod (GR) electrode is a working electrode subjected to the
cleaning procedures. Then, PD was dropped to the electrode surface, and electrode-
position using cyclic voltammetry (CV) was performed to obtain PPD/GR electrode.
As a second step, Au NPs-entrapped PPCA ((Au NPs)PPCA) layers were created
using electrodeposition. To prepare an enzyme-based sensor, (Au NPs)PPCA/PPD/
GR electrode was modified with the GOx, and in this study, a mixture of EDC and
NHS was used for covalent coupling of GOx to the modified surface. Before
amperometric measurements, GOx-(Au NPs)PPCA/PPD/GR electrode was washed
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and left to dry at room temperature. Choosing electrochemical polymerization and
immobilization conditions is one of the most critical steps of enzyme-based sensors
to achieve the best analyte response. Because the number of potential scan cycles
and the scan rate directly affect the polymeric layer formation and the immobiliza-
tion of the relevant enzyme on the modified surface. For this study, different ranges
were investigated, and the most suitable potential scan cycles were found to be ten
and the optimal scan rate to be 100 mV/s. Also, as metallic NPs, Au NPs can
improve the analytical signal through their ability to facilitate electron transfer. As
a result of the experiments, when 0.15 nM Au NPs concentration was used, the
(Au NPs)PPCA layer became more porous and provided a much larger surface area.
After optimizing the experimental conditions, the developed enzyme sensor
exhibited a wide linear range from 0.20 until 500.0 mM with a relatively low
detection limit (LOD) of 0.08 mM for glucose. Furthermore, the designed sensor
was highly selectively used for glucose detection in human serum (Kausaite-
Minkstimiene et al. 2020).

Nowadays, the great development and commercial success of smartphones,
tablets, and smartwatches have brought practical usability in many areas. Moreover,
comprehensive digitization also contributes to point-of-care testing (POCT). These
trends have the advantage of significantly reducing the extended analysis time
compared to traditional analysis methods performed in the laboratory and are an
alternative to the complex testing system that delays the ability to the worse
conditions of patients (Soni and Jha 2017; Xu et al. 2018). In their work, Jędrzak
et al. developed a fast, simple, and mobile smartphone-based nanobiosensor with the
potential for glucose measurement in diabetic patients (Fig. 29.2). In this study,
FeCl3�6H2O and FeCl2�4H2O were used to prepare magnetite nanoparticles via the

Fig. 29.2 Schematic illustration of the developed sensor. (Reprinted with permission from Jędrzak
et al. (2022))
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coprecipitation method. In the second step, magnetite nanoparticles were added to
the TRIS buffer solution, and after obtaining a homogeneous mixture, norepineph-
rine solution was added to this solution. Finally, Fe3O4@PNE hybrid material was
obtained for surface modification. The optimal amount of Fe3O4@PNE and glucose
oxidase were mixed in the citric buffer to fabricate the enzyme-based nanosensor. As
the next step, 1 μL of the Fe3O4@PNE -GOx was deposited on the screen-printed
electrode (SPE) surface and dried at room temperature. Quinones or the amino
groups in the Fe3O4@PNE nanosensor supported the creation of hydrogen bonds
between GOx molecules and Fe3O4@PNE. Therefore, it can be said that
Fe3O4@PNE nanoplatform exhibited a higher capability of GOx immobilization
on the surface. After completing the electrochemical and surface characterizations,
the designed sensor showed a linear concentration range of 0.2–24 mM and a LOD
of 6.1 μM. In addition, the developed sensor exhibited long-term stability for
20 weeks. Finally, the developed sensor could be a valuable platform for POCT by
a smartphone and potentiostat. Moreover, the developed sensor as a promising
POCT biosensor could detect glucose content in human serum and human blood
samples (Jędrzak et al. 2022).

In 2020, Eom et al. proposed an enzyme-based electrochemical nanobiosensor for
the rapid and accurate detection of cholesterol in saliva samples of hyperlipidemia
patients. The flexible electrode was first prepared using polyimide as a working
electrode in this study. Platinum nano-cluster (Pt-NC) was electroplated on the
surface by potentiostatic mode(�200 mV, 200 s) to modify the electrode surface.
The procedure was carried out separately from 1 to 5 times at 100 s intervals. The
optimum amount of cholesterol oxidase, cholesterol esterase, and peroxidase were
mixed with fabricating an enzyme-based sensor. Subsequently, 15 μL of the enzyme
mixture as an optimal amount was dropped on the modified Pt-NC electrode surface.
Finally, Nafion was coated on the enzyme-modified surface and dried at ambient
temperature to use in the determination of cholesterol. After morphological, topo-
graphical, and electrochemical characterization, the proposed sensor showed a more
comprehensive concentration range from 2 μM to 486 μM and a LOD of 2 μM. Here,
saliva samples were obtained from three hyperlipidemia patients to investigate of the
feasibility of an advanced Pt-NC/enzyme/Nafion sensor using amperometric mea-
surements. The received responses showed that a developed sensor can be utilized to
determine cholesterol in saliva immediately without pretreating procedures (Eom
et al. 2020).

In a study conducted in 2021, Rahimi-Mohseni et al. developed an enzyme-based
sensor to detect phenylketonuria (PKU), a congenital disease that occurs in 1 out of
every 10,000 newborns. This sensor is based on zinc oxide (ZnO) nanorods, Au NPs,
and enzyme phenylalanine hydroxylase (PHA) available in the extract of mosses
leaf-like tissue. In this study, firstly, a graphite screen-printed electrode (GSPE) was
covered with ZnO nanorods, then this surface was covered by Au NPs. Finally, the
moss extract and potassium ferricyanide were coated onto the modified surface.
Differential pulse (DP) voltammograms were recorded in phosphate buffer solution
(PBS) as supporting electrolytes to perform the electrochemical measurements.
When ZnO@Au nanohybrid was covered on the surface of GSPE, the current
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value was increased, and the ΔEp value decreased. This phenomenon is due to the
electron transfer ability and catalytic activity of ZnO@Au nanohybrid. To investi-
gate surface characterization, field emission scanning electron microscopy
(FE-SEM) images of the bare GSPE, ZnO/GSPE, ZnO@Au/GSPE, and ZnO@Au
nanohybrid/mosses extract modified GSPE was recorded. Figure 29.3a showed
the entire GSPE surface, while Fig. 29.3b showed the presence of ZnO nanorods
on the electrode surface. The presence of ZnOs allowed increasing the performance
of the developed biosensor due to its small size and high specific surface area.
Figure 29.3c showed that Au nanoparticles as shine sphere were dispersed on the
ZnO nanorods modified surface.

Moreover, this structure confirmed the successful synthesis of the nanohybrid.
Thanks to the changed surface morphology, Fig. 29.3d confirmed the presence of the
enzyme layer on the surface of ZnO@Au/GSPE. In addition, the simultaneous
presence of Zn, O, and Au on the developed surface was confirmed by energy-
dispersive X-ray spectroscopy (EDX) analysis. Under the optimum working condi-
tions, the detection range of 5.0 nM to 100 μMwith a LOD of 3.0 nM was obtained.

Fig. 29.3 FE-SEM images of bare GSPE (a) ZnO nanorods/GSPE (b), ZnO@Au nanohybrid/
GSPE (c), ZnO@Au nanohybrid/mosses leaf-like extract/GSPE (d), and EDX of ZnO@Au nano-
hybrid (e). (Reprinted with permission from Rahimi-Mohseni et al. (2021))

646 C. Erkmen et al.



Furthermore, the proposed nanobiosensor was successfully applied to determine
phenylalanine in the human blood serum samples (Rahimi-Mohseni et al. 2021).

Deoxyribonucleic acid (DNA)-based biosensors, which serve as oligonucleotides
as another biological molecule, can be used to allow a single-chain nucleic acid
molecule to define and bind its complementary strand in samples. The interaction
mechanism is based on stable hydrogen bonds between the two nucleic acid strands.
As seen in many different applications, DNA-based sensors exhibit several advan-
tages. Because synthesis procedures contain simple steps, these sensors allow fast
on-site analysis. Moreover, these sensors are simple, quick, and precise, used for
surgical, forensic, environmental, and pharmaceutical applications (Oliveira Brett
2005; Abu-Salah et al. 2010, 2015).

In 2021, Pareek et al. suggested a label-free DNA-based nanobiosensor platform
to detect human papillomavirus (HPV). Here, the indium tin oxide (ITO) glass
electrode was washed with acetic acid and distilled water. Then, chitosan (CHIT)
capped Au NPs (ccAu NPs) were electrodeposited on the surface of ITO by the CV
method. Further, probe DNA (PDNA) was coated on the ccAu NPs modified ITO
electrode, and subsequently, HPV-16 target DNA (TDNA) at different concentra-
tions was immobilized on the probe-modified surface. When the ITO surface was
modified with ccAu NPs, due to the conductive properties of ccAu NPs, electron
transfer was facilitated, and a suitable surface was obtained for the binding of
PDNAs. Under optimal conditions, the linear concentration range from 1 pM to
1 μM and a LOD of 1 pM was found to detect HPV-16. Moreover, the long stability
and selectivity of the developed sensor have also shown that it can be a suitable
platform for detecting HPV-16 from clinical samples (Pareek et al. 2021).

DNA-based sensors have many advantages in determining disease genes as well
as drugs, proteins, or biomarkers. In their study, Zhang et al. developed an electro-
chemical DNA biosensor using carbon dots (CDs) and graphene oxide (GO) to
detect PML/RARα fusion gene. This gene is essential for the early clinical diagnosis
of acute promyelocytic leukemia (APL). In this study, the bare glassy carbon
electrode (GCE) was rinsed with alumina polishing suspension and distilled water,
respectively. Then, the optimal amount of CDs/GO nanocomposites was dropped on
the GCE surface and dried at 60 �C. Secondly, the prepared electrode was immersed
in PBS containing EDC and NHS. Afterward, the capture probe DNAwas incubated
on the CDs/GO/GCE at room temperature. At the final step, methylene blue
(MB) and complementary sequences of DNA solution were immobilized on the
surface to construct a measurement sensor. After the prepared sensor was rinsed with
TE buffer, DP voltammograms were recorded to detect PML/RARα fusion gene.
Moreover, electrochemical results showed that the excellent conductivity of CDs and
the large surface area of GO provided faster electron transfer to enhance the
hybridization efficiency of DNA. After experimental conditions such as accumula-
tion time of MB, hybridization time of DNA and hybridization temperature were
optimized, the linear detection range from 2.50 � 10�10 M to 2.25 � 10�9 M with a
LOD of 83 pM was obtained for use in clinical diagnostic assays (Zhang et al. 2021).

Nowadays, peptides have recently been used as potential antifouling
materials due to their unique properties such as easily synthesized processes,
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cost-effectiveness, biocompatibility, and tunable or modifiable structures. Peptides
have the same chemical structures as proteins. However, they have shorter lengths of
peptide bonds than proteins. Peptides are also formed by natural or synthetic short
polymers of amino acids linked by these bonds. Artificial peptides can be synthe-
sized via standard solid-phase synthesis protocols by screening from the peptide
library to provide a specific sequence. In addition, the peptides exhibit many other
advantages, including high stability, standard synthetic protocol, easy modification,
and outstanding chemical versatility. Therefore, they are ideal molecules as
biorecognition elements in biosensors (Liu et al. 2015; Barbosa et al. 2018;
Karimzadeh et al. 2018).

In 2020, Hui et al. proposed a novel biosensor based on specifically designed
antifouling peptides and a signal amplification strategy to determine prostate-specific
antigen (PSA) in human serum samples. As shown in Fig. 29.4, first, the surface of
GCE was cleaned. A mixture of poly(ethylene glycol) (PEG) and poly(3,4-ethylene
dioxythiophene) (PEDOT) nanocomposites was electrodeposited on the GCE sur-
face by CV. The second step covered the PEG/PEDOT/GCE with the solution,
including streptavidin, NHS, and EDC. To develop a peptide-based sensor, self-
designed biotin-labeled peptides (Pep1, biotin-PPPPEKEKEKE, and Pep2, biotin-
PPPPEKEKEKEHSSKLQC) were synthesized. The mixed solution of the two kinds
of peptides was immobilized onto the PEG/PEDOT/GCE surface. This

Fig. 29.4 Schematic diagram and working principle of the antifouling electrochemical biosensor.
(Reprinted with permission from Hui et al. (2022))
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immobilization was based on the strong interaction between biotin and streptavidin.
As a signal amplifier, DNA/Au NRs solution was covered onto the Pep/PEG/
PEDOT/GCE, and adsorption of MB onto DNA/Au NRs was performed. Before
all the electrochemical measurements, the modified surface was immobilized with
PSA, and DPV responses were recorded. After the optimum conditions were deter-
mined, the developed nanobiosensor showed a wide concentration range from
0.10 pg mL�1 to 10.0 ng mL�1 with a LOD of 0.035 pg mL�1. Moreover, the
developed biosensor was successfully used to determine PSA in human serum
samples (Hui et al. 2022).

In their study, Song et al. developed an efficient and simple antifouling biosensor
for detecting human immunoglobulin G (IgG) using a Y-shaped peptide constructed
with two branches. EKEKEKE and HWRGWVA as peptide sequences were syn-
thesized for antifouling. The bare GCE surface was polished and rinsed before
surface modification in this study. To construct modified GCE/PEDOT-citrate sur-
face, electrochemical deposition was performed using a mixed solution consisting of
EDOTand sodium citrate. Afterward, GCE/PEDOT-citrate surface was covered with
Au NPs by electrodeposition. The PEDOT-citrate/Au NPs modified surface was
covered with a Y-shaped peptide solution in the final stage. The developed biosensor
was soaked in IgG solutions at room conditions for 90 min; then, measurements were
performed. The electrode characterizations showed that unmodified GCE had a
higher current value than GCE/PEDOT-citrate. While this indicated the presence
of PEDOT-citrate on the GCE surface, it was due to the charge repulsive interaction
between negatively charged PEDOT-citrate and negatively [Fe(CN)6]

3�/4- mole-
cules. After the GCE/PEDOT-citrate surface was coated with Au NPs, the excellent
electrical conductivity of Au NPs increased the current signal. Under the optimal
experimental conditions, it was observed that as the human IgG concentration
increased, the DPV current signals decreased. Moreover, reductions in current
signals were observed since the redox molecules inhibit electron transfer after the
prepared nanosensor was covered with the Y-shaped peptides and unique IgG
molecule. The developed sensor exhibited a linear concentration range from 0.1 to
10,000 ng mL�1. The LOD was estimated to be 0.032 ng mL�1. Moreover, the
designed sensor was successfully used to detect IgG in clinical human serum
samples (Chen et al. 2021).

Very recently, other examples of peptide-based nanobiosensors were proposed to
detect trypsin (Lin et al. 2018), epidermal growth factor receptor (EGFR) (Li et al.
2013), human chorionic gonadotropin (hCG) (Xia et al. 2017), human norovirus
(Hwang et al. 2017), and miRNA-21 (Kangkamano et al. 2018). The nanomaterials
and composites used in these sensors exhibited several advantages: high electrical
conductivity, large surface area and mechanical strength, high selectivity, chemical
stabilization, and good electron interaction characteristics. These facts led to the
evolution of electrochemical nanobiosensors with good sensitivity, a wide linear
concentration range, and low LOD values.

Immunosensors are affinity-ligand-based biosensors in which antibodies are used
as bio-components, and the antibody-antigen interaction is monitored with a suitable
transducer. The main feature of all immunosensors is their specificity resulting from
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molecular recognition of antigens by antibodies to form a stable complex (Mahato
et al. 2018a). Electrochemical immunosensors based on the specificity of antigen-
antibody interactions by an electrochemical conversion are the most preferred
because of their advantages such as cost, simplicity, sensitivity, miniaturization
properties, and rapid analytical response (Pei et al. 2013; Karunakaran et al. 2015;
Felix and Angnes 2018). Especially label-free immunosensors are preferred in
immunoassay systems due to their potential simplicity and affordability. In 2022,
Wu et al. developed a label-free sensor based on multilayer nanocomposite modifi-
cation of ordered mesoporous carbon (CMK-3), Au NPs, ferrocene carboxylic acid
(Fc), magnesium (Mg), aluminum (Al), and layered double hydroxide (LDHs)
materials for the detection of cancer antigen 125 (CA125), which is a biomarker
for the diagnosis of ovarian cancer. In this study, preparation of a modified sensor
was designed by layer-by-layer (LBL) self-assembly by electrostatic attraction, as
shown in Fig. 29.5. Firstly, the GCE surface was polished and rinsed with ethanol,
hydrochloric acid, and deionized water. Then, 1 mg mL�1 of CMK-3 was dropped
onto the GCE surface, and Au NPs were coated on the CMK-3 modified electrode.
Finally, CMK-3(Au/Fc@MgAl-LDH)n multilayer nanocomposites were obtained
using repeating the modification process with Au NPs and Fc@MgAl-LDH with the
optimal number of n cycles. To prepare immunosensor, glutaraldehyde (GA) as a
crosslinking agent was immobilized on the modified electrode to bind carboxyl
(-COOH) of Fc and amino (-NH2) of antibody. Afterward, 1 mg mL�1 antibody

Fig. 29.5 Schematic of the proposed electrochemical immunosensor. (Reprinted with permission
from Wu et al. (2022))
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(Ab) solution was dropped onto the modified surface, and the unbound antibody was
cleaned with the 0.01 M PBS (pH 7.0) solution. Subsequently, bovine serum
albumin (BSA) solution was dropped onto the antibody-modified surface to prevent
nonspecific binds. CA125 was immobilized on the modified sensor in the last step to
perform DPV measurements. Electrochemical impedance spectroscopy (EIS) was
used for the electrochemical characterization of the prepared sensors. The resistance
was reduced when the GCE surface was modified with CMK-3(Au/Fc@MgAl-
LDH)n nanocomposites. These results provided that the CMK-3(Au/Fc@MgAl-
LDH)n were immobilized successfully onto the electrode surface. When the anti-
body, BSA, and antigen were gradually immobilized on the modified surface, the
electrochemical resistance gradually increased due to the rejection of the idioelectric
proteins during electronic transfer. These increases demonstrated the successful
modification of antibody, BSA, and antigen to the electrode surfaces. In addition,
the CV measurements performed also showed the results that nanomaterials and
biological samples were surface modified, consistent with the EIS results. Under
optimal conditions, the developed immunosensor showed a linear concentration
range between 0.01 U mL�1 and 1000 U mL�1 with a LOD of 0.004 U mL�1.
Furthermore, the developed immunosensor, which exhibited long-term stability,
provided the utility of accurate detection of CA125 in clinical cancer diagnosis
(Wu et al. 2022).

In 2021, a novel label-free electrochemical immunosensor to detect
carcinoembryonic antigen (CEA) that serves as a tumor marker using reduced
graphene oxide (rGO) was proposed by Jozghorbani et al. In this study, first GCE
was rinsed with deionized water, and then rGO was dropped onto the GCE surface
and dried at 60 �C. Then, the EDC/NHS solution containing 20 mg mL�1 of EDC
and 10 mg mL�1 of NHS was coated on the rGO/GCE surface. 20 mg mL�1

antibody was immobilized on the modified sensor, and this electrode was rinsed
with PBS to remove non-covalently bound antibodies. BSA was dropped on the
antibody-modified surface to block nonspecific sites, and the electrode surface was
rinsed with PBS several times. After optimum parameters, pH, incubation time, and
anti-CEA concentration were determined, increasing concentrations of CEA were
measured using the developed sensor. The developed immunosensor exhibited a
linear concentration-response in the range of 0.1–5 ng mL�1 with a LOD of
0.05 ng mL�1 for the detection of CEA. The proposed immunosensor was evaluated
to detect CEA in the human blood serum samples. Moreover, the obtained results
were compared with the standard enzyme-linked immunosorbent assay (ELISA)
method (Jozghorbani et al. 2021).

In the case of the nanomaterials and nanocomposites, Au NPs (Carneiro et al.
2017), trimetallic NPs composed of palladium, platinum, and copper (Zhao et al.
2022), metal oxide NPs such as TiO2 NPs (Shawky and El-Tohamy 2021), and also
polymeric materials including polyethyleneimine and chitosan (Li et al. 2021;
Shanbhag et al. 2021) supported suitable surfaces to achieve high performance of
detection of diseases biomarkers. In particular, the conductivity and biocompatibility
of these materials have provided advantages by creating excellent synergetic effects
between materials.
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In terms of human health, the need for compassionate and specific analysis
methods to diagnose a biomarker or related diseases cannot be ignored. Nowadays,
sensitive determination of particular analytes in complex samples can be enhanced
by using sandwich or labeled methods. In these methods, the analyte binds to the
primary antibodies (captured antibodies) followed by labeled secondary antibodies
(detection antibodies) (Pei et al. 2013; Ilkhani et al. 2015). In 2020, Zhang et al.
proposed a sandwich-type electrochemical immunosensor to detect the N-terminal
B-type natriuretic peptide precursor (NT-proBNP) that serves as a diagnostic bio-
marker of heart failure. In this study, the GCE surface was polished and washed
using alumina powder and ultrapure water. Then, Au NPs were electrodeposited
onto the GCE using the CV method. Next, optimal amounts of Ab1, BSA,
NT-proBNP, and Au@PdPt RTNs-Ab2 were immobilized on the modified electrode
surface, respectively. Before each modification, the prepared electrodes were washed
with PBS (pH 7.4). To investigate the developed immunosensors, EIS and CV
methods were performed. As shown in Fig. 29.6a, when Au NPs were coated on
the bare GCE, the diameter of the semicircle of Au NPs modified electrode decreased
significantly compared to bare GCE (curves a and b). This decrease was due to the
excellent conductivity of Au NPs. In addition, an increasing trend when the Au NPs
modified electrode was modified with Ab1, BSA, NT-proBNP, and the Au@PdPt
RTNs-Ab2 (curve c-f) layer by layer, respectively, was observed in the diameter of
the semicircle. These increases were because the surface’s biological materials
significantly inhibited interfacial electron transfer efficiency. In Fig. 29.6b, cyclic
voltammograms were presented; after the GCE was coated with Au NPs, the peak
current of the redox solution increased significantly more. It was recorded that the
peak current of the redox solution decreased when the modified surface was coated
with Ab1, BSA, NT-proBNP, and Au@PdPt RTNs-Ab2, respectively. All the results
observed in CV and EIS showed that each nanoparticle and biological material was
influential in detecting NT-proBNP and successfully modified on the electrode

Fig. 29.6 (a) EIS and (b) CVof bare GCE (a), GCE/Au NPs (b), GCE/Au NPs/Ab1 (c), GCE/Au
NPs/Ab1/BSA (d), GCE/Au NPs/Ab1/BSA/NT-proBNP (e), and GCE/Au NPs/Ab1/BSA/NT-
proBNP/Au@PdPt RTNs-Ab2 (f). (Reprinted with permission from Zhang et al. (2022))
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surfaces. Under optimized experimental conditions, the developed immunosensor
showed a wide linear range from 0.1 pg mL�1 to 100 ng mL�1 and a LOD of
0.046 pg mL�1. Moreover, the use of the developed immunosensor was confirmed
by the detection of NT-proBNP in human serum samples (Zhang et al. 2022).

In their work, Yang et al. fabricated a sandwich-type electrochemical
immunosensor for the effective detection of hepatitis B surface antigen (HBsAg)
based on Au@Pd nanodendrites (NDs) functionalized MoO2 nanosheets (NSs).
Firstly, the GCE surface was polished and rinsed, and Ag NPs were coated on the
GCE surface by electrodeposition. Subsequently, Ab1 dispersion was immobilized
on the Ag NPs/GCE surface. After immobilization of BSA to the surface to block
nonspecific binding sites, HBsAg was coated on this surface. Finally, an Ab2-label
solution composed of Au@Pd NDs and amino-functionalized MoO2 NSs was
incubated on the modified surface. Au@Pd NDs/NH2-MoO2 NSs could catalyze
hydrogen peroxide (H2O2) reduction effectively. Therefore, HBsAg analyzes were
performed by following the current changes in the reduction of H2O2 at different
concentrations. The current responses showed that NH2-MoO2 had a good catalytic
capacity for HBsAg detection. Moreover, increased current responses confirmed that
Au@Pd NDs/NH2-MoO2 NSs had the greater electrocatalytic performance. Under
optimal conditions, the developed immunosensor offered a linear concentration
range between 10 fg mL�1 and 100 ng mL�1 with a LOD of 3.3 fg mL�1 to detect
of HBsAg. Moreover, the accuracy of the developed immunosensor was satisfactory,
which confirmed that the immunosensor possessed an excellent application prospect
in clinical samples (Yang et al. 2021).

Following the same trend observed for the nanomaterial-based enzyme, peptide,
and label-free sensors, many researchers have reported that the modification of
nanomaterials to construct labeled sensors has several advantages. As seen in the
kinds of literature in these studies, nanoboxes (Cheng et al. 2021), nanorods (Zhang
et al. 2020), metal-organic frameworks (Miao et al. 2019), flower-like NPs (Qian
et al. 2019), and also three-dimensional composites (Liu et al. 2021) exhibited
superior properties such as a large effective surface area and fast electron transport
towards diseases and biomarkers detection.

Aptamers are synthetic strands of DNA or RNA produced by SELEX (systematic
evolution of ligands by exponential enrichment). Aptamers can specifically attach to
target molecules, cells, and proteins. In recent years, aptamers have provided several
advantages such as tolerance to environmental conditions and more excellent sta-
bility, easier synthesis route, and more accessible storage than antibodies. Many
researchers have suggested aptasensors to detect biomarkers due to the high sensi-
tivity and specificity (Charbgoo et al. 2016; Zhou et al. 2016; Kim et al. 2020).

In their study, Negahdary et al. developed an electrochemical aptasensor to detect
amyloid beta (Aβ) based on fern leaves-like Au nanostructure. The detection pro-
cedure is based on modifying the thiol-modified RNA aptamer sequence to the
electrode surface by Au nanostructures and the binding between the specific aptamer
sequence and Aβ. To detect Aβ by the aptasensor, after Aβ binding time was
optimized, DP voltammograms were recorded by following redox peaks responses.
After optimizing the experimental parameters, the developed aptasensor showed a
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linear concentration range of 0.002–1.28 ng mL�1 and a LOD of 0.4 pg mL�1

(88.6 amol L�1). Moreover, the design was successfully used for the determination
of Aβ in human blood serum and artificial cerebrospinal fluid samples (Negahdary
and Heli 2019).

In another study, Wang et al. designed a sandwich-type aptasensor based on hollow
mesoporous carbon spheres loaded with porous dendritic bimetallic Pd@Pt nano-
particles (Pd@Pt DNs) to detect of cardiac troponin I (cTnI). In this work, a screen-
printed gold electrode (SPGE)was coatedwith a thiol-modified aptamer. After washing
withMCH, which was used to block non-specific binding sites, cTnI was incubated on
the surface to obtain the aptamer-CTnI complex. Then, Pd@Pt DNs/NH2-HMCS/
aptamer (with a different sequence) was dropped on the modified surface, and the
developed aptasensor was washed for further use in the analysis. Electrochemical
characterization results confirmed that the improvement of the dispersibility of
Pt@Pd DNs and the synergistic catalysis between NH2-HMCS and Pt@Pd DNs
provide the more excellent electrocatalytic ability for the ultrasensitive detection of
cTnI. To obtain the best performance of the developed aptasensor, the incubation time
and concentration of the Pt@Pd DNs/NH2-HMCS/aptamer label were optimized.
Under optimum working conditions, the proposed aptasensor exhibited a linear con-
centration range from 0.1 pg mL�1 to 100.0 ng mL�1 and a LOD of 15.4 fg mL�1 for
cTnI detection. Moreover, the aptasensor was successfully used for cTnI detection in
human serum samples (Wang et al. 2021).

Aptamer sequences designed specifically for different molecules such as proteins,
biomarkers, and pesticides can also be designed for bacteria. In 2020, a novel
aptasensor based on quantum dots and metal oxide NPs was developed by Ghalkhani
et al., for the sensitive detection of Staphylococcus aureus bacterium (S. aureus) that
can generate several human infections such as pseudomembranous enteritis, respira-
tory, and some systemic diseases. In this work, firstly, a nanocomposite composed of
silver (Ag) NPs chitosan (Cs), graphene quantum dots (Gr QDs), and nitrogen-doped
TiO2 NPs (NTiO2) was prepared, and then, SPCE surface was modified by this
nanocomposite. After the thiol functionalized DNA aptamer was immobilized on the
modified electrode, S. aureus was immobilized on the aptasensor surface. The exper-
imental conditions were optimized by the pH of the nanocomposite solution and
incubation time of bacterium species. According to the obtained DPV responses, the
designed aptasensor displayed the linear concentration range of 10–5� 108 CFUmL�1

with a LODof 3.3CFUmL�1. Furthermore, the developed aptasensorwas also suitable
for human serum samples containing S. aureus (Ghalkhani et al. 2022).

In general, the potential for some molecules to bind to aptamers from two
different binding sites has been reported; therefore, most sandwich-type sensors
have focused on conventionally used antibody-based immunoassays or assay
methods using aptamer-antibody pairs to increase sensitivity and selectivity
(Huang et al. 2021b; Centane and Nyokong 2022). In their study, Chung et al.
designed a magnetic force-assisted sandwich-type sensor for the sensitive detection
of thrombin. This study is based on biotinylated thrombin Ab, aptamer with
functionalized conducting polymer (poly-(2,20:50,500-terthiophene-30-p-benzoic
acid) (pTBA)), and streptavidin-starch modified magnetic nanoparticle (MNP)
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combined with toluidine blue O (TBO). The characterization of probe molecules and
modified sensor surface was investigated by CV, EIS, X-ray photoelectron spectros-
copy (XPS), and UV–VIS spectroscopy. All results indicated that the prepared probe
molecules and modified sensors were suitable materials and platforms to detect
thrombin. To obtain the best sensor response, the effect of pH, binding times of
thrombin and MNP@Ab-TBO, removal time of unbound bioconjugates, and applied
potential were investigated. After the optimum conditions were provided, the linear
concentration range was found between 1.0 and 500 nM with a LOD of 0.49 nM.
Moreover, the recovery experiment results demonstrated that the proposed sensor
could detect thrombin in human serum (Chung et al. 2018).

To sum up, when designing the aptamer-based sensors, studies primarily pro-
vided quick analysis, higher sensitivity, selectivity, and cost-effectiveness in recent
years to detect diseases and biomarkers (Zhang et al. 2019; Erkmen et al. 2022;
Farahani et al. 2022; Sun et al. 2022).

3 Conclusion

Integrating nanotechnology into sensor systems and using it in this field offers the
chance to improve the performance of nanobiosensors, which are used as sensitive
methods, especially in the early diagnosis of diseases. As the most crucial compo-
nent of nanobiosensors, different nanomaterials such as metallic nanoparticles,
carbon-based nanomaterials, polymeric nanostructures, magnetic nanomaterials,
quantum dots, nanowire, or nanomembrane structures provide advanced superiority
by being integrated into systems for biosensing. These materials facilitate the
immobilization of biological materials added to the surfaces due to their large
surface-to-volume ratios while at the same time facilitating electron transfer thanks
to their conductors; they provide high sensitivity and allow them to be excellent
candidates for the nanobiosensors designs. In addition, the affinity between a
bioreceptor molecule such as enzyme, peptide, antibody, and aptamer and target
analytes such as protein, biomarker, or gene undoubtedly provides extraordinary
sensitivity, high specificity, and selectivity. Compared to traditional methods such as
chromatographic and spectroscopic methods, which require a time-consuming, large
amount of organic solvents, and the use of toxic chemicals, nanobiosensors are
quick, sensitive, and selective analytical tools for the diagnosis of several diseases.
The different features of nanobiosensors such as accuracy, reproducibility, dynamic
capacity change, and sensitivity to environmental changes such as pressure, pH, and
temperature make them excellent analytical tools for diagnosing diseases. However,
more awareness is needed regarding the advancement of nanobiosensors in com-
mercial applications. In the future, nanobiosensors can be integrated into smart
devices and remotely controlled systems with various techniques. Multipurpose
use, such as the simultaneous detection of different biomarkers, can be improved
with cost-effectively designed biochips. Furthermore, in these developments, self-
propelled sensors such as micromotors or microconsoles can contribute to the
applications of nanobiosensors.
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Abstract

Metal-organic frameworks (MOFs) are a new group of nanoporous materials
developed by a typical metal-ligands coordination strategy. MOFs possess a
range of unique characteristics, including high porosity, uniform pore structures,
ultrahigh active surface area, robust structure, chemical functionality etc. Further,
the physicochemical properties of MOFs are tunable based on our requirements,
and, therefore, MOFs are afforded to apply in a wide range of applications.
Particularly, MOFs have received considerable attention to use as a probe in
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electrochemical sensor applications. Because, the tunable porosity properties of
MOFs offer to detect specific biomolecules as functions similar to enzyme-based
sensors. However, the poor conductivity and less stability in aqueous media
restrict their usage in many electrochemical applications. In recent years, several
nanomaterials have been incorporated into MOFs to improve the conductivity
and stability of MOF-based catalysts. This chapter focuses on the recent innova-
tion, development, and improvement of MOFs-based catalysts used for different
bioanalytical applications. Further, it described the fundamental electrocatalytic
sensing mechanism of the MOF-based probes and summarized the electroanalyt-
ical parameters reported for different analytes.

Keywords

Metal-organic framework · Electrocatalysis · Biosensor · Cancer biomarkers ·
Nucleic acids · Neurotransmitters

Abbreviations

5-hmC 5-hydroxymethylcytosine DNA
ADRB1 Adrenergic receptor gene
AED Anodic electrodeposition
AgNPs Silver nanoparticles
Apt Aptamer
ATP Adenosine triphosphate
AuNPs Gold nanoparticles
BSA Bovine serum albumin
BTC 1,3,5-benzenetricarboxylic acid
CC Carbon cloth
CEA Carcinoembryonic antigen
CPE Convergent paired electrodeposition
Cu(tpa) Copper terephthalate
CY Cysteine
DMF Dimethylformamide
DMSO Dimethylsulfoxide
DNA Deoxyribonucleic acid
DPE Divergent paired electrodeposition
EIS Electrochemical impedance spectroscopy
ELISA Enzyme-linked immunosorbent assays
ERG Electrochemically reduced graphene
GOD Glucose oxidase
H3NBB 40,4000,40000- nitrilotris[1,10-biphenyl]-4-carboxylic acid
HCV Hepatitis C virus
HER2 Human epidermal growth factor receptor-2
HT Hexanethiol
MACP Ni-MOF/AuNPs/CNTs/PDMS
MB Magnetic bead
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miRNAs microRNAs
MOFs Metal-organic frameworks
MPF Metalloporphyrin framework
mRNA Messenger RNA
N-CNT N-doped carbon nanotube
NS Nanosheet (NS)
PANI Poly(aniline)
PCPs Porous coordination polymers
PCR Polymerase chain reaction
PDMS Poly(dimethylsiloxane)
PGA Poly(glutamic acid)
PTK7 Tyrosine kinase-7
r-GO Reduced graphene oxide
RNA Ribonucleic acid
siRNAs Small interfering RNAs
snRNAs Small nuclear RNAs
SPCE Screen-printed carbon electrode
ssDNA Single-stranded oligonucleotide
TCPP Tetra(4-carboxyphenyl)-porphyrin chloride
TDT Terminal deoxynucleotidyl transferase
tRNA Transfer RNA

1 Introduction

Biomolecules involve many essential functions in living organisms, including cell
functions, energy production and transport, signal processing, building body mass,
etc. However, any alteration in the biomolecules concentrations in body fluids can
lead to diseases (Polshettiwar et al. 2021). Therefore, accurate detection and quan-
tification of biomolecules are very important to ensure the well-being of the cells and
organs. Currently, several analytical methods have been used to detect biomolecules
in vivo and in vitro, including enzyme-linked immunosorbent assays (ELISA),
polymerase chain reaction (PCR), colorimetric and electrochemical detection,
chromatography-mass spectroscopy, vibrational spectroscopy, etc. (Lequin 2005;
Laor et al. 1992; Ajay et al. 2017; Kalimuthu et al. 2012; Liu et al. 2001). Among
them, electrochemical methods have received tremendous attention due to their
facile fabrication strategy, fast response, cost-effectiveness, high sensitivity, easy
operation, and portability (Kalimuthu et al. 2013, 2014). Further, a broad range of
nanomaterials have been incorporated into the transducer to improve the perfor-
mance of the electrochemical biosensor (Chen and Chatterjee 2013; Mahato et al.
2018).

Metal-organic frameworks (MOFs), also called as porous coordination polymers
(PCPs), have represented a new group of nanoporous materials. MOFs are prepared
by a unique metal-ligands coordination strategy. The binding of metal ions to the
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arms of the linker molecules can produce a cage-like porous structure. The generated
porous structure can have a massive internal surface area and active sites
(Dhakshinamoorthy et al. 2017; Jiang and Xu 2011). Interestingly, the physicochem-
ical properties of MOFs can be tuned based on our requirement by controlling the
metal-ligands coordination process (Czaja et al. 2009). This adaptable structural
change of MOFs is more suitable and convenient for different types of functiona-
lization for a wide range of analytes. Further, compared to conventional porous
materials (porous oxides and zeolites), MOFs have uniform pore size, ultrahigh
active surface area, and a well-connected pore structure. These unique characteristics
allow MOFs to utilize numerous applications, including heterogeneous catalysis,
biomedical imaging, drug delivery, gas storage, biochemical sensing, etc. (Gulbagca
et al. 2019; Keskin and Kizilel 2011; Britt et al. 2008). Considerable works have
been published regarding the utilization of MOFs as signal labels in electrochemical
sensor applications (Kajal et al. 2022; Zhang et al. 2021). For instance, NiO and Ni
nanoparticles embedded MOFs were developed by a facile calcination approach, and
the resulting MOFs were successfully applied to quantify glucose concentrations in a
human blood sample by an amperometric technique (Shu et al. 2017). Further, Wang
et al. developed 2D MOFs nanosheet by a liquid-liquid interfacial reaction approach
and the resulting materials were utilized as a probe to sense H2O2 in an alkaline
medium (Wang et al. 2021). The durability of the fabricated sensor was examined by
continuous measuring of H2O2 for a prolonged time and found that the catalytic
response was almost unaltered up to 20,000 cycles.

However, most MOF-based catalysts lack conductivity and stability in electro-
lytes, limiting their applications in electrochemical sensors. The leading cause of the
poor stability of MOFs in an aqueous medium is attributed to the easily breakable
weak metal-ligand coordination bonds by water molecules (Sohail et al. 2018). In
addition, ions present in the electrolytes can also be coordinated with the metal
nodes, breaking the metal-ligand coordination bonds. Therefore, to improve the
conductivity and stability of MOFs, various nanomaterials, including metal nano-
particles and carbon- and graphene-based materials, were integrated into the MOFs
(Dhakshinamoorthy et al. 2017; Zhu and Xu 2014). This chapter summarizes the
recent development of MOF-based electrocatalysts for biosensing applications.
Particularly, the MOF-based biosensors developed for the detection of a range of
small biochemical compounds (e.g., H2O2, glucose, dopamine, and cysteine), and
biological macromolecules (proteins and nucleic acids) are discussed in detail.
Further, the sensing mechanism, performance, and electroanalytical parameters of
these analytes are outlined in Table 30.1.

2 Synthesis Methods of MOFs

Several approaches are routinely used to develop MOFs, including solvothermal/
hydrothermal, slow evaporation, mechanochemical, sonochemical, microwave irra-
diation, electrochemical, etc. (Zhu and Xu 2014; Stock and Biswas 2012). Among
them, the solvothermal/hydrothermal approaches have been extensively used to
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Table 30.1 Analytical parameters of MOF-based electrochemical biosensors

Electrode Analytes
Linear range
(M)

Detection
limit (M) References

CC/Co-MOF NS Glucose 4 � 10�6 –
4.4 � 10�3

1.2 � 10�6 Wei et al.
(2018)

GC/Ni-MOF/Ni/NiO/C Glucose 4 � 10�6 –
5.6 � 10�3

0.8 � 10�6 Shu et al.
(2017)

G/Ni-MOF-74 Glucose 5 � 10�6 –
1.4 � 10�3

0.4 � 10�6 Zhang et al.
(2018)

GC/CNT-MOF-CoCu H2O2 5 � 10�5-
2.5 � 10�3

0.15 �
10�6

Kim and
Muthurasu
(2021)

GC/Cu-MOF/MXene H2O2 1 � 10�6-
6.12 � 10�3

0.35� 10�6 Cheng et al.
(2021)

GC/CNT-MOF-CoCu H2O2 5 � 10�5-
3.5 � 10�3

0.21 �
10�6

Kim and
Muthurasu
(2021)

PtCu@MOFs/C H2O2 1 � 10�5 –
3 � 10�3

0.2 � 10�6 Chen et al.
(2018)

GC/MPF/PGA H2O2 5 � 10�10 –
1 � 10�3

30 � 10�9 Chen et al.
(2020)

GC/rGO@Ni-MOF/AuNPs Dopamine 5 � 10�7 –
1.2 � 10�4

30 � 10�12 Yang et al.
(2021)

GC/AgPd@Zr-MOF Dopamine 2 � 10�6 –
42 � 10�6

0.1 � 10�6 Hira et al.
(2021)

GC/AgNPs@ZIF-67 Dopamine 1 � 10�7–
2 � 10�4

50 � 10�9 Tang et al.
(2020)

PDMS/CNTs/Ni-MOF/AuNPs Dopamine 5 � 10�8–
1.5 � 10�5

10 � 10�9 Shu et al.
(2020)

GC/Cu(tpa)/ERG-MOF Dopamine 1 � 10�6–
5 � 10�5

0.21 �
10�6

Wang et al.
(2014)

GC/Au-SH-SiO2@Cu-MOF L-
Cysteine

2 � 10�8 –
3 � 10�4

8 � 10�9 Hosseini et al.
(2013)

Au/ Ce-MOF ATP 1 � 10�8 –
10 � 10�3

5.6 � 10�9 Shi et al. (2017)

S1-AuNPs@Cu-MOFs miRNA-
155

1 � 10�12 –
10 � 10�9

0.35 �
10�12

Wang et al.
(2018)

Ag/Zn@MOF/HCV-RNA probe HCV-
RNA

1 � 10�12 –
100 � 10�9

0.64 �
10�12

El-Sheikh et al.
(2021)

GC/PtNPs/Hemin@Fe-MIL-88NH2/
Cu2+/CP/HT/DNA Probe

ADRB1 1 � 10�12 –
10 � 10�9

0.21 �
10�12

Yuan et al.
(2017)

SPCE/MB/5-hmc-DNA 5-hmC-
DNA

1 � 10�14 –
1 � 10�9

9.06 �
10�12

Cui et al. (2019)

MOF NS MOF nanosheet, CC carbon cloth, PGA poly(glutamic acid), MPF metalloporphyrin
framework, rGO reduced graphene oxide, AuNPs gold nanoparticles, AgNPs silver nanoparticles,
Cu(tpa) copper terephthalate, ERG electrochemically reduced graphene, ADRB1 adrenergic recep-
tor gene, HT hexane thiol, SPCE screen-printed carbon electrode, MB magnetic beads
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develop MOFs due to their simple protocol. However, the downside of these
approaches is required a prolonged time to form MOF crystals. More details of
these methods are described below. Figure 30.1 portrays an overview of different
synthetic approaches used to construct MOFs in the literature.

2.1 Solvothermal/Hydrothermal

Solvothermal is a facile approach to developing different types of MOFs. In this
technique, nonaqueous solvents, including dimethylsulfoxide (DMSO),
dimethylformamide (DMF), methanol, ethanol, acetone, etc., are used. However,
these solvents are expensive and non-ecofriendly. Therefore, a hydrothermal tech-
nique was developed to circumvent this issue where water is the primary solvent in
addition to the small quantity of nonaqueous solvents. Further, the reaction is
conducted under controlled temperature and pressure by using a closed Teflon
container in the hydrothermal method. Usually, the temperature can vary up to
220 �C, and the resulting product is crystalized to get a pure form. This crystalliza-
tion process can take a few days to weeks. On the other hand, this method affords to
obtain a significantly high yield. For example, the Ni-MOF nanosheet was devel-
oped by the hydrothermal method by simple mixing p-benzenedicarboxylic acid
with Ni(NO3)2 in DMF (Shu et al. 2017). Then the calcination of the resulting
Ni-MOF nanosheet yielded the Ni-MOF/Ni/NiO/C composite and was successfully
used as a glucose sensor. In another report, reduced graphene oxide (r-GO)-based
Ni-MOF composite was prepared using the solvothermal method (Yang et al. 2021).
Firstly, the organic ligand 2-aminoterephthalic acid was dissolved in mixed solvents

evaporation

Fig. 30.1 Different synthetic strategies of MOF-based composites
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(ethanol, DMF, and water). Then, Ni(NO3)2 and rGO were added to the ligand
solution and incubated for 2 days at 140 �C to develop the MOF.

2.2 Slow Evaporation

This technique is performed at room temperature without requiring any external
energy. Basically, the stable form of metal salts is dissolved in a solvent or mixture of
solvents based on their solubility and then leave the resulting mixture for a slow
evaporation process to form MOF crystals. Using this strategy, HKUST-1 MOF was
prepared by mixing 1,3,5-benzenetricarboxylic acid (BTC) and Cu(NO3)23H2O in
DMSO (Ameloot et al. 2010). Then the precursor solution was left at 373 K to
evaporate the DMSO for more than 24 h and obtained the octahedral-shaped crystal.
To speed up the reaction process, Zhuang et al. used methanol to prepare the
HKUST-1 MOF at room temperature (Zhuang et al. 2011). The precursor solution
was prepared by mixing BTC and Cu(NO3)23H2O in DMSO. Then, 200 μL of the
precursor was dropped in methanol and stirred for 10 min, and the resulting product
was centrifuged.

2.3 Mechanochemical

This method uses a combination of chemical reactions and mechanical forces. The
development of MOFs is achieved in three different ways: (i) neat grinding,
(ii) liquid-assisted grinding, and (iii) ion- and liquid-assisted grinding. Principally,
solvents are unnecessary for the neat grinding approach, whereas a tiny amount of
solvent is needed in the liquid-assisted grinding approach and crystallizes the
product. On the other hand, the ion- and liquid-assisted grinding approach is almost
identical to the liquid-assisted grinding, but a small amount of ionic salt is included
in the mixture to speed up the crystallization process. Klimakow et al. used the neat
grinding (ball mill) strategy through liquid-assisted grinding of copper acetate and
BTC to develop HKUST-1 MOF (Klimakow et al. 2010). Zirconium-based MOFs
(UiO-66-NH2 and UiO-66) were developed through a solvent-free route by a dry
milling strategy with the aid of liquid-assisted grinding (Užarević et al. 2016).

2.4 Sonochemical

In this approach, ultrasound waves are used as a heat source to develop MOFs.
Basically, the metal salts and organic ligands are dissolved in a particular solvent and
sonicated to attain heating for the formation of MOFs. The temperature can be
adjusted by controlling the output power of sonication. For instance, the
manganese�metalloporphyrin (PCN-222(Mn)) framework was developed by the
sonochemical approach (Chen et al. 2020). The mixture of benzoic acid and
ZrOCl2�8H2O were dispersed in DMF under ultrasonic conditions and then heated
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for 1 h. The resultant mixture was added into Mn-tetra(4-carboxyphenyl)-porphyrin
chloride (Mn-TCPP) and sonicated to dissolve. Finally, a blackish green PCN-222
(Mn) composite was obtained. In another report, Wang et al. fabricated the copper
terephthalate (Cu(tpa)) doped into electrochemically reduced graphene-MOFs by
ultrasonication method (Wang et al. 2014). A homogenous solution of (Cu(tpa)) was
prepared by mixing Cu(NO3)2�3H2O and terephthalic acid (TPA) in DMF and
ethanol by the solvothermal method. Then, the resulting (Cu(tpa)) was doped into
GO to form MOF by ultrasonication for 1 h at 100 W.

2.5 Microwave Irradiation

Microwave irradiation is used as a heat source to develop MOFs. Particularly, this
method is applied to construct nanosized MOFs. It required significantly less
reaction time and achieved highly porous MOFs. Further, the crystallization process
is significantly faster than other approaches due to microwave irradiation. Yoo and
Jeong developed MOF based on the microwave irradiation strategy (Yoo and Jeong
2008). Zn(NO3)26H2O and benzene-1,4-dicarboxylic acid were solubilized sepa-
rately in DMF and then mixed together via drop-by-drop addition. The resulting
mixture was exposed to microwave irradiation for 5–30 min at 500 W to form a
crystal. In another report, ZIF-8 MOF was prepared by mixing sodium formate, zinc
chloride, and 2-methylimidazole in methanol under microwave irradiation and then
the crystal formation took place after 4 h (Bux et al. 2010).

2.6 Electrochemical

This approach is highly suitable for fabricating a thin MOF film on any conductive
electrode materials, and it has several advantages, including this could be performed
at room temperature, requires less fabrication time, and controls the reaction and film
thickness by an applied potential. Basically, we can achieve a uniform film thickness
without any defects. Both oxidation and reduction processes are used to deposit the
MOFs on the electrode surface. Different electrochemical techniques are employed
and described below. Alizadeh and Nematollah used anodic electrodeposition
(AED), convergent paired electrodeposition (CPE), and divergent paired electrode-
position (DPE) for the deposition of MOFs on the electrode surface (Alizadeh and
Nematollahi 2019). Sodium nitrate was used as a supporting electrolyte and trimesic
acid was employed as an organic ligand, and these chemicals were dissolved in
ethanol and coated on an electrode surface by electrochemical deposition. In the CPE
method, metal salts are deposited on an anode and cathode by oxidation and
reduction processes, respectively. To make the MOF, zinc nitrate and zinc metal
were used as two cation sources. During the deposition, zinc nitrate was coated on
the cathode by reduction and zinc metal was deposited on the anode by oxidation. In
the DPE strategy, the anode and cathode are separated by an H-type electrochemical
cell and deposited MOF by an applied potential. Further, HKUST-1 MOF was
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prepared by electrochemical deposition where copper-coated silicon wafers mesh
and copper plate were employed as anode and cathode, respectively (Campagnol
et al. 2016). 1,3,5-benzenetricarboxylic acid is the organic linker, and methyltribu-
tylammonium methyl sulfate is an electrolyte. Then, electrode potentials were varied
from 0–5 V to obtain the different thicknesses of the HKUST-1 MOF.

3 MOFs-Based Electrochemical Sensing of Analytes

Nanomaterials embedded MOFs-based composite materials possess desirable con-
ductivity, biocompatibility, and electroactivity and are highly suitable for sensing
several analytes (Zhang et al. 2021; Wang 2017). In addition, the presence of high
porosity, homogeneity, and functionalities in the MOFs allow attaching many
biocatalysts molecules for designing highly efficient biosensors. The cluster of
metal ions nodes present in the MOFs provide redox properties which are highly
desirable for electrochemical applications. Further, MOFs act as artificial enzymes
due to the specific pore size of MOF, allowing enter the specific size of substrates
and blocking all other interfering substances (Nath et al. 2016). The most recent
advancements in the development of MOF-based electrochemical biosensors are
summarized in this section and discuss the sensing of small and macrobiomolecules.

3.1 Small Biomolecules

3.1.1 Glucose
Glucose is the primary source of fuel for physical activities and body functions.
However, the excess accumulation of glucose in human body fluids leads to major
complications and this condition is called diabetes. If not treated, it affects most
organs, including the nervous system, eyes, kidneys, and cardiovascular system
(Petersen et al. 2017; Wojciechowska et al. 2016). In the current state of affairs,
researchers (electronics and chemists) have jointly worked to develop a fast and
highly sensitive biosensor device to detect and continuously monitor glucose levels
in the bloodstream (Johnston et al. 2021). Currently, glucose oxidase (GOD)-based
biosensors are available in the market. However, the enzyme-based biosensors have
a few drawbacks, such as expensive and inadequate long-term stability due to the
denaturation processes. For example, Paul and coworkers developed an enzymatic
biosensor for glucose by incorporating GOD and AuNPs into the zeolitic imidazolate
framework (ZIF-8) (Paul et al. 2018). The direct electrochemistry of GOD was
achieved through the nonturnover response of FAD(�448 mV vs. Ag/AgCl) at the
GC/ZIF-8@AuNPs-GOD electrode. Further, the developed composite acts as a
bifunctional catalyst, such as it oxidizes glucose and reduces H2O2. However, the
catalytic responses are very weak and achieved stability for up to 4 months.

On the other hand, a significant interest is made in the development of
nonenzymatic-based electrochemical sensors, which are applied to sense a range
of biomolecules and emphasize their easy way fabrication process, cost-
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effectiveness, durability, and long-term stability (Hwang et al. 2018). Among the
various electrode materials, gold (Zhong et al. 2015), indium-tin-oxide (Jeon et al.
2015), platinum, nickel, and copper electrodes (Wang et al. 2012) have been widely
used in the study of glucose molecules. However, these electrode materials have a
few drawbacks, such as high operating potential, poor stability, and low sensitivity,
limiting their applications. Therefore, the researchers have continuously focused on
developing a highly stable and reliable electrode material for practical applications.

It was found that MOF-based electrode materials exhibited promising electrode
materials for the development of glucose biosensors. For instance, Wei et al. pre-
pared a cobalt MOF (Co-MOF) with a 3D nanosheet (NS) array deposited on carbon
cloth (CC) using a facile ambient liquid phase method and demonstrated to sense of
glucose (Wei et al. 2018). The Co-MOF modified CC exhibited a pronounced
catalytic response toward glucose, while unmodified CC failed to show any redox
response under identical experimental conditions. Further, the different forms of
Co-MOF (powder and nanosheet) were developed and investigated their catalytic
response and found that Co-MOF nanosheet delivered a better catalytic response
than the powder form of Co-MOF. Further, CC/Co-MOF NS electrode exhibited a
linear range and detection limit of 0.004–4.428 mM and 1.2 μM, respectively.
Further, highly stable and efficient graphene supported 3D Ni-MOF-74/G composite
prepared by in situ technique; Ni-MOF-74 can act as a precursor (Zhang et al. 2018).
The graphene is used to enhance the conductivity of the composite and also support
the film deposition. The morphology characterization from SEM revealed that
Ni-MOF-74 crystal formed like a column-shaped polyhedral structure. The
as-prepared composite delivered an excellent catalytic response toward glucose
due to the synergistic effect between the graphene and Ni2P particles. Moreover,
the composite electrode achieved a linear range and detection limit of 0.005 to
1.4 mM and 0.44 μM, respectively. In addition, the practical applicability of the
optimized electrode was demonstrated by the quantification of glucose in human
blood samples.

MOF-based nanocomposite, Ni-MOF/Ni/NiO/C was developed via the calcina-
tion process and applied to quantify glucose concentrations in blood serum samples
(Shu et al. 2017). The crystal structure of the MOF composite and the electrochem-
ical sensing mechanism are portrayed in Fig. 30.2a. The electrocatalytic activity of
the fabricated Ni-MOF/Ni/NiO/C electrode was examined toward the glucose oxi-
dation in 0.1 M NaOH, and the resulting catalytic response was compared with the
bare GC and GC/Ni-MOF electrodes in the absence and presence of 400 μM glucose
(Fig. 30.2b). As you can see, the bare GC electrode showed a negligible catalytic
response for glucose oxidation. In contrast, a higher catalytic oxidation current for
glucose was acquired at the GCE/Ni-MOF compared to the bare GC electrode.
Interestingly, the catalytic current of glucose was further amplified at GCE/Ni-
MOF/Ni/NiO/C compared to GCE/Ni-MOF. Moreover, the catalytic glucose oxida-
tion current was steadily increased upon increasing the glucose concentrations in the
range of 0.004–5.6 mM and achieved a detection limit of 0.8 μM. Finally, the
optimized sensor was used to quantify glucose concentrations in human serum
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samples, and the obtained values were validated with the enzyme-based spectropho-
tometry technique.

3.1.2 Hydrogen Peroxide
Hydrogen peroxide (H2O2) is an important molecule and involved in various fields
like the pharmaceutical industry, waste water treatment, food processing, diagnosis,
textile and paper industry, etc. (Chen et al. 2013). Especially, H2O2 involves several
essential functions in human beings, including gene expression, insulin metabolism,
signal transduction, etc. (Di Marzo et al. 2018; Miller et al. 2010). However, excess
H2O2 concentrations lead to several diseases: Alzheimer’s, cancer, inflammation,
asthma, and diabetes (Pravda 2020). Therefore, the accurate quantification of H2O2

has received enormous interest in biomedical and industrial applications. Particu-
larly, in recent years, MOF-based catalysts have been applied to detect H2O2.

Cheng et al. developed a 3D ultrathin flower-like Cu-MOF/MXene composite
and deposited it on a GC electrode to detect H2O2 (Cheng et al. 2021). The catalyst
showed ultrasensitivity to H2O2 detection and attained a linear range of
0.001–6.12 mM with a detection limit of 0.35 μM. Further, the GC/Cu-MOF/
Mxene electrode reduced H2O2 relatively at a higher potential(�0.35 V vs SCE)
and, thus, it avoids most of the interfering electrochemically active substances,
which are reduced at a very low potential (Ex. O2). A substantial effort has been
made for the fabrication of an N-doped carbon nanotube (N-CNT) anchored with a
bimetallic-based MOF (CNT-MOF-CoCu) electrode (Kim and Muthurasu 2021).
The FE-SEM revealed that the developed composite appeared as nanocubes with an
average size of 450 nm. The as-fabricated CNT-MOF-CoCu nanocomposite
displayed remarkable H2O2 activity with a linear range of 0.05–3.5 mM and a
detection limit of 0.21 μM. Also, the electrode showed catalytic activity toward
glucose oxidation. The observed outstanding bifunctional catalytic activity was
associated with the synergistic effect between the N-doped CNTs and bimetallic
CoCu. Another bimetallic-based nanocomposite (PtCu@MOFs/C) was successfully

Fig. 30.2 (a) Schematic illustration of the Ni-MOF/Ni/NiO/C modified GC electrode used for the
detection of glucose in the blood serum sample, and (b) cyclic voltammograms (CVs) of different
modified electrodes for 400 μM glucose in 0.1 M NaOH at a scan rate of 100 mV s�1. Inset: CVs of
modified electrodes in 0.1 M NaOH in the absence of glucose (Shu et al. 2017)
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constructed through a self-sacrificial template (Chen et al. 2018). The PtCu@MOFs/
C composite structure is present like a hexagonal star with a size of 40–50 nm.
Owing to the synergistic effect between PtCu nanoparticles and MOF shell, the
developed catalyst delivered a superior catalytic response for the detection of H2O2.
Further, an excellent linear range (0.001–3 mM) and detection limit (0.2 μM) were
achieved at the optimized composite modified electrode. The interference effect of
the PtCu@MOFs/C electrode was examined toward the possible interfering sub-
stances such as ascorbic acid, uric acid, and a range of carbohydrates. Interestingly,
the sensor exhibited high selectivity for H2O2 molecules due to the designed pore
size of 0.6 nm, which allows only H2O2.

An electrochemical H2O2 sensor was constructed based on the manganese
(Mn) � metalloporphyrin framework (PCN-222(Mn)) by ultrasonication strategy
(Chen et al. 2020). In order to fabricate the sensor, firstly, the as-prepared PCN-222
(Mn) was coated on a GC electrode, and, subsequently, poly-glutamic acid (PGA)
was electrochemically polymerized on the PCN-222(Mn) modified electrode to
enhance the conductivity of the composite. The conductivity of the resulting
composite-polymer modified electrode was examined by electrochemical imped-
ance spectroscopy (EIS) and found that the electrode yielded an RCT value of
211 Ω. This value was almost three times lower than the bare GC electrode
(569 Ω). This result clearly indicated that GC/PCN-222(Mn)/PGA composite
facilitates better charge transport mobility on the GC electrode. Further, the
optimized PGA/PCN-222(Mn) composite was applied to quantify H2O2, and the
sensor delivered a linear sensitivity range of 0.5 μM to 1 mM and the lowest
detection limit of 31 nM.

A novel 3D-based cobalt (Co) incorporated zeolite imidazole framework
(ZIF-67) was fabricated through a simple plain precipitation reaction under normal
conditions (Sun et al. 2020). The developed composite showed poor conductivity,
and thus the highly conductive silver nanoparticles (AgNPs) were embedded into the
GC/ZIF-67 modified electrode by electrophoretic deposition techniques. Interest-
ingly, the AgNPs combined nanocomposite has achieved a larger surface area and
abundant active sites, along with superior conductivity. The optimized composite
deposited electrode was applied as a nonenzymatic sensor to detect H2O2. Further,
the composite ZIF-67 has different morphology depending on the solvent used, as
shown in Fig. 30.3a. The composite appeared as a microplate when treated with H2O
(H-ZIF-67) whereas the mixture of solvents such as dimethylformamide and H2O
rendered a 2D ultrathin sheet (D-ZIF-67). Interestingly, the methanol induced the
formation of a rhombic dodecahedron structure (M-ZIF-67). The developed different
morphologies of composite materials were applied to detect H2O2. Among the
composites, GC/ZIF-67/Ag and GC/H-ZIF-67/Ag delivered better catalytic
responses compared to GC/D-ZIF-67/Ag and GC/M-ZIF-67/Ag. Moreover, to dem-
onstrate the practical applicability of the sensor, the best-performed composite
electrode was successfully applied to quantify H2O2 in HepG2-type liver cancer
cells (Fig. 30.3b).
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3.1.3 Dopamine
Dopamine (DA) is an important neurotransmitter that regulates the biological pro-
cess in the cardiovascular, hormonal, and central nervous systems (Björklund and
Dunnett 2007). In the human body, the excess level of DA content may cause
different diseases like Tourette syndrome, depressive disorder, schizophrenia,
Parkinson’s disease, etc. (Franco et al. 2021). The development of an efficient
method for the study of DA molecules up to lower concentration levels is highly
desirable for the early diagnosis of illnesses. DA is a highly electroactive molecule,
and, thus, electrochemical methods are highly preferable to quantifying it
(Kalimuthu and John 2009a, 2010b).

Yang and coworkers developed an electrochemical sensor for DA based on
incorporating reduced graphene oxide (rGO) into Ni-based MOF and modified it
on the GC electrode. To enhance the conductivity of the composite, AuNPs were
electrochemically deposited on the top of the composite modified electrode (Yang
et al. 2021). The morphological characterization indicated that rGO on the GC
electrode appeared as a curved wrinkled sheet, and it was transformed into a cubic
particle upon the integration of Ni-MOF. This implies that MOF structure is retained

Fig. 30.3 (a) Schematic representation for the preparation of H-ZIF-67, D-ZIF-67, and M-ZIF-67;
(b) Construction and sensing mechanism of the electrochemical sensor to detect H2O2 in liver
cancer cells (HepG2) (Sun et al. 2020)
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after mixing these two components. Further, the electrochemically deposited AuNPs
are uniformly distributed all over the MOF in the size range of 100–200 nm. The
resulting GC/rGO@Ni-MOF/AuNPs electrode was applied to sense DA at pH 6 and
obtained a pronounced catalytic response with a linear range of 0.5–120 μM and a
detection limit of 0.33 μM.

Bimetallic nanoparticles based MOF (AgPd@Zr-MOF) was designed to use as a
sensor for DA detection (Hira et al. 2021). Firstly, Zr-MOF was prepared, and then
AgNO3 and PdCl2 were added to it. Followingly, the chemical reductant NaBH4 was
added to the mixture to reduce AgNO3 and PdCl2 into bimetallic AgPd nano-
particles. The resulting AgPd@Zr-MOF composite was cast on the GC electrode
by drop coating strategy to use for DA detection. The modified electrode exhibited a
pronounced catalytic response for the redox reaction of DA at pH 7. Further, an
interference study was also conducted with the electroactive DA–related derivatives
such as norepinephrine and epinephrine and found that the GC/AgPd@Zr-MOF
electrode does not show any significant activities, which indicates that the developed
sensor is highly suitable for the selective quantification of DA. Moreover, the sensor
achieved a linear range of DA detection from 2–42 μM and a detection limit of
0.1 μM. In addition, the sensor showed long-term stability and retained catalytic
response up to 98.1% after 30 days.

Shu and co-workers demonstrated the fabrication of an electrochemical biosensor
for real-time monitoring of DA which is released from C6-type cells (Shu et al.
2020). The sensor fabrication strategy and DA sensing mechanism are portrayed in
Fig. 30.4. In order to develop the sensor, firstly, poly(dimethylsiloxane) (PDMS)
film was coated with a thickness of ~200 nm on a glass slide. Then the PDMS film
was incubated in DA solution for 24 h to polymerize DA on the PDMS film.
Followingly, CNTs were embedded into the pDA/PDMS film to improve the

Fig. 30.4 Schematic illustration of the fabrication of NACP film electrode for real-time monitoring
of DA released from C6 cells (Shu et al. 2020)
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conductivity and structural stability. Finally, Ni-MOF/AuNPs composite was incor-
porated into pDA/PDMS, and the resulting electrode was referred to Ni-MOF/
AuNPs/CNTs/PDMS (NACP). The optimized composite electrode showed out-
standing catalytic performance toward the sensing of DA. Further, it was mentioned
that the observed catalytic response was associated with the synergistic effect
between the AuNPs, CNTs, and Ni-MOF. The nanomaterials AuNPs and CNTs
promote heterogeneous and homogeneous electron transfer processes, while Ni and
Nio nanoparticles facilitate the catalytic response. Further, the NACP electrode was
applied to quantify DA in C6 living cells as part of a practical application. In order to
detect the DA from cells, C6 living cells were deposited on NACP film by incubating
electrodes in cell culture media for 24 h. SEM image revealed that spindle-shaped
cells adsorbed on the electrode surface. DA release from the C6 cell is induced by
adding stimulant KCl and the amperometric technique was used to quantify the
released DA at an applied potential of 0.3 V vs. Ag/AgCl.

AgNPs-doped ZIF-67 nanopinnas MOF was developed and composite electro-
chemically deposited on the GC electrode for DA sensing applications (Tang et al.
2020). The size of the AgNPs was estimated to be 15 nm. The optimised electrode
was applied for the simultaneous detection of DAwith acetaminophen, uric acid, and
ascorbic acid. It was found that the sensor exhibited remarkable catalytic responses
for all these analytes. Further, the catalytic current steadily increased upon the
addition of analytes and achieved a linear range and detection limit of 0.1–100 μM
and 0.05 μM, respectively. Copper terephthalate (Cu(tap))-doped MOF was devel-
oped via ultrasonication (Wang et al. 2014). It was envisaged that the interaction
between Cu(tap) and GO is associated with hydrogen bonding, π�π stacking, and
Cu-O coordination. The Cu(tap)-GO was electrochemically reduced to achieve
electrochemically reduced graphene (ERG) to improve the conductivity. The com-
posite was optimized with respect to different conditions and used as a sensor for
simultaneous detection of DA and acetaminophen. The sensor displayed a pro-
nounced catalytic response for these two analytes and achieved a linear range and
detection limit of 1–100 and 1–50 μM and 0.36 and 0.21 μM, respectively, for
acetaminophen and DA, respectively.

3.1.4 Cysteine
Cysteine (CY) is a sulfur-containing amino acid and plays a vital role in human
biological activities, including metal ion binding, a precursor to the Fe-S cluster and
involved in building proteins (Heafield et al. 1990). Further, CY acts as an anti-
oxidizing agent due to potentially trapping reactive oxygen species (Yin et al. 2013).
Therefore, the low level of CY in the human body leads to adverse effects such as
ischemic stroke, lung and colorectal cancer, cardiovascular diseases, diabetes, and
neurological disorders (Rehman et al. 2020). CY is an electrochemically active
molecule and highly suitable for electrochemical detection methods (Kalimuthu
and John 2009b, 2010a).

For instance, Hosseini et al. constructed an electrochemical sensor for the detec-
tion of CY. The sensor fabrication was employed by the doping of Au-SH-SiO2 into
the Cu-MOF (Hosseini et al. 2013). The composite film was optimized by different
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conditions, and the resulting electrode was used for the detection of CY. The bare GC
electrode does not show any catalytic response for CYoxidation. On the other hand,
GC/Au-SH-SiO2@Cu-MOF electrode exhibited a well-defined oxidation current for
CY at 0.4 V vs. Ag/AgCl. In contrast, the precursors, Cu-MOFs, showed an
oxidation peak for CY at 0.6 V, which indicates that the developed composite has
potential catalytic efficiency for CYoxidation. Further, the sensor displayed a linear
range and detection limit of 0.02–300 μM and 8 nM, respectively, for CY detection.
In another report, the development of a hierarchical Fe3O4/carbon-based MOF
(Fe3O4@C) was demonstrated (Wang et al. 2015). The MIL-88A-based MOF was
prepared by linking Fe(III) to the fumaric acid through Fe-O bond. Different
morphologies of MIL-88A were developed by changing the concentrations of
FeCl3�6H2O and the nature of the solvent. Figure 30.5 represents that the
MIL-88A was prepared under different experimental conditions.

As you can see in Fig. 30.5, the three different shapes (rod, spindle, and diamond)
of MIL-88A were obtained based on the experimental conditions. The nucleation
rate determines the shape and size of the particles (Torad et al. 2013). Generally, the
faster nucleation reaction provides more nuclei, which shortens the particle growth
stage, resulting in small-sized particles. On the other hand, the slow nucleation
process renders fewer nuclei, allowing to get large-sized particles due to longer
reaction time. Further, the solvation also plays a major role in determining particle
size. For example, the stronger solvation of Fe3+ in DMF leads to slowing down the
particle generation speed and causes the formation of large-sized MIL-88A. In
contrast, the nucleation process is considered very fast in the water and obtains
smaller-sized particles. The equal ratio of FeCl3�6H2O and fumaric acid (4 mmol) in
water provides rod-shaped MIL-88A DMF (r-MIL-88A) with a diameter of 500 μm
(Fig. 30.5a) while dissolving in DMF provides diamond-structured MIL-88A
(d-MIL-88A) with a diameter of 5 μm (Fig. 30.5c). Nevertheless, spindle-like
MIL-88A (s-MIL-88A) with a diameter of 1 μm were obtained while dissolving
2.4 mmol FeCl3�6H2O and 4.0 mmol fumaric acid in DMF. The as-prepared different
shapes of catalysts were used to detect N-acetyl cysteine. Among them, r-MIL-88A
showed better electrochemical sensing performances compared to s-MIL-88A and
d-MIL-88A. It might be that the smaller size particles possess a higher surface area.

Fig. 30.5 SEM images of MIL-88A crystals with different structures: (a) r-MIL-88A, (b)
s-MIL-88A, and (c) d-MIL-88A (Wang et al. 2015)

676 P. Kalimuthu et al.



3.2 Biological Macromolecules

Biological macromolecules consist of cellular components involved in numerous
vital physiological functions for cell formation and growth. They are classified into
four types: proteins, nucleic acid, carbohydrates, and lipids. The precise quantifica-
tion of these biological macromolecules is biomedically important.

3.2.1 Nucleic Acids
Ribonucleic acid (RNA) is one of the most significant and flexible proteins found in
the vast majority of living beings and viruses. As reported, messenger RNA (mRNA)
acts as an intermediary carrier of genetic information (Crick 1970), whereas transfer
RNA (tRNA) plays as a molecular adaptor that converts the obtained genetic
information into a protein sequence (Sharp et al. 1985). Basically, RNA is respon-
sible for converting the instructional genetic information encoded in
deoxyribonucleic acid (DNA) into proteins. However, some viruses employ RNA
(rather than DNA) to transport genetic information. Further, protein synthesis is
carried out by a group of RNA: tRNAs, rRNAs, mRNAs, small nuclear RNAs
(snRNAs), microRNAs (miRNAs), and small interfering RNAs (siRNAs) (Gray
and Beyer 2020).

The hepatitis C virus (HCV) is widely spread worldwide and causes high
mortality and morbidity due to liver cirrhosis and hepatocellular carcinoma
(Osman et al. 2017). Therefore, the detection of HCV is performed through the
target analyte HCV-RNA. Sheta et al. developed an electrochemical biosensor based
on polyaniline (PANI) incorporated Ni-MOF (PANI@Ni-MOF) nanocomposite to
quantify HCV-RNA (Sheta et al. 2020). The biosensor was constructed through
layer-by-layer immobilization of PANI@Ni-MOF, HCV-RNA probe, and the
blocking agent bovine serum albumin (BSA) on the GC electrode. The developed
electrode was incubated in target HCV-RNA for the hybridization. EIS was used to
investigate the resistivity of the modified electrode. It was found that the Rct value
increased while nucleic acid double-strand formation occurred between the target
and HCV probe. Further, the Rct value was steadily increased upon increasing
concentrations from 1 fM to 100 nM and a detection limit achieved was 0.75 fM.

The same group used a different methodology to detect HCV-RNA. Ag/Zn
bimetallic MOF was developed and embedded with the HCV-RNA probe
(El-Sheikh et al. 2021). The probe was attached to the MOF by various interactions
such as π-π stacking, hydrogen bonding, and electrostatic interaction between the
positively charged -NH3

+ present in the MOF and the negatively charged phospho-
rus backbone of the probe. The formation of nucleic acid double strands between the
HCV-RNA probe and the target was examined by glucose oxidation which was
catalyzed by the Ag/Zn bimetallic MOF. The glucose oxidation current was linearly
increased from 1 fM to 100 nM, and a detection limit was found to be 0.64
fM. Moreover, the practical application of the sensor was demonstrated by the
quantification of HCV-RNA in human serum samples.

An electrochemical biosensor was developed to measure miRNA concentration
as it is an important biomarker for different types of cancers. The sensor construction
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was performed by the attachment of probe DNA into AuNPs embedded Cu-MOFs
(AuNPs@Cu-MOFs/DNA) (Wang et al. 2018). Then, the target miRNA-155 was
attached to the electrode surface. The nucleic acid double-strand formation takes
place between probe and target while allowed to interact with them. The probe
attached AuNPs@Cu-MOFs is capable of oxidizing glucose molecules. Therefore,
the attachment of the target was examined by the increasing glucose oxidation
current by differential pulse voltammetry (DPV). The developed sensors yielded
extremely high sensitivity for miRNA-155 and achieved the linear range and
detection limit of 1.0 fM to 10 nM and 0.35 fM, respectively.

Deoxyribonucleic acid (DNA) is known as the molecule of heredity since it
transports genetic information in all living organisms. It is a long deoxyribonucle-
otide polymer chain, and the length is determined by the amount of nucleotide base
pair present. The fundamental roles of DNA are: (i) hold the blueprint for creating
proteins and enzymes; (ii) operate as a regulator when there is a lack of the required
proteins and enzymes; (iii) carry this information when cell division occurs, and
(iv) transfer this information from parental organisms to their offspring (Gait et al.
2006). Basically, genetic information is transferred from DNA to RNA to protein.
The primary function of DNA biosensors is to detect complementary DNA
sequences or target molecules by attaching a single-stranded oligonucleotide
(ssDNA) as a probe to a transducer surface (Hejazi et al. 2009). The probe attached
transducer acts as a biosensor that converts the biological event into a detectable
signal. Electrochemical DNA biosensors can detect genetic abnormalities, DNA
damage, and tiny compounds (e.g., drugs and carcinogens) as well as measure
different ions (Thapa et al. 2022).

5-hydroxymethylcytosine (5-hmC) is a pyrimidine nitrogen base in DNA, and it
is considered an essential biomarker for the diagnosis of melanoma and leukemia
cancers. Cui and coworkers constructed an electrochemical magnetobiosensor to

Fig. 30.6 Schematic representation for the development of an electrochemical magnetobiosensor
for 5-hmC DNA (Cui et al. 2019)
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detect 5-hmC (Cui et al. 2019). The sensor fabrication strategy and sensing mech-
anism are schematically illustrated in Fig. 30.6. The hybridization between 5-hmC
ssDNA and complementary DNA produces the dsDNA. Then the biotin was
attached to the 5-hmC of dsDNA. The resulting biotinyl-dsDNAs are attached to
the streptavidin-modified magnetic bead (MB) by the specific interaction between
biotin and streptavidin. Followingly, terminal deoxynucleotidyl transferase (TDT) is
used to expand the length of DNA by the catalytic polymerization reaction where
nucleotides are added to the 30-hydroxy termini of DNA. The redox probes such as
Ru(NH3)6

3+ and Fe(CN)6
3� act as primary and secondary electron acceptors,

respectively, to facilitate the catalytic reactions. The positively charged primary Ru
(NH3)6

3+ electron transfer mediator effectively interacts with the DNA through the
negatively charged phosphate backbone. The function of secondary mediator Fe
(CN)6

3� is to enhance the electron flow of the redox reaction of primary Ru
(NH3)6

3+/Ru(NH3)6
2+. The binding of biotinylated 5-hmC DNA into streptavidin-

modified MB was examined by increasing catalytic current. The observed catalytic
current is attributed to the redox response from Ru(NH3)6

3+/Ru(NH3)6
2+ and not

from Fe(CN)6
3�/Fe(CN)6

4� due to the strong repulsion of negatively charged DNA
attached to SPCE, which ruled out the false current signal. The catalytic current
steadily increased when increasing the loading of 5-hmC DNA on the electrode
surface. Further, the optimized sensor showed excellent catalytic performance and
achieved the linear range and detection limit of 0.01–1000 pM and 9.06 fM,
respectively. Moreover, the developed sensor was applied to detect 5-hmC DNA
in cervical and kidney-related cancer cells such as HeLa and HEK 293 T cells,
respectively.

An electrochemical DNA biosensor developed for the detection of β1 receptor
blocker metoprolol targets the hypertension-carrying adrenergic receptor gene
(ADRB1). In order to fabricate the sensor, Hemin and PtNPs are loaded into an
amine-modified MOF (Fe-MIL-88-NH2) (Yuan et al. 2017). The sensing mechanism
relies on the H2O2 reduction by the Hemin and PtNPs composite. Further, Cu2+ was
incorporated into the composite to achieve a better electron transfer response.
Hexanethiol (HT) was used as a blocking agent to control nonspecific adsorption.
It is well known that Hemin is metalloporphyrin and has an excellent peroxidase-like
activity. The developed composite PtNPs/Hemin@Fe-MIL-88NH2/Cu

2+/CP/HT
was deposited on the GC electrode surface and subsequently attached to the target
probe. The catalytic efficiency of the GC/PtNPs/Hemin@Fe-MIL-88NH2/Cu

2+/CP/
HT/DNA-probe electrode was examined for the catalytic efficiency of H2O2 reduc-
tion activity in the presence of various target DNA concentrations. It was found that
H2O2 reduction decreases upon increasing the analyte concentration due to the
hybridization of DNA, which leads to masking the electrode surface and conse-
quently blocking the electron transfer, thereby decreasing the catalytic current.

3.2.2 Detection of Cancer Biomarker Proteins
Increased levels of tumor markers in body fluids are the indicator of tumor devel-
opment. Therefore, the early diagnosis of the tumor biomarkers is crucial to con-
trolling the cancers. Zhang et al. developed an electrochemical biosensor to quantify
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carcinoembryonic antigen (CEA) which is responsible for colorectal, breast, colon,
and liver cancers. In order to construct a biosensor, Zr-based MOF was incorporated
with the CEA-specific aptamer and achieved by a facile de novo synthetic strategy
(Zhang et al. 2017). The Zr-MOF was synthesized with a simple mixing of
ZrOCl2�8H2O and 40,4000,40000- nitrilotris[1,10-biphenyl]-4-carboxylic acid (H3NBB).
Then, CEA-specific aptamer is embedded into the Zr-MOF by mixing under soni-
cation for 30 min, and the resulting composite is referred to as the
Zr-MOF@AptCEA. The optimized sensor was used to detect CEA by EIS with a
well-known redox couple [Fe(CN)6]

3�/4�. The bare Au electrode shows the RCT

value of 51.5 ohm, and this value significantly increased to 0.42 kohm while
MOF@AptCEA was coated on the Au surface. The increasing resistance value is
associated with the repulsive force between negatively charged phosphate ion in the
aptamer and [Fe(CN)6]

3�/4�. In addition, the electron blocking effect of aptamer
loaded MOF@AptCEA. Further, RCT was increased to 1.43 kohm when treated with
CEA, and it indicates CEA binding with Au/MOF@AptCEA electrode. Further, the
RCT value was systematically increased while increasing the CEA concentration in
the analytical solution, and the sensor achieved the linear of 0.001–0.50 ng mL�1

and a detection limit of 0.4 pg mL�1.
Adenosine triphosphate (ATP) is responsible for the primary energy source of

cells and regulates cellular metabolism. Thus, it acts as an indicator for tumors, cell
injury, and many other diseases (Gourine et al. 2005). Shi and coworkers constructed
an electrochemical biosensor based on amine-functionalized Ce-MOF for the detec-
tion of ATP (Shi et al. 2017). Figure 30.7a portrays the construction of a label-free
aptamer embedded Ce-MOF based ATP sensor. Firstly, Ce-MOF was prepared and
then coated on the Au electrode via weak covalent and electrostatic interaction.
Then, ATP-specific aptamer was embedded into Ce-MOF through hydrogen bond-
ing, as well as electrostatic and π-π interactions. The resulting modified electrode
was specifically bound with target analyte ATP and it was analyzed by EIS with a

Fig. 30.7 (a) Schematic diagram of the development of Ce-MOF-based ATP sensor. (b) Nyquist
plots for a range of ATP concentrations (0–1 mM) incubated Au/Ce-MOF-apt electrode (Shi et al.
2017)
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redox probe [Fe(CN)6]
3�/4�. The impedance value was gradually increased upon

increasing from 0–10 mM (Fig. 30.7b).
Another impedance-based sensor was developed to detect human epidermal

growth factor receptor-2 (HER2). The HER2 is a tumor biomarker protein related
to breast cancer. To construct a biosensor, the bimetallic MnFe Prussian blue was
amalgamated with AuNPs and coated on the Au electrode surface, and the resulting
electrode is referred to as Au/MnFe-PBA@AuNPs (Zhou et al. 2019b). Subse-
quently, HER2-specific aptamer is attached to the Au/MnFePBA@AuNPs compos-
ite. The as-prepared Au/MnFePBA@AuNPs/Apt electrode was used as a sensor
probe to detect HER2 by the EIS method with [Fe(CN)6]

3�/4� as a redox probe. The
RCT value is significantly increased from 0.35 kohm to 3.02 kohm while increasing
the concentrations of HER2 in the range of 0.001–1.0 ng∙mL�1. Further, the
detection limit was achieved as 0.247 pg∙mL�1.

Tyrosine kinase-7 (PTK7) is a primary indicator for leukemias and solid tumors.
In order to develop a biosensor for PTK7, Zhou et al. employed the fabrication of
bimetallic ZnZr-based MOFs through the MOF-on-MOF method (Zhou et al.
2019a). Two types of MOFs were synthesized, such as Zn-MOF-on-Zr-MOF and
Zr-MOF-on-Zn-MOF. SEM images revealed that Zn-MOF-on-Zr-MOF appeared as
a hierarchically decussated foliace structure while Zr-MOF-on-Zn-MOF existed as a
multilayered nanosheet structure. PTK7-specific aptamer was attached to the devel-
oped MOFs and used to detect PTK7 by EIS strategy. The active surface area of the
Zn-MOF-on-Zr-MOF and Zr-MOF-on-Zn-MOF was measured by N2 adsorption-
desorption isotherms and found to be 6.01 and 23.8 m2 g�1. Therefore, Zr-MOF-on-
Zn-MOF modified electrode exhibited superior performance for PTK7 sensing.

4 Conclusions

This chapter summarized the recent innovation, development, and electrochemical
sensing applications of MOFs-based electrocatalysts. Given the range of ligands and
metal clusters, the desirable high active surface area, high porosity, high biomole-
cules affinity, flexible coordination structures, and different functionalities of MOFs
render researchers the opportunity to construct highly efficient, viable biosensors. In
addition, MOFs act as artificial enzymes due to their tunable porosity size charac-
teristics. Further, the electrocatalytic activity of MOFs tremendously improved due
to the synergistic effect among the biomolecules and multimetal sites and novel
organic ligands. Further, it discussed the different synthetic approaches of MOFs and
their advantages and disadvantages. Specifically, this chapter discussed the devel-
opment of MOF-based electrochemical biosensors for small biomolecules (glucose,
hydrogen peroxide, dopamine, and cysteine) and biological macromolecules
(nucleic acids and cancer biomarker proteins). Moreover, the conductivity and
stability of the MOFs dramatically improved when embedded with the range of
nanomaterials, but further study is needed to focus on the controllable synthesis of
MOFs on the nanoscale with higher conductivity for future perspectives.
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Abstract

Nanobiomarkers are interesting in POCT because they improve analytical per-
formance and make the detection process quick and easy. POCT used nanotech-
nology to identify illness biomarkers such as infections, cancer cells, enzymes,
proteins, and small-molecule metabolites. Nanobiomarkers are used at many
points in the disease detection, monitoring, and prevention processes. Biomole-
cules are evaluated using a variety of parts, readout systems, and biosensors made
from synthetic nanomaterials. The use of POCT sensing devices is emerging as a
crucial technique for the early diagnosis of pathogenic microorganisms or bio-
molecules. In terms of use, greater user accessibility, timely detection, accuracy,
and sensitivity, POCT is quite advantageous. Innovative strategies are used in the
most recent research developments for POCT-based SARS-CoV-2 recognition
techniques.
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Keywords
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1 Introduction

A biomarker can provide an unique pharmacological response to a treatment and can
be extremely important in a variety of biological and pathological processes. Finding
biomarkers in human diseased tissue or cells is clinically extremely important,
particularly for individualized treatment, illness diagnosis, and prognosis. Point-of-
care testing (POCT) devices are increasingly using nanobiomarkers to boost detec-
tion performance. They serve as labels for signal production, transduction, and
amplification or as carriers for immobilizing biorecognition components. POCT
are used to identify illness biomarkers, such as pathogens, cancer cells, tiny mole-
cules, metabolites, enzymes, proteins, and nucleic acids. Recent developments in
microfluidics-based devices, printable electrochemical biosensors, and lateral flow
tests are well known (Mattiuzzi et al. 2012; Song et al. 2014).

Biomarkers are utilized in different stages of disease detection, monitoring, and
protection (Fig. 31.1). Engineered nanomaterial-based biosensors may evaluate
biomolecules using a variety of parts and readout configurations (Table 31.1)
(Wang et al. 2020). For instance, there is now a lot of interest in the creation of
biosensors that can detect biomarkers and biomolecules as well as immunological
checkpoints that may be used in liquid biopsies to detect and evaluate cancer
(Jayanthi et al. 2017; Mummareddy et al. 2021).

Fig. 31.1 Application of biomarkers at various illness phases
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The advancement in the discovery of disease biomarkers has brought to light
important issues with the implementation and management of oncology and other
diseases. It is beneficial in regulatory problems, future outlooks, the analysis of data,
and the careful choice of medicines. The discovery of promising biomarkers is
helpful for detection of several forms of human malignancies in blood serum,
including prostate, breast, lung, and ovary (Table 31.2). The US-FDA has approved
numerous cancer biomarkers for use in the diagnosis and prognosis of various
illnesses. Due to the complex structure and low specificity, sensitivity, and repro-
ducibility of biomarkers, statistical analysis and nanotechnologies are integrated to
provide far more effective ways for identifying and approving new biomarkers for
various diseases (Taj et al. 2020).

In comparison to tissue biopsies, the detection of promising cancer indicators
from blood is reasonably quick (Table 31.2). Traditional immunohistochemistry

Table 31.1 Biosensors for biomolecules based on nanomaterials: component and readout setups
(Wang et al. 2020)

Table 31.2 Different types of cancer biomarkers

Biomarker Cancer type

AFP Liver cancer, hepatocellular carcinoma (HCC)

BCR-ABL Chronic myeloid leukemia

ApoA1, CA125, CA19-9, CEA, ApoA2, and
TTR

Pancreatic cancer, pancreatic ductal
adenocarcinoma (PDAC)

CEA Colorectal cancer

EGFR Non-small-cell lung carcinoma, breast cancer

HER-2, ER, PR Breast cancer

BRCA1/BRCA2 Breast/Ovarian cancer

KLK6/7, GSTT1, PRSS8, FOLR1, ALDH1,
and miRNAs

Ovarian cancer

BRAF V600E
S100

Melanoma/Colorectal cancer
Melanoma

KIT Gastrointestinal stromal tumor

PSA Prostate cancer
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calls for intrusive methods, specialized equipment, and tissue samples. Furthermore,
IHC assays typically take longer time. On-demand assays based on biosensors have
been created for doctors to help them get beyond these obstacles. Investigations are
being done into quick, accurate, and highly sensitive methods of detecting bio-
markers. Immune checkpoints have additionally made it possible to quickly assess
the prognosis of malignancy from liquid biopsies. These tools combined various
detector classes with digital outputs to evaluate soluble cancer or immunological
checkpoint markers in liquid biopsy samples. Two main essential features of these
sensing devices include: (a) they only need a small amount of the patient’s blood,
and (b) they are useful in quickly choosing and identifying the best therapy regimen
for the patients, such as ICB therapy.

2 Point-of-Care Testing Technologies for Biomolecular
Diagnostics

For identification, treatment and prevention of diseases molecular diagnostics play a
significant role. Conventional techniques and devices for such applications are
limited to laboratory use only that uses blood samples. They are expensive, labor-
and time-intensive, dependent on sophisticated equipment, and call for experienced
operators. They also rely on sample purification. Contrarily, the benefits of point-of-
care diagnostics include the ability to receive data from a finger prick using a drop of
blood, such as with the V-chip detection of protein biomarkers (Fig. 31.2). These
emerging technologies, such as nanotechnology, microfluidics, and biotechnology,

Air Outlet

Red Ink
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Slide

Assemble Load Slide

Catalase
+ H2O2

H2O2 O2

ELISA

ELISA

(b)(a)

(d)

(c)

H2O2

+

Fig. 31.2 Protein biomarker detection with a V-chip (Mattiuzzi et al. 2012; Song et al. 2014). (a)
The V-schematic chip’s design. (b) The ELISA response and the oxygen production process. (c)
Fifty different antibodies can be put onto the V-chip utilizing swab tips. (d) Microscopically
magnified photos of normal operational procedures in a 50-plex V-chip. (Adapted from Yujun
et al. 2014 with permission)
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have the potential to enable more rapid, precise, and affordable illness diagnosis
(Mattiuzzi et al. 2012; Song et al. 2014).

Saliva, sweat, tears, and urine can be used to quickly obtain analytical capabilities
and trustworthy diagnostic results at or close to the patient’s location thanks to recent
developments in POCT and in vitro diagnostic medical tools (Park et al. 2022). Prior
to receiving on-site medical treatment and rendering clinical judgments, consistent
diagnosis encounters still play a big role in actual clinical trials. Precise diagnostic
methods that can detect biomarkers in biofluids including blood, sweat, tears, saliva,
or urine are referred to as innovative classes of POCT devices (Fig. 31.3). One of the
early candidates to improve the analytical efficiency and stability under difficult
conditions is the use of a new molecularly imprinted polymer (MPI) system as a
synthetic bioreceptor for POCT devices. It is essential to have MIP-based
biorecognition systems available as receptors for particular compounds with high
specificity and selectivity. Therefore, the development of better MIP technology is
essential for biomolecule identification. Wearable technology will promote POCT-
based diagnostic systems for high expandability to MIP-based periodontal diagnosis
and the future recommendations of MIP-based biosensors (Park et al. 2022).

Fig. 31.3 A MIP-based-biosensors use a benchtop-scale POCT device to find biomarkers in
biofluids (Park et al. 2022). (a) Tears, saliva, sweat, and urine are examples of biofluids that reflect
human health conditions. (b) Manufacturing molecularly imprinted systems that contain
biorecognition sites, (c) using natural biorecognition systems like the enzyme-substrate complex
(left) and antigen-antibody reaction (right), and (d) using benchtop-scale POCT devices based on
immunoassays
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3 Nanobiomarker for the Development of Biosensors
and POCT Devices

In modern health care system, low-price, highly sensitive, and reliable, deliverable
identification strategies are essential (Ahmed et al. 2016). In order to achieve the
desired outcome in biosensor and bioassay, POCT, an emerging detection method,
has received considerable attention. The advantages of nanomaterials that mimic
enzymes include resilience with high stability in physiological settings, affordability,
long-term storage, and abundance of manufacture on a wide scale (Wei and Wang
et al. 2013). Nanozymes are suitable for surface modification, bioconjugation, and
have a large surface area to volume ratio. Additionally, nanozyme’s clever response
to external stimuli, capacity for self-assembly, and enzyme-mimicking activities
make them suitable for a variety of applications, including in vitro sensing of
biomolecules like glucose, nucleic acid, proteins, and biomarkers of cancer, as
well as in vivo sensing, bio-imaging, tissue engineering, therapeutics, and others
(Wei and Wang et al. 2013; Wu et al. 2019; Wang et al. 2016). However, new uses of
nanozymes in biosensing are exceptional because of their capacity to transmit
signals based on features such as size, shape, fluorescence, biocompatibility, as
well as magnetic, electrical, and thermal conductivity. As a result, biosensor devel-
opment and POCT bioassay are among the most significant applications of nano-
zymes (Wu et al. 2019; Quesada-González and Merkoçi 2018). Nanozyme-based
POCT devices have been advanced in recent time for ultrasensitive and fast detection
of biomolecules, contaminants, pathogens, and environmental as well as health-care-
related toxins (Kim et al. 2015). These nanozyme-based POCT bioassay devices are
only suitable for on-site isolated areas with few resources because of the complex
operations and equipment requirements. To solve the issue, the WHO is pushing for
the creation of new POCTs based on nanozymes while adhering to its ASSURED
requirements (Smith et al. 2018). ASSURED criteria represent three main charac-
teristics: accuracy, accessibility, and affordability. Recent improvements in POCT
devices that use the right nanozymes as a crucial part of the sensing process are
undoubtedly a promising strategy.

POCT devices must be quick, sensitive, and reliable in order to identify bio-
markers, environmental toxins, pathogens, and other substances early and quickly.
They ought to be reasonably priced and economically viable for use on-site. The
most promising POCT devices for identifying and measuring analytes in various
samples include paper-based microfluidics, lateral flow strips (LFS), lateral flow
assays (LFA), and electrochemical and calorimetric biosensors. Paper-based mate-
rials for biosensing platform design greatly decreases fabrication cost. Conjugation
of the sample analytes, detection, and signal amplification are the fundamental
components of paper-based bioassays. For increased sensitivity, numerous metal
oxide NPs with high enzyme-mimetic function have been employed as signal
amplifiers and identification probes in low-cost POCT devices (Wang et al. 2018;
Gao et al. 2020). In addition to the cheap production method of inexpensive POCT
biosensors, a number of characteristics of enzyme-mimicking NPs play a key role in
affordable low-cost detection (Wu et al. 2019; Quesada-González and Merkoçi
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2018). The benefit of employing nanozymes is simple synthesis without the need for
expensive chemicals and equipment, which considerably reduces the cost of
manufacturing. This makes it possible to use a variety of metals, metal oxides, and
MOF nanozymes for the convenient construction of biosensors. Duan and col-
leagues developed Fe3O4 nanozyme-based immunochromatographic strips that
were substantially more sensitive than colloidal gold strips in detecting the glyco-
protein of the Ebola virus (EBOV-GP) at 1 ng mL�1 (2 Duan et al. 2015).

Fe3O4 magnetic NPs are the first enzyme-mimicking nanoparticles synthesized
by simple process with low-cost starting materials, which exhibits peroxidase-like
property (Gao et al. 2007). Herein, the Fe3O4 nanozyme was prepared by facile
hydrothermal process. In addition, the Fe3O4 nanozyme coupled with Abs was made
utilizing a straightforward EDC/NHS carbodiimide cross-linking procedure
(1-ethyl-3-(3-dimethylaminopropyl)carbodiimide/N-Hydroxysuccinimide). Abs
processes typically increase the cost of manufacturing biosensors. However, the
cost of fabrication increases with complexity when compared to traditional
ELISA, which involves an additional step and uses HRP-conjugated Ab as a
colorimetric signal amplifier (Duan et al. 2015). Additionally, compared to
ELISA, the signal amplification was 100 times higher due to intrinsic
peroxidase-like activity of Fe3O4 toward 3,30-diaminobenzidine (DAB) (Duan
et al. 2015). Li et al. reported a straightforward and inexpensive photo-
electrochemical (PEC) immunoassay (Li et al. 2019). Following the Ab (specific
to prostate-specific antigen, PSA) conjugations, histidine-modified Fe3O4 was
produced using microwave assistance. The price of making biosensors can be
reduced by using inexpensive Fe3O4 in place of native enzymes (like HRP).
Reusing POCT devices and nanozyme-based biosensors is essential for
low-cost POCT applications since it lowers the cost. There are numerous studies
on the creation of less expensive, refillable paper-based bioassays for identifying
disease biomarkers or biomolecules using designed nanoprobes that mimic
enzymes (Bradbury et al. 2019; Mahmudunnabi et al. 2020; Ornatska et al. 2011).

The fabrication of biosensors has become more affordable and cost-effective
because of biocompatible nanozymes, a wealth of surface tunability with many
biorecognition ligands, and simple conjugation procedures as opposed to complex
organic counterparts. Numerous biorecognition components, including as aptamers,
antigens, and chemical linkers, have been coupled with nanozymes utilizing a
straightforward conjugation approach to create low-cost biosensors (Cheng et al.
2017; Han et al. 2018; Zhang and Li 2016; Zhang et al. 2018; Su et al. 2013)
(Fig. 31.4). Han et al. developed a lateral flow assay based on nanozymes for the
detection of Escherichia coli O157:H7 in milk (Fig. 31.5) (Han et al. 2018). The
sandwich immunoassay concept, which used Pd-Pt NPs enhanced with an anti-
Escherichia coli O157:H7 mAb as a recognition probe, served as the basis for the
invention of the LFA. Pd-Pt and mAb were combined at a basic pH to create the
nanozyme@mAb conjugates (8.2–8.5). The LFA preparation is less expensive
thanks to this simple conjugation method without expensive reagents and organic
connecting equivalents. Instead of using costly reagents and organic linkers, which
would have affected the active sites, to prepare natural enzyme-Ab conjugates for
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conventional immunoassay, this makes the process complex and costly (Jeanson
et al. 1988). The Pd-Pt NPs’ excellent peroxidase-like activity, which catalyzed the
oxidation of TMB (3,30,5,50-tetramethylbenzidine) in the presence of H2O2, pro-
vided the basis for the signal amplification in the detection of Escherichia coli O157:
H7 (Cheng et al. 2017). For the detection of Salmonella enteritidis and Escherichia
coli O157:H7, Cheng and coworkers demonstrated the use of Pd@Pt NPs as a signal
amplifier in a dual lateral flow immunoassay connected with a smartphone (Ornatska
et al. 2011). They employed a conjugation strategy based on the physisorption of
mouse anti-E. coli O157:H7 and mouse anti-S. enteritidis mAbs (1 mg mL-1) on
Pd@Pt surfaces. The dual LFIA device’s sensitivity to target pathogens was
strengthened by the improved peroxidase-like activity of Pd@Pt, with predictable
recoveries (Ornatska et al. 2011). Aptamers are a target-specific detecting ligand that
are utilized in the same way as Abs in the construction of biosensors. You can
purchase aptamers straight from the business (Xie et al. 2020; Ou et al. 2019).
Improved cross-linking procedures using straightforward chemical linkers or the use
of modified aptamers for simple conjugations also helped to lower the overall cost of
producing biosensors. Aptamers used in nanozyme-based biosensors could therefore
be a suitable contender in terms of price under the ASSURED requirements. For
instance, Yang and his team have demonstrated the creation of colorimetric

Fig. 31.4 Numerous biorecognition ligands and several conjugation mechanisms for surface-
modifying nanozymes (Das et al. 2021)
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aptasensors connected to Fe3O4 nanozymes for the detection of thrombin with an
extremely low LOD of 1 nM (Zhang et al. 2010).

For use in the early identification of infections or biomarkers, POCT sensing
devices are essential instruments. These tools are crucial for specialist or doctor
clinical diagnoses, as well as for everyday household or outdoor use in distant places
with little resources. An innovative system has been used in the development of
POCT devices that meet the ASSURED standards. Here, the instrument or
biosensing system needs to be reasonably priced, low maintenance, and highly
sensitive to detect analytes at lower concentrations.

POCT uses fast diagnostic tests. The results are accomplished or interpreted by
expert operator in a variety of settings. Quick tests used in POCT are applicable for
many purposes including NAAT, antigen, or Ab tests, and COVID-19, which has
high transmissibility. At the moment, reverse transcription-polymerase chain reac-
tion is the main method of diagnosing COVID-19 (RT-PCR). There are many other
detection techniques in use, including electrochemical sensors, immunochroma-
tography, CRISPR, isothermal nucleic acid amplification, and immunochroma-
tography. However, the majority of current testing is done in large hospitals and
other health care facilities. With increased user accessibility, quick detection, accu-
racy, and sensitivity in an epidemic situation, POCT is very useful and lessens the
testing burden on hospitals. Thus, POCT is advantageous for daily epidemic control,
quick identification, and immediate treatment. Modern research advancements in
POCT-based SARS-CoV-2 detection methods present opportunities for POCT-based

Fig. 31.5 Escherichia coli O157 detection using a Pd-Pt nanozyme-based LFA: H7: nitrocellulose
(Das et al. 2021)
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SARS-CoV-2 detection to advance quickly, at cheap cost, and in a shorter amount of
time (Song et al. 2021).

4 Conclusion and Future Outlook

Nanobiomarkers are striking in POCT to improve the analytical performance. The
POCT makes the detection process facile and fast. The identification of disease
biomarkers, such as pathogens, cancer cells, enzymes, proteins, and small-molecule
metabolites, depends on POCT. In many stages of illness detection, monitoring, and
prevention, nanobiomarkers are employed. Different NPs-based biosensor compo-
nents and readout configurations analyze biomolecules. The use of POCT sensing
devices is essential for the early detection of infections and disease biomarkers/
biomolecules. In terms of practice, user accessibility, prompt detection, accuracy,
and sensitivity, POCT is promising. Modern research and advancements in POCT-
based SARS-CoV-2 detection techniques are forward-looking strategies at the
moment.

For promising application and advancement of POCT, proper regulatory concerns
are essential for monitoring point-of-care testing compliance. In general, POCT
regulatory strategy requirements concentrate on two areas: (1) training and profi-
ciency of those performing the testing and (2) ensuring that each test is conducted
strictly in accordance with the manufacturer’s instructions (https://www.aacc.org/
cln/articles/2016/february/monitoring-point-of-care-testing-compliance).

By restructuring laboratory services, POCT began to depart from conventional
clinical laboratory medicine in the 1980s. Laboratory management faced difficulties
due to the widespread deployment of POCT devices. Especially in ensuring that
these technologies are used correctly. Today, POCT regulators use a variety of
techniques to maintain control over several devices and check the compliance of
numerous operators across various health care programs.

The first POCT techniques were usually manual. They had poor data management
skills and little to no quality control. Modern POCT technology has substantially
improved and changed. Recording the information required to prove agreement,
however, still requires a lot of work. Furthermore, despite the quick development of
POCT devices and their increased usage, POCT operators usually lack a sufficient
awareness of the legal requirements for training, documentation, and licensure.
Because of this, nurses and other health care professionals frequently view POCT
coordinators as law enforcement organizations who indiscriminately enforce legis-
lation. Experts in laboratory medicine, who are well-trained to support excellent
patient care and efficient use of POCT-based resources, find themselves in an
uncomfortable situation. As a result, regulatory difficulties relating to POCT are
important in hospital and other health care facility settings, and there are likely
solutions to meet the criteria.
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Abstract

Multidisciplinary initiatives in the area of nanomedicine for biological applica-
tions have made significant progress toward overcoming typical constraints of
conventional drug delivery, which including poor biomagnification, wettability,
and non-specific bioavailability and targeting. For better bioanalytical perfor-
mance, a novel class of metal nanostructures with a distinctive dendritic-shaped
morphology has been developed. Because of their specific physicochemical,
refractive, and electrical features, branched metal nanoparticles or metal nano-
dendrites are thought to have intriguing qualities for biological applications.
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Owing to their three-dimensional (3D) large surface area, nanodendrites may
improve the loading efficiency of bioactive chemicals and can selectively trans-
port their cargo to tumor cells utilizing their stimuli-responsive capabilities.
Nanodendrites may evade detection and removal by bioimages because to their
propensity to concentrate enough inside cells. Furthermore, active targeting
ligands like antibodies and proteins may be added to these therapeutic nano-
dendrites to improve tumor targeting, resulting in a multipurpose nanoplatform
with customizable methods. Nanodendrites are especially exceptional and
extremely interesting in their architectural layout between metal nanoparticles
with additional structural morphologies including such nanoplates, nanorods,
nanocages, nanoprisms, nanostars, nanodumbbells, etc., due to their own three-
dimensional (3D) morphology to numerous dense clusters of branches of highly
permeable surface features. This chapter contains a concentrated examination of
metallic nanodendrites for potential bioanalytical uses. In consideration of their
production techniques, we have emphasized the different kinds and characteris-
tics of metallic nanodendrites. Following that, current developments in the
production of dendritic-shaped nanoparticles with significant photothermal and
stimuli-responsive medicinal functions are reviewed in depth. Finally, we present
exciting potential for improving bioanalytical applications in particular for cancer
treatment by developing metallic nanodendrites.

Keywords

Nanodendrites · Metallic nanoparticles · Bioanalytical applications · Therapeutic
drug delivery

1 Introduction

Classical bioanalytical and cancer therapies have been shown to be restricted in
terms of treatment results during the previous several decades, not-withstanding their
effectiveness. Because most cancer therapy and bioanalysis medications can’t dif-
ferentiate between normal and malignant cells, they have various negative side
effects. Furthermore, inadequate and/or poor drug deposition at target areas, as
well as the threat of antibiotic resistance in cancer therapy regimens, remain signif-
icant challenges. These obstacles have limited the use of traditional treatment,
necessitating the development of new ways to enhance treatment outcomes (Kadian
et al. 2021).

The development of nanoparticles-based delivery systems as a novel approach to
established medicines has been able to alleviate the issues that chemo-drugs are
known to cause. Nanomaterials therapeutic techniques have mostly focused on the
exact release and accumulation of medicines in specific cells, tissues, and organs. By
using active or passive targeting, nanomaterials may increase intracellular medica-
tion delivery to cancer cells and avoiding acute damage to normal cells. Drug-loaded
nanoparticles, on the other hand, should cross a number of very complicated cellular
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obstacles to approach its target. Despite the fact that nanomaterials have enhanced
drug delivery methods significantly, several problems like tumor targeting, inade-
quate systemic circulation, inadequate drug encapsulation, inconsistency, and toxic-
ity always need significant interventions for enhanced and efficient treatment.
Nanodendrites are extremely unusual and intriguing in its architectural design
because of their three-dimensional (3D) shape with many dense arrays of branches
of porous surface structure. When compared to smooth surface nanocrystals, the
high density of flaws on the surface may lead to a much enhanced surface region to
volume ratio. These flaws may give several binding sites on a single branch of a
nanodendrite with numerous linked sub-branches, allowing for outstanding multi-
variant characteristics in applications like catalysis (Kannan et al. 2014).

In the disciplines of biomedicine, bioanalysis, and clinical medicine, however,
demand for these materials is rising. Because of its multifunctional structure,
superior biocompatibility, and nontoxicity, nanodendrites have piqued attention as
potential substances for biomedical and bioanalytical technologies. Nanodendrites
with the combinations of various metals including carbon materials, such as
graphene oxides (GOs)-based biosensors & drug delivery systems, along with
carbon nanotubes (CNTs)-based bioimaging reagents, have worked their way into
numerous biomedical investigation domains after several years of study.
Nanodendrites offer greater biocompatibility over inorganic quantum dots
when compared to certain other nanomaterials that have been thoroughly
examined. Figure 32.1 shows the The SEM and TEM images of Pt dendrites
(Lu et al. 2016).

Monometallic, bimetallic, and then in a few instances trimetallic nanodendrites
exhibiting outstanding adjustable shape-dependent characteristics have previously
been described to construct diverse assemblages. High selectivity and sensitivity,
higher catalytic activity, increased antibacterial activity, increased drug loading
capacity, and outstanding durability and biocompatibility are only a few of the
advantages of noble metal-based methods. Furthermore, the inclusion of a few
metals in the structure have allowed for a variety of metallic nanodendrite morpho-
logical topologies and alignments, including core–shell, alloy, hybrid nano-
structures, and sub-clusters. The promising physicochemically produced features
are owing to the synergistic or multifunctional effect caused by the combination of
two different separate metals, which has been extensively studied.

Metallic nanodendrites (NDs) have been demonstrated to have a wide range of
potential uses in a variety of fields, and they remain to excite researchers’ curiosity.
When compared to smooth surfaced nanocrystals, dendritic/branched nanostructures
having porous and irregular surfaces give an extraordinarily wide surface area with
high-density active sites. When comparing to nanorods, nanostars, and nanoshells,
complex morphologies like nanodendrites may significantly increase photo-
absorption (Khan et al. 2018), for example, found that 3D Pt-on-Au bimetallic
nanodendrites with a rough surface had a wide extinction region that red-shifted to
the NIR region, leading in much better electrocatalytic activity than core/shell
Au@PtNPs having a smooth surface (Patra et al. 2016).
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Nanodendrites are an appealing material for a variety of applications, including
catalysis, hydrogen storage and sensing, pollution reduction in automobiles, and so
on. Nanodendrites have been widely regarded as a superior alternative material for
catalytic oxidation of formic acid and oxygen reduction in a proton-exchange
membrane (PEM) fuel cell. Nanoparticles of different forms, including nanobars,
nanorods, nanocubes, octahedra, icosahedra, nanowires, and nanoplates, have
attracted a lot of attention. Surfactants and polymers, as well as extreme temperature
interactions in organic environments, were used to create anisotropic Pd-based
dendritic-like architectures. Researchers, for example, reported highly branched Pd
nanostructures for the rapid catalytic conversion of nitrobenzene to aniline, despite
the fact that it was synthesized in a non-aqueous medium. PdCl2 was used to make
branching Pd dendritic nanoparticles (Fig. 32.2) in a combination of oleylamine and
oleic acid (Kannan et al. 2014). Since various crystalline interfaces have varied
surface atom concentrations and electrical structures, tweaking the shape rather than
the size may produce remarkable improvements in certain aspects. As a result, the
characteristics of nanostructures with odd forms may vary significantly from those of
spherical dimensions. Anisotropic nanomaterials like this have a lot of promise in
signal processing in bioanalysis and biodiagnosis. Apart from size, particle mor-
phology has been acknowledged as an essential characteristic trait that may be
altered for drug delivery applications. Due to the strong electric field formed on
metal nanoparticles upon light illumination and the production of hot spots, metallic

Fig. 32.1 SEM and TEM images of individual porous Pt nanodendrites. The model of the porous
Pt nanodendrite (a). SEM image (b). TEM image (c). The higher magnification image of Pt dendrite
(d). High-resolution TEM of Pt nanodendrite for the selected portion (e). SEAD pattern (f).
(Reproduced with permission (Lu et al. 2016))
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nanostructures are also particularly helpful in different spectroscopic methods,
particularly surface enhanced Raman scattering (SERS). Bringing two or more
metal nanoparticles together may further modify and improve these features. The
huge increase in the SERS signal at nanoparticle junctions, which permits the
identification of individual atoms, is an outstanding example. When nanoparticles
aggregate, the intensity of far-field scattering increases significantly. As a result, the
capacity to arrange metal nanoparticles into assemblies is critical for fulfilling
metallic nanoparticles’ maximum potential (Lee et al. 2010).

2 Gold Nanodendrites for Cancer Therapy Bioanalytical
Application (Monometallic NDs)

Nanodendrites (NDs) represent a kind of nanoparticles with distinctive hyper-
branched morphologies. NDs have lately gained a lot of research interest because
of their exceptionally high surface area, which may considerably improve catalytic,
electrochemical, and drug transport capabilities. NDs of metal and bimetals, such as
Pt, Pd, Au, AuePd, AuePt, PdePt, PdeCo, PdeNi, and PteCu, have recently been
synthesized using a variety of methods. The degree of bifurcation (DB) is a critical
quantity in polymer research because it impacts the chemical, physical, and mechan-
ical properties of dendritic polymers. Many features of inorganic dendritic nano-
particles (NPs), including such optical attenuation and catalysis, may also be

Fig. 32.2 Schematic presentation for the growth mechanism for Pd dendritic nanostructures.
(Reproduced with permission (Kannan et al. 2014))
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influenced by the Nanodendrites. While varied degree of branching gold nano-
dendrites (Fig. 32.3) have been reported (Qiu et al. 2016).

In order to carry out a synthesis, 20 mL of 60 mM HAuCl4 in ethanol, different
amounts of seeds, and 15 mL of 0.4 M ascorbic acid in methanol have all been
introduced to the reaction vial after 4 mL of 0.1 M ethanolic solution of amines
(butylamine, octylamine, dodecylamine, hexadecylamine, octa A rocker shaker was
then used to stir the solutions violently in a short seconds before they were left for
30 min to facilitate the creation of AuNanodendrites. They were then centrifuged and
re-dispersed into 2 mL of THF after being cleaned with chloroform and ethanol once
and the same amount of each precursor was utilized in chloroform synthesis, also
with sole change in solvent.

Among all optical spectrum of metallic NPs with basic shapes, including such
nanospheres, nanorods, and nanocubes, there is frequently a strong, narrow localized
surface plasmon resonance (LSPR) band. The Au nanodendrites, on the other hand,
possess intricate branching architectures, which indicates their extinction bands are
much wider. The Au nanodendrites of strong, medium, and weak dendrites are
referred to as S-NDs, M-NDs, and W-NDs, respectively. The attenuation band for
S-NDs is concentrated about 700 nm; however, M-NDs and L-NDs have lower peak
intensities in this range, but absorb more light beyond 1000 nm. The structural
difference of Au nanodendrites should be blamed for their nanodendrites-dependent
optical spectrum. Higher dendrites, for example, are mostly made up of shorter
rod-like branches that absorb heavily in the shorter wavelength area. This finding
backs up a previous finding that stronger gold nanorods caused optical attenuation to
migrate to higher wavelength (Lv et al. 2015).

Despite several studies on nanodendrites of different metals and bimetals have
indeed been published, researchers are the first to show that the nanodendrites in
principle, and Au nanodendrites in specific, may be modified by utilizing long chain
basic amines as structurally guiding agents. This study also demonstrates a unique
and straightforward way for making high-quality Au nanodendrites using readily
accessible ingredients. We were able to explore how the disease are affected the
different features of Au nanodendrites owing to this finding. Researchers discovered
that the easily manipulated enabled us to tune the optical characteristics of Au
nanodendrites throughout a large near-infrared range, allowing us to investigate

Fig. 32.3 TEM images of Au nanodendrites for cancer therapy with high (a), medium (b), and low
(c) degree of branching. (Reproduced with permission (Qiu et al. 2016))
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the wavelength-dependent photo-thermal features of Au nanodendrites in vitro and
in vivo. Given that the physiochemical characteristics of nanoparticles have shown
to have a significant impact on their biological destiny, it is highly probable that the
nanodendrites could have an impact on the interaction of Au NPs with cells (in vitro)
and tumors (in vivo), potentially affecting their internalization and bio-distribution
(Fig. 32.4) (Yang et al. 2013).

3 Pt Nanodendrites for Bioanalytical Applications

During 2008–2016, Au NDs accounted for 62.5% of articles addressing nanoparticle
use for radiosensitization effect, trailed by gadolinium (11%), then silver nanopar-
ticle (6%), according to Yang et al. (2013). Only a few studies have used platinum
nanomaterials (Pt NDs) as a radiosensitizer, particularly when using therapeutically
effective radiation beams. Platinum combinations like cisplatin and carboplatin are
well-known chemotherapeutic medicines used to treat cancer. Cisplatin has been
shown to produce radiosensitization by inhibiting DNA repairs (Ye et al. 2012).
Researchers found that Pt NDs-loaded DNA had a factor of 2.1 enhanced DNA
double-strand break (DSB), suggesting that PtNDs cause more fatal damage when
exposed to carbon ions. Pt NDs effectively boosted gamma radiation impact on
radioresistant cells by more than 40%, according to a recent discovery by Wang
et al. (2017).

Fig. 32.4 Photothermal treatment of MCF-7 tumors by using AuNDs of different degree of
branching. Days 1 and 12 posttreatment of Au nanodendrites photos of a representative mouse
within every group. (Reproduced with permission (Qiu et al. 2016))
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Researchers investigated the innovative platinum nanodendrites (PtNDs) as
radiosensitizer for therapeutic megavoltage photon energy to see whether they
might be used in clinical applications. PtNDs of various sizes were synthesized
and characterized for use in radiotherapy. Using clinical megavoltage photon
sources, the cytotoxicity profile and radiosensitization capacities of PtNDs of vari-
ous sizes was experimentally assessed.

Researchers stated that PtNDs was manufactured utilizing a chemical reduction
process. To begin, mix 5.19, 10.38, 15.57, and 25.94 mg of potassium tetra-
chloroplatinate (II) (K2PtCl4) powder with 2.5 mL deionized water to make aqueous
mixtures with four distinct levels of K2PtCl4. Subsequently, in a centrifuge machine,
2 mL of every concentration of K2PtCl4 aqueous mixture were combined with 20 mg
of PluronicF-127 and 2 mL of 88% formic acid for a moment. After being sonicated
for 12 min in an ultrasonicator, the solutions became black, suggesting the produc-
tion of PtND particles. To eliminate the residual, the Pt NDs concentrations were
centrifuged and rinsed thrice with DI water. For characterization, certain Pt NDs
specimens were immersed in DI water. For antitumor activity and radiosensitization
investigations, the PtNDs suspensions was dissolved in cell culture medium (Jiao
et al. 2013).

Muhammad Afiq and his co-workers have prepared Pt NDs of various core sizes
(Fig. 32.5) and used them in radiotherapy (Muhammad Afiq et al. 2018).The

Fig. 32.5 TEM images of Pt Nanodendrites with various core sizes. (a) 29 nm, (b) 36 nm, (c)
42 nm, and (d) 52 nm. (Reproduced with permission (Muhammad Afiq et al. 2018))
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research shows that Pt NDs may be used as a radiosensitizer in megavoltage photon
radiation emitted. Following irradiation with a 6 MV photon energy, PtNDs exhibits
strong radiosensitization effects against HeLa cell lines, with up to a twofold
augmentation. PtNDs with a SER of 2.31, 2.27, 1.96, and 1.77 created the most
radiosensitization, followed by 42, 29, and 52 nm.

As a result, it s possible that characteristics like Pt ND size and morphology are to
blame for the increased radiosensitization consequences. The appropriate PtNDs size
must be chosen in order to increase radiation contact potential and thus achieve a
favorable radiosensitization result. Additional research explores the possibilities of
investigation. To show and evaluate the use of platinum-based nanoparticles for a
radiosensitizer in radiotherapy, this research provided the first evidence (Sun et al.
2017).

4 Pt Nanodendrites with ZnO Nanorods Electrode (Bimetallic
Nanodendrites)

Nanodendrites to assist the traditional biochemical electrochemical measurement of
glucose is the most prevalent use of nanotechnology for diabetes detection devices.
Expanded surface area, higher effective electron transport from enzymes to elec-
trodes, and additional production to insert extra catalytic processes are all benefits of
incorporating nanoparticles into these sensors. Even though modifiers, labelling
factors, or immobilizer agents, metal nanoparticles such as Au, Pt, Ag, Fe, Zn, Cu,
Pd, and Ir are inserted onto the electrode layer of glucose sensors. A glucose sensor
device has been implanted with metallic Au or Pt nanoparticles (PtNPs). In com-
parison to other nanoparticles, Au does have a greater work function of 5.1 eVand is
much more chemically durable. Pt, on the other hand, has a greater sweep current
and work function (5.65 eV) than Au (5.1 eV). As a result, PtNPs should have
greater chemical durability and persistence. PtNPs also have strong analytical
efficiency, with a uniformity range of 1 - 0.1 mM and a high selectivity of 0.20 M
for the produced glucose sensor. Although PtNPs have superior electrical character-
istics and a greater work potential than conventional nanoparticles, they are pro-
jected to increase and enhance the productivity of glucose sensors (Muhammad Afiq
et al. 2018).

While using Pt NDs as a glucose biosensor, the form of the particles should be
addressed. Distinct forms of nanoparticles exhibit different behaviors. Due to the
obvious presence of a significant number of edges, sharp ends, and vertices on their
branching, PtNPs with a dendritic architecture have sparked special interest among
nanoparticles owing they may give a reasonably high-specific surface area and a
high-specific activity. Sharp points in platinum nanodendrites (PtNDs) possess a
significant potential to increase electric fields and cause substantial local electro-
magnetic field amplification.

Using chemical reduction to change the precursor K2PtCl4 concentrations, dif-
ferent sizes of PtNDs were produced. Depending on Pt ND size, glucose percentage
in 0.01 M PBS, and Nafion quantity incorporated to the nanocomposite, the
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topological, structural, and glucose-sensing behavior of Pt NDs was investigated.
The discovered qualities were addressed in detail.

Chemical reduction technique was used to manufacture Pt NDs. To make differ-
ent sizes of PtNDs, numerous amounts of K2PtCl4 solution were synthesized in
water: 5, 10, 15, 20, and 25 mM. Pluronic F127 (20 mg) then was applied to the
K2PtCl4 that had been made. Following that, 2 mL of 88% formic acid was quickly
added. The mixture and stirred constantly to insure that all ingredients were
dissolved and mixed well. For 12 min, the combined solution was submerged in
an ultrasonic bath. The PtND suspension was thoroughly rinsed with DI water after
the reaction was finished. The residue was removed by centrifugation for 20 min at
9000 rpm. Following that, 4 mL DI water was introduced to individual sample, and
the colloidal Pt NDs specimen was kept at room temperature. To synthesize Pt NDs
with ZnO NRs, various Pt ND sizes were spin deposited at 5000 rpm for 50 s on over
of the synthesized ZnO NRs/ITO. The procedure was carried out several times. The
samples subsequently cured for 1 h at 160 �C to remove organic contaminants and
ensure adequate adherence to the surface. EDX images of Pt dendrites and ZnO
nanorods have been given in Fig. 32.6 (Razak et al. 2016).

Figure 32.7 shows the cyclic Voltammetry curves of the Nafion/GOx/42 nm
PtNDs/ZnONRs/ITO electrode in 0.01 M PBS electrolytes with varied amounts of
glucose (0.1–20 mM) at a potential scan rate of 50 mVs�1. The resulting calculated
values revealed the redox peak associated with H2O2 production as well as a
satisfactory response to different glucose doses. The anodic and cathodic peak
currents rose progressively with advancing glucose content, as seen in Fig. 32.7.
The results demonstrated that GO immobilized on a PtND/ZnONRs electrode has
good electrocatalytic activity and sensing ability of biomaterials.

Different sizes of PtNDs were effectively created in this study by varying the
quantity of K2PtCl4, with 5, 10, 15, 20, and 25 mM K2PtCl4 yielding 29, 36, 42, 52,
and 62 PtNDs, accordingly. The GOx subsequently immobilized on the prepared
film after the PtNDs were spin deposited onto ZnO NRs. PtNDs on the ZnO NRs

Fig. 32.6 EDX of Pt nanodendrites and ZnO nanorods. (Reproduced with permission (Razak et al.
2016))
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surface improved the catalytic activity for glucose oxidation as well as the electron
transport among glucose and also the electrode substrate. The glucose detecting
characteristics of ZnONRs adorned using 42 nm PtNDs were the best. The electro-
catalytic performance of Nafion/GOx/42 nm PtNDs/ZnONRs/ITO was greater than
that of GOx/42 nm PtNDs/ZnONRs/ITO, demonstrating the role of Nafion in
biosensing. The intensity of the electrochemical reaction grew in the following
process at various electrodes: Nafion/GOx/42 nm PtNDs/ZnONRs/ITO > Nafion/
GOx/ZnONRs/ITO > Nafion/GOx/42 nm PtNDs/ITO > Nafion/GOx/ZnONRs/
ITO > Nafion/GOx/. In comparison to various Pt ND sizes, Nafion/GOx/42 nm
PtNDs/ZnONRs/ITO demonstrated glucose sensitivity at 5.85 A/mM, a linear range
of 1–18 mM, and a LOD of 1.56 mM. These findings suggest the PtND/ZnONRs
electrode with immobilized GOx in biodegradable Nafion might be used as a glucose
sensing element (Razak et al. 2016).

5 Rare Earth Material-Based Nanodendrites

Lower phonon frequencies, inadequate auto-fluorescence interference, long penetra-
tion durations, exceptional brightness, outstanding stabilities, and nonblinking emis-
sion make rare-earth Yb3+ and Er3+-doped NaYF4-based upconversion nanoparticles
(UCNPs) very attractive in bioimaging applications. The size, shape, and mixture of
NaYF4: Yb

3+/Er3+ UCNPs influence their benefits. The Upconversion luminencence
emission (UCLE) strength of NaYF4: Yb3+/Er3+Tm3+ nanoplates, for instance, was
much higher than that of nanospheres, nanoellipses, and nanoprisms. By lowering
the size of the particles of Y2O3: 1% Er3+/4% Yb3+ UCNPs, varied wavelengths of
blue, red, and green UCLEs appear. The multicolored UCLE released by NaYF4:
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Fig. 32.7 CV graph of various concentration of glucose at Pt-nanodendrites-ZnO nanorods-ITO
electrode. (Reproduced with permission (Razak et al. 2016))
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Yb/Er core-shell UCNPs varied from visible region to near infrared (NIR). Conse-
quently, as compared to -NaYF4: Yb

3+/Er3+UCNPs, BaGdF5: Yb3+/Er3+ core-shell
UCNPs increased the UCLE by four times (Abualrejal et al. 2019).

Figure 32.8 shows the thermal degradation method was used to create a novel
type of three-dimensional core multiple shell upconversion nanodendrites (UCNDs)
consisting of a core (NaYF4: Yb, Er, Ca), transition zone (NaYF4: Yb, Ca), and
external surface (NaNdF4: Yb, Ca) (Abualrejal et al. 2019). As predicted, the
UCNDs self-assemble into a unique spatial nano architectonic configuration with
many arms encircling a shortened middle core and spherical inner core. In compar-
ison to regular UCNPs, the uniquely developed UCNDs have a number of advan-
tages. UCNDs, in specific, incorporate elements of core-double shells (e.g., high
UCLE, lower radioactive decay loss, multicolor emissions, and low phonon ener-
gies) with the incomparable advantages of nanodendrites (e.g., elevated accessible
contact area, low density, great consistency, and various surface edges). The Yb3+-

enriched transition layer allows for effective excitation energy transfer between Nd3+

and Er3+ while also avoiding unnecessary quenching impacts produced by Nd3+

trapped in the outer shell with a high concentration. The UCLE of UCNDs and
UCND@SiO2-COOH was compared to core UCNPs and core-shell UCNPs as a
result of their excellent characteristics. The in vitro and in vivo UCL bioimaging
characteristics of UCND@SiO2-COOH were also thoroughly explored in order to
demonstrate the use of UCNDs in biological investigation (Liang et al. 2020).

Ten milligram per kilogram of bodyweight UCND@SiO2-COOH in 0.9% NaCl
solution were infused into mouse via the tail vein for in vivo bioimaging. Using
980 nm laser stimulation, significant green UCL signals was efficiently produced
from the liver location at 0.5 h after injection this can be seen in the Fig. 32.4. The
largest increase in UCLE signals was attained after 8 h, following by a minor drop at
24 h (Fig. 32.4). Those findings show that UCND@SiO2-COOH’s powerful UCLE
can readily penetrate deep tissue and has a lot of promise for in vivo imaging
techniques. The mice were euthanized 8 h after injection to assess the biodistribution

Fig. 32.8 Schematic diagram of fabrication of nanodendrites. (Reproduced with permission
(Abualrejal et al. 2019))
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of UCND@SiO2-COOH. The liver, lung, heart, kidney, and spleen were all collected
and scanned using a 980 nm laser excitation. Those organs UCL image depicts
apparent green emission at varying frequencies, Fig. 32.4. The liver and spleen have
substantially greater UCL signal strength than the remaining tissues. Inductively
coupled plasma spectrometry was used to investigate the concentrations of
UCND@SiO2-COOH in various organs (ICP-MS). The liver and spleen had much
greater levels of UCND@SiO2-COOH than the other organs. This finding indicates
that UCND@SiO2-COOH accumulates mostly in the liver and spleen. The occur-
rence coincides with earlier observations (Zeng et al. 2020).

Researchers created a core-double shells with numerous branching arms for spa-
tially UCNDs. The outer shell’s slightly elevated Nd3+ boosts absorption energy,
whereas the inner layer works as a protective barrier, avoiding the quenching interface
among Er3+ and Nd3+. Furthermore, Yb3+ in the intermediate layer ensures that Nd3+

and Er3+ exchange excitation energy efficiently. At 980 nm, those structural and
elemental advantages increased the UCLE of UCNDs by 5 and 15 times, correspond-
ingly, as comparing to core-shell UCNPs and core UCNPs. Without considerable
toxicity, carboxy-terminated silica shells encapsulated UCNDs (UCND@SiO2-
COOH) were effectively used as luminescence probes (Fig. 32.9) for in vitro and
in vivo bioimaging (Abualrejal et al. 2019). This research might pave the path for the
development of customized luminous markers for bioimaging techniques.

Fig. 32.9 Ex-vivo UCL
images of several organs taken
from mice implanted with
UCND@SiO2-COOH (a).
Investigation of tissues taken
from the organs of (b)
untreated and (c) treated mice.
(Reproduced with permission
(Abualrejal et al. 2019))
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6 Graphene Loaded Bimetallic Nanodendrites

Protein biomarkers identification that is ultrasensitive and specific is critical in
medical diagnostics and drug research. The clinical examination of cancer bio-
markers, in particular, is critical for early cancer detection. The tumor marker
alpha fetoprotein (AFP) is used to identify malignancies of the liver, reproductive
organs, As a result, developing a reliable approach for identifying AFP that is both
sensitive and discriminating is quite desirable. Electrochemiluminescent assays and
enzyme-linked immunosorption assays are two examples of analytical techniques.

Figure 32.10 shows a sandwich-type electrochemical immunosensor with amino
ring designed and synthesized graphene (NH2-GS) packed mesoporous Au@Pt
nanodendrites (NH2-GS/Au@Pt) and poly-dopamine nanostructured N-doped
multi-walled carbon nanotubes for AFP identification (PDA-N-MWCNT) (Jiao
et al. 2016). To the best of our knowledge, PDA-N-MWCNT, could provide a
hydrophilic functionality for the appropriate immobilization of predominant anti-
body (Ab1) by the poly-dopamine film from the out exterior of N-doped multi-

Fig. 32.10 Schematic of NH2-GS/Au@Pt/Ab2 (a) and the fabrication procedure of the
immunosensor (b). (Reproduced with permission (Jiao et al. 2016))
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walled carbon nanotube (N-MWCNT), while retaining the superior electron transfer
capacity of N-MWCNT, which favors improved sensitivity. Because there are so
many electroactive sites in the mesoporous architecture, biometallic Au@Pt nano-
dendrites have outstanding electrocatalytic efficiency. Since it incorporates all cre-
ated indications by the inserted massive Au@Pt nanodendrites, NH2-GS/Au@Pt
nanomaterials may be manufactured as an appropriate signal label. As a conse-
quence, all of these materials’ properties contributed to the created electrochemical
immunosensor’s exceptional effectiveness (Jiao et al. 2016).

The electrochemical impedance spectrum (EIS) is a useful tool for characterizing
immunosensor assembling procedures. EIS had a semicircle component at higher
frequency and a linear part at lower frequency, this was recognized. The electron-
transferring barrier was connected with high frequencies, whereas the dispersion
stage of the entire process was correlated with lower frequencies. Whenever the
electrode was changed with PDA-N-MWCNT (curve b) (Jiao et al. 2016), it had a
low resistance and was substantially smaller than the GCE electrode (curve a) (Jiao
et al. 2016). The explanation for this is because PDA-NMWCNT may help with
electron transport. Because Ab1, BSA, and AFP may obstruct electron transmission,
the impedance of this electrode was visibly enhanced when they were immobilized
one after the other (curves c–e) (Jiao et al. 2016). After longer incubation of NH2-
GS/Au@Pt/Ab2 (curve f) (Jiao et al. 2016), the semicircular remained bigger,
indicating that Ab2 may also inhibit electron transport. The developed
immunosensor shows very good stability and reproducibility (Fig. 32.11) was
clearly formed effectively (Jiao et al. 2016; Zheng et al. 2013).

The excellent fabrication of immunosensor PDA-N-MWCNT provided a hydro-
philic surface to immobilize antibodies for biomedical applications surface for
immobilizing Ab (1); (2) PDA-N-MWCNT customized electrode equipped more
electrochemical energetic area, which could also efficiently enhance the
immunosensor’s responsivity; (3) GS might load a large number of high

Fig. 32.11 (a) Existing immunosensor fluctuations toward five distinct electrodes in the same
manner; (b) the AFP immunosensor stabilization study. (Reproduced with permission (Jiao et al.
2016))
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semiconducting and high electrocatalytic energetic Au@Pt nanodendrites for signal
multiplication (Sahu et al. 2013).

7 Conclusion

We have discussed the preparation and application of numerous nanodendrites and
their potential application for the treatment of cancer and other electroanalytical
applications.
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Abstract

Biopolymers possess diverse functional groups and excellent biocompatibility
toward a wide range of biomolecules, and these characteristics are highly
regarded for the construction of highly stable and reliable biosensors. Among
the various biosensors, electrochemical biosensors are most widely applied in
various applications owing to their outstanding sensing performances, cost-
effectiveness, and facile fabrication strategy. Further, with the recent advance-
ments in electronic instruments, the electrochemical sensor devices can be min-
iaturized into portable devices, which promote them to apply practical
applications such as real-time health monitoring and on-site analysis.
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Furthermore, a range of nanomaterials can be integrated into the biopolymers to
enhance sensor performances such as high sensitivity, low detection limit, and
fast response. This chapter starts by describing the types of biopolymers and their
different immobilization strategies for attaching biocatalysts to electrode sur-
faces. Then, the recent advancements of biopolymers embedded nanocomposite
materials for the construction of electrochemical biosensors, immunosensors, and
aptasensors to detect a range of biomolecules such as proteins, cancer biomarkers,
nucleic acids, vitamins, sugars, neurotransmitters, and pharmaceutical drugs.
Further, the fundamental sensing mechanism of the biopolymers-based electro-
chemical biosensors is discussed. Moreover, the reported analytical parameters
for these analytes are summarized.

Keywords

Nanobiopolymers · Biocatalyst immobilization · Electrocatalysis · Biosensors ·
Nanocomposite

Abbreviations

3D-HPC Three-dimensional hierarchically porous carbon
AA Ascorbic acid
ABT 4-aminobenzenethiol
AGP Alpha-1-acid glycoprotein
AuNCs Gold nanocubes
AuNPs Gold nanoparticles
CAP Chloramphenicol
CC Catechol
CD Carbon dots
CDI 1,4-carbonyldiimidazole
CHIT Chitosan
CHIT-Fc-co-BPEI-Fc Chitosan-co-grafted-branched polyethylenimine redox

conjugates
CMC Carboxymethyl cellulose
CNC Cellulose nanocrystals
CNCC Nanocrystalline cellulose
COL Collagen
DA-Apt Dopamine binding aptamer
DOPA 3,4-dihydroxyphenylalanine
DPV Differential pulse voltammetry
EP Epinephrine
EPA Environmental Protection Agency
ERGO Electrochemically reduced graphene oxide
GC Glassy carbon
GCSC Grass carp skin collagen
GF Graphene foam
GO Graphene oxide
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GOD Glucose oxidase
GR Graphite
Hb Hemoglobin
HEC Hydroxyethyl cellulose
HQ Hydroquinone
HRP Horseradish peroxidase
HVA Homovanillic acid
ITO Indium tin oxide
LIG Laser-induced graphene
LO Lactate oxidase
LSCM Laser scanning confocal microscopy
Mb Myoglobin
MNs Magnetic nanoparticles
MWCNTs Multiwalled carbon nanotubes
NC Nanocrystal
NDEA N-nitrosodiethanolamine
NDMA N-nitrosodimethylamine
NF Norfloxacin (NF)
N-GQDs Nitrogen-doped graphene quantum dots
NSE Neuron-specific enolase
PANI Polyaniline
PDH Phenylalanine dehydrogenase
PEDOT Poly(3,4-ethylenedioxythiophene)
PEI Polyethylenimine
PG Progesterone
PSA Prostate-specific antigen
PtNPs Platinum nanoparticles
PU Polyurethane
RC Resorcinol
ROS Reactive oxygen species
SA Sodium alginate
SPCE Screen-printed carbon electrode
SWCNH Single-walled carbon nanohorns
SWCNTs Single-walled carbon nanotubes
TA Tyramine
TEMED Tetramethylenediamine

1 Introduction

An electrochemical biosensor contains recognition elements, including enzymes,
antibodies, nucleic acid, proteins, cells, etc. These biorecognition elements specifi-
cally interact with a particular analyte and produce a measurable electrical signal.
The intensity of the electrical signal corresponds to the concentration of the analyte
present in the analytical medium (Ronkainen et al. 2010). In addition, another
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essential component is the transducer (electrode) which plays a crucial role in
electrochemical biosensors that support immobilizing the bioreceptors and also
transducing the biochemical events (for example, enzyme-substrate reaction) into
electrical signals in the form of voltage, current, and impedance (Kalimuthu et al.
2014, 2015a).

Most biosensors suffer from stability because the bioreceptor molecules tend to
lose their activity once removed from their natural environment. Importantly,
biocatalysts are relatively expensive compared to nanomaterials-based catalysts.
Therefore, it is crucial to construct a reusable biosensor to reduce the cost of the
analysis. Effective immobilization of the bioreceptor on the transducer affords the
construction of a highly stable and reusable electrochemical biosensor. Conse-
quently, the development of immobilization strategies has received significant atten-
tion in the biotechnology and biomedical fields. Among the support matrices
explored in the literature, biopolymers have gained significant attention due to
their facile fabrication approach, cost-effectiveness, biocompatibility, and presence
of active functional groups (COOH, NH2, and OH), which allow attaching
bioreceptors through covalent, hydrogen bonding, and electrostatic interactions
(Kalimuthu et al. 2017b, c).

However, the natural biopolymers are nonconductive, and it is beneficial for
constructing impedance-based biosensors (Roquero et al. 2020; Zhao et al. 2019),
but it restricts their usage in most other electrochemical applications that need
conductivity. This issue is easily resolved when biopolymers are embedded in highly
conductive nanomaterials. The biopolymers integrated nanomaterials endow higher
biocompatibility with enhanced electrical communication for immobilized biologi-
cal recognition elements and achieve viable biosensors.

A range of nanomaterials, including metal nanoparticles, graphene-based mate-
rials, carbon nanotubes, and carbon quantum dots, have been combined with various
biopolymers to fabricate the biopolymer-nanocomposite materials (Krishnan et al.
2017; Singh et al. 2013; Zhang et al. 2018; Wei et al. 2021; Wan et al. 2010; Mahato
et al. 2019). The resulting materials achieve plenty of attractive properties, including
biodegradability, biocompatibility, nontoxicity, excellent mechanical flexibility, and
durability. For instance, Krishnan et al. demonstrated direct voltammetry of glucose
oxidase (GOD) at chitosan (CHIT) embedded Pd@Pt nanocubes modified glassy
carbon (GC) electrode (Krishnan et al. 2017). GOD is attached to the CHIT by
covalent attachment through an amide bond with the aid of bifunctional cross-linker
glutaraldehyde (GTA). In another report, the direct electrochemistry of hemoglobin
was achieved at collagen incorporated multiwalled carbon nanotubes modified GC
electrode and successfully applied to detect H2O2 (Zong et al. 2007a).

This chapter presents the recent development of nanobiopolymers-based electro-
chemical biosensors for a range of biomolecules detection and quantification. The
sensor fabrication strategies, biopolymer’s role in the sensor, and basic sensing
mechanisms are described. Particularly, this chapter covers the biopolymers
(i.e., chitosan, cellulose, alginate, and collagen) due to their widespread applications
in sensor development. In addition, the reported analytical parameters for these
analytes are summarized in Table 33.1. Also, this chapter encourages the readers
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Table 33.1 Analytical parameters of biopolymer-based electrochemical biosensors

Electrode Analyte
Linear range
(μM)

Detection
limit (nM) References

CP/CHIT-GQDs Epinephrine 0.36–380 0.3 Tashkhourian
et al. (2018)

SPCE/CHIT-MNs-
GR-PU

Epinephrine 0.1–0.6 14 Mattioli et al.
(2020)

ITO/CH-nY2O3/
anti-FQ/BSA

Norfloxacin 0.000001–10 0.00387 Yadav et al.
(2020)

GC/COL-
MWNTs/Hb

H2O2 0.6–30 130 Zong et al.
(2007a)

GC/GCSC-GO/
DA-aptamer

Dopamine 0.001–1 0.75 Wei et al.
(2019)

GC/ZrO2-COL/
Mb

H2O2 1–85 63 Zong et al.
(2007b)

SPCE/N-GQDs/
CHIT

Dopamine 1–200 145 Ben Aoun
(2017)

GC/MWCNT-
CHIT-ZrO2

Serotonin 0.8–5 0.6 Devnani et al.
(2015)

SPCE/CMC-
Mn3(PO4)2

O2
-. 0.057–2.95 8.47 Yun et al.

(2022)

GC/ERGO-CHIT/
Au/HRP

H2O2 10–6310 400 Devaraj et al.
(2020)

GC/3D-HPC/SA Catechol 0.05–150 30 Wei et al.
(2021)

LIG/CMC@TiO2/
Ag

Chloramphenicol 0.01–100 7 Chang et al.
(2022)

Au/PANI-c-
(CHIT-CNTs)-
GOD

Glucose 1000–20,000 100,000 Wan et al.
(2010)

GC/PEDOT/
AuNPs/CNCC

Ascorbic acid 0.88–15,000 290 Fan et al.
(2018)

Au/GO-CHIT/
PDH

Phenylalanine 0.5–15,000 416 Naghib et al.
(2014)

GC/CHIT-CDs/
DNA

N-
nitrosodiethanolamine

0.0096–0.4 9.6 Majumdar et al.
(2020)

SPCE/CHIT-Fc-
co-BPEI-Fc

Lactate 50–1500 172,000 Gan et al.
(2021)

GC/CHIT/Pd@Pt-
NC/GOD

Glucose 1000–6000 200 Krishnan et al.
(2017)

SPCE screen-printed carbon electrode, MNs magnetic nanoparticles, CHIT chitosan, GR graphite,
PU polyurethane, GC glassy carbon, COL collagen, Mb myoglobin, N-GQDs nitrogen-doped
graphene quantum dots, MWCNTs multiwalled carbon nanotubes, CMC carboxymethyl cellulose,
ERGO electrochemically reduced graphene oxide, HRP horseradish peroxidase, 3D-HPC three-
dimensional hierarchically porous carbon, SA sodium alginate, LIG laser-induced graphene, GOD
glucose oxidase, PANI polyaniline, PEDOT poly(3,4-ethylenedioxythiophene), AuNPs gold nano-
particles, CNCC nanocrystalline cellulose, PDH phenylalanine dehydrogenase, GO graphene
oxide, CD carbon dots, CHIT-Fc-co-BPEI-Fc chitosan-cografted-branched polyethylenimine
redox conjugates, NC nanocrystal
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to understand the importance of biopolymers in sensor devices and how to develop
and improve the sensors matrices to achieve higher sensing performances.

2 Type of Biopolymers

In general, biopolymers can be divided into three categories based on their origins:
plant-based biopolymers, animal-based biopolymers, and microbial-based biopoly-
mers. A list of biopolymers derived from different sources is given in Chart 33.1.
Plant-based biopolymers are categorized into proteins or polysaccharides and
reported to be multifunctional, nontoxic, abundant in nature, and low cost. On the
other hand, animals can produce a broad range of biopolymers as a substantial part of
their cellular and morphological related metabolic activities. Basically, the biopoly-
mers are produced from different parts of the cells (cytoplasm, cell wall, and
organelles) by enzymatic processes. The generated biopolymers are primarily
involved in the life cycle and support essential cellular and metabolic activities.
Further, microbes can produce a range of biopolymers (polyamides, polysaccha-
rides, polyphosphates, and polyesters) similar to animals to protect themselves from
the unfavorable environment.

Among the biopolymers listed in Chart 33.1, chitosan, cellulose, alginate, and
collagen have been extensively used to fabricate various electrochemical sensors,
and, thus, this chapter mainly focuses on them. The chemical structure of the targeted
polymers is given in the following Fig. 33.1. The polymers contain various active
functional groups such as OH, NH2, COOH, and C¼O and are beneficial for
attaching to biocatalysts or electrode materials via electrostatic, covalent, and hydro-
gen bonding interactions.

Chart 33.1 The categorization of biopolymers is based on their origin
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3 Strategies for Immobilization of Biocatalysts into
Biopolymers

As mentioned before, the biocatalysts immobilization methods are very important to
constructing a stable, sensitive, and efficient electrochemical biosensor. Because, the
immobilized biocatalysts are readily available to the substrate for the catalytic
reaction and achieve a higher turnover in a short period of time compared to the
biocatalysts solubilized in an aqueous medium. In addition, the immobilized
biocatalysts offer to reuse in a large scale processing which minimizes the produc-
tion costs. Basically, the biopolymers have several active functional groups and,
thus, once modified on the electrode surface, they deliver different forces such as
binding, bonding, and attraction to immobilize the biocatalysts. So far, several
methods have been reported in the literature and briefly summarized below. The
choice of the immobilization method primarily depends upon the nature of the
biocatalyst.

3.1 Adsorption

It is a facile approach to attaching the biocatalyst to an electrode surface by weak
adsorption forces such as hydrogen bonding, van der Waals interaction, as well as
ionic and hydrophobic interactions (Kalimuthu et al. 2016b). For instance, the nitrate
reductase was successfully adsorbed on the biopolymer chitosan modified glassy
carbon electrode (Kalimuthu et al. 2021b). The enzyme modified electrode showed a
pronounced catalytic response and retained 80% catalytic response after 3 months.
Nevertheless, sometimes, these weak interactions result in a high possibility of
leaking biocatalyst from the electrode surface. The desorption of biocatalysts is
associated with several factors such as electrolyte composition, pH, and ionic
strength of the analytical medium.

Fig. 33.1 Chemical structure of biopolymers
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3.2 Covalent Attachment

Covalent attachment of biocatalyst to the polymer modified electrode is a popular
method to construct a biosensor. Because, a strong bond formation takes place
between the biocatalyst and biopolymer which restricts the catalyst leak from the
electrode surface. Usually, the biocatalysts contain a range of amino acids (lysine,
arginine, histidine, and aspartic acid). The presence of NH2 or COOH group in the
amino acids are used to attach to the electrode surface. To initiate the attachment,
first, the COOH group is activated by multifunctional reagents such as carbodiimide,
N-hydroxy succinimide, etc. (Novick and Rozzell 2008), and then the COOH
activated biocatalyst is coupled to the NH2 group modified electrode through an
amide bond.

3.3 Cross-Linking

Similar to covalent attachment, cross-linking is also an efficient method to immobi-
lize the biocatalyst. Several cross-linking agents are used to immobilize enzymes,
including genipin, glutaraldehyde (GTA), ethylene glycol–based diglycidyl ethers,
epichlorohydrin, bisisocyanate, and bis-diazobenzidine (Kalimuthu et al. 2022;
Wong and Wong 1992). These cross-linkers contain active functional groups such
as hydroxy, methoxy, and aldehyde, and they covalently attach to the enzyme via the
amine group present in the amino acids. Among them, GTA has been extensively
used to immobilize several enzymes due to its low cost and effective cross-linking
efficiency. However, GTA is unsuitable for some enzymes (e.g., nitrilases) as a result
of its toxic effect (Sheldon 2007).

3.4 Encapsulation

It is one of the effective methods used to fabricate the enzyme-based biosensor. In
this strategy, the enzyme is covered and controlled from leaking by polymer
membrane walls, but the enzyme is allowed to move freely inside the membrane.
Basically, the membrane is semipermeable which allows the substrate and medi-
ator to enter the membrane to reach the enzyme for catalysis (Kalimuthu et al.
2015b, 2016a). In addition, there is no requirement for chemical activation of the
electrode surface to immobilize the enzyme and thus, enzyme activity remains
unchanged. Further, this method is highly suitable for immobilizing larger
biocatalysts, cells, and microorganisms. It is crucial to select the proper pore size
of the membrane to achieve an effective encapsulation. The routinely used
biopolymer-based membranes are chitosan, cellulose, alginate, and maltodextrin
(Kalimuthu et al. 2021b).
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3.5 Entrapment

In this method, a cross-linker, monomer, and enzyme are mixed together and cast on
an electrode surface (Sharma and Singh 2020). The resulting polymer or gel network
captures the enzyme and allows the substrate to pass through the membrane to react
with the enzyme. It leads to biosensors with good sensitivity and durability. The only
disadvantage of this method is that the cross-linking agent also cross-linked the
enzyme, thus affecting the enzyme activity by limiting the diffusion. Also, the
loading of the biocatalyst was reduced as a consequence of cross-linking.

4 Applications

4.1 Chitosan-Based Nanocomposite Electrodes

Chitosan (CHIT) is a versatile biopolymer used for many applications owing to its
active NH2 and OH functional groups, abundant nature, cost-effectiveness, good
mechanical stability, doping feasibility, good permeability, hydrophilicity, biode-
gradability, and nonimmunogenic properties (Kou et al. 2021). The molecular
weight of the CHIT determines its solubility. For instance, below 9 kDa is easily
soluble while >22 kDa is sparingly soluble in an aqueous medium. However, more
than 30 kDa is required to dissolve in an acidic medium (Ilyina et al. 2000). In
addition to solubility, all other physicochemical properties are varied while changing
the molecular weight of the CHIT. In terms of electrochemical sensor applications,
CHIT is effectively used as a binding agent for immobilizing receptors (enzymes,
antibodies, DNA, etc.) and nanomaterials (carbon- and metal-based nanomaterials)
due to its strong adhesion properties on a wide range of electrode surfaces
(Kalimuthu et al. 2017a, 2020, 2021a, b; Samadi Pakchin et al. 2018; Singh et al.
2013; Bhatnagar et al. 2018). The presence of NH2 and OH groups endows the
opportunity for attaching bioreceptors through electrostatics, covalent, and physical
interactions. Several cross-linking agents have been used for the covalent attachment
of bioreceptors on electrode surfaces, such as GTA, carbodiimides, glyoxal,
N-hydroxy succinimide, cyanuric chloride, and epichlorohydrin. However, these
agents are sometimes harmful to bioreceptors. On the other hand, the electrostatic
and physical entrapment techniques are most favorable due to there is no harmful
chemical modification of the bioreceptors. This section describes the fabrication of
CHIT embedded electrochemical biosensors.

Epinephrine (EP) is one of the vital neurotransmitters in the central nervous
system, and its abnormal concentrations cause adverse health effects on human
beings. For instance, a low level of EP leads to Parkinson’s disease, whereas a
high level affects the human body metabolism, immune system, and blood pressure.
Tashkhourian and coworkers used chitosan as a binding agent to immobilize the
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graphene quantum dots (GQDs) on carbon paste electrodes to detect EP
(Tashkhourian et al. 2018). The GQDs were strongly adsorbed on the electrode
surface due to effective electrostatic interaction between the positively charged NH3

+

at the chitosan polymer and negatively charged COO� at GQDs based on the
pH. The as-prepared electrode delivered an excellent analytical performance to EP
detection and achieved a linear range of 0.36–380 μM and a detection limit of
0.3 nM. The practical applicability of the optimized electrode examined the detec-
tion of EP in blood serum and EP containing injection samples. Another group
reported the construction of a disposable electrochemical sensor for EP based on
CHIT-coated magnetite (Fe3O4) nanoparticles modified graphite-polyurethane com-
posites (CHIT-MNPs-GR-PU) (Mattioli et al. 2020). The constructed CHIT-MNPs-
GR-PU modified SPCE showed a better catalytic performance than the CHIT-free
composite. The CHIT coating on MNPs is expected to protect MNPs from aerobic
and electrochemical oxidation at the operating potentials and achieve a better
catalytic response. Further, the composite modified electrode showed a linear
range and detection limit of 0.3–0.6 μM and 14 nM, respectively. Furthermore, the
practical application of the sensor was demonstrated to detect EP in synthetic
cerebrospinal fluids and synthetic urine samples. Also, the sensor exhibited long-
term stability and found that only 4% catalytic response declined after 5 months of
storage. In contrast, the catalytic response was decreased by 23% in the same period
of time at CHIT-free composite electrode and it indicates the CHIT provides
significant stability for the composite film.

Carcinoembryonic antigen (CEA) is considered one of the critical clinical tumor
markers, and, therefore, the detection of CEA plays a vital role in clinical and
biomedical research. In order to detect the CEA, Li et al. constructed an electro-
chemical immunosensor using a composite prepared with thiol functionalized CHIT
(T-CHIT), thiol functionalized graphene (T-Gr), and AuNPs at the GC electrode
(Li et al. 2015). The presence of thiol groups at graphene and CHIT endow to form a
very stable film with AuNPs through the Au-S covalent bond. Then the GC/T-CHIT-
AuNPs-T-Gr electrode was incubated in anti-CEA for 6 h at 4 �C. To avoid any
nonspecific adsorption, bovine serum albumin (BSA) was added to the GC/T-CHIT-
AuNPs-T-Gr/anti-CEA electrode to block any free active sites. The morphology of
the composite film was examined by SEM, and it revealed that the composite
appeared to be a 3D structure with a porous surface which is highly suitable for
biomacromolecules adsorption. The optimized sensor yielded two linear ranges,
such as 0.3–8.0 ng mL�1 and 8.0–100 ng mL�1 and a detection limit of
0.03 ng mL�1. The longevity of the immunosensor was investigated and found
that the sensor response decreased by 5.4% after 30 days. In another report, CHIT
was used to immobilize the glucose oxidase (GOD) at graphene aerogel (GA), and
Prussian blue (PB) modified SPCE (Hu et al. 2022). The developed electrode was
successfully applied to detect glucose concentrations in the range of
0.5–6.0 mmol L�1 with a detection limit of 0.15 mmol L�1. In terms of practical
applicability, the optimized sensor was demonstrated to quantify glucose in blood
serum samples.
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Progesterone (PG) is a steroid hormone that regulates reproductive systems in
humans, and its detection is crucially essential (Filicori 2015). An aptasensor was
constructed to detect the PG with gold nanocubes (AuNCs), CHIT, hydroxyethyl
cellulose (HEC), and DNA aptamer (Velayudham et al. 2021). The construction of
the aptasensor is as follows. Firstly, the CHIT and HEC were blended as a gel by a
free radical polymerization reaction. Then, the PG-specific aptamer (PGApt) was
functionalized with –SH group and attached to AuNCs surface, and the resulting
PGApt-AuNCs were combined with CHIT-HEC gel and coated on an Au electrode.
The aptamer modified sensor delivered excellent activity toward the detection of
PG. Moreover, prostate cancer is a life-threatening disease for men. Therefore, the
early diagnosis of prostate cancer is very important. Soares et al. developed an
impedance-based electrochemical biosensor for prostate cancer by detecting PCA3
biomarkers (Soares et al. 2019). In order to fabricate the biosensor, an amine-
terminated prostate-specific PCA3-containing single-stranded DNA probe
(TTTTTTCCCAGGGATCTCTGTGCTTCC) was loaded on the interdigitated Au
electrode surface by a layer-by-layer approach with CHIT and MWCNT. The
developed sensor delivered an excellent sensing performance toward PCA3
biomarkers.

N-nitrosamines are potential carcinogenic substances. Therefore, Majumdar and
coworkers developed an electrochemical biosensor for N-nitrosodimethylamine
(NDMA) and N-nitrosodiethanolamine (NDEA) based on DNA-carbon dots
(Majumdar et al. 2020). The sensor fabrication protocol is given in Fig. 33.2. Firstly,
the CHIT-carbon dot composite was prepared and then coated on the GC electrode
by the drop coating method. Subsequently, the DNA probe was coated on the GC/
CHIT-carbon dot electrode. Finally, the target analytes (NDMA or NDEA) were
attached to the DNA probe, and the resulting electrode was examined by differential

Fig. 33.2 Fabrication of GC/CHIT-carbon dots-DNA electrode for N-nitrosamines detection
(Majumdar et al. 2020)
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pulse voltammetry (DPV). The oxidation current responses were substantially
increased upon increasing substrate concentrations.

Further, Gan et al. developed a mediated enzymatic biosensor based on ferrocene
attached CHIT (CHIT-Fc) modified electrode (Gan et al. 2021). It was found that the
developed CHIT-Fc is soluble at lower pH (2.5–3.5). But this pH is not suitable for
enzyme catalytic reactions, because most of the enzyme catalytic reactions occur at
neutral pH. To resolve this issue, ferrocene integrated branched polyethyleneimine
(BPEI-Fc) was prepared, which is soluble at higher pH (8.0–9.0). Then the BPEI-Fc
was co-grafted with CHIT-Fc. The resulting co-grafted redox couple (CHIT-Fc-co-
BPEI-Fc) is soluble at neutral pH. These co-grafted redox couples have amine
groups and are thus attached with amine residues of target enzymes through GTA
cross-linkage. Authors used this technique to develop glucose and lactose biosensors
with GOD and lactate oxidase (LO) as catalysts. The optimized enzymatic sensors
exhibited a detection limit of 0.047 and 0.172 mM for glucose and lactose,
respectively.

1-ethyl-6-fluoro-1,4-dihydro-4-oxo-7-(piperazine-1-yl) quinolone-3-carboxylic
acid is also known as norfloxacin (NF) and is used as an antibiotic to treat various
bacterial related infections. However, the extensive use of NF causes several side
effects such as heartburn, rectal pain, stomach cramps, etc. A rare earth metal oxide,
yttrium oxide (Y2O)-based immunosensor was reported to quantify NF (Yadav et al.
2020). In order to construct a sensor, a nanostructured Y2O (nY2O) was developed
by a one-step hydrothermal strategy. Then, the CHIT was added to the nY2O to
improve biocompatibility. Followingly, the fluoroquinolones antibodies (anti-FQ)
were attached to the CHIT-nY2O composite via EDC þ NHS covalent coupling. For
the attachment, the COOH groups of anti-FQ were activated by EDC þ NHS
reaction and then attached to –NH2 groups of CHIT through an amide bond. The
developed composite was immobilized on an indium tin oxide (ITO) electrode and
used as an electrochemical immunosensor. Further, BSA was included on the
electrode surface to avoid any nonspecific binding. The optimized sensor showed
remarkable sensing performance toward NF and achieved a linear range of
1 pM–10 μM and a detection limit of 3.87 pM.

A hydrogel-based enzymatic glucose biosensor was reported, and the hydrogel
was developed by the combination of CHIT and CeO2/MnO2 hollow nanosphere.
These materials were linked via a covalent linkage through the formation of an
amide bond between the amine group of CHIT and COOH groups of CeO2/MnO2

(Liang et al. 2020). Then, GOD was attached to the composite through the strong
electrostatic interaction with the CeO2/MnO2. The optimized sensor showed out-
standing performance in glucose detection and attained a broad linear range
(1–111 mM) and higher sensitivity (176 μA mM) with the continuous working
ability for more than 30 days. Further, a bimetallic (Pd@Pt)-based enzymatic
biosensor was reported for glucose detection. The GOD was attached with CHIT
through a covalent linkage and then incorporated into the Pd@Pt nanocube
(Krishnan et al. 2017). It is envisaged that the CHIT renders biocompatibility and
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improves the stability of GOD, whereas Pd@Pt facilitates an electron transfer
reaction. Interestingly, the direct electron transfer of GOD was achieved at the
CHIT-Pd@Pt composite modified GC electrode. The fabricated sensor exhibited a
linear range and sensitivity of 1–6 mM and 6.82 μA cm�2 mM�1, respectively, for
glucose detection. Further, no significant response to interfering substances such as
ascorbic acid (AA), citric acid, and lactic acid was observed.

An amperometric biosensor for glucose was reported based on PANI and CHIT-
coupled carbon nanotubes (CHIT-CNTs) modified Au electrode (Wan et al. 2010).
The fabrication of the GOD-based glucose sensor was schematically shown in
Fig. 33.3a. Firstly, the CHIT-CNTs were prepared by attaching CHIT with CNTs.
Subsequently, the self-assembled monolayer of 4-aminobenzenethiol (ABT) was
fabricated on the Au electrode surface, and then PANI coated on Au/ABT by a
chemical oxidative graft polymerization strategy using an oxidizer (NH4)2S2O8.
Followingly, the CHIT-CNTs were attached to Au/ABT/PANI electrode by GTA
bifunctional cross-linker via an amide bond formation between free amine groups of
polymers (PANI and CHIT) and aldehyde group of GTA. Finally, GOD was attached
to the Au/ABT/PANI-CNTs-CHIT electrode by 1,4-carbonyldiimidazole (CDI)
through covalent attachment. The as-prepared GOD modified polymer composite
electrode was applied to detect glucose by the amperometric technique. Figure 33.3b
represents the amperometric i/t curves for the increment of glucose concentration by
an applied potential of 0.5 V vs. Ag/AgCl. As you can see, the PANI attached sensor
electrode delivered a better catalytic response compared to the PANI-free sensor
electrode. Further, the optimized composite sensor electrode (Au/ABT/PANI-CNTs-
CHIT-GOD) yielded a linear range and sensitivity of 1–20mM and 21 μA/(mM cm2),
respectively, toward glucose detection and retained the catalytic response of more
than 80% after 2 months.

Fig. 33.3 (a) Schematic diagram for the construction of the Au/ABT/PANI-CNTs-CHIT-GOD
electrode and (b) amperometric i/t curves of the (a) Au/ABT/PANI-CNTs-CHIT-GOD and (b)
Au/ABT/CNTs-CHIT-GOD electrodes (Wan et al. 2010)
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4.2 Cellulose-Based Nanocomposite Electrodes

Cellulose is a polysaccharide found in the cell wall of green plants, and the polymer
chain is connected with β-D-glucose units. Cellulose is converted into nano-
celluloses (NCs) via acid hydrolysis to improve the physicochemical properties.
The converted NCs exhibit remarkable characteristics, including excellent biode-
gradability, high surface area, high porosity and strength, good mechanical proper-
ties, low density, and no toxicity (Kamel and Khattab 2020). Further, the presence of
hydroxyl groups are advantageous for attaching NCs to various biocatalysts at
different electrode surfaces.

NCs are classified into three types such as cellulose nanocrystals (CNC), cellulose
nanofibrils, and bacterial cellulose, according to their morphology (Thomas et al.
2018; Tan et al. 2019). Further, the CNC contains four different polymorphs
(crystalline structure) denoted as cellulose I, cellulose II, cellulose III, and cellulose
IV based on their cellulose chain orientations (Gong et al. 2018). Each one has
different properties and behavior due to different physical and chemical structures.
To examine the crystalline structure–based catalytic behavior of CNC, Dortez and
coworkers constructed the electrochemical biosensors with cellulose I (CNC-I) and
cellulose II (CNC-II) and compared their catalytic behaviors (Dortez et al. 2022). In
order to develop the biosensors, CNCs were incorporated into single-walled carbon
nanotubes (SWCNTs) and coated on SPCE. The morphology characterization tech-
niques revealed that CNC-I has appeared as a sharp and straight needle with a
mesoporous structure, while CNC-2 existed as a shorter and twisted rod with a
macroporous structure. Further, CNCs modified electrodes were characterized by
electrochemical methods. SPCE/SWCNTs-CNC-I (177 mV) showed marginally
better reversibility toward Fe(CN)6

4�/Fe(CN)6
3� redox couple compared to SPCE/

SWCNTs-CNC-II (184 mV). However, SPCE/SWCNTs-CNC-II (0.177 cm2) has
exhibited a higher active surface area than SPCE/SWCNTs-CNC-II (0.163 cm2).

The constructed electrodes were applied to detect the crucial metabolites simul-
taneously, such as uric acid, dopamine, and tyrosine. The SPCE/SWCNTs-CNC-II
has yielded a slightly better catalytic response than SPCE/SWCNTs-CNC-I. Further,
the sensors were used to detect inflammatory disease biomarker protein, alpha-1-acid
glycoprotein (AGP), and it was tagged with electroactive redox compound Os(VI)
O2(OH)2-TEMED (potassium osmate [VI] dihydrate, N,N,N0,N0-tetra-
methylenediamine). It was found that the SPCE/SWCNTs-CNC-II showed a signif-
icantly better catalytic response than SPCE/SWCNTs-CNC-I. The observed higher
catalytic response at SPCE/SWCNTs-CNC-II indicated the macroporous nature of
CNC-II allows loading of a higher amount of macromolecules AGP, whereas the
mesoporous structure of CNC-I limits the loading of AGP.

Reactive oxygen species (ROS) such as superoxide anion O2
.�, hydroxyl radical

(OH∙), hydroxyl ion (OH�), hydroxyl radical (∙OH), and hydrogen peroxide (H2O2)
are produced during aerobic metabolism and cause damage to proteins, lipids, and
DNA (Schieber and Chandel 2014). On the other hand, they also act as signaling
molecules to regulate some important physiological processes (Finkel 2011). How-
ever, these highly active species possess a very short half-life which restricts their
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monitoring in real time. An electrochemical sensor was developed to quantify the
ROS released from the cells. In order to develop the electrochemical sensor,
Mn3(PO4)2 was utilized as a catalyst and showed an efficient catalytic response to
the dismutation of O2

∙� (Yun et al. 2022). Further, the biocompatible carboxymethyl
cellulose (CMC) is incorporated into the Mn3(PO4)2 due to favor the attachment of
living cells. To induce the release of ROS from the living cells, the nonsteroid
mycotoxin, Zearalenone (ZEA) was employed. The CMC-Mn3(PO4)2 composite
slurry was prepared by simple mixing and coated on an SPCE, and cured at room
temperature. The resulting electrode was characterized by cyclic voltammetry and
found that the electrode shows a well-defined redox peak around 0.5 V, regarded as
the redox reaction of Mn2+/Mn3+. Upon introduction of O2

∙�, both oxidation and
reduction peaks current amplified as a result of oxidation and reduction reaction of
O2

∙�. It is expected that during the oxidation process, MnO2 and H2O2 are generated
by the oxidation of Mn2+ by O2

∙� while Mn2+ and O2 are produced by the reduction
of MnO2 by O2

∙� (Luo et al. 2009). The electrode performance toward the oxidation
of O2

∙� was examined by chronoamperometric technique. The catalytic current
steadily increased from 57.50 nM to 2.95 μM toward O2

.� concentrations and
achieved a detection limit of 8.47 nM. To demonstrate the practical applicability
of the developed sensor, O2

∙� was detected from IPEC-J2 cells. The O2
∙� catalytic

oxidation current increased substantially upon the addition of ZEA into the testing
buffer solution due to the ZEA-triggered release of O2

∙� from the IPEC-J2 cells.
Chloramphenicol (CAP) is a potent antibiotic substance and is used for food

processing and aquaculture production (Dong et al. 2020). However, the consump-
tion of CAP causes serious illnesses such as grey baby syndrome, leukemia, and
aplastic anemia in humans and animals (Duan et al. 2017). Chang et al. constructed
an electrochemical sensor to quantify CAP by the integration of semiconductor TiO2

nanoparticles (TiO2 NPs), CMC, and silver nanoparticles (AgNPs) on laser-induced
graphene (LIG) (Chang et al. 2022). The sensor fabrication process is schematically
illustrated in Fig. 33.4. Firstly, AgNPs were prepared under 60 �C, and then
CMC-TiO2 composite was developed by simple mixing of CMC and TiO2 NPs.
Then, the resulting CMC-TiO2 composite was coated on LIG surface and dried
under an infrared lamp, and, subsequently, AgNPs dispersed on LIG/CMC-TiO2

to improve the conductivity. The authors mentioned that the presence of –OH and –
COOH functional groups in CMC facilitate the adsorption of TiO2, AgNPs, and
CAP. The optimized sensor was applied to detect CAP, and it showed a quasi-
reversible redox wave at 12 mV vs. Ag/AgCl in addition to the irreversible reduction
wave at�67 mV for CAP. Further, a linear range and detection limit of 0.01–100 μM
and 0.007 μM, respectively, were achieved at the LIG/CMC-TiO2/AgNPs electrode.
Moreover, the developed electrode was demonstrated to quantify CAP in natural
water samples.

The detection of DNA bases such as adenine, thymine, guanine, and cytosine is
most important for clinical and medical applications because genetic information is
encoded through these bases by DNA (Wei et al. 2010). Ortolani et al. designed an
electrochemical biosensor to quantify adenine and guanine by the combination of
single-walled carbon nanohorns (SWCNH) and nanocellulose (NC) (Ortolani et al.
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2019). The NC was derived from sugarcane bagasse. The fabricated sensor showed
an excellent catalytic response toward the detection of adenine and guanine. The
linear range was found to be 7.4 � 10�7–6.4 � 10�6 mol L�1 and from 7.4 � 10�6

to 2.1 � 10�4 mol L�1 with a detection limit of 1.7 � 10�7 mol L�1 and 1.4 �
10�6 mol L�1, for guanine and adenine, respectively.

4.3 Alginate-Based Nanocomposite Electrodes

Alginate is a linear polyanionic polysaccharide obtained naturally from brown
marine algae and bacteria. The chemical structure of alginate consists of
L-guluronic acid and β-1,4-linked D-mannuronic acid units and includes four
carboxylic and hydroxy groups (Fig. 33.1). These active functional groups afford
to construct different types of bioactive and electrochemically active nanomaterials
(Teng et al. 2021). The formation and stability of alginate gel are highly sensitive to
the binding efficiency of the metal ions and other materials, and it endows opportu-
nities to apply in many applications.

An electrochemical immunosensor was reported to detect a tumor biomarker,
neuron-specific enolase (NSE), and the sensor probe was designed by combining
alginate hydrogel, silica oxide nanoparticles (SiO2-NPs), GOD, MWCNTs, and
NSE-specific antibody (NSE-Ab) on the GC electrode surface (Yin and Ma 2019).

Fig. 33.4 Schematic illustration for the fabrication of LIG/CMC@TiO2/AgNPs electrode (Chang
et al. 2022)
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The incorporation of MWCNTs in the probe can facilitate the electrical conductivity
of the composite. For the sensor fabrication, firstly, MWCNTs were coated on the
GC electrode and on top of that Fe3+-alginate hydrogel was deposited. Then, the
positively charged Fe3+ ion is electrostatically attached to the alginate hydrogel
through the negatively charged COOH group of alginate. The sensing strategy is
designed based on the stability of Fe3+-alginate hydrogel. It was found that trivalent
Fe3+ is strongly attached to alginate compared to divalent Fe2+. Therefore, the
conversion of Fe3+ to Fe2+ is triggered while reacting with H2O2, which is produced
by the enzymatic conversion of glucose into gluconic acid and H2O2. It leads to
destroy the hydrogel due to weak interaction between Fe2+ and alginate. Basically,
the Fe3+-hydrogel is nonconductive and thus hydrogel-coated GC electrode shows
high resistance. However, in contrast, once the hydrogel is destroyed, then the
resistivity of the electrode decreases. The resistivity changes were examined by
the redox activities of a well-known redox probe [Fe(CN)6]

3�/4�. The destruction of
Fe3+-alginate hydrogel can be controlled by the addition of NSE, and, therefore, the
accurate quantification of NSE is possible by this immunosensor. The same meth-
odology was used to construct an electrochemical sensor to release the DNA, but a
GOD-mimicking nanozyme was employed instead of GOD (Roquero et al. 2020).
The sensor electrode fabrication and sensing mechanism are schematically shown in
Fig. 33.5. DNAwas labeled with a fluorescent dye (DNA-FAM) to detect the DNA
release from Fe3+-alginate hydrogel. The film fabrication was attained by the
electrochemical deposition of DNA-FAM attached Fe3+-alginate hydrogel on a
graphite electrode. The hydrogel film was protected by polyethylenimine (PEI)
where alginate was covalently attached to PEI through an amide bond formed
between the NH2 group of PEI and the COOH group of alginate by carbodiimide
coupling reactant EDC.

Fig. 33.5 Schematic illustration for the enzyme triggered release of DNA-FD from the Fe3+cross-
linked alginate hydrogel (Roquero et al. 2020)
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In another report, alginate hydrogel was developed with Ca2+ to detect the tumor
biomarker prostate-specific antigen (PSA) by impedimetric immunosensors (Zhao
et al. 2019). The sensor fabrication strategy is shown in Fig. 33.6. The sensor
construction starts with the electrochemical deposition of AuNPs on the GC elec-
trode and, followingly, PSA-specific antibodies (PS-Ab1) attached to AuNPs. Then
the immuno-probe CaCO3 microspheres with a size of 900 nm to 1 μm were
incorporated into the AuNPs modified electrode. The conductivity of the modified
electrodes was examined with a redox probe [Fe(CN)6]

3�/4� and found that AuNPs
deposited electrode showed a higher conductivity as expected. The electrode resis-
tivity was increased upon coating of aptamer-1 (Ab1), aptamer-2 (Ab2), BSA, and
CaCO3. The resistivity of the electrode further significantly increased while incu-
bating into the SA buffer due to the formation of a hydrogel. It was mentioned that
the CaCO3 dissolved under an acidic environment and released the Ca2+, which
coordinated with negatively charged alginate and formed insoluble hydrogel on the
electrode surface and thereby reducing the electrode conductivity.

The isomers of dihydroxybenzene, such as catechol (CC), hydroquinone (HQ),
and resorcinol (RC), are used in the preparation of antioxidants, cosmetics, and
pesticides (Suresh et al. 2012). However, the US Environmental Protection Agency
(EPA) is considered them as environmental pollutants due to their toxicological

Fig. 33.6 Fabrication of Ca2+-triggered pH response sodium alginate hydrogel to develop
sandwich-type impedimetric immunosensor of PSA (Zhao et al. 2019)
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effect. Wei et al. developed an electrochemical sensor based on 3D hierarchically
porous carbon derived from sodium alginate (referred to as SA-900) to detect them
(Wei et al. 2021). The porous carbon was prepared by a facile carbonization strategy.
During the process, sodium alginate converts into sodium carbonate at 500–650 �C.
Further, the sodium carbonate decomposed into different products such as Na2CO3,
Na2O, and CO2. The CO2 further reacts with C to form CO (CO2 þ C ¼ 2CO),
thereby producing a porous structure. In order to develop an electrochemical sensor,
the resulting porous carbon was coated on the GC electrode by the drop coating
method. The GC/SA-900 electrode exhibited a well-pronounced catalytic response
toward CC, HQ, and RC, and the oxidation peaks are well distinguished upon
addition together. On the other hand, the bare GC electrode showed a weak oxidation
response for them and also failed to separate CC and HQ oxidation peaks. The
authors mentioned the observed outstanding catalytic performances due to the high
conductivity, large active surface area, and porous structure of SA-900. These results
imply that the GC/SA-900 electrode is suitable for the simultaneous determination of
CC, HQ, and RC. The practical applicability of the GC/SA-900 electrode was also
demonstrated to detect them in natural water samples.

4.4 Collagen-Based Nanocomposite Electrodes

Collagen (COL) is a type of protein composed of amino acids: proline, glycine, and
hydroxyproline, and possesses a triple-helix structure (Zhao et al. 2021). COL is
found in the bone and skin tissues and plays many cellular processes. COL is
extensively used to make composite biomaterial due to its biocompatibility and
low antigenicity (Izu et al. 2021). Further, COL is used to immobilize various
proteins for different applications due to its favorable hydrophilicity and biocom-
patibility. For instance, grafted collagen (COL) was used to immobilize the hemo-
globin (Hb) on the GC electrode surface (Zong et al. 2007a). To improve the
conductivity of the COL modified electrode, MWCNTs were incorporated into the
matrix. The resulting COL-MWCNTs-Hb electrode exhibited a pronounced electro-
chemical response for Hb and found a well-defined redox peak at �360 mV vs SCE
for Hb containing heme redox couple (FeIII/II). The scan rate–dependent experiment
revealed that Hb strongly adsorbed on the COL-MWNTs matrix. Further, the heme
one-electron redox process was confirmed from the pH dependence experiments,
and it shows �52.1 mV/pH. The optimized electrode was successfully used to
reduce H2O2 at physiological pH. Further, the electrode retained its stability up to
80% after 2 weeks.

Very recently, Hu et al. reported the 3D electrochemical biosensor to monitor
reactive oxygen species (ROS) which were released from microglia cells (Hu et al.
2021). For the fabrication of the sensor, COL hydrogel was integrated into the
platinum nanoparticles (PtNPs) modified graphene foam (GF). To improve the
sensor stability, poly(3,4-ethylenedioxythiophene) (PEDOT) coated on GF/PtNPs
electrode. The overall sensor fabrication process is given in Fig. 33.7. The PtNPs
were electrochemically deposited on GF. BV2 cells were used to develop a model

33 Nanobiopolymers-Based Electrodes in Biomolecular Screening and Analysis 735



system. To achieve cells proliferation, BV2 cells were dispersed in COL solution and
coated on GF/PtNPs/PEDOT electrode. The BV2 cells modified electrode incubated
for 84 h to acquire cell growth. A laser scanning confocal microscopy (LSCM) study
revealed that cell growth was distributed all over the interspace of the COL polymer.
Further, the release of ROS was examined by chronoamperometric technique and
found that the current spike was apparent at different time intervals due to the
consumption of the diffused ROS species from the 3D collagen network. However,
no such current spike was noted while avoiding the BV2 cells in the matrix. Based
on the calibration curve, the concentration of ROS was estimated to be 90 nM.

The use of COL from mammalian sources (pig and calf) is questionable due to the
possibility of transmitting avian influenza and bovine spongiform encephalopathy
(Zeng et al. 2009). However, according to biosafety protocol, the COL derived from
fish sources is safe. Therefore, Wei et al. used a grass carp skin COL (GCSC) for the
development of an aptasensor for neurotransmitter detection. The GCSC integrated
graphene oxide (GO) composite was used to attach an aptamer to detect dopamine
(DA) (Wei et al. 2019). Firstly, the GCSC was mixed with GO by ultrasonication,
and then DA-aptamer (50-GTCTCTGTG TGCGCCAGAGAACACTGGGGCAGA-
TATGGGCCAGCACAGAATGAGGCCC-30) was attached with COL through a
simple drop coating strategy. The DA-aptamer is strongly adsorbed to the triple-
helical structure of GCSC by possible π-π stacking and hydrogen bonding interac-
tions. The optimized sensor showed a remarkable catalytic response to DA quanti-
fication and achieved a linear range and detection limit of 1–1000 nM and 0.75 nM,
respectively. The selectivity of the sensor was examined with the potential interfer-
ences such as ascorbic acid (AA), tyramine (TA), homovanillic acid (HVA), and
3,4-dihydroxyphenylalanine (DOPA) and the electrode shows negligible catalytic
response for them.

5 Conclusions

This chapter presents an overview of the various strategies employed for developing
biopolymers-based electrochemical biosensors. It is evidenced that biopolymers
have contributed tremendously to the construction of electrochemical biosensors

Fig. 33.7 Fabrication of the collagen hydrogel integrated 3D GF/PtNPs/PEDOT sensor (Hu et al.
2021)
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for a broad range of biomedical applications. The biopolymers-based nanocomposite
electrode materials act as the best substitute for traditional nonbiodegradable sensing
materials due to their biocompatibility, biodegradability, long-term stability, sensi-
tivity, selectivity, and cost-effectiveness. Importantly, the biopolymers containing
functional groups (NH2, COOH, OH, and CO) are readily modified based on our
requirements and used to attach biocatalyst or electrode materials through covalent,
electrostatic, and hydrogen bonding interactions to construct reliable biosensors.
Among the biopolymers, here electrochemical sensing applications of chitosan,
cellulose, alginate, and collagen due to their widespread usage in sensor fabrication
are described. Further, it outlines the utilization of the physicochemical behavior of
biopolymers for sensing applications and corresponding fundamental sensing mech-
anisms. Overall, cyclic voltammetry and amperometric techniques were used for
enzyme-based sensors, whereas electrochemical impedance spectroscopy was
employed for immunosensors. Mostly, the biocatalyst is attached to biopolymers
by covalent and cross-linking strategies, but entrapment and adsorption are also
often employed. This appeals biopolymers are considered promising materials for
the development of various biosensors.
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Abstract

Nanobiomaterials have been dramatically involved in human health care since the
past decades. The development of these nanobiomaterials has enabled researchers
to monitor the progression of newly emerged diseases in highly complex human
systems through several biomarkers, electrolytes, and metabolites in human
secretions. In this chapter, recent development in this field including the impor-
tance of some bionanomaterials for human health care has been summarized. Our
speculation for the future perspective of using nanobiomaterials for human
healthcare has also been discussed.

Keywords

Carbon nanomaterials · Metallic nanomaterials · Lab-on-a-chip · Lipoproteins ·
Nanobiomaterials · Oligonucleotide-based nanobiomaterials · Peptide
nanoparticles · Perovskite quantum dots · Quantum dots · Silica nanomaterials ·
Wearable sensors

1 Introduction

Medical technologies regarding human health care have been developed dramati-
cally over the past decades aiming for both acceptable quality and affordable cost.
However, due to the complexity of human systems as well as the newly emerged
diseases, health care becomes more complicated in the present. Thus, new
approaches to specifically target the roots of each disease and to develop new
drugs including other medical devices are required.

The scale of health care therapies is now reducing to nanoscale as this technology
provides many promising opportunities based on its unique physicochemical prop-
erties (Daima and Bansal 2015; El Haj 2020). In particular, nanobiomaterials can be
easily modified to mimic biological environmental properties of human systems
leading to high biocompatibility with varieties of applications. Examples of such are
drug delivery, biosensors, real-time disease monitoring, bioimaging, and tissue
engineering (Di Marzio et al. 2020; Ni et al. 2020; Puttaswamy et al. 2020;
Raveendran et al. 2020; Sha et al. 2020; Shah et al. 2020; Wang et al. 2017,
2020b; Witika et al. 2020; Zuo et al. 2020).

In this chapter, several types of nanobiomaterials are introduced. We also describe
recent advances of nanobiomaterials to elevate human’s quality of life, which
include Lab-on-a-chip, diagnostics, and wearable sensors. At the end of this chapter,
the advantages and disadvantages including the future perspective of using
bionanomaterials in human health care are discussed.
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2 Types of Nanobiomaterials

Nanotechnology has diversified applications in almost every sector of science. With
the emergence of the use of nanomaterials in biology, several terms emerged.
Includes, nanobiotechnology, bionanotechnology, and nanobiology terms used to
express the use of nano-sized materials in biological applications. For better under-
standing, this section has been divided into two main sections describing Present and
Future nanobiomaterials highlighting the status of the different materials applied to
end application in human health care.

2.1 Present Nanobiomaterials

2.1.1 Metallic Nanomaterials
Metallic nanoparticles (NPs) are the first kind to be used for sensing and diagnostic
applications. Au, Ag, and Pt are extensively used for developing sensor and their
applications. As metallic NPs can be molded into shapes such as spherical, rods,
shells, and cages emitting their unique properties (Huang and El-Sayed 2010). This
holds the advantage with several techniques to sense many biomaterials. Several
noble metallic NPs have been reported. Their promising properties relies on their
tunable optical properties, which include Surface Plasmon absorption and scattering
as well as fluorescence. All of these achieved by tuning size, shape, and composition
of the metallic NPs (Jain et al. 2006; Lee and El-Sayed 2005). Among the reported
noble metallic NPs, AuNPs were the first NPs and are extensively used in lateral flow
immunoassays (LFA) (Blanco-Covián et al. 2017). They have been widely used in
biomedical applications as they can be synthesized easily and have good biocom-
patibility. One example of AuNPs with unique and interesting properties is gold
nanoshell, which can improve a contrast in optical coherence tomography (OCT).
Thereby, a previous report attempted to utilize this gold nanoshell in combination
with near IR (NIR) photothermal ablation for both tumor diagnostic and therapy dual
application (Gobin et al. 2007).

2.1.2 Silica Nanomaterials
Silica NPs are one of the most used probes, mainly used in fluorescence-related
assays. The shape can contribute to their photophysical properties. Different types of
silica-based NPs are synthesized such as monoliths, fibers, rod-like particles, tubes,
solid and hollow nanospheres, and mesoporous NPs (Jafelicci et al. 1999; Miyaji
et al. 1999; Lai et al. 2011; Jafari et al. 2019). Silica is a versatile nontoxic material.
Unlike other NPs, these are extensively used to phase transfer the material from
non-aqueous to aqueous by silica polymers even at the expenditure of the size of the
particle. The physicochemical property of the material can be changed. The devel-
opment of silica NPs coated with Fe2O3, CdSe quantum dots (QDs), and AuNPs
have been previously reported with their use in novel MRI and optical image
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contrasting agents for living cell imaging (Gerion et al. 2001; Selvan et al. 2007;
Bottini et al. 2007). Applications related to the materials have been discussed in the
following section.

2.1.3 Quantum Dots
Colloidal QDs possess highlighted photophysical properties for biosensing and
diagnostic applications beyond many other NPs. QDs become beneficial as com-
pared to bulk particles due to their quantum confinement effects from material
compositions and dimensionality (Chandan et al. 2018). Size-tunable photophysical
and optical properties with broad absorption and narrow emission makes it a wonder
material (Chandan and Geetha 2013; Chandan et al. 2014). This is evident in its use
in photovoltaics, biosensors, and light-emitting diodes (LEDs) (Kusuma et al. 2019;
Ravikumar et al. 2019, 2020). They are mainly composed of chalcogenides such as
CdS, CdSe, CdTe, ZnS, ZnSe, etc. The property and stability can be enhanced by
encapsulating with a thin layer of inorganic shell with a wider bandgap. Such
encapsulation tends to increase the electron carrier mobility with stability and
photoluminescence quantum yields (PLQY), which are more suitable for biosensors
and bioimaging applications. The surface phenomenon plays a major role. The
surface can be covalently or electrostatically modified with biochemical analogs
and biomaterials making specific and selective probes. The emission range of QDs
varies from UV region to NIR region depending on the type of the QDs. The only
drawback that held back this material is its stability in various environments. They
tend to agglomerate at higher pH making them susceptible to use in vivo, where
various pH conditions are present. Still, contribution by this material is huge in
different end applications.

2.2 Future Materials

2.2.1 Carbon Nanomaterials
Even though carbon material has been used much earlier to metallic NPs, this section
of material cannot be considered present or future. Carbon nanomaterials will still be
used, and it is a past, present, and future wonder material in biosensing and electronic
application. Carbon was the first material to be used in electrochemical sensors after
metallic NPs. With continuous progress in nanotechnology, carbon materials have
reached from bulk macroscopic size to nanoscale. Different types of nanoscale
allotropes of carbon have been discovered which varied from zero- to three-
Dimensional structures and been applied in different to almost all fields such as
electronics(Baughman et al. 2002), energy storage, conversion (Kusuma et al. 2018),
display (Liu et al. 2012), and biological and chemical sensor (Ravikumar et al.
2019). Various allotropes include graphene oxide, graphene, carbon nanotubes,
Buckyballs, and nano-ribbons (Kusuma et al. 2018). Graphene and its related
allotropes have been extensively used in biosensing applications due to their unique
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electro-optical and physicochemical properties. Electrical conductivity is high as
metal, with uninterrupted electron mobility makes them suitable for electrochemical
and biochemical sensors. When carbon materials are further cut below 10 nm, their
characteristic changes. Sub 5 nm-sized carbon particles tend to mimic quantum dots.
Unlike sp3 hybridized carbon materials, they are sp2 hybridized. Even though there
are bare fluorescent carbon QDs and graphene QDs, which without any functional
group on the surface, fluorescent carbon nanodots with an irregular shape,
containing functional groups on the surface, and highly water-soluble are also
reported (Liu et al. 2019).

The important property of the carbon nanomaterial is their nontoxicity and
stability in various environments. The synthesis source can be varied from the
CO2 from the air to food waste and plant residue, which are a rich source of carbon.
Synthesis of these materials was rather easy with the use of an autoclave, chemical
vapor deposition (CVD), and so on. The only disadvantage is it requires an inert
condition to synthesize few allotropes of carbons such as graphene and nano-carbons
at high temperature. Carbon allotropes such as graphene and graphene oxide can
readily adsorb DNA, and other biomolecules, due to π-π interaction. This is advan-
tageous in designing biosensors and diagnostics.

2.2.2 Biological Nanoparticles
NPs can be made using biological materials such as proteins and peptides. Some cell
organelles may recognize the NPs even though they are not toxic and making
mimicking NPs are too difficult. Lipoproteins (LPs) and peptide-based NPs are
some of the important classes of biological NPs. LPs are micelle-like spherical
NPs forming from the arrangement or assembly of lipids and proteins. The structure
of LPs contains two major components, both of which aid the transportation of
water-soluble lipids in the blood. The first component of LPs is an apolar core
containing triglycerides and cholesteryl esters. The second component surrounding
the apolar core is a phospholipid monolayer shell of unesterified cholesterol and
apolipoprotein. Owing to these two components, LPs-based NPs have great biode-
gradability, biocompatibility, and stability in vivo.

Based on LPs density, they can be divided into five different types, (1) high-
density LPs (HDL, 5–15 nm), (2) low-density LPs (18–28 nm), (3) intermediate-
density LPs (25–50 nm), (4) very-low-density LPs (30–80 nm), and (5) chylomicrons
(100–1000 nm). Such example of the utilization of LPs-based NPs include the
incorporation of the hydrophobic core of the plasma-derived low-density LPs with
lipophilic drugs for drug delivery into the receptor of tumor sites (Rensen et al.
2001). NIR dye functionalized low density LPs NPs can also be used for in vivo
imaging of cancer in live animals by exposing them to NIR radiation, thus, opening
the more avenue of LP NPs usage (Chen et al. 2007).

Peptide NPs are the small sequence of peptides that can be developed into the
desired shape through self-assembly or by binding with other types of NPs to show
desired biophysical characteristics. Such self-assembled peptides lead to various
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types of structures, such as oligomeric coiled α-coil helix and icosahedron (Raman
et al. 2006; Yang et al. 2018). Peptide NPs can also be modified using targeting
moieties. Previous study found that the core of peptide NPs with 6–10 nm in
diameter is suitable for encapsulating QDs for their use as contrast agents in
bioimaging with a variety of probes for MRI, such as gadolinium, fluorescence,
and iron oxide NPs. Trimeric coiled structures of peptide NPs allow the binding with
some specific oligonucleotides that can be effective in gene delivery and therapy.
Peptides NPs have better cell permeability and can be exploited for targeting and
imaging tumor cells and also in MRI (Koch et al. 2005).

2.2.3 Inorganic Hybrid Nanomaterials
As discussed in the earlier section of QDs, which is also a type of inorganic
nanomaterial, this section briefs about perovskite quantum dots (PQDs), a new
class of QDs. PQDs are tri-halide perovskites that generally have the structural
formula of AMX3, where A ¼ CH3NH3, (C2H5)NH3

+, HC(NH2)2
+; M ¼ Pb, Sn,

and Ge; and X ¼ Cl, Br, and I. This formula represents the organic-inorganic lead
halide PQDs. However, these PQDs suffer a huge issue related to stability (Halali
et al. 2020). Organic Pb halide PQDs tend to be oxidized and lose their property in
the open air. This lead to the development of all inorganic Pb halide PQDs, where
organic moieties were replaced with metal cations such as Cs (Zhang et al. 2020a).
All inorganic Pb halide PQDs improved the stability, but stability for long is still a
difficult task. PQDs are more dominant than chalcogenide QDs such as CdSe, CdS,
and CdTe. The PLQY can reach as high as 90%, which is most suitable for
biosensing and bioimaging applications. But unlike chalcogenide QDs, PQDs tend
to decompose in aqueous media (Zhang et al. 2018). Apart from these, many reaches
reported about replacing toxic Pb with other cations, such as Sn, Bi, etc. (Leng et al.
2016; Li et al. 2019b). This reduced the toxicity comparably to Pb. Typically, PQDs
are synthesized through the hot injection method at the inert condition with the
presence of oleyl amine and oleic acid. Cs-oleate is injected into the hot mixture of
PbBr2, and soon after 10–20 s, it was quenched in ice-cold water. The precipitate is
purified and stored in air-tight containers. Typically, with a change in halide ions, the
color of the PQDs changes from blue to red (Zhang et al. 2018).

Many research has been shown to use them as optical sensors for toxic chemicals
(Huang et al. 2020), gas sensors (Kakavelakis et al. 2018; Natkaeo et al. 2018), and
also metal ions sensors (Aamir et al. 2016). The material modified with other
materials showed tremendous improvement in sensing applications. Toxic metal
ions such as Pb, Cd, Cu, and Hg have been sensed by cation exchange reaction by
quenching the PL intensity of the PQDs (Aamir et al. 2016; Lu et al. 2017; Zhang
et al. 2018). This material has been included in “FUTURE”material based on unique
and robust photophysical properties. If the stability barrier is to be breached and
make them most stable, it can be used in almost every field of photovoltaics, sensors,
and displays. This can be an excellent choice for bioimaging, if it can be brought to
an aqueous medium. Even though many approaches have been demonstrated, it is
not up to the mark of commercialization.
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2.3 Nanobiomaterials Applications in Human Health Care

As old proverb “health is wealth” is an industry with never-ending gold mine. The
present generation of people are more cautious of their health, and it can be seen with
the exponential growth of health-related device sales and research. Now, every
person wants the result at the fingertip, which encourages the researchers to develop
new ideas and nanomaterials for health-related techniques that can be used in
advanced miniaturized devices that can fit in and onto the body. Scientific techniques
are better understood, and sometimes, it is simplified to make laymen understand.
Based on this concept, the use of nanobiomaterial in human health care has been
divided into four different subsections. This section gives an insight into the possible
futuristic ideas that can monitor human health using different nanobiomaterials.
Such of these monitors include Lab-on-a-chip, diagnostics, and wearable sensors.

2.3.1 Lab-on-a-Chip
Lab-on-a-chip (LOC) platform been a very significant tool for target analysis, and
treatment with interest for biologicals such as DNA, proteins, and cells-related
studies or other types of diagnostics (Baranwal et al. 2018). This is because of the
benefit imparted due to the reduced or smaller sample size/volume, with low cost and
abundant possibilities to build integrated devices, where the analytical device can be
made into conventional ones. With the development of nanotechnology, the platform
has become smaller and more accessible. Several improvements for desired proper-
ties of LOC can also be achieved by using a wide variety of tunable nanomaterials.
Such example of the utilization of nanomaterials as a key building block is the
development of LOC platform for environmental monitoring systems including the
detection and analysis of heavy metals (Aragay et al. 2011). With the advantage of
nanomaterial size, it is also possible to design a biosensing system with much
efficacy and smaller size enabling the visualization of stronger interaction between
nanobiomaterials and LOCs platforms.

Many nanomaterials with LOCs platforms have been reported for sensing- and
biosensing-related applications. Electrochemical and optical detection are predom-
inant methods used in LOCs for various biochemical, biological, and metal ion
sensing. Among the nanomaterials, carbon nanotubes have received the highest
attention as they provide excellent thermal stability and conductivity. It can be
deposited onto different substrate surfaces easily either through chemical vapor
deposition (CVD) or plasma-enhanced CVD. Carbon nanotubes (CNTs) modified
transducers can increase current density due to their large surface area, thus allowing
more biomolecular attachment and can increase the selectivity of the probe. Okuno
et al. demonstrated the developing of a label-free immunosensor by printing an array
of Pt microelectrodes modified with CNTs using CVD to enhance the total prostate-
specific antigen detection (Okuno et al. 2007). This method allows better electron
transfer with an improved limit of detection (LOD) reaching 0.25 ng/mL (Morton
et al. 2009). CNTs are also commonly used in field-effect transistors (FET). Javey
et al. demonstrated that a combination of the ohmic metal with CNTs and high
electric constant as gate film insulators and electrostatically doped CNTs segments
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on the source or drain electrode (Javey et al. 2004). This approach can provide the
“ON-OFF” role to CNTs that is similar to the metal oxide-based semiconductor field-
effect transistor. Lee et al. selectively assembled layers of Indium oxide and silica
NPs onto the multisite channel area of resistors by layer by layer. Later, they
immobilized the glucose oxidase on these layers and used conductimetry to detect
a glucose content. Current (A) dependence on glucose concentrations with sensitiv-
ity directly depends on the fabricated channel and the resistor dimension showed
glucose detection sensitivity at 4–12 nA/mM (Lee et al. 2011).

Another important application gaining tremendous attention of LOC is cancer
detection. Several changes to the LOC microfluidic device such as changing the
geometry of the device, capturing using NPs, and using biophysical markers to
detect circulating tumor cells (CTCs) have been previously reported (Yu et al. 2011).
The FDA-approved cell search platform uses ferrofluids that are loaded with epithe-
lial cell adhesion molecule (EpCAM) modified/coated particles to capture CTCs
(Yu et al. 2011). Hoshino et al. developed in context with microfluidics, where
immunomagnetic CTC detection was used to capture cancer cells inside wide micro-
channels that were modified with high-intensity magnetic field efficiently. Micro-
fluidic systems were geometrically enhanced microstructures to sort CTC cells
(Hoshino et al. 2011). Nagrath et al. developed silicon micropots coated with
EpCAM from whole blood (Nagrath et al. 2007). Kirby et al. also demonstrated
the new type of geometrically enhanced differential immunocapture (GEDI) chip,
specifically improved the collision frequency between the target cells and that of the
antibody-coated micropots. This process enhances CTC enrichment (Kirby et al.
2012). The detection is not limited to cancer detection but also many other markers
were used to detect different diseases. There is a tremendous amount of research
going on in this field, making the device as small as possible and reducing the
analyte size to microliter level. It may be possible in less than a decade that multirole
devices can be attached to continuous monitoring of human health. Figure 34.1 gives
a brief idea of microfluidic for CTCs capture and detection.

2.4 Diagnostics

Early diagnosis and disease monitoring are crucial for human health care. The
development of nanomaterials-based diagnostic devices has focused on the reliabil-
ity, high sensitivity, and rapid detection of the diseases (Purohit et al. 2020;
Syedmoradi et al. 2017). In general, nanomaterials are designed based on the binding
capability of nanomaterials to disease-related targets, so-called disease biomarkers.
Then signals from the nanomaterial-biomarker binding complex are observed by
which the limit of detection could be lower than the nM scale in some reports (Sha
et al. 2020; Sim et al. 2021; Wang et al. 2020a; Zuo et al. 2020; Quesada-González
and Merkoçi 2018). In addition to common nanoparticles, e.g., gold and silver
nanoparticles, recent studies showed that nanohybrid such as fullerenes-metal
organic framework and nanoporous anodic alumina-oligonucleotide also exhibited
accurate and rapid diagnostic capability within 1–2 h for the detection of miR-3675-
3p and Candida auris fungus, respectively (Pla et al. 2020; Zuo et al. 2020).
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Fig. 34.1 (I) Schematic of a microfluidic device to isolate CTCs from whole blood. (Reprinted
with permission from Hoshino et al. (2011)). (II) The design of immunomagnetic cancer cells
detection microchip. (Reprinted with permission from Nagrath et al. (2007))
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Using oligonucleotide nanobiomaterials as disease diagnostic tools has been paid
more attention lately due to their self-assembling ability, programmability, high
biocompatibility, and small size (Chen et al. 2018a). Among these, aptamers
exhibited high binding affinity against several antibodies with on par or even
lower limit of detection than ELISA technique giving a possibility to be used as an
aptasensor for super sensitive immunoassay (Citartan and Tang 2019; He et al. 2021;
Lin et al. 2020; Sim et al. 2021). Recent study showed that Zn2+-dependent
DNAzyme could be used as a nondestructive analyzer for tumor-associated mem-
brane protein imaging (Chen et al. 2018b). Several attempts to improve the binding
affinity as well as the signal readout have also been paid. This led to the self-
assembly of DNA into a packed shape like tetrahedral nanotweezers or nanoflowers.
Having a packing structure aids DNA toward the resistance of intrinsic interferences
in biological matrices, such as nuclease digestion and thermodynamic fluctuations,
and can avoid the generation of false-positive signals (He et al. 2017; Lv et al. 2020).
Figure 34.2 shows some of the examples for the development of diagnosis.

CRISPR/Cas also showed its applicability in disease diagnosis. A high variety of
Cas endonucleases together with the easily modifiable sgRNA provide a great
potential of disease-related nucleic acid detection in human biological materials
(Bonini et al. 2021; Dai et al. 2020; Li et al. 2019a; van Dongen et al. 2020; Wu
et al. 2021; Zhang 2019). The utilization of either Cas9 or dCas9 to modulate the
electrical signal from the binding with its target based on the sequence of sgRNA
showed its rapid detection of dsDNA target within 15 min and the target concentra-
tion could reach the fM scale (Hajian et al. 2019; Xu et al. 2020). The discovery of
Cas12, Cas13, and Cas14 families further aid the detection of their targeted nucleic
acid. The utilization of these proteins in disease diagnostic is based on their collateral
cleavage ability to nearby reporter ssDNA (Cas12 and Cas14) and ssRNA (Cas13)
molecules once the proteins bind with the targets, thus releasing the detectable signal
(Abudayyeh et al. 2016; Aman et al. 2020; Bruch et al. 2019; Harrington et al. 2018;
Li et al. 2018; Shan et al. 2019; Sun et al. 2020; Zhang 2019). Using dual Cas,
so-called casCRISPR, for the detection of miRNAs was also recently reported (Sha
et al. 2020).

2.5 Wearable Sensors

World Economic Forum reported that the nature of the disease will be unsettled by
the introduction of technology by 2030. The fourth industrial revolution will make
sure that humans can get longevity and become healthier. In the future, the hospital
may be like a garage where individuals go to hospitals to be patched up and tracked,
thus revolutionizing health care. Health status can be monitored while physicians
traveling anywhere in the world or even AI can come up (Arduini 2021). Thereby,
real-time monitoring of physiological parameters is important for both hospital
settings and daily activities. In response to this, wearable sensors are a key role in
Internet of Things (IoTs) in health care as they can provide not only new avenues to
monitor individuals continuously, but also vital information regarding their health.
The present available commercial wearable sensors are aimed at physical sensing
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Fig. 34.2 Examples of some oligonucleotide-based nanobiomaterials for diagnosis. (I) Paper-
based UC-LRET aptasensor for IgE detection. (Reprinted with permission from He et al. (2021)).
(II) Synthesis (A) and mechanism (B) of the DNA tetrahedron nanotweezer (DTNT) nanoprobe for
tumor-related mRNA detection in living cells. (Reprinted with permission from He et al. (2017))
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without any information at molecular level. Such information includes a change in
blood color, heartbeat, and temperature. Joseph Wang is pioneered such wearable
sensors to detect the target at the molecular level. Wang’s group works on develop-
ing batteryless wearable sensors. They also pioneered the analysis of sweat and urine
samples. Sweat and urine are some of the important analyte samples excreted; by
assessing them analytically, one can find the monitor and the health status of an
individual. Sempionatto et al. demonstrated the wearable electrochemical sensors for
monitoring vitamin C in sweat. They immobilized the ascorbate oxidase on the
flexible screen-printed electrode (SPE) and used simulated sweat as their sample.
The oxidation of ascorbic acid directly proportional to the concentration of vitamin
C was measured by the amperometer (Sempionatto et al. 2020). Glucose wearable
sensor has been classic of all the wearable sensors as it can be monitored through
tears (Chu et al. 2011), sweat (Yang et al. 2020), and also urine (Nyein et al. 2016).
Yao et al. from Parviz’s group developed a contact-lens based amperometeric
glucose sensor, which can monitor and send the data through wireless data trans-
mission (Yao et al. 2011). This technology is now taken up by Google and they are
further developing it. Kagie et al. also reported the laterally rolled screen-printed
contact lens-based sensor, which can monitor the fluids in tear. It can monitor the
dynamic change in norepinephrine and glucose (Kagie et al. 2008).

Apart from these mentioned molecular sensors, another important use of wearable
sensors is in the detection of nerve agents. Colozzo et al., reported the development
of an origami paper-based wearable sensors. The electrodes were modified with
choline oxidase enzyme with conductive ink. Exploiting the absorption property of
paper, it was preloaded with choline esterase. Later, the paper was exposed to
sulphur mustard nerve gas, which can oxidize the choline esterase. Hence, change
in current was monitored which they reported the LOD of 1 mM and 0.019 g/min/m3

for liquid and gas phase (Colozza et al. 2019). Wang’s group developed for the first
time the skin and textile wearable sensor to detect and monitor nerve agents in vapor
phase. They used organophosphate hydrolase modified using elastomeric inks to aid
more flexibility to the device. The functionality of electronic interface was also
maintained even under imparted mechanical stress due to bending and twisting of the
textile and able to transfer the data by wireless data transmission. The enzymatic
by-product nitrophenol was detected using square wave voltammetry. The fabricated
epidermal tattoo and textile sensors showed a LOD of 12 mg/mL (Mishra et al.
2018b).

Tattoos will be the next big thing in biosensing platform. The temporary tattoos
which can be put on skin when needed and can be erased is an art with a specific
function. They can also be used like a smart jewelry (Jin et al. 2017). Wang’s group
previously reported the tattoo-based glucose sensing platform. This tattoo-based
epidermal diagnostic device works on the principle of reverse ionophoretic extrac-
tion of glucose and enzyme-based ampherometric biosensor. It can be used to
monitor the variation of glycemic level during food intake (Bandodkar et al.
2015). This sensor is a non-invasive type of glucose sensor, which can be used for
efficient monitoring of diabetes. Mishra et al. used a pH-sensitive polyaniline sensor
in combination with organophosphate hydrolase to develop a potentiometric tattoo-
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based biosensor for real-time on-body quantification of simulant for G-type nerve
agent. Using nebulizer solution of nerve agent simulant, di-isopropyl
fluorophosphate, the developed tattoo sensor demonstrated linearity over the range
of 20–120 mM with LOD of 10 mM (Mishra et al. 2018a). Kim et al. developed the
tattoo-based alcohol sensor. Transdermal delivery of pilocarpine drug inducing
sweat was enabled by this prototype via iontophoresis. From the generated sweat,
ethanol was detected amperometrically. They fabricated the alcohol oxidase enzyme
and Prussian blue electrode transducers to detect ethanol in sweat before and after
alcohol consumption (Kim et al. 2016).

The above section discussed the non-invasive type of sensors. Still some data has
to be collected invasively to compare and to monitor more accurately. Microneedles
(MNs), a type of needle with a height not more than 1 mm, can penetrate the dermal
layer infusing minimal invasive and minimal pain. It was first reported use for drug
delivery. Later, due to minimal invasive property adapted for human health moni-
toring. It took a trend, and it has been applied for glucose monitoring (Zhang et al.
2020b; Caliò et al. 2016), lactate (Caliò et al. 2016; Bollella et al. 2019), alcohol
(Mohan et al. 2017), and uric acid (Gao et al. 2019). Goa et al. demonstrated the
Au/Ti coated flexible microarray MNs for electrochemical detection of glucose, uric
acid, and cholesterol. The Au/Ti coated microarrays were again modified with
glucose oxidase, uricase, and cholesterol oxidase. Cholesterol needs to be studied
from the invasive body fluid; hence, MNs approach is most suitable (Gao et al.
2019). MNs were also used to detect nerve agents, methyl paraoxon, morphine, and
norfentanyl. Mishra et al. demonstrated real time monitoring on the body studies to
detect and monitor the opioids nerve agents such as methyl paraxons, morphine, and
norfentanyl on a single platform of MNs (Mishra et al. 2020). Such monitoring and
sensing are not limited to above-mentioned analyte, but also can be extended to other
toxic substances owing to importance to human welfare. Figure 34.3 depicts differ-
ent types of wearable sensors including label type, tattoo type, microneedle, and
contact lens for different analyte analyses.

3 Future Perspective and Conclusion

In this review, we have explored the state-of-the-arts nanobiomaterials for medical
and health care applications in various integrative platforms ranging from lab-on-
chip to wearable biosensors. The nanobiomaterials have enabled researchers to
capture the insights of human health conditions through novel sensing capabilities
of disease biomarkers, metabolites, and electrolytes in human biofluids such as
blood, sweat, and saliva (Heikenfeld et al. 2019). Despite global efforts and progress
in nanobiomaterials, the most recent works in the field remain in the lab as proof-of-
concept biosensing platforms, and only small steps can be taken toward clinical and
commercialize applications in the field (Kim et al. 2019). We believe that for the
research in nanobiomaterials to have translational impacts in the real world,
researchers must overcome the following three challenges:
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1) Reusability: Most of the sensing techniques developed using nanobiomaterials,
except the enzymatic reaction approach, are non-reusable, and are only a one-off
solution. However, for the nanobiomaterials to be integrated into the future
healthcare system such as medical facilities enabling at-home usage, researchers
must come up with a solution that allows for repeated and continuous use of
nanobiomaterials in human biofluid samples. A solution could be either creating
an extremely low-cost disposable part and a mechanism to automatically
replacing the used sensor with the new one (Pataranutaporn et al. 2019) or
developing a regenerative approach that replenishes the chemicals used on the
sensing platform or washing mechanism to reset the sensor.

2) Integration: For nanobiomaterials to have a translational impact, researchers
must come up with a robust sensing and easily deployable sensing platform by
improving the device assembling methods to support the scale of the manufactur-
ing facility, enhancing biofluid sampling protocol, advancing the flexible prop-
erty of the materials for comfortable use on the human body, and finally
multiplexing various sensors into a single compact platform.

Fig. 34.3 Examples of some wearable sensors. (I) Wearable sensor for ascorbic acid (vitamin C)
determination using stimulated sweat as a target of detection (Reprinted with permission from
Sempionatto et al. 2020). (II) Noninvasive glucose sensing using a Tattoo-based platform.
(Reprinted with permission from Bandodkar et al. (2015)). (III) Microneedle sensor array for
detecting opioids and nerve agents. (Reprinted with permission from Mishra et al. (2020)). (IV)
Overall fabrication of wearable sensor. (Reprinted with permission from Yao et al. (2011))
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3) Data processing: Once the nanobiomaterials device can be optimized, produced
in large-scale manufacturing, and in the hands of patients and physicians, the final
challenge for the researcher is to distinguish between noise and signals captured
from the device transforming the data into actionable insight for medical inter-
ventions. Until this point, most of the researches in nanobiomaterials have used
the sensor to separately detect changes in specific biomarkers, metabolites, and
electrolytes in a controlled environmental setting with minimal interference.
However, in the real world those biomarkers, metabolites, and electrolytes
interact with one another in non-linear/stochastic ways and are being influenced
by the patient’s behavioral and environmental factors resulting in complex
patterns. Thus, simply looking at the mere changes of the biomarkers without
understanding the context such as the patient’s current behavior, time, and
location could lead to a misinterpretation of the signals. To overcome this, future
nanobiomaterials must integrate with other physiological sensors to obtain data
such as heart rate, EEG, EMG, as well as contextual information including time,
GPS location, and accelerometer data to holistically understand the patient
conditions.

These technological challenges are critical for maximizing the impact of nano-
biomaterials out of the lab to real-world impact and widespread adoption of the
platform. Some of these challenges are specific to the sensing techniques or target
molecules of interest whereas others are shared by all biosensing systems. Nonethe-
less, nanobiomaterials present an exciting opportunity toward the future of person-
alized healthcare, where patients can collect temporal and high-resolution data from
their body for individualized and preventative medical intervention using the sensors
on, around, and inside their bodies.
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Abstract

Development of highly sensitive and rapid sensor devices is the current require-
ment for early diagnosis of communicable and non-communicable diseases, and
discretion of edible food consumption and environmental pollutants to safeguard
the healthy society. Advanced nanomaterials offer a viable solution to improve
the sensitivity of biosensing. Zero-dimensional carbon (CND) and graphene
(GND) nanodots are intensively explored recently in the fields of electronics,
materials, capacitors, and sensors as electrode material due to their fluorescence,
tuneable electronic characteristics, natural abundance, biocompatibility, presence
of oxy functional groups, and less toxicity. This chapter presents recent develop-
ments and applications, with special interest as an electrode material for chemical
and biochemical sensing.
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1 Introduction

Electrochemistry plays pivotal role in developing modern bio-screening and analyt-
ical instruments for applications in medical, environmental, transportation, and
agricultural fields due to its simple operation, easy instrumentation, portability,
reduced sample volume in micro or nanolitre scale, direct data correlation with
electronic signal, fast analysis, and cost-effectiveness. The electrochemical sensor
measures changes in either current or resistance of the working electrode upon its
interaction with recognition layer or target present in the analyte solution. Carbon
with atomic number 6 and mass 12, a natural ubiquitous material, has been exploited
heavily in batteries, capacitors, energy storage devices, and transducers in electro-
catalysis and biosensors from eighteenth century following its application in
chloroalkali industries. This is due to its high corrosion resistance, wide potential
range, and tuneable surface properties with like hydroxyl, keto, and carboxyl groups.
Both graphite and glassy carbon became workhorses in the development of electro-
analytical science. These low cost materials are regularly employed in development
of sensors for various bioanalytes sensing, including toxic gases. Compared to these
electrodes, invention of carbon nano derivatives like fullerene, carbon nano tubes,
graphene, carbon dots with extended basic sp2 carbon network, aromatic structure
with enhanced surface-to-volume ratio, distinct optical and electronic properties
provide new dimensions of applications in sensing science and technology
(Campuzano et al. 2019; Ji et al. 2019). In the carbon nano family, zero-dimensional
CND and GND have attracted considerable interests as an electrode material for
sensing applications (Ngo et al. 2020; Ji et al. 2020; Hassanvand et al. 2020; Molaei
2020).

Origin of CND invention is dated back to the pioneering work of carbon nanotube
(CNT) synthesis by arc discharge method and electrophoretic purification by Xu
et al. (2004). During this process, black-colored CND having size below 10 nm with
fluorescent activity was obtained (Sun et al. 2006; Ji et al. 2020). Strong photo-
luminscent nature resulting from quantum confinement of sp2 aromatic carbon and
tunable size, shape and edge effects (Tang et al. 2019). On the other side, its good
aqueous solubility, biocompatibility with less toxicity enables its application in
imaging, drug delivery, and sensing. It is amorphous spherical material consisting
of sp2 (graphitic) containing –OH, COOH, NH2 groups (Hu et al. 2019; Hoang et al.
2019a, b), which are used to anchor for chemical and biological molecules, doping
with phosphorous, sulfur, and boron to form respective derivatives. CNDs are
prepared by both chemical (hydrothermal, electrochemical, ultrasonication, micro-
wave) and physical (laser ablation, arc discharge, plasma treatment) methods
(Sweetman et al. 2019; Iravani and Varma 2020; Huang et al. 2019; Zhao et al.
2020; Liu et al. 2020; Tajik et al. 2020) and detailed in recent reviews (Ngo et al.
2020; Ji et al. 2020; Hassanvand et al. 2020; Molaei 2020). Bottom-up method
utilizes citric acid, glucose, polyethylene glycol, urea, ionic liquids, and so on, as
precursors in the synthetic routes like pyrolysis-solvothermal, hydrothermal carbon-
ization, and microwave/ultrasonication (Hoang et al. 2019a, b). Similar to the
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enhanced photoluminescence observed for CND due to the presence of edge func-
tional groups, CND exhibits higher electrochemical heterogeneous electron transfer
rate than the GND (Ratinac et al. 2011). GND obtained from graphene through
top-down method has lateral size below 100 nm with sp2 and sp3 carbons arranged in
sheet like structure, whereas CND contains sp2 conjugated carbon network with
carboxyl and aldehyde functional groups and edges (Ponomarenko et al. 2008; Lu
et al. 2019a, b). Electronic and electrochemical properties of CND and GND are
quite similar to graphene, graphite, GCE, and boron-doped diamond electrodes,
which exhibit potential window of ca. –2.0 to 2.0 V in 0.1 M PBS and lower charge
transfer resistance for electroactive ferro/ferricayanide and ruthenium hexamine
redox couples (Faridbod and Sanati 2019; Hassan et al. 2014). For comparison,
the GND was prepared using top-down method, while CND was prepared via
bottom-up method by pyrolysis of lauryl gallate at 270 �C. These QDs modified
the basal plan pyrolytic graphite (BPPG) electrode by drop casting method
(1 mg mL�1 in 50 mM phosphate buffer solution, pH 7.2). Cyclic voltammetric
studies using CND and GND transducer indicate an oxidation peak at ~0.4 V
(vs. Ag/AgCl) for the presence of quinine functionality in CND, whereas the GND
shows no peak in the potential window ~+ 1.1 Vand � 1.0 V confirming absence of
quinine functionality. This study again confirms higher heterogeneous electron
transfer rate for CND than the GND and BPPG (Tian et al. 2021; Martínez-Periñán
et al. 2019). Studies further confirmed that (Lim et al. 2015) the electrochemical
properties of NDs are influenced by preparation method, number of edge planes, oxy
functional groups, size, and shape (Li et al. 2019a, b, c; Fajardo et al. 2019). These
differential properties of CND and GND drive them as electrode material for
sensitive sensing of bioanalytes (Fig. 35.1). Medical, food, and environmental
importance of glucose, neurotransmitters, DNA, antigen, metal ions, organic pollut-
ants and their presence in ultralow concentrations in sample matrices invited high

Fig. 35.1 Cyclic voltammograms of GND and CND compared against bare BPPG in (a) 50 mM
phosphate buffer (pH 7.2) and (b) 10 mM potassium ferro/ferricyanide. Scan rate: 100 mV s�1 (Lim
et al. 2015), reproduced with copyright permission from Elsevier

35 Carbon Nanodots-Based Electrodes in Biomolecular Screening and Analysis 765



interest for their quantification using sensitive electrode materials like CND and
GND.

2 Glucose Sensing at Carbon Quantum Dots

Diabetes, a chronic disease, occurs due to high accumulation of unutilized glucose in
blood leading impairment or malfunctioning of human organs like heart, kidney,
liver failures, blindness and stroke and increases the mortality rate. Worldwide
prevalence of diabetes is predicted to be 10.9% in 2045 (Teymourian et al. 2020)
and impacts economic development by increasing medical expense. Normal range of
glucose in body fluid ranges from 80 mg/dL to 140 mg/dL (4.4–7.7 mM/dL) for
healthy person compared to diabetes person having glucose concentration more than
140 mg/dL. Early detection of this chronic disease by quantifying small incremental
change in blood glucose concentration level from the 140 mg/dL will prevent patient
from organ failure and enhances lifespan of diabetes with proper medication and
change in lifestyle. This drives development of cost-effective sensors for glucose
estimation by both invasive and non-invasive methods. In the research and devel-
opment, the important parameters of sensor investigated are linearity range (output
signal varies linearly with concentration), limit of detection (LOD, lowest concen-
tration at which sensor gives inferable output signal), accuracy, signal stability and
reproducibility. Carbon dot (GND, CND, NCND) and its composite with metal or
polymer are used in both fluorescence and electrochemical glucose sensing (Ngo
et al. 2020; Ji et al. 2020; Hassanvand et al. 2020; Molaei 2020). Fluoresce emission
property of nanomaterial (absorbing shorter wavelength light and emiting higher
wavelength light) is widely utilized for biosensing. Because enzyme proteins interact
strongly with graphene dots through hydrophobic and π-electron characters,
peroxidase-like activity of CND and N-doped CND were to quantify H2O2 and
glucose (Zheng et al. 2013)-based horseradish peroxidise and 3,5,5-
tetramethylbenzidine (TMB). Compared to graphene and graphene oxide which
quenches fluorescence, the inherent fluorescence by GND and CND lead develop-
ments of “turn-off” and “turn-on” glucose sensors. In the turn-on fluorescence,
decoration metal ion on CND or GND quenches inherent fluorescence of NDs and
removal of the metal by chemical reaction will turn on the fluorescence. For
example, AgNP decoration on CND’s surface quenches fluorescence. In the next
step, H2O2 generated from the GOD and glucose reaction etches away the AgNP on
CND surface and restores fluorescence of CND (Ma et al. 2017a, b). GND was
modified with boronic acid using 3-aminobenzeneboronic acid, (APBA-GND) CND
in “turn-off” mode non-enzymatic fluorescence glucose sensing (Qu et al. 2013;
Shen and Xia 2014). High-affinity interaction of boronic acid with glucose leads
aggregation of CND and quenching of fluorescence with blue shifting the fluores-
cence peak. Fluorescence intensity decreases with increasing glucose concentration
in a linear range from 0 to 10 mM with LOD 5.0 μM. The sensor showed high
selectivity in presence of other saccharides, for example, D-fructose, mannose,
galactose, sucrose, lactose, and maltose. Similarly, the APBA-CND sensor showed
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a lower linear range 9–900 μM and higher LOD 1.5 μM. These parameters are
10–250 and 3–200 times lower than other boronic acid-based fluorescent nano
sensing systems (Sun and Lei 2017; Wei et al. 2014; Mello et al. 2019). Linear
range of glucose detection, suitable for clinical analysis, is extended by CND
incorporated and glucose-imprinted poly(N-isopropylacrylamide-acrylamide-
vinylphenylboronic acid) [poly(NIPAM-AAm-VPBA)] copolymer microgels in
developing “turn-off’ glucose sensing by Wang et al (Wang et al. 2015). The
“turn-off” glucose sensing was developed in presence of Fe2+ ions, CND, GOD.
Reaction between Fe2+ and H2O2 (Fenton’s reaction) produces hydroxyl radicals and
quenches CND fluorescence (Mello et al. 2019); see Fig. 35.2. A “turn-on” fluores-
cence glucose sensing was reported by utilizing CND and MnO2. Following the
reaction between GOD and glucose to produce 151 H2O2 and the removal of MnO2

metal nanoparticles from the CND surface, a fluorescence 150 signal was visible at
510 nm. The linear range of this sensor is 2 to 130 M with a LOD of 50 nM.
(Ma et al. 2017a, b).

Compared to the fluorescence method, electrochemical technique that measures
changes in current or resistance of the electrode before and after target analyte
reaction is attracting very high interest owing to its simple experimental designs,
direct data correlation, portable, and user-friendly instrumental operations. In this
method, GOD enzyme was immobilized onto a Platinum electrode using semiper-
meable selective polymers (poly carbomate and cellulose acetate) and its reaction
with blood glucose produces gluconic acid and H2O2. The latter is detected
amperometrically at 0.6 V (Ag/AgCl). Output current is directly proportional to
the glucose concentration, Eqs. 35.1, 35.2 and 35.3. This principle was proposed in
1962 by Leland C. Clark at New York Academy of sciences symposium (Heller and
Feldman 2008; Pohanka and Skladal 2008):

GOD FADð Þ þ Glucose ! Glucolactoneþ FADH2 � GOD ð35:1Þ

Fig. 35.2 (a) Scheme of glucose sensing in presence of Fe2+ and H2O2 using CND (available in
journal online version). (b) Time-dependent fluorescence changes of C-dots at 410 nm in the
presence of Fe2+ and H2O2, respectively; time-dependent fluorescence changes of C-dots in the
presence of Fe2+ and H2O2 simultaneously (Wei et al. 2014), reproduced with copyright permission
from the Royal Society of Chemistry
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FADH2 � GODþ O2 ! FAD� GODþ H2O2 ð35:2Þ
H2O2 Pt 0:6 V Ag=AgClð Þ ! ½ O2 þ 2H2O ð35:3Þ

Because the redox active FADH2 in the GOD is embedded in the protein shell,
direct charge transfer (DET) from FADH2 to transducer is too slow and limits
glucose sensing. DET enhancing strategies lead development of three different
generations of glucose sensors. In the first generation, GOD was immobilized onto
a Pt surface and glucose sensing was made by measuring H2O2 oxidation current at
0.2–0.8 V (SCE) and oxygen mediates glucose oxidation. However, higher oxida-
tion potential of H2O2 co-oxidizes potential interferents like ascorbic and uric acid.
In addition, poor solubility of O2 in biological fluids leads signal instability. Inter-
ferences signal was eliminated using cation exchange or perm selective polymer
membranes (poly carbomate and cellulose acetate) (Newman and Turner 2005).
Second-generation sensor replaced the oxygen mediator using non-physiological
metal complex such as ferrocene, quinone, ruthenium complexes, ferricyanide,
phenoxazine and/or organic conducting salts, which are coimmobilized with GOD
using binder and conducting carbon paste and /or polymer. Use of these mediators
reduced glucose sensing over potentials below 0.7 V by enhancing the DET. The
major drawback of this is leaching of aqueous soluble mediator from the immobi-
lization matrix affecting data accuracy and DET rate. This is alleviated in the third-
generation sensors, where GOD is wired with conducting nanomaterials or polymers
to mediate directly the glucose oxidation. Close proximity between the enzyme and
electrode increases DET signaling process and sensitivity. Infusion of advanced
nanomaterials and nanoelectronics in the design and development of sensor tech-
nology produces innovative glucose monitoring devices for both in-vitro and in-vivo
quantification. Nano metals, metal oxides, carbons (graphite, CNTs, graphene, and
carbon dot) are utilized in developing all three generations of glucose sensors. The
sensing properties such as selectivity, sensitivity, reproducibility, stability, and linear
range depend highly on the nature of electrode material and enzyme immobilization
methods (Teymourian et al. 2020). GOD is attached on the CND, GND, and N,
S-doped CND by two different methods. In the first method, surface groups are used
for covalent linking of GOD enzyme on the carbon surface. In the second method,
CND surface is decorated nano metal, metal oxide or polymer followed by GOD
immobilization. Apart from these two methods, entrapment of GOD enzyme in ionic
liquid having low vapour pressure and tunable chemical properties increases the
stability, conductivity, and detection sensitivity. Therefore, the first-generation glu-
cose sensor was fabricated using CND, amino-terminated IL (1-butyl-3-methylimi-
dazolium tetrafluoroborate [apmim][BF4]) and GOD. Graphite rod was
electrochemically exfoliated in presence of ionic liquid ([apmim][BF4] to form
CND-[apmim][BF4] composite (Li et al. 2014). The composite is then mixed with
GOD in nafion polymer and modified the GCE. The sensor showed an O2 reduction
peak at �0.3 V to produce H2O2 and the reduction peak current varies linearly form
0 μM to 2 mM with LOD 7 μM. The sensor is validated to quantify blood glucose in
4 mL of 0.1 M PBS (pH 7.4). The measured concentration of 6.4 mM is nearly equal
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to the value (6.7 mM) of commercial glucometer. Similarly, NCND-chitosan-GOD
(Ji et al. 2016)-modified GCE detects glucose at lower negative potential �0.47 V in
human serum sample in the range from 1 to 12 mM (R¼ 0.99). For this, NCND was
prepared from polyacrylamide material by hydrothermal method and mixed with
chitosan polymer and GOD. This sensor exhibits good stability; reproducibility and
selectivity in presence of potential interferences uric acid, ascorbic acid, dopamine,
tryptophan, tyrosine, and cysteine. Since covalent linkage provides high stability to
the reaction layer, the CND-AuNP GOD (Buk and Pemble 2019) layer is tethered on
cysteamine monolayer functionalized gold microarray using carbodiimide coupling
and glucose sensing was made in the linear range 0.16–4.32 mM at �0.6 V in air
saturated PBS (pH 7.4) and wine. The data reliability was verified using commercial
meter and spectrometric method; see Fig. 35.3. Self reduction property of CND
prepared from citric acid is used to deposit Ag from AgNO3 to form CND-Ag and
dispersed in chitosan polymer to form Chitosan-AgNPs@GNDs (Tran et al. 2019).
This composite exhibits H2O2 reduction current at �0.5 V selectively in presence of
0.1 μA lactose in range from 0.1 to 2 mM. Differences in linear ranges and LODs,
may arise from different experimental conditions, immobilization chemistry and
sample matrices used for glucose analysis. Similar to glucose analysis, lactate
metabolite analysis was reported using CND-Lactase oxidase in human serum in
alkaline condition (Bravo et al. 2019). Thermal carbonization method was used to
prepare CND from ethylene glycol bis-(2-aminoethyl ether)-N,N,N,N-tetraacetic
acid (EGTA), and tris(hydroxymethyl)amino methane. Lactate oxidase, glucose
oxidase, and uricase enzymes were used to prepare biosensors and analytical param-
eters from CND-lactase biosensor were; linear range from 3.0 to 500 μM with
sensitivity 4.98 � 10�3μAμM�1 and LOD 0.9 μM.

Although enzyme-based glucose sensor is accurate and reliable, it suffers from
long term stability at elevated temperature and pH, requires complex immobilization
procedure (Du Toit and Di Lorenzo 2014; Adeel et al. 2020). Therefore,
non-enzymatic glucose attracts greater interest in recent times in the context of
low cost sensor fabrication for regular diabetes monitoring. Hence, direct glucose
sensing at metal (Pt, Au, Ag, Pd, Cu, Ni, etc.) and metal oxide (CuO, RuO2, NiO,
CoO, MnO2, Co3O4, etc.) surface is a fascinating research area. These materials are
reactive in pH � 7, where higher oxidation state of metal ion mediates the glucose
oxidation (Zhu et al. 2016; Shankara Narayanan et al. 2013; Dharuman and
Chandrasekara Pillai 2006) to CO, H2O, and O2. However, electrode fouling from
CO adsorption on electrode surface, poor selectivity, signal instability and fabrica-
tion cost are limiting their practical applications. Carbon nanomaterials are used as
support to anchor these metal or metal oxides to enhance surface area and sensing.
Hydrothermally prepared NiCo2O4 is attached on NH2-GND surface on carbon cloth
to form NiCo2O4/GNDs carbon cloth (Wu et al. 2020). This senses glucose at +0.6 V
in 0.1 M NaOH in the range from 1 to 159 � 10�6 M and obtained LOD 0.27 �
10�6 M (S/N ¼ 3). In another work, the NiCo2O4 is electrodeposited on
CND-MWCNT-1-butyl-3-methyl-imidazolium bromide (MWCNTs/IL/GND) to
get CND-MWCNT-NiCo2O4 (Nasr-Esfahani et al. 2019a, b). Glucose is detected
at +0.45 V in linear ranges from 1.0 to190.0 and 190.0 to 4910 mM with LOD
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Fig. 35.3 (a) Schematic diagram of the biosensor preparation process; (1) the bare individual disk
array electrode, (2) magnified surface of array, (3) amine-functionalized gold surface after cyste-
amine modification, (4) CNDs/AuNPs attached surface, (5) GOx enzyme immobilized overall
CNDs/AuNPs-GOx biosensor. Note that the size of the electrodes, nanomaterials, and biomolecule
shown are not drawn to scale. (B) A. Chronoamperometric response of the CNDs/AuNPs-GOx
micro disk array biosensor to the serial addition of 20 mL of 40 mM glucose in O2-saturated 0.01 M
PBS (pH 7.4) at a working potential of 0.6 V (inset i; detailed presentation of serial addition steps
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0.3 mM. Glucose Concentration in human blood serum estimated using this sensor is
comparable with hospital values. Electrochemically synthesized CND is used to
anchor CuO by sonication to form CND-CuO composite and modified GCE to sense
glucose at +0.5 V in the linear ranges from 0.5 to 5 mM selectively in presence of
potential interferences viz., ascorbic acid, uric acid, dopamine, sucrose, and lactose.
Sensor is validated in human blood serum samples (data not given) (Sridara et al.
2020). Hydrothermally derived GND was modified using CoNiAl synthesized by
co-precipitation method. Carbon paste was prepared by mixing it with graphite,
CND-CoNiAl, and paraffin oil. Glucose sensing was made in 0.1 M NaOH at 0.0 V
in a range 0.01–14.0 mM with LOD 6 μM (S/N ¼ 3) and sensitivity
48.717 μAmM�1 (Samuei et al. 2017). Practical applicability is demonstrated by
measuring glucose in pre-treated orange and mango juices. Other than glucose
sensing application, direct sensing of other metabolites H2O2, lactate using both
CND and GND transducers. H2O2 is a potentially important oxidant and disinfectant
in medical industry and its quantification of H2O2 is very important. In electrochem-
ical method, conventionally enzymes like hemoglobin, myoglobin, and horseradish
peroxidase have been used. PtNP-CND/ILGO composite was prepared using Hydro-
thermally derived CND-PtNP and mixed with [(apmin(BF4)] and GO. H2O2 is
sensed in PBS in the potential window +0.6 to �0.6 V by observing a reduction
peak. Calibration curve was constructed by measurement of H2O2 reduction current
at �0.08 V in the linear range from 0.5 to 10 mM selectively in presence of
interferences UA, AA, and DA (Chen et al. 2018) GNDs-chitosan (GNDs-CS)-
methylene composite film was reported for H2O2 sensing (Mollarasouli et al. 2017).
GND/ZnO nanofibers (NFs) was used to sensing of intracellular release of H2O2

from cancerous and non-cancerous cells after anticancer drugs were administered
with good selectivity and sensitivity (Yang et al. 2015). CNDs/octahedral-cuprous
oxide (Cu2O) composite was reported by Li et al., for detecting H2O2 at +0.6 V in the
linear range from 0.02 to 4.3 mM with LOD 8.4 mM. Cu2O/Nafion film electrode
prepared without showed lower linear range from 0.3 to 4.1 mM and LOD 128 mM
(Li et al. 2015).

3 CND-Based DNA Sensors

Gene sequence and antigen sensing based on sequence-specific affinity interaction
provide deeper insight into basic understanding of disease development, detection,
and prevention at early stage. Because the sequence-specific analysis or screening of
DNA based on Watson-Crick base pairing principle is an easy and sensitive method

�

Fig. 35.3 (continued) and inset ii; corresponding calibration curve of the biosensor). (b) The
response time for the biosensor to reach the steady-state current. (c) Corresponding linear range
of the biosensor. (d) The Lineweaver-Burk plot of the micro disk array biosensor (Buk and Pemble
2019), reproduced with copyright permission from Elsevier
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for the diagnosis of inherited diseases at early stage, fluorescence, electrical/electro-
chemical, mass, and thermal-based techniques are developed. Conventionally, a
capture or target recognition layer is immobilized on a solid transducer to detect
target DNA. In electrochemical method changes in the current, resistance, and
capacitance of the transducer before and after its modification with capture probe
(DNA, antibody, aptamer, cell, or tissue) and its sequential interaction with the target
DNA are compared. Metals, metal oxides, polymers, graphite, carbon nanomaterials
(single and multiwalled CNTs), graphene, carbon dots have been utilized as the
transducers for developing DNA and immunosensors, envisaging the influence of
transducer material in improving the sensitivity and selectivity. In addition to the
conducting nature of transducer, immobilization method of recognition layer and
other experimental conditions influence selectivity and sensitivity of target sensing.
The recognition layer is immobilized using physical adsorption, covalent linking,
entrapment, and encapsulation methods (Boon et al. 2000; Ferapontova 2018).
Pyrolytic graphite electrode was modified with GND and single-stranded DNA
(ssDNA) was physically adsorbed. Electrochemical behavior of this modified elec-
trode was measured in presence of ferri/ferrro cyanide redox probe and observed
decreased peak current for two reasons. (i) The ssDNA block the CND surface where
ferri/ferrro cyanide redox probe reaction occurs. (ii) Electrostatic repulsion between
the negatively charged ssDNA and ferri/ferrro cyanide redox probe may decrease
direct reaction. Following this, the surface is hybridized with complementary target
DNA and re-measured the electrochemical behavior and compared. The formation
of dsDNA on CND surface removes the ssDNA and increases ferri/ferrro cyanide
redox probe and hence increase in peak current was observed (Zhao et al. 2011).

Aptamers are short chain single-stranded nucleic acids (oligo nucleotides) or
peptide molecules, synthesized by Systematic Evolution of Ligands by Exponential
Enrichment (SELEX) method. These strands bind strongly with high affinity and
specificity with targets and induce conformational changes. CND is used as the
immobilization matrix for aptamer for sensing of DNA, antibody, or antigen (Blind
and Blank 2015). Endocrine disrupting chemicals (EDC) interaction with endocrine
receptors causes range of health hazards, including cancer, thyroid, obesity, and
cardiovascular diseases. Conventionally chromatography and capillary electropho-
resis methods are used for the detection of EDCs. But they are time consuming and
expensive. Citrate derived CND is electrochemically deposited on a screen-printed
electrode by potential cycling method. The surface is further functionalized with
glutaraldehyde to covalently attach amine-functionalized aptamer for the detection
of 17β-Estradiol (E2) in presence of progesterone, estriol (E3) and bisphenol A (Mat
Zaid et al. 2020) using EIS technique in the presence of ferri/ferrocyanide redox
probe. Differences between the charge transfer resistances (RCT) obtained before and
after E2 binding with aptamer (ΔRct %) was taken as the indicator of reaction
between the probe and target. Decrease in the RCT was noticed due to electrostatic
repulsion between the immobilized aptamer and negatively charged ferri/ferrro
cyanide redox. Binding of target antigen further increases the negative charge
density and molecular crowding at the electrode/electrolytes interface and RCT.
ΔRct % varies linearly with concentration from 1.0 � 10�7 to 1.0 � 10 �12 M
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with LOD 0.5 � 10�12 M. River water sample is spiked with known concentrations
of E2 and signal recovery of 92.3% and 101.2% and RSD (n ¼ 3) were observed.
Insulin is a peptide hormone controlling the carbohydrate metabolism and its
dysfunction lead diabetes and other physical impairments. Although insulin is
quantified using nanomaterial-modified electrodes, use of high-affinity aptamer as
recognition layer for detection of this peptide hormone is more specific and selective.
For this, CND-chitosan polymer blend-modified GCE is functionalized glutaralde-
hyde and immobilized with aptamer (Abazar and Noorbakhsh 2019). Selective
binding of insulin with aptamer is interrogated by EIS in range from 500 pM to
10 nM and observed LOD 106.8 pM (S/N ¼ 3) and sensitivity 80.07 Ω nM�1,
respectively. D-penicillamine (DAP)-modified CND was decorated with AgNP to
form composite DPA-CND-AuNP and modified with citrate capped and cysteamine-
functionalized AuNP. Thiolated DNA was immobilized on this surface using gold
thiol chemistry for the detection ofHaemophilus influenza genome target in presence
of double stranded intercalator toluidine blue. The sensor indicates presence of point
mutation (one-, two-, and three-base mismatch mutations) in genome sequence and
complementary target DNA (Saadati et al. 2020). This sensor exhibits a linear range
from pM to 1 zM and LOD 1 zM. NiO-AuNFs prepared by electrospinning process
was deposited on CND-MWCNT and modified a carbon screen-printed electrode.
After blocking the unmodified surface using bovine serum albumin, NH2-aptamer is
covalently linked using EDC/NHS coupling. Aptamer Au-NiO-CND–MWCNT-
SPCE detected target progesterone (Samie and Arvand 2020) in the range
0.01–1000 nM with LOD and LLQ 1.86 pM and 6.21 pM, respectively. CND/GCE
was applied for direct quantification of Inosine (INO) which consists hypoxanthine
and D-ribose (Karthikeyan et al. 2019). Interstitial concentrations of INO greater
than 1 mM lead sepsis, morbidity, and mortality. Oxidation current of INO increases
linearly with concentration in the range from 50 � 10�9 to 20 � 10�6 M and LOD
8.3 � 10�9 M (S/N ¼ 3). Layer-by-layer construction method was used for fabri-
cation of immune sensor for detecting IL-13R alpha 2. In the first step, diazonium-
modified SPCE is immobilized with streptavidine using 1-ethyl-3-
[3-dimethylaminopropyl] carbodiimide (EDC)/ e, N-hydroxysulfosuccinimide
(Sulfo-NHS) (EDC/NHS) coupling. Biotin-labeled capture goat antihuman
IL-13sRα2 antibody (BCAb) and IL-13sR alpha 2 were immobilized in a sequential
step. In a parallel step, GND-MWCNT is functionalized HRP using EDC/NHS and
antihuman IL-13sRα2 antibody detector antibody (Dab). Now these two are brought
together for sensing step wherein IL-13Rα2 in colorectal cell lysates is reacted with
DAb in presence of Hydroquinone in the range from 2.7 to 100 ng mL�1 IL-13sR
alpha 2, with LOD value of 0.8 ng mL�1(Serafín et al. 2019); see Fig. 35.4.
Sandwich immunosensor was constructed on GND-Fe3O4@Ag core-shell nano-
structure for the detection of Mycobacterium tuberculosis antigen (Tufa et al.
2018). NGND@SiO2–Ru-PtNPs aptamer for thrombin (Du et al. 2019) and
NGND-AuNP-NG CEA-binding aptamer (Shekari et al. 2019) were also reported.
Sandwich hybridization miRNA detection is reported using acid-functionalized
GND. Enzyme label HRP present on reporter DNA generated H2O2 and detected
in the range from 1 fM to 100 pM and LOD 0.14 fM (Hu et al. 2016). The sensor was
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applied for detection of M.SssI MTase and restriction endonuclease HpaII in the
linear range 1–40 unit mL� 1 with LOD 0.3 unit mL� 1. Real application was
demonstrated by monitoring M.SssI MTase activity inhibitor screening of procaine
and epicatechin (Peng et al. 2017). Tyrosine kinase in human serum was quantified
using disposable immunosensing platform prepared by immobilization of the spe-
cific anti-AXL antibody on GND on SPCE in presence of ferri/ferrocyanide redox
probe in the linear range from 1.7 to 1000 pg mL�1 and LOD 0.5 pg mL�1. Human
serum samples collected from 5 different patients were spiked with target protein
having concentrations from 25 to 250 pg mL�1 and observed good recovery of
electrochemical signal (Mollarasouli et al. 2018). rGO/MWCNT/CS/CND was
functionalized using glutaraldehyde and anti-lysozyme aptamer was immobilized.
The bioelectrode was utilized for the detection of lysosome in the concentration
range from 20 fM to 10 nM with LOD 1.9 fM. Practical application was demon-
strated by estimating lysosome in egg white, which was diluted in human serum,
urine, and blood (Rezaei et al. 2018). Wang group reported (Wang et al. 2013)
ultrasensitive detection of Avian leucosis viruses using Fe3O4/GND, apoferritin-
encapsulated Cu and secondary antibody. Conjugation of primary antibody with
avian leucosis viruses antigen and secondary antibody releases Cu2+ from the

Fig. 35.4 Schematic display of the different steps involved in the construction of the sandwich
amperometric immunosensor for IL13sRα2 based on the immobilization of BCAb onto Strep/p-
ABA/SPCE and the use of MWCNTs/GNDs-HRP-DAb nanocarriers (Serafín et al. 2019),
reproduced with copyright permission from Elsevier
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apoferritin and detected electrochemically. Cu2+ current is proportionally increases
in the linear range 102.08 to 104.50 TCID 50/mL with LOD 115 TCID50/mL
(S/N ¼ 3). Metal-organic framework consisting both metal and organic ligand
attracts good attention in improving electrochemical sensing activities. In this
context, bimetallic metal–organic framework based on zirconium and hafnium
(ZrHf-MOF)-modified CND (CNDs@ZrHf-MOF) was reported for human epider-
mal growth factor receptor-2 (HER2) detection in MCF-7 cells (Gu et al. 2019).

Detection of DNA drug interaction was demonstrated using daunorubicin (Eksin
et al. 2020), topotecan (Mahmoudi-Moghaddam et al. 2019) [Ru(bpy)3]

2+ (Liu et al.
2019a, b), and antimalarial drug quinacrine (Kucherenko et al. 2019) on CND-based
electrodes. Methyldopa in pharmaceutical and biological samples were detected
using DNA-modified CND electrodes in a dynamic linear range 0.04–750.0 μM
with LOD 0.01 μM (Pathak et al. 2019). GNDs-PANI/ZnO composite was utilized
for simultaneous sensing of Irinotecan (CPT-11), and 5-Fluorouracil (5-FU) in the
linear ranges 0.1–25.0 and 0.1–50.0 μM and LODs 0.011 and 0.023 μM, respec-
tively, in the pharmaceutical and biological samples (Sanati and Faridbod 2017).
Applications of GND/CND-based modified electrodes for estimating pharmaceutical
drugs is reviewed by Zahra Hassanvand et al. (Hatamluyi et al. 2019). Liposome
anchored CND-AgNPs has detected for DNA in the linear range 10�16 to 10�11 M.
(Oliveira et al. 2019). NGND-Au/Ag reported for detecting hydroxyl urea (Divya
et al. 2019). Biological macromolecules such as proteins and peptides are formed
using 20 basic amino acids. Amino acids are used for recycling, transamination, or
energy production in body. Oxy functional groups on GND films attached to GCE
were reduced electrochemically followed by AuNP deposition. MIB was then self
assembled to form MIB/Au/ERGND/GCE composite for simultaneous detections of
glutathione, UA, and tryptophan. Linear ranges of 0.03–40.0 μM and
40.0–1300.0 μM and LOD of 9 nM were observed for GSH (Mazloum-Ardakani
et al. 2015). L-cysteine was quantified using PPy/GNDs@PB/GF-modified GCE
(Wang et al. 2016).

4 Neurotransmitter Analysis Using CND-Based Transducer

Neurotransmitter (NT) is a signaling molecule existing at synaptic region between
two excitable neuronal cells and involves in cell-cell communication in controlling
central nervous system functions relating to physiological and human behavior.
Detection and understanding role of each neuro chemical are essential to identify
different neurological disease diagnoses and therapeutic applications. Concentra-
tions of these chemicals are in the order of nano to femto mole per litter. Abnormal
changes in the concentration level lead several diseases, notably Parkinson, Hun-
tington, Alzheimer disease, strokes, hypertension, and so on, requiring control and
quantification of these chemicals (Tavakolian-Ardakani et al. 2019). Electrochemical
method became simple and important technique in neuro disease diagnosis. Carbon-
based micro electrodes were already being used in medical applications for record-
ing brain and neural connectivity. Still development of highly sensitive electrode or
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sensors is essential for the early diagnosis. High activity of neuro transmitters at
carbon surfaces like graphite, glassy carbon electrode and their composites with
metal, metal oxide, polymer were reported for the detection of biologically important
neuro transmitters (dopamine, uric acid, serotonin, epinephrine, norepinephrine) in
biological fluids. Surfactant stabilized CND/ZnO was implemented for simultaneous
detections of Paracetamol and Ciprofloxacin. The sensor showed linear ranges
0.05–30.0 μM and 0.01–30.0 μM, with LODs 2.47 nM and 1.97 nM, respectively
for Paracetamol and Ciprofloxacin (Hatamluyi et al. 2020). CND /MWCNT was
reported for detection of dopamine and spiked dopamine, over a dynamic linear
range 0.25–250 μM, with LODs 95 nM and 110 nM (S/N¼ 3), respectively (Kunpatee
et al. 2020). GND /chitosan composite was used for simultaneous sensing triclosan and
methyl paraben in cosmetics at +0.60 V (triclosan) andþ 0.81 V (vs. Ag/AgCl). While
triclosan exhibits linear range 0.10–10.0 μM with LODs 0.03, the methylparaben
showed LOD 0.04 μM (Kumar Arumugasamy et al. 2020). 3-Aminopropyl-tri-
ethoxysilane-modified carbon nano dot (CDs-APTES) is biofunctionalized with ace-
tylcholine esterase and choline oxidase using glutaraldehyde linker for the
determination of acetylcholine indirectly by measuring H2O2 oxidation current at
+0.4 V (Santana and Spinelli 2020). A N-CND@Co3O4/MWCNT composite simulta-
neously determines Flutamide (FLU) and Nitrofurantoin (NF). The sensor exhibits
linear ranges from 0.05 to 590 μM and 0.05 to 1220 μM and LOD 0.0169 μM and
0.044 μM, respectively (Bodur et al. 2020). New robust nano-hybrid microelectrode
was designed using BCND /ZnO nanorod for analysis of hydroquinone (HQ). Its
higher activity compared to other similar reported work is attributed to vertically
aligned ZnO nanorod on BCND. Linear response observed is 0.1 to 100 μM with
LOD 0.03 μ M (Muthusankar et al. 2020). GND-MWCNT composite detects dopa-
mine (DA) in linear range from 0.005 to 100 μMwith LOD 0.87 nM (3S/N). Practical
utility is demonstrated for sensing in DA in human serum and DA secreted from live
PC12 cells (Hang and Bai 2020). Simultaneous analysis of norepinephrine and acetyl-
choline was made at GNDs/IL/CPE fabricated with CND and ionic liquid. It showed a
linear range 0.2–400.0 μ M for norepinephrine (LOD 0.06 μM) (Huang et al. 2020).
Polyethylene glycol-modified CND (PEG-CND) is electropolymerized on GCE for
ascorbic acid detection. Two linear ranges of 0.01–3 mM and 4–12 mM were obtained
with LOD 10 μM selectively in presence of potential interferents dopamine and uric
acid (Jahani et al. 2020). CNDs prepared via a nitric acid oxidation of porous organic
polymer (POP) and mechanochemical Friedel-Crafts alkylation is decorated with
chitosan polymer and graphene on GCE for DA sensing by electrochemiluminescence
(ECL) method with ammonium persulfate as a coreactant. Linear range observed is
from 0.06 to 1.6 μM with LOD of 0.028 μ M (S/N ¼ 3) in presence of interferences
(Wei et al. 2019). Ag2O-modified N,S-doped CND (Ag2O/Ag@NS-CND), developed
via hydrothermal method using p-iminobenzenesulfonic acid, senses amperometrically
catechol at 0.25 V in linear response from 0.2 to 180 μMwith LOD 13 nM (S/N ¼ 3)
in water (Xu et al. 2019). Au-GNDs-Nafion (Zhan et al. 2019) senses DA in human
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urine and showed a linear range from 2 μM to 50 μMwith LOD 0.84 μM. SnO2/PANI/
N-GND nanocomposite detects DA in the concentration range from 5 � 10�7 to 2 �
10�4 M with LOD 2.2 � 10�7 M (S/N ¼ 3) (Jang et al. 2019). Lac-F,N-CDs GCE
shows a LOD of 0.014 μM and sensitivity 219.17 μ A cm�2 mM�1 for catechol
detection in tap water (Hsu andWu 2019). CND-Fe3O4 NPs exhibited ultrafast electron
transfer kinetics for uric acid oxidation (Liu et al. 2019a, b). CND detected adrenaline
in presence of serotonin and ascorbic acid (Abbas et al. 2019). GCE/GNDs/AuNPs was
developed for norepinephrine determination in a linear range 0.5 and 7.5 μM, with
LOD 0.15 μM (Shankar et al. 2019). Sonochemically developed N-CND/SnO2 utilized
for riboflavin detection with sensitivity 2.496 μ A μM�1 cm �2 in a linear range from
0.05 to 306 μM and LOD 8 nM (Fajardo et al. 2019). CND-AuNP reported for
selective sensing of dopamine in presence of ascorbic acid and uric acid in a linear
range from 10 to 600 μM and LOD 0.7 � 0.18 μM. Blood serum and urine samples
were employed for validating the sensor performance (Muthusankar et al. 2019a, b).
GND-chitosan showed excellent electrosensing activity for epinephrine in a concen-
tration range from 0.36 to 380 μM with LOD 0.3 nM (Kumar et al. 2018). CuO-His-
GND detects hydroquinone in linear range 0.001–40 μ M and LOD 0.31 nM at S/N
3 in natural water samples (Tashkhourian et al. 2018). GND/SPE is used for simulta-
neous sensing of dopamine and tyrosine in the linear range from 0.1–1000 and
1.0–900 μM (Chen et al. 2019). GNDs/GCE was simultaneously detected hydroqui-
none and catechol and exhibits a peak separation of 113 mV between them. The sensor
showed a linear range from 0.5 to 100 μM with LOD 0.08 μM (S/N ¼ 3) (Beitollahi
et al. 2018).

Molecularly imprinted polymers (MIPs), reported in 1930 Polyakov, synthesized
using polymer template in presence of target molecules to sense structurally identical
molecules via host-guest interaction. These materials exhibit high stability in rugged
and horse environment and selectivity in sensing applications. Although different
polymer templates were reported continuously, it possesses drawbacks of degrada-
tion, tedious synthetic procedure and stability. Electrochemical MIPs utilize the
conductive substrates like carbon nano tubes, graphene, graphene oxide, gold
nanoparticles and carbon dots in addition to polymer matrix to enhance the detection
sensitivity (Walcarius and Sibottier 2005; Tang et al. 2018). Dopamine and chlor-
promazine template Nicotinamide polymer CND-NiS2 was reported for the detection
of DA and CPZ in the linear ranges from 0.05–8 μ M and 8–40 μM and 0.005 to
2 μM with LODs 2.8 nM and 0.25 nM (S/N ¼ 3) (Bel Bruno 2019). Amine-
functionalized GND decorated with MnO2 employed for vitamin B-2 and dopamine
detection in linear ranges from 0.1 to 100 μM and LODs 0.04 μ M (V-B2) and
0.05 μM (dopamine) (Lu et al. 2020). NCND-C3N4 –polypyrrole MIP was used for
sensing of epinephrine in a linear range from 1.0 � 10�12 to 1.0 � 10�9 M and
observed LOD 3.0 � 10�13 M (Lu et al. 2019a, b). N,S@GND-AuNP polymerized
P-aminothiophenol MIP is used for detection of antiviral drug sofosbuvir (SOF) in a
linear range 1–400 nM (Yola and Atar 2019).

35 Carbon Nanodots-Based Electrodes in Biomolecular Screening and Analysis 777



5 CND Biosensors in Food

Increasing the consumption, production, and storage of food grains requires sensi-
tive and selective sensors to ascertain the food quality. Recently both optical and
electrochemical sensors were developed for monitoring temperature, humidity, pH,
gases, pesticides, and pathogens (Mahmoud et al. 2019). CND-AuNP is used to
quantify ractopamine (Rac) in the concentration range from 0.01 to 32.5 mgL�1 with
LOD 1.2 μgL�1, which is lower than previous report (1.5 μg/L) (Mustafa and
Andreescu 2018). CTAB stabilized CND –chitosan composite is used for the
analysis of food preservative mesalzine between the concentration range from 0.1
to 10 μM with LOD 0.05 μM (Song et al. 2020). GND-ZrO2-BSA detects
Ochratoxin A in coffee with detection range (1–20 ng mL�1), sensitivity
(5.62 μA mL ng�1 cm�2), LOD (0.38 ng/mL), and signal recovery (95%) (Jalalia
et al. 2020). N-CND/HP-Cu2O/MWCNT hybrid composite detects caffeic acid at
LOD 0.004 μMwith sensitivity 31.85 μA μM�1 cm�2 (Gupta et al. 2020). NS-CND
simultaneously determine paracetamol and p-aminophenol with peak potential dif-
ference is 0.24 V in linear ranges from 0.1 to 220 μM with LOD 26 nM (para-
macetamol) and from 1.0 to 300 μMwith LOD 38 nM (at S/N¼ 3) (PAP). Accuracy
of detection is compared with HPLC method (Muthusankar et al. 2019a, b). GNDs/
IL/MWCNTs-PANI senses imidacloprid in a linear range from 0.03 to 12.0 μM L�1

with LOD 9 nM L�1. Practical utility was demonstrated by quantification in vege-
table samples (Wang et al. 2019). DNA-based sensing of S. typhimurium was made
using MOF fabricated using grapheme –UiO-67 –AuNP using HRP labelled aptamer
in a linear range from 2 � 101 to 2 � 108 CFU mL�1 with LOD 5 CFU mL�1

(S/N ¼ 3) (Nasr-Esfahani et al. 2019a, b).

6 CND Biosensors in Environmental Applications

Environmental Sensors are essential for understanding the influence of environmental
toxic gas pollutants volatile organic compounds, carbon dioxide, carbon monoxide,
nitrogen and sulphur oxides (Dai et al. 2019). CND/ZrO2 composite is applied for
detection methyl parathion in rice in linear range from 0.2 ng mL�1 to 48 ng mL�1, with
LOD 0.056 ng mL�1 (Hanrahan et al. 2004). GND detects 10-Hydroxycamptothecin in
the linear ranges from 1.5� 10�8ML�1 to 5.0� 10�7ML�1 and 5.0� 10�7ML�1 to
3.0 � 10�6 ML�1 with LOD 1.5� 10�8 ML�1 and signal recoveries of 94.2–104%
(Reddy et al. 2019). GNDs/PEDOT/GCEwas used for rutin detection in the linear range
0.05 μM and 10 μMwith LOD 11 nM (Li et al. 2019a, b, c). p-aminobenzenesulfonic
acid CND-modified pencil graphite sensed folic acid selectively and sensitively in
pharmaceutical and urine samples (Meng et al. 2019). Observed linear range was
2.2–30.8 ng mL�1 and LOD 2.02 ng mL�1. N,S,P CNDs-AuNP-aptamer detects
bisphenol in the concentration range 0.01 μM–120 μM, with LOD 5.273 � 10�10 M
(Guney 2019). Similarly, bisphenol S was detected using B, N, F-CND-AgNP between
concentration range from 1 � 10�8 M to 5 � 10�5 M with LOD 1.12 � 10�8 M in
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environmental and biological samples (Yao et al. 2019). A nanopore sensor was
developed using SAuNPE-Prussian Blue on polypyrrole CND for hydrazine sensing
at 0.3 V in a linear range 0.5–80 M and LOD 0.18 M (S/N ¼ 3) in human urine (Yao
et al. 2019). GND-modified SPE was utilized for the sensing of diethylstilbestrol in the
linear range 0.05 to 7.5 μM L�1 with LOD 8.8 nM L�1 and 29.0 nM L�1, respectively
(Chen et al. 2019) in water. NGND derived from polyaniline was applied for the
sensitive detection of 2,4,6-trinitrophenolwith LOD 0.2 ppb (similar to 200 ng/1 or
1 nM), (Gevaerd et al. 2019). GNDs/GNPs/GCEwas developed for the determination of
luteolin in pH 5.0. The sensor exhibits a wide linear range from 1� 10�8 to 1� 10�8M
with LOD 1.0 nM (S/N¼ 3) and signal recovery between 98.8% and 101.4% in peanut
hull (Ramachandran et al. 2019). GND-CuO was reported for histidine detection (Tang
et al. 2019). GND modified with mesoporous carbon ceramic electrode (DMCCE-
GNDs) was used detection and determination of zolpidem (Zip) with LOD 0.061 μM
Zlp (S/N¼ 3) (Hua et al. 2019). Nitrite detection at 3D flower-like beta-Ni(OH)2@CDs
in the linear range from 2.5� 10�6 to 1.2� 10�3 M with LOD 0.03 mM(S/N¼ 3) and
detection sensitivity 647.8 mA mM�1 cm�2 (Dehgan-Reyhan and Najafi 2019).
Michael addition is introduced into an AChE-based electrochemical sensing platform
to enrich intermediate TCh on N-MAL-CD surface to detections of methyl parathion
and paraoxon in the linear ranges 3.8 � 10�15-3.8 � 10�10 M (methyl parathion) and
1.8� 10�14-3.6� 10�10 M (paraoxon) with LODs 1.4� 10�15 M and 4.8� 10�15 M.
(Mollarasouli et al. 2018). GND/ITO-based immunosensor is used to detect aflatoxin
B-1 (AFB(1) in maize with sensitivity 213.88 (ngmL�1) �1 cm�2 and LOD
0.03 ngmL�1 and 0.05 ngg�1, respectively, (Xu et al. 2018). CDs/Fe3O4 composite-
modified g-C3N4 was reported for the detection of thiocyanate (SCN�) in linearity
range (0.001–0.900 μM) and LOD 0.23 μM (S/N¼ 3) (Bhardwaj et al. 2018). Review
of NGND in biosensing and biomedical fields (Ponnaiah et al. 2018) was recently
presented. Nafion/Hb/GOD/CILE was applied for quantifications of trichloroacetic acid,
(6.0 similar to 100.0 mM.L�1), NaNO2 (2.0 similar to 12.0 mM.L�1) and H2O2 (6.0
similar to 30.0 mM�1) with good stability (Li et al. 2019a, b, c). Various environmental
pollutions were detected Apt/AgNPs/thiol-GND/GCE (Karimzadeh et al. 2018) for
TNT, GNDs/AgNP/GCE for TBHQ (Li et al. 2020), PEDOT-CNDs/GCE (Jiao et al.
2018) and NGNDs @ NCNFs/GCE (Li et al. 2017) for NO2

�, Pt/NCNDs-MWCNT/
GCE (Zhang et al. 2016), β-CD-GNDs-GCE (Zhang et al. 2015) for CH3OH,
NH2GNDs/CoPc/GCE (Centane et al. 2018), PPy/CDs/PB/SAuNPE for N2H2 (Chen
et al. 2019a) were registered in literature.

7 Future Perspectives

Carbon dots prepared by different bottom-up methods are being reported as they
provide new insights into their physical and chemical properties. These properties
invite new challenges in their application. Although studies are rigorously focused
on their utility in the development of different sensors in research laboratories for
bioanalysis and screening, application as a smart device which could sense, quantify,
and screen the diseased biosamples on field is still a challenging research area.
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Differences in the linearity, sensitivity, and selectivity arose from different synthesis
methods and routes adopted in literature indicated strong influence of synthesis
methods on the sensing properties. Most of the researches confined to fabricate
thin film electrode using drop casting method. Along with influence of synthesis
method, the thin film fabrication using ink-jet, screen printing or chemical vapor
deposition methods have to be adopted for fabrication of CND/GND sensor devices
with controlled activity for practical and on-field applications.
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Abstract

Point of care testing (POC) has been increasingly crucial for disease diagnoses
and monitoring. However, the existing conventional methods need large-scale
instruments, complex procedures, and skilled operators. By comparison, nano-
paper electrode array provides simplicity, portability, reproducibility, low cost,
and high selectivity and sensitivity for analytical measurements in a variety of
applications ranging from clinical diagnostics to disease monitoring. In this
review, fabrication and application of nanopaper electrode array have been
elaborated with various examples. Finally, challenges and the future of nanopaper
electrode array have also been discussed.
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1 Introduction

For the past few years, millions of deaths have been recorded due to inadequate or
even shortage of health services (Mahato et al. 2020). Current traditional approaches
of disease diagnosis and monitoring are generally based on molecular biology
microbial culture techniques (Mahato et al. 2021). These diagnostic processes
require the use of multiple methods and a variety of advanced and sophisticated
instruments, and these analysers are large, complex, and require specialist personnel
to operate (Ammu et al. 2012; Cunningham et al. 2014). These characteristics
significantly increase the economic and time cost of diagnosis.

Various improved diagnostics have been produced thus far, with consistent
reports of equivalent analytical results in smaller settings. Among these options,
the paper-based (PB) electrode has received a lot of attention. Paper substrates have
been employed in such diagnostic devices because of its sufficient quantity, low cost,
and flexibility for detecting procedures.

Nanopaper is a renewable and ecologically beneficial substance. It is formed of
the same material as regular paper, but its fiberdiameter is significantly smaller than
ordinary paper’s. Furthermore, as compared to plastic substrates, nanopaper has
significantly higher thermal stability. Because of the benefits listed above, nanopaper
can house a wide range of devices (Apilux et al. 2010; Barandun et al. 2019; Dossi
et al. 2014; Jia Huang et al. 2013). Formalized paraphrase based on paper substrates
have piqued the interest of many researchers and businesses, since paper is used as
the substrate, the technology offers significant advantages in terms of flexibility, cost
effectiveness, and environmental friendliness (Mahato et al. 2017, 2021).

2 Fabrication of Electrodes on Paper

Recently, cellulose paper appears as a flexible, low-cost, readily available, and
environmentally friendly material in flexible electronic devices such as super-
capacitors, nanogenerators, sensors, and so on.

Due to the characteristics of rough paper surface, in addition to the electrode
printing and magnetron sputtering technology suitable for various substrates, but
also include pencil drawing, conductive tape paste, and other technologies, which
also realizes the preparation method of PBsensor electrode is simple, low cost, no
solvent.

In general, electrodes are required for PBsensors. PB electrodes can be fabricated
in various ways, such as printing, magnetron sputtering, conductive tape paste, and
pencil drawing.
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2.1 Printing

Printing technology is a well-established and broadly used technique for manufactur-
ing electrodes for biochemical sensors. The development of portable, low-cost, and
fast sensors is imperative in the sensing field. Printed electrodes offer not only the
economic advantages of inexpensive, ease of manufacture and versatility, but also
the electrochemical properties of high sensitivity and reproducibility (Metters et al.
2011).

2.1.1 Screen-Printing
Dungchai and his co-workers (Dungchai et al. 2009) put forward the first electro-
chemical PB analytical devices (ePAD), which fabricated carbon electrodes by
screen-printing technique. Compared with the traditional colorimetric method, the
electrochemical method can well improve the performance of microfluidic PB
analytical devices, such as sensitivity and selectivity, which are of concern. The
geometry of screen-printed electrodes can be drawn utilizing drawing software such
as Corel Draw, Adobe Illustrator or Adobe Freehand, and different geometries have
different effects on the performance of the electrode. For instance, in Dungchai’s
work, the electrodes were screen-printed on paper. The working and counting
electrodes were made from Prussian blue carbon ink and the reference electrodes
was made by Ag/AgCl ink. Among them, Prussian blue was used as redox medium
to enhance the selectivity of H2O2.The current resistance in the circuit is minimized
by designing the counter electrode’s geometry to be bigger compared to the working
and reference electrodes. In addition, all electrodes’ conductive pads coated with
Ag/AgCl ink can better lower resistance. This device is used for simultaneous
determination of critical health markers in undiluted serum samples.

Apilux et al. presented a device using colorimetric detection to detect of multiple
metal in wastewater samples. Three screen-printed electrodes were integrated to a
paper device’s hydrophilic area. Among them, carbon was used as working and
counter electrodes, and Ag/AgCl ink was used as a reference electrode and each
electrode’s conductive pads (Apilux et al. 2010). This system had ability to detect Au
and Fe at the same time in wastewater samples.

For ePAD measurements, commercial screen-printed electrodes (SPEs) were
used. For trace metal measurement, a novel approach was developed that a paper
substrate coupled with commercial SPEs (Tan et al. 2010). To increase measurement
precision, a standard was set on the paper substrate and used. A commercial
glucometer was combined with ePADs (Fig. 36.1). This approach not only becomes
commercial availability, but also tests the health critical health markers in the blood
(Nie et al. 2010). For a variety of tests, utilizing portable glucometers in conjunction
with ePADs provides a handy and rapid way of detection.

During this time, SPEs have evolved into 3D and multi-dimensional ePAD device
by Wang and his co-workers (Wang et al. 2012) constructed 3D ePAD, which
consists of two layers of paper and dual working electrodes, which share a counter
and a reference electrode. The first layer was made up of a hydrophilic circular center
area linked to two circular working areas on the bottom layer, which loads the
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Screen-Printed Carbon Electrodes (SPCEs). The working electrodes were modified
with the multi-walled carbon nanotubes/chitosan combination and were brought into
alignment with the center of the circular area including the reference and counter
electrodes. The multi-walled carbon nanotubes/chitosan coating made the device

Fig. 36.1 A Commercial Glucometer (Nie et al. 2010). (a) On the left is an array of microfluidic
paper channels and a channel enlarged view made on chromatographic paper, and on the right is a
representative microfluidic paper device of electrodes made using screen printing. (b) On the left is
a commercial strip made of plastic, on the right is an ePAD made of a layer of paper; dry chemical
reagents are stored in the test area in the dashed square. (c) The glucometer is used as a reader.
(Copyright (2010) Royal Society of Chemistry)
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become more sensitive and can determine multiple tumor markers in blood samples
at the same time. Furthermore, further work employed a variant of above system to
create eight working electrodes on same layer that shared a counter and a reference
electrode (Zang et al. 2012). With this enhanced design, rapid detection of high
throughput detection diversity is realized. Moreover, a 3D ePAD conductive carbon
ink was integrated into a self-powered origami PAD, which used aptamers as the
sensing probe and using a digital multimeter as a simple electrochemical signal
reader (Liu et al. 2012). Because the capacitor provided a large instantaneous
current, which was effectively amplified current, the signal amplification from direct
current measurement was 17-fold.

2.1.2 Stencil-Printing
In a similar way to screen printing, stencil-printing utilizes an open mask or stencil to
create the electrodes. Solid films, such as adhesive tape and transparent film, are
easily made from stencils by craft or laser cutters. The strong point of this method is
that the masks can be generated quickly and at low cost.

Dungchai et al. reported a stencil-printed electrodes that the solution flow across
to produce convection and enhance signal (Dungchai et al. 2011). The working
electrode, counter electrode, and reference electrode are all stencil printed onto the
same piece of paper and a hydrophilic channel is made using photolithography on
another piece of paper. Two pieces of paper are bonded with double-sided adhesive
tape so that there is angular contact between paper channel and electrode. Glucose in
urine and Pb2+in an aqueous solution can be selective detected.

The usage of stencil printing was further investigated. A carbon electrode is
printed onto a wax-printed paper and merged with the polymer layer to construct a
flow channel on the PB electrodes (Godino et al. 2012). Carbon nanotubes also been
employed in the coating of cellulose fibers as conductive material. Carbon nanotube
inks are used to produce conductive paper into which a special ion-selective film is
then dropped using a stencil (Novell et al. 2012). The conductive paper was
employed as an ion-selective electrode for K+, NH4

+, and so on measurements.
Carbon nanotubes were also employed to construct pH sensing electrodes by
sucking a mixture of carbon nanotubes into the paper through a metal stencil.
Another conductive material, polypyrrole, is combined with cellulose fibres to
produce PB polypyrrole electrodes (Olsson et al. 2012), which can be utilized as
an alternative to paper electrodes. The paper is first soaked in a pyrrole solution and
then polymerized on the paper fibers by the action of a chemical oxidizing agent. The
electrochemical properties of the resulting electrode show that the charging capacity
is increased, so the system can be used for energy storage.

2.1.3 Inkjet-Printing
A commercial inkjet printer can be used to fabricate electrodes utilizing inkjet-
printing. As a new PB electrochemical for oxygen sensing, Chengguo and his
co-workers constructed gold electrode arrays composed of gold nanoparticles
(GNPs) on flexible and porous substrates like paper substrate by inkjet-printing
(Fig. 36.2a, b) (Hu et al. 2012). GNPs were first printed on substrate by inkjet-
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printing, then sintered by infrared to form more stable electrodes, oxidation-resistant,
and acid-resistant (Maattanen et al. 2012). Self-assembled octade-canethiol mono-
layers were used to further functionalize the electrodes. The functionalized elec-
trodes might be used for printing diagnosis of molecular recognition and detection.
Furthermore, electrodes for a bioelectric sensor were fabricated using silver nano-
particle ink-jet printing (Yang et al. 2012) (Fig. 36.2c, d). The electrode resistance
obtained by this method was reduced to a more desirable level.

In addition, Liu’s group created a sensor by employing the inkjet-printing tech-
nique to print photosensitive conductive ink on a paper substrate (Yuan et al. 2016).
This ink is a photosensitive alternating copolymer P (VM-Alt-MA) (PVMA), which
is prepared by copolymerization of 7-(4-vinylbenzyloxy) -4-methylcoumarin
(VM) with maleic anhydride (MA). PVMA provides a soft template for the oxidative
polymerization of poly (3,4-ethylenedioxythiophene). This template is called

Fig. 36.2 Inkjet-printing (a) (1) Inkjet-printing of GNP patterns, (2) GNP pattern expansion into
gold electrode arrays, (3) PB gold electrode arrays (PGEAs) are cut from their ensembles. (4) Links
to sections on the PGEA and (5) BMIMPF6 is added to form a complete prepared oxygen sensor. (b)
PGEAs. (Hu et al. 2012) Copyright (2012) American Chemical Society. (c) Unsintered Au
electrodes and (d) IR-sintered inkjet-printed Au electrodes (Maattanen et al. 2012). (Copyright
(2012) Ameri can Chemical Society)
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PEDOT for short. A steady PEDOT: PVMA photosensitive aqueous was obtained.
Then, using this aqueous dispersion as inks, they employed inkjet-printing technique
to make a sensor. After photo-dimerization of coumarin groups, the printed photo-
sensitive conductive film PEDOT: PVMA may be cross-linked. The inkjet printing
approach was used by Manohar’s group to create a Chemiresistor (Ammu et al.
2012). It is a thin film made of single-walled carbon nanotubes (CNT) bunched onto
cellulose that can sensitively detect low concentrations of oxidizing gases, such as
NO2 and Cl2, at room temperature and without the need for vapor concentration.
Compare to the films impregnated on a plastic substrate, the CNT films printed inkjet
on acid-free paper are more durable.

2.1.4 Other Printing Techniques
Whitesides’ group printed a high-accuracy electrical respiration sensor using specific
proportional concentration of ink. For the ink, to achieve the desired printing
consistency, the graphite ink was diluted with Ercon ET160in a 55:45 weight ratio
and the solvent was mixed using an ultrasonicator to obtain a homogeneous disper-
sion. The graphite ink (Ercon Graphite Ink 3456) was then digitally printed on paper
by using a ballpoint pen and a process cutter/printer (Graphtec Craft Robo Pro) to
form a PB sensor.

Guder and his co-workers have described a completely new type of printed
electrical gas sensor (Barandun et al. 2019). This technology takes advantage of
the inherent hygroscopic characteristics of cellulose fibers on the paper; it may
appear dry on the surface, but the paper contains a lot of water that has been adsorbed
from the environment, allowing sensing using wet chemical methods without the
need to manually add water to the substrate. This device is very sensitive to water-
soluble gases and respond quickly and reversibly. At a fraction of the cost, the
sensors function as well as or better than most commercial ammonia sensors. The
suggested sensors may be put into food packaging to check freshness to operate as
wireless, battery-free gas sensors, which can be probed with cellphones.

2.2 Pencil Drawing

Pencil is the stationery we use every day, its core is mainly composed of conductive
graphite that allows it to be used to make PB electrical devices. Dossi and his groupet
presented a primary ePAD composed of graphite electrodes by pencil-drawn (Dossi
et al. 2013). The system was used to electrochemically detect ascorbic acid (AA) and
sunset yellow dye. In addition, Dossi and his coworkers have demonstrated a similar
device also using a dual working electrode system to detect different substances in
the mixture at distinct working electrode potentials (Dossi et al. 2013a). Kubota and
his group demonstrated the usage of graphite pencils as electrodes in combination
with μPADs for glucose detection (Santhiago and Kubota 2013). Thus it can be seen,
the application of pencil drawing to make electrodes has been widely researched
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(Kurra and Kulkarni 2013). Even though pencil drawing has the benefits of simple to
manufacture, stability, and low cost, the moisture in the paper can have an effect on
the electrical properties of pencil drawing.

Kano and his coworkers developed a PB humidity biosensor using an HB pencil,
which had a very high sheet resistance of the kΩ level and did not detect humidity
effectively (Kano and Fujii 2018). In addition, they made PB pressure sensors with
electrodes drawn on paper using an 8B pencil, which had a much lower sheet
resistance of 800 Ω sq�1. There is a distinction in the resistance of the electrodes
made by different kinds of pencils as a result of the varying graphite composition of
the pencil lead, as demonstrated by the samples above. As a result, the sheet
resistance of different PB electrodes drawn from various pencil (1B-12B). This
results indicated that the sheet resistance of PB electrodes drawn by pencil cores
(1B-5B) was greater than 2100 Ω sq�1, but the sheet resistance of PB electrodes
drawn by pencil cores (6B-12B) was lower than 700 Ω sq�1, so that pencil cores
(6B-12B) were a better choice for PB electrodes. Although PB pencil electrodes
offer the benefits of being easy to prepare, inexpensive, and environmentally benign,
their electrochemical characteristics are influenced by too many factors, such as
pencil type, drawing process. As a result, the researchers looked into alternative
simple methods for making electrodes on a paper substrate. Koga and his group
created a one-time molecular sensor device out of paper from paper for the detection
of NO2 (Koga et al. 2019). A two-step paper making and pencil-draw were used to
combine a cellulose nanofiber paper substrate, a ZnO nanowire sensor, and a
graphite electrode. The device can effectively detect nitrogen dioxide and has the
advantages of cut-and-paste use and simple disposal. Zhang’s group has produced a
PB sensor device for NO2 measurement at room-temperature (Zhang et al. 2015).
The printed Ag interdigitated electrodes provide low resistance, as it is also possible
to assemble AgNPs onto peeled graphene sheets for use as PB NO2 gas sensors. The
pencil-drawn sensor’s benefits combined with the Zigbee wireless module make it an
ideal platform for low-cost and portability. Because just an affordable, commercially
available pencil lead is required, incorporating pencil lead into ePADs is possibly the
easiest and simplest technique to produce electrodes for ePADs. Fei and his group
discussed the invention of a type of complete carbon-based humidity sensor that is
handwritten on a paper substrate (Fig. 36.3) (Zhao et al. 2017). Commercial pencils
were used to write the electrodes, and an oxidized multi-walled carbon nanotubes
(o-MWCNTs) ink marker was utilized to draw the sensitive layer. The resulting
devices are highly reproducible, stable, and sensitive. Carbon is currently employed
mostly in biology and medicine as nanostructures of carbon nanotubes (Liu et al.
2017).

Dossi and his group devised a novel method to produce handmade pencils cores.
In this method, pencil cores are made by mixing the modifier with the conductive
material toner, binder, and hardener in different proportions, which has the advan-
tages of good reproducibility, simple fabrication, and low cost (Dossi et al. 2014).
Moreover, the electrodes made by doping different substances exhibit different
properties, such as reversible electrochemical behavior of some and good
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electrocatalytic activity of others. The synthesized pencil cores are expected to be
well automated when mounted on a computer-controlled plotter.

2.3 Conductive Tape Pasting

The copper foil adhesive tapes have been employed as electrodes for PB sensors in
the past. Nonetheless, the adhesive copper foil tape electrodes are unable to with-
stand the constant bending, which results in poor wearability and fragile sensors.
With the advancement of the manufacturing sector, flexible polyester conductive
adhesive tape has been developed, which aids in the resolution of the compatibility
issue between rigid electrodes and paper. Tai Group has produced a simple and
versatile PB humidity sensor in which they have a conductive tape pasting technol-
ogy for creating a PB humidity sensor (Duan et al. 2019). It is made in two easy
steps: Firstly, two aluminum wires are taped to the surface of the paper using two
polyester conductive tapes to form two electrodes. Then, the sensor is encapsulated
with an insulating PI adhesive tape. In this study, the flexible polyester conductive
adhesive tape ensures excellent compatibility and stability between the electrodes
and the paper. A good insulating PI tape to improve its mechanical bendability.

2.4 Chemical Deposition

Noviana’s thermoplastic electrode (TPE) production method was derived from a
simple solvent-assisted electrode manufacturing method (Fig. 36.4). A 160 μm wide
TPE tape was prepared by replacing PMMA with a cyclic olefin copolymer as the
binder. The electrode arrays were easily made and had a lower electrode dimensions
and gap than the traditional screen-printing process (Noviana et al. 2019).

Fig. 36.3 Schematic diagram of fabrication a PB sensor using pencil drawing. (a) Structure design
by AutoCAD, (b) printing outline, (c) handwriting electrodes, and (d) drawing sensitive layer by o-
MWCNTs-ink markers (Zhao et al. 2017). (Copyright (2017) American Chemical Society)
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2.5 Magnetron Sputtering

For the first time, Tang and his coworkers have demonstrated a PB substrate
colloidal quantum dot (PbS CQD), which was used to detect NO2 by bonding
NO2 to the PbS CQD surface (Liu et al. 2014). The interdigital gold electrodes
were printed on the substrate using radio frequency magnetron sputtering technique,
then layer-by-layer spin coating of PbS CQDs with NaNO2processing in an air
environment at room temperature. This sensor exhibits high performance to detect
of NO2 at room temperature, due to its very large surface area and solution treatment,
like fast response, high sensitivity, great reversibility, and outstanding flexibility
ability and stability.

3 Biomedical Applications

3.1 Proteins

In recent years, enzyme-linked immunosorbent assays (ELISAs) have a growing
range of applications in the biomedical field. Yu and his group developed the first
ELISA-based ePAD that is able to identify several targets from practical samples
(Zang et al. 2012). Using a multiplexed format, the sensor identified numerous
cancer biomarkers. The study incorporates two types of ELISA models: indirect
immunoassays and sandwich immunoassays. Whitesides and his group used an

Fig. 36.4 Chemical Deposition. (a) Schematic diagram of TPE fabrication. (b) assembly into an
electrochemical PAD. (c) TPE (Noviana et al. 2019). (Copyright (2019) American Chemical
Society)
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indirect immunoassay that required first placing the desired antigen modified directly
on paper, then a blocker, and then a primary enzyme-conjugated antibody (Cheng
et al. 2010). The more the antigen binds to the antibody, the stronger the signal will
be. The role of the blocker is to keep the antibody from non-specifically attaching to
the paper in the absence of the antigen, resulting in a false positive. The template for
the sandwich ELISA is an antibody in the first layer, a blocking agent in the second
layer, and an antigen and enzyme bound secondary antibody in the third layer. In
order to remove unbound substrates, BS solution containing Tween 20 is always
used between each stage of the ELISA procedure. Alkaline phosphatase and horse-
radish peroxidase are two common enzymes coupled as tags.

Lots of researches have improve some new methods to modify the paper and
electrodes to strengthen the performance of the ELISA since it was incorporated onto
paper, examples include modification of the paper with chitosan or graphene and
modification of the electrode with a self-assembled monolayer of succinimidyl
propionate. Chitosan is modified onto the paper and then removed by a washing
process to remove non-specific binding proteins, resulting in a device that can detect
proteins at the ng level (Fig. 36.5a) (Liu et al. 2015).

Methods for detecting proteins without immunoassay have been developed.
Crooks and his group put forward a biosensor using a conformational switching
experiment to detect of DNA and thrombin (Fig. 36.5b) (Cunningham et al. 2014).
This sensor generates a signal that is dependent on the target-induced “open”or “off”
of an oligonucleotide probe on the electrode. One end of this probe is attached to the
gold electrode by a sulfhydryl group, and the other end of the probe has a redox
reporter, usually methylene blue or ferrocene. The probe undergoes a conformational
change with the presence or absence of the target, thereby changing the position of
the redox reporter relative to the electrode. When there is no target, the redox
reporter can be close to the electrode, producing a large signal. In contrast, when
the target is present, the redox reporter is away from the electrode and the current
signal is greatly reduced. The sensor can detect both DNA and protein, also has the
strong points of good stability, low sample consumption, and high reproducibility.
Another sensor was made by Vallée-Bélisle, which was based on DNA utilizing
steric hindrance effects (Mahshid et al. 2015). The system is composed of a DNA
capture probe and a DNA signal probe with a small recognition element and a redox
label. When the target protein is not present, the DNA capture probe and the DNA
signal probe bind by base complementary pairing, resulting in a large current signal.
When the target protein is present, the spatial site block prevents the binding of the
DNA signal probe, resulting in a reduced current signal. With this device, we can
detect low nanomolar levels of proteins in whole blood samples in a very short time.

3.2 DNA

Immobilizing the appropriate probe on the electrode surface can make DNA detec-
tion more sensitive, specific, accurate, and stable. Yu and his coworkers pioneered
the use of AuNP/graphene modified screen-printed electrodes SPCEs in a 3D folding
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ePAD device for DNAmeasurement (Lu et al. 2012). Thionine was bound to double-
stranded DNA to form a compound. The compound acted as a signal tag and bound
to complementary ssDNA modified on nanopore gold to form a biocouple, the
resulting biocouple was an excellent amplification label. As a consequence, the
amplification is very well performed and can detect target DNA down to 2 nM. To
detect Hepatitis B virus, Crooks and his coworkers developed a sliding origami
device with magnetic microbeads (MBs) and AgNP-modified electrodes (Li et al.
2015). AgNP labels provide nearly 250,000-fold magnification, and magnetic micro-
beads are loaded with DNA capture probes, which are integrated into the detection

Fig. 36.5 (a) A schematic of a typical sandwich ELISA based on paper (Liu et al. 2015).
(Copyright (2015) American Chemical Society). (b) An “off” biosensor for DNA and thrombin
detection based on paper (Cunningham et al. 2014). (Copyright (2014) American Chemical
Society)
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electrode to provide great magnification. As a result, the device has excellent
electrochemical performance and can detect HBV up to 85 pM.

3.3 Dopamine

The discovery of analytical approaches to reliably identify neurotransmitters is
important for brain research and the diagnosis of certain illnesses. Henry and his
group produced a multilayer ePAD for the detection of dopamine (DA) (Rattanarat
et al. 2012). The device is composed of three layers. In the first layer, a hydrophilic
sample spot is used to concentrate the sample. The second layer contains two holes,
the first hole is for collecting the concentrated sample, the second hole is modified
with sodium dodecyl sulfate (SDS) for transferring the sample. The third layer is
printed with a carbon electrode using screen-printed for electrochemical measure-
ment of the signal. The preferential electrostatic interaction of the analyte with the
SDS allows for signal enhancement for the quantitative detection of DA in serum.
The device has the advantages of simplicity and portability. This device can detect
both DA and paracetamol with high sensitivity and without the need for a separation
step to complete. Feng et al. present a disposable PB integrated device that can be
used to detect dopamine in rat (Feng et al. 2015). The device consists of a carbon
tape electrode attached to a glass sheet that is modified with carbon nanotubes and
Nafion and treated with oxygen plasma. The device exhibits excellent electrochem-
ical performance. The addition of Nafion to carbon tape electrodes enhanced selec-
tivity for DA determination by preventing AA from reaching the electrode surface.
Additionally, because Nafion has negative charges that facilitate DA adsorption
which can amplify electrochemical signals of DA. This device for detecting DA
not only uses less sample, but also has a high sensitivity.

3.4 Glucose/Lactate/Uric Acid/Ascorbic Acid

Henry and his coworkers showed the electrochemical detection using PB micro-
fluidic devices. The microfluidic channels were fabricated on paper by photolithog-
raphy, and electrodes were manufactured on PB microfluidic devices by screen
printing technology (Dungchai et al. 2009). The oxidase reacts with the target to
produce H2O2, and the selectivity of the working electrode is enhanced by utilizing
Prussian blue as a redox medium to determine health markers. Compared to con-
ventional measurement methods, this method shows little error in values. The device
gives a low-cost and portable platform to detect for health markers. The poly-
vinylpyrrolidone (PANI) was also employed to adapt SPCEs for AA detection
utilizing an inkjet printing process to increase the analytical performance of
ePADs (Kit-Anan et al. 2012). Because of the strong electrochemical catalysis of
AA by polyaniline, the analytical property is greatly improved by printing a poly-
aniline layer on the working electrode. This PANI modified sensor has a LOD as low
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as 30 μMof AA under ideal circumstances utilizing 5 layers of printed PANI with no
interference from Uric Acid (UA).

Glucose has been an important target in ePAD research. As a result, novel
strategies for improving the performance of ePADs for glucose measurement have
been devised. Additionally, a dumbbell-shaped ePAD design was developed for
determining glucose levels in whole blood (Noiphung et al. 2013). The device is
not only simple, fast and portable, but also can detect a variety of health markers in
the blood. A similar study developed an amperometric glucose sensor with a PB
substrate (Chandra Sekar et al. 2014) (Fig. 36.6a). Immobilization of glucose
oxidase (GOx) by simple physical adsorption, which avoids complex immobiliza-
tion methods using multiple chemicals, thus ensuring that the original enzyme
structure is not affected and optimal activity is achieved. The sensor is simple to
prepare, low cost, portable and with good sensitivity and selectivity, making it a
powerful and convenient platform with promising applications in resource-limited
settings. Another advantage of a paper device is the possibility to integrate layers
with various functions. As a result, Kubota and his group created an ePAD for
glucose detection (Santhiago and Kubota 2013). Three hydrophilic zones contained
on a wax-patterned device (Fig. 36.6b). This ePAD consisted of three layers for
various tasks such as filtering, GOxreaction, and following redox mediator reaction
inside a detecting zone. Two electrodes made of silver ink and graphite pencil were
also present in the detecting zone.

A commercial equipment was also coupled with ePADs to improve their analyt-
ical performance for glucose detection. Whitesides and his group demonstrated the

Fig. 36.6 (a) A GOx-immobilized PB-SPE for detection glucose (Chandra Sekar et al. 2014).
(Copyright (2014) Elsevier). (b) An ePAD glucose sensor (Santhiago and Kubota 2013). (Copyright
(2013) Elsevier)
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usage of a glucometer for ePAD devices for the detection of a lot of compounds
relevant to human health in blood, saliva, and urine (Nie et al. 2010). Based on
existing blood glucose meters, this study enables point-of-care diagnosis of health
markers other than blood glucose through ePADs. A microelectrochemical sensing
platform with integrated power supply is reported by Liu and Crooks (2012). The
platform reads the signal through the electrochromic reading of Prussian blue dots,
and no external power supply is required during the whole process. The sensor is
easy to fabricate, inexpensive, and ideally sensitive for point-of-care sensing.

3.5 Cholesterol

The other one important physical fitness measure is cholesterol index, which has
been effectively included into ePADs. A method of cholesterol detection is use
polyvinylpyrrolidone (PVP), electrospray nanocomposite graphene (G), and PANI
upon the material named SPCE can increase the area of electrode surface and
increase the sensitivity of detection (Ruecha et al. 2014). The anionic sodium
dodecyl sulfate coating is used to reduce AA interference by its electrostatic repul-
sion on the working electrode modified by the PVP/G/PANI. According to the result
of Siangproh and his coworkers, the limit of detection (LOD) for cholesterol was
about 1 μM and the current signal is four times the unmodified electrode (Nantaphol
et al. 2015). The cholesterol analysis performance of ePADs can be enhanced by
using the AgNP/boron-doped diamond (BDD) electrode. The BDD electrode has
superior electrochemical features that can be summarized as low background current
and high stability. These features can improve the repeatability and sensitivity of the
detection by boosting Signal to Noise Ratio. The electrode was modified using
AgNPs to catalyze the reduction reaction of H2O2. Compared to the unmodified
electrode, not only was the chemical signal improved, but also the detection potential
was reduced. Cholesterol oxidase was immediately dropped onto the hydrophilic
surface of the ePAD, and the generated H2O2 was measured by reduction, removing
any potential influence from the oxidizable components in test samples. These
components including but not limited to UA and AA.

3.6 Cancer Cells/Markers

Early cancer detection is critical to improving patients’ chances of survival while
also delivering effective and successful therapy. As a result, rapid, accurate, and
sensitive methods for cancer cells detection and identification of carcinogenic bio-
markers have always been the main research direction of ePADs development. Yu
and his coworkers in 2014 proposed a 3D ePAD that can detect cancer cells. There
are four working electrodes on this device, each with its own counter and reference
electrode (Su et al. 2014). To act as a working electrode, an excellently designated
paper area was changed for providing the macroporous AuNP coated cellulose fiber
with high specific surface area. The cancer cell type uses human acute promyelocytic
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leukemia cells (HL-60), which are fixed on the working paper electrode by targeting
aptamer (KH1C12), then use the electrode for its detection. Furthermore, the team
recently disclosed a method to detected K-562 cells which is based on Au nano-
particles in the ePAD platform (Li et al. 2015a). The K-562 cells are indicators for
the diagnosis of early human chronic myeloid leukemia; at the same time, this
method has excellent sensitivity and stability because of the Au@PdPtNPs. This
Au@PdPtNPs had similar activity to peroxidase, it could enhance the signal by
catalyzing H2O2 reduction. The system showed more robust catalytic activity,
compared with the previously published enzymatic peroxidase system.

In addition to detecting cancer cells, the ePAD techniques for cancer biomarker
detection have also been largely enhanced according to Song and his group (Li et al.
2013), who put forward a 3D origami composite electrochemical immune device
used for detection of carcinoembryonic antigen (CEA) and alpha-fetoprotein with
porous Ag nanomaterial working electrode. Furthermore, a unique rectangular
silvermodified paper electrode was developed to detect cancer antigen
125 (CA125) and cancer antigen 199 (CA199) (Li et al. 2014). The paperworking
electrode was tagged with nanoporous porous silver-chitosan coated with metal ions
to enhance signal amplification. The LOD of CA199 or CA125 are both below 0.1
million of units per milliliter. In addition, Yan and his group in 2015 reported an
immunodevice based on a 3D origami platform (Ma et al. 2015). The device is based
on the paper electrode modified by gold nanorods and Au/BSA nanospheres coated
by metal ion which act as tracking markers to detected CEA or CA125 synchro-
nously. On the one hand, the addition of AuNRs-PWE provided a biocompatible
matrix for antibody fixation, on the other hand, it increased the electrochemical
signal of metal ions, such as Pb2+ and Cd2+. The Au/BSA-metal ion tracer is
produced by Au/BSA transport. This approach has an excellent sensitivity, whose
LOD for CEA is less than or equal to 0.08 pg�mL�1 and the LOD of CA125 is
0.06 mU�mL�1. Furthermore, a sensor for detecting prostate protein antigen (PSA)
was developed (Li et al. 2014a). In this system, PSA is acting as a biomaker of
prostatic cancer and the sensor requires an AuNP on the screen-printed PWE surface
modification, and then electrodeposited MnO2 on the Au PWE to generate 3D
nanowires. The enzymatic label redox cycling immunoassay served as the founda-
tion for this immunoassay. GOx, 3, 30, 5, 50-tetramethylbenzidine, and glucose, in
that order, served as enzyme tags, redox terminator, and substrates. The LOD of the
proposed immunosensor is 0.0012 ng�ml�1, which performs well in PSA
measurement.

In order to solve the complexity of enzyme purity, denaturation, and immobili-
zation, a simple and convenient method for detecting cancer markers without
enzyme immunosensor was established. On publication, Yan and his group in
2015 described an enzyme-free electrochemical immune sensor (Sun et al. 2015).
In this strategy, an electrochemical biosensor was established by using hydrothermal
method to modify ZnO nanorods on the rGOpaper electrode to reach highly sensitive
and specific detection of human chorionic gonadotropin, carcinoembryonic antigen
and prostate-specific antigen. rGO helps improve the conductivity of the sensing
platform and ZnO nanorods provide a great number of binding sites for antibody
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capture. In addition, the current generated by hydrogen peroxide reduction serves as
a signal output system, which amplifies the current signal under the high catalytic
activity of silver nanoparticles stabilized by bovine serum protein. The construction
of the enzyme-free immune sensing platform provides a simple, convenient, eco-
nomical, and efficient application strategy, showing a broad application prospect in
the field of clinical diagnosis. Following that, the group also proposed an enzyme-
free electrochemical immune device with a paper electrode sensor platform modified
with gold nanorods (Sun et al. 2015a). In this paper, we modified the signal antibody
on porous zinc oxide and silver nanoparticles, and successfully realized the double
specific capture of prostate specific antigen by the high selectivity of the capture
antibodyand signal antibody. Under the high catalytic activity of silver nanoparticles,
hydrogen peroxide was reduced, and the generated current response was used as a
signal reporting system to realize the highly sensitive electrochemical detection of
prostate specific antigen without enzyme.

4 Challenge and Future

Nanopaper electrode arrays have been widely employed in the biomedical field and
have made significant advances in biochemical sensing. This chapter provides a
summary of the available techniques for fabricating nanopaper electrode arrays and
their application to biosensing. Particularly noteworthy is the production of electrode
arrays, which plays a critical role in electrochemical behavior and functioning and
has a significant influence on electrode performance. As a result, electrode produc-
tion processes, materials, and geometries have been explored and improved to
achieve the maximum degree of electrode performance. For the application of
nanopaper electrode arrays in biosensing, the range of detection objects will be
more diverse, the functionality of the sensors more integrated, and there are good
prospects for low-cost, environmentally friendly, portable, and point-of-care
diagnostics.
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Abstract

As analytical devices, electrochemical biosensors convert interactions of bio-
chemical events into electrical signals. The most important factor in these systems
is analytical performance. For this reason, nanomaterials with unique properties
are often used in their development. Nowadays, these nanomaterials also con-
tribute to the miniaturization of the developed electrochemical systems in a
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format called “point of care” (PoC) to perform on-site measurements in applica-
tions such as diagnostics and monitoring, especially in the health and environ-
mental fields. In this chapter, nanomaterials and their use in electrochemical
sensing systems are discussed. The importance of electrochemical systems and
their evolution into “point-of-care” devices (PoCD) is highlighted.

Keywords

Nanomaterial · Diagnostics · Electrochemical sensors · Point of care · PoC

1 Introduction

The working principle of electrochemical sensors is based on the generation of an
electrical signal proportional to the concentration of the analyte of interest. A simple
electrochemical system has three electrodes: working, reference, and counter elec-
trode. Different sensors can be developed using the most appropriate electrochemical
sensing technique for the analyte being measured (Hammond et al. 2016; Mahapatra
et al. 2020).

Electrochemical sensors enable rapid measurements with small sample volumes.
They are also widely used as low-cost, easy-to-use systems, particularly in biomed-
ical and environmental applications. The best-known example of such a system is
glucose meters. It is typically the most popular system still used for healthcare
monitoring. Since the day it was developed by Clark, it has been updated in various
ways and has evolved into a “point-of-care” device (PoCD) suitable for bedside use
(Cho et al. 2020).

In recent years, the development of miniaturized systems that allow bedside or
on-site measurement, such as blood glucose meters, has become very topical. This is
because, despite the developments in healthcare that accompany the increase in the
world's population, there are always interruptions in processes such as the diagnosis,
follow-up, and treatment of diseases (Quesada-González and Merkoçi 2018). The
growing population not only in health care demands but also has brought an
increasing demand for food, which has led to various measures for sustainable
agriculture. Given the problems in both areas, portable, user-friendly devices are
being developed to enable the measurement of various parameters. Today, these
tests, which allow for on-site or bedside measurement, are referred to as “point-of-
care” (PoC) tests. These tests can be optical or electrochemical, depending on the
measurement method. Here, the focus will be on electrochemical PoC devices
(Wang et al. 2020a).

Whether optical or electrochemical, the analytical performance of PoC devices is
critical. These devices should be specifically designed for the analyte of interest and
either not react at all or react only slightly to other similar molecules. Sensitivity and
stability are other important factors (Quesada-González and Merkoçi 2018). Even if
a system is developed electrochemically, it must have high reproducibility and
sensitivity when used in a PoCD. Advances in nanotechnology and the unique
properties of nanomaterials are being extensively used in the development of this
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innovative and powerful system (Hammond et al. 2016; Quesada-González and
Merkoçi 2018). Nanomaterials, usually used as electrodes or auxiliary matrices,
contribute to the enhancement of the signal to be generated for the analyte of interest.
For this purpose, they sometimes have additional electrocatalytic properties and
sometimes work in perfect biocompatibility with their exceptional electron mobility
and capture biomolecules (Cho et al. 2020).

Therefore, in this chapter, nanomaterials are first discussed and then electrochem-
ical sensors, which are also used as PoC systems, are explained with examples.

2 Nanomaterials

Nanomaterials are unique structures in the range of 1–100 nm with at least one
dimension in the submicron or nanoscale (Baig et al. 2021). Nanomaterials exhibit
innovative and amazing properties not observed in bulk materials. Nanostructures
with different physical and physicochemical properties can be created by modifying
the chemical composition, atomic structure, dimension, design, and synthesis pro-
cesses of nanomaterials (Kebede and Imae 2019). Therefore, the aforementioned
nanostructure materials are receiving much attention due to their potential to
improve current and future technologies.

3 Classification of Nanomaterials Based on the Dimension

Nanomaterials occur in a range of morphologies, including tubular, spherical, and
irregular, and they can be found in single, aggregated, or fused forms (Rafiei-
Sarmazdeh et al. 2019). Dimensionality is the most important characteristic that
categorizes the different forms of nanostructures because the properties of nano-
materials can vary depending on their size and morphology. Nanomaterials are
classified into four types based on their dimensionality: zero, one, two, and three
as shown in Fig. 37.1.

4 Zero-Dimensional (0D) Nanomaterials

In zero-dimensional nanomaterials, all dimensions are limited to the nanoscale. They
are spherical or quasi-spherical nanoparticles with a diameter of less than 100 nm
and are also referred to as point-like particles (Wang et al. 2020b). They include
quantum dots, polymer dots, fullerenes, nanospheres, magnetic nanoparticles, and
noble metal nanoparticles such as gold, palladium, platinum, and silver (Tuantranont
2013). Nanomaterials with 0D structures exhibit a variety of physical and chemical
properties, including high surface-to-volume ratio, optical stability, wavelength-
dependent photoluminescence, chemical stability, cellular permeability, biocompat-
ibility, and the high binding ability for biomolecules. Carbon-based nanomaterials
are among the most studied 0D nanomaterials in the field of nanotechnology because
they can be produced at low cost, have low inherent toxicity, and possess
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multifunctional surface functionality (Wang et al. 2020b). Due to the inherent
structural properties of 0D nanomaterials, such as ultra-small size and high surface-
to-volume ratio, they have more active edge regions per unit mass. By resizing
nanomaterials and transforming them into zero-dimensional structures, one can
impart new properties to the newly fabricated structure that are different from
those of higher-dimensional materials (Malhotra and Ali 2018).

0D nanomaterials have high affinity for biomolecules and can be considered as
powerful sensing materials for enzymes, antibodies, proteins, nucleic acids, and a
variety of other clinically important substances. They enable the development of
various biosensor platforms with high conductivity, specific optical properties, and
low power consumption (Wang et al. 2020b). They can be used as an important
probe to improve the sensitivity of biosensors to enhance their analytical perfor-
mance, disease diagnosis, and pathogen detection. For this reason, 0D nanomaterials
have triggered numerous studies in the field of biosensing in recent years. They have
great potential for biomedical applications such as nanomedicine, cosmetics,
bioelectronics, biosensors, and biochips (J. Wang et al. 2013b).

5 One-Dimensional (1D) Nanomaterials

One-dimensional nanomaterials can be defined as materials that have one dimension
at the nanoscale, while the other two dimensions are at the macroscale (Tuantranont
2013; Welch et al. 2021). Their thickness can be one nanometer, but their length can
be millions of times larger, ranging from hundreds to thousands of micrometers. The

Fig. 37.1 Nanostructures based on dimensions with examples
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diameters of these nanoscale materials can be in both the x and y directions and their
growth is linear in one dimension (Malhotra and Ali 2018). The length and diameter
of these nanomaterials affect their absorption wavelengths, and their shape has
significant effects on their applicability. Their length and thickness provide mechan-
ical strength, which is advantageous in the development of larger nanostructured
materials. Well-aligned 1D nanostructures could exhibit superior properties com-
pared to their disordered equivalents (Su et al. 2012). The systematic arrangement of
these nanoparticles into functional assemblies remains a challenge for the integration
of 1D nanostructures into technological applications. For this reason, the fabrication
of 1D nanomaterials is not straightforward and often requires rigorous synthetic
processes to control their homogeneity (Tuantranont 2013).

1D nanostructures include nanorods, nanotubes, nanofibers, nanopillars, and
nanowires (Kebede and Imae 2019). Due to their relative simplicity, they can be
integrated into microelectronic processes, nanoscale wires, and/or tubes to fabricate
active devices such as biochips through the use of novel nanobiotechnology. There-
fore, one-dimensional structures such as nanowires and nanotubes are considered to
be better primary transducers in biosensors (Patolsky et al. 2006).

6 Two-Dimensional (2D) Nanomaterials

Two-dimensional (2D) nanomaterials can consist of single-layered atoms or an
ultrathin layer of a few atoms extending in both x and y dimensions. Two dimensions
of these materials are at the nanoscale and one dimension is at the macroscale
(Tuantranont 2013). They can have a surface area of several square micrometres
while their thickness is in the nanoscale (Malhotra and Ali 2018). Due to their
thickness and dimensions at both macro and nanoscales, they are considered the
thinnest nanomaterials (Rafiei-Sarmazdeh et al. 2019). Ultrathin 2D nanomaterials
are a new type of nanomaterials with sheet-like structures and transverse dimensions
greater than 100 nm but generally less than 5 nm thick. The best-known examples of
the class of 2D nanomaterials include nanolayers, nanoplates, nanobelts, nanodiscs,
graphene, nanofilms, and nanocoatings. Graphene, one of the most widely used and
fundamental 2D materials, has unique properties that make it valuable for a wide
range of applications (Rafiei-Sarmazdeh et al. 2019). The electrical, optical, and
mechanical characteristics of 2D materials can depend on the number of layers. They
have large surface areas and anisotropic physical/chemical properties due to their
unusual structures (Chimene et al. 2015). 2D nanomaterials are attracting growing
interest from a variety of scientific disciplines. With their particular geometries, they
exhibit unique shape-dependent features, high anisotropy, and chemical properties
allowing them to be used as key components for nanodevices in functional electron-
ics, catalysis, supercapacitors, and batteries (Tuantranont 2013). 2D nanomaterials
are widely used for drug and gene delivery, biosensing, multimodal imaging,
antimicrobial agents, tissue engineering, and cancer therapy due to their excellent
biocompatibility and degradability. They have the largest specific surface area of any
known material, which means they contain huge reservoirs and anchoring sites for
successful uptake and delivery of therapeutic agents (Cai and Yang 2020).
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7 Three-Dimensional (3D) Nanomaterials

Three-dimensional nanomaterials (3D) are materials with all dimensions at the
macroscale and are not limited to the nanoscale in any dimension (Malhotra and
Ali 2018). 3D nanomaterials include multi-nanolayers, nanorod or nanowire bun-
dles, ordered aggregates of nanoparticles, and nanocrystals with nanoscale features
such as nanotetrapods, nanoflowers, nanocombs, and nanotubes (Kebede and Imae
2019). Non-spherical nanoparticles have quite similar properties to 0D nano-
materials; nevertheless, variations in shape often lead to changes in absorption
(Quesada-González and Merkoçi 2018). These materials have three-dimensional
porosity that can enhance molecular movement. 3D nanostructures are an important
material because of their many uses in catalysis, as magnetic materials, and as battery
electrode materials. There are many different types of 3D materials, each with its
own size and shape, leading to unique applications in sensing. Recently, the synthe-
sis of 3D nanostructures with controllable structure and composition, larger surface
area, and sufficient absorption sites for all relevant compounds in a small space has
attracted great research interest.

8 Nanomaterials in Diagnostics

Due to their unique properties in the nanoscale size range, nanostructured materials
have proven to be a powerful and effective tool for new technologies and have been
used in the development of clinical diagnostic applications. In healthcare, there is a
growing demand for more sensitive, less expensive and faster diagnostic tests.
Infections and diseases need to be detected at an early stage to improve the prognosis
of the disease and enable rapid and effective treatment. The combined use of various
nanostructured materials will enable the creation of innovative multifunctional
nanomedical platforms for multimodal imaging, diagnosis, and treatment (Kim
et al. 2009).

Medicine and biomedical engineering are one of the most promising and chal-
lenging disciplines using nanostructured materials. Nanoparticle-based diagnostics
have the advantage of being able to target a wide range of molecules. Nanostructures
have the unique ability to detect small changes in biomolecules because their size is
close to that of many target analytes, such as nucleic acids and proteins. They can be
combined with analytical tests performed on samples from the human body, such as
blood, saliva, and tissue. These tests are used to detect disease and track a person's
health status. Parameters such as the identification of disease biomarkers at low
concentrations, the time required to perform a test, the stability of components within
the test, the cost of analysis, and the availability of analytical measurements are
major factors in diagnostics today. Nanomaterials can be easily functionalized with
different types of markers or labels to create nanoparticle-based diagnostic tools for a
specific disease. Size, structure, surface area, chemical activity, and porosity can be
changed to make them more suitable for different purposes. By modifying existing
nanostructured materials, it is possible to predictably control and alter modify the
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characteristics of current nanostructured materials and endow them with biological
properties and functions to better integrate them into biomedical systems. Modified
nanostructured materials offer new and unique properties of nanomaterials, such as
their optical, fluorescent, and magnetic properties, which have been used to develop
new devices for disease diagnostics. Currently, nanotechnology is being used to
develop cheaper, faster, more sensitive and more accurate tests and devices such as
microchips, biosensors, nanorobots, microelectromechanical systems, and nano-
electronics for medical diagnostic applications (Jackson et al. 2017; Malhotra and
Ali 2018).

Biosensors based on nanomaterials have revealed many opportunities for early
detection and diagnosis of disease-related biomarkers. A number of nanostructured
materials and composites have been developed for various sensing applications on
different sensing platforms using a variety of preparation techniques (Tuantranont
2013). Selectivity, sensitivity, and specificity of biosensors are achieved by simple
conjugation of ligands to a certain target molecule on the surface of nanomaterials.
The unique characteristics of nanomaterials have paved the way for the development
of a wide range of electrochemical sensors with enhanced analytical capabilities
(Chen and Chatterjee 2013; Anik 2017). To increase the performance of biosensors,
a variety of nanostructured materials with strong electrochemical activity, biocom-
patibility, high electrical conductivity, and large specific areas have been used as
electron transfer mediators (Cho et al. 2020). The special properties of nanostruc-
tured metal nanoparticles such as gold, silver, and nickel, and semiconductor
materials such as ZnO, TiO2, CeO2, and SnO2 have been used to construct bio-
sensors (Shetti et al. 2019).

With this information in mind, we will explore the innovative, low-cost, and user-
friendly miniaturized systems using nanomaterials under the following headings.

9 What Is “Point of Care”?

As mentioned earlier, point-of-care tests (PoCT), especially in the biomedical field,
means that the test is performed on-site, nearby. They are mainly used for diagnostic
purposes, but in recent years they are also preferred for control purposes. PoC
devices are mostly devices that have evolved from biosensors. The best known are
pregnancy and ovulation tests, which were developed within the framework of
optical biosensors, while blood glucose meters are of electrochemical origin. In
particular, smartphones, which almost everyone owns, have led to various develop-
ments in the use of these devices. The measurement results can be analyzed by
integrating them into smartphones (Quesada-González and Merkoçi 2018; Wang
et al. 2020a). Here we discuss the potential of using electrochemical biosensors as
PoC devices. Thanks to the advantages of nanomaterials, we will also mention the
properties of surface area, biocompatibility, and increased sensitivity. In these
devices, we can talk about a combination of biomaterials and nanomaterials. These
biomaterials include enzymes, proteins, nucleic acids, antibodies, and so on, which
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are used in biosensors. They can also be easily conjugated with various biological
labeling elements.

Of course, it should not be forgotten that all these systems should be tested for
analytical performance during and after development and confirmed with compara-
tive results for parameters determined by conventional methods (Misra et al. 2017).
Much time must be spent in the laboratory to develop and deploy these devices.

In the next section, electrochemical biosensors are discussed in detail as PoC
devices.

10 Electrochemical Sensors as PoC Tests

Sensors are described as small, fast, portable, and inexpensive devices for selective
analysis (Goode et al. 2015). In addition, the use of electrochemistry in these devices
has led to the development of more sensitive, practical, and cost-effective systems
(Mahato et al. 2018). Today, electrochemical sensor systems can meet the need for
portable, sensitive, practical, and accurate PoC testing (Anik 2017). From this
perspective, this Part discusses the classification of nanomaterial-based electrochem-
ical sensing systems and their potential as PoC tests.

11 Classification of Nanomaterial-Based Electrochemical
Sensors

Electrochemical sensors are defined as devices that use an electrochemical trans-
ducer to measure the change in electrical potential that occurs as a result of the
chemical reaction between biological recognition molecules and target analytes
(Antuña-Jiménez et al. 2012). Electrochemical measurements mainly use three-
electrode systems: the reference electrode, the counter electrode, and the working
electrode. Briefly, the reference electrode is used to stabilize the potential of the
working electrode, while the counter electrode (auxiliary electrode) closes the circuit
and provides the electric current flow in the electrochemical cell (Honeychurch
2012). In addition to these electrodes, the other electrode is the working electrode
where oxidation and reduction reactions between the biological recognition mole-
cules and the target analytes are performed (Skoog et al. 2017). Ag/AgCl and
platinum electrodes are used as reference and counter electrodes, respectively.
Electrode types such as gold, carbon, graphene, and so on can be used as working
electrodes, and the working electrodes can be designed with nanostructures as
desired (Grieshaber et al. 2008). Recently, the development of electrochemical
sensors based on nanomaterials has become popular because they increase the
selectivity and sensitivity of the electrochemical sensor (Zhu et al. 2015). Electro-
chemical sensors based on nanomaterials can be classified as non-enzymatic, enzy-
matic, genosensors, immunosensors, cytosensors, and other electrochemical sensors
(Fig. 37.2).
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12 Enzyme-Based Electrochemical Sensor

Enzymes can be defined as protein-based biological catalysts (Anik 2017). In
enzyme-based electrochemical sensors, highly specific enzymes are combined with
sensitive electrochemical transducers. In these sensor systems, the enzymes are
immobilized on the surface of the working electrode. The immobilization step is
one of the most important steps as it affects the selectivity of the sensor system (Zhu
et al. 2015). For enzyme electrodes, the electrical interaction between the electrode
surface and the active site of the enzyme is another very important requirement. This
is because the active site of some enzymes is isolated by a protein shell. This shell
inhibits oxidation or reduction at any potential (Wang 2005). The target molecules
can easily interact with the active site of the enzyme if the electrode surface is
equipped with nanostructured materials (Çubukçu et al. 2007).

Glucose sensors are one of the most commonly developed enzyme-based sensing
systems. The vital importance of glucose measurement, especially for diabetics, has
increased the need for this type of PoC sensor system. The most important parameter
in the systems developed for this need is durability, that is, the stability problem. This
problem was overcome with the enzyme-based biosensor system developed with
nickel nanoparticles by the work of Bandodkar et al. (2018). They were able to
obtain reproducible results that remained stable for up to 8 months. In this system,
the prepared enzyme pellets are attached to the surface of the SPE electrode using the
magnetic effect of nickel nanoparticles, and the amount of glucose in mg/dL can be

Fig. 37.2 Classification of
electrochemical biosensors
based on nanostructures
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quantified within seconds using an android-based smartphone application. With the
rapid development of PoC technology in recent years, the detection of glucose from
sweat samples with wearable sensors has become possible (Zheng et al. 2021). The
surface of the fabric-based 3D chip was functionalized with multi-walled carbon
nanotubes (MWCNTs) and Prussian blue (PB) and then coated with glucose oxidase
and chitosan. This device can chronoamperometrically monitor the amount of
glucose in the sweat sample for 9 h, allowing continuous monitoring of the health
status of the individual.

Enzymatic-electrochemical sensor systems are not limited to glucose; PoC
devices have been developed to monitor many molecules important to human health,
such as urea and amylase. A PoC system to determine the amount of phosphate in
saliva using one’s smartphone was developed by Bai et al (2021). First, the surface of
screen-printed carbon electrodes (SPCE) is covered with an enzyme layer containing
pyruvate oxide and MWCNTs, followed by a glutaraldehyde and Nafion layer.
Phosphate was determined chronoamperometrically from saliva samples using an
android-based smartphone application, and a response was obtained in less than 10 s
(see Table 37.1 for examples described here and more).

13 Non-enzymatic Electrochemical Sensor

In non-enzymatic sensor systems, the measurement is based on the direct reduction/
oxidation of target molecules such as glucose without the enzyme (Hassan et al.
2021). These sensors were developed as an alternative to the problems caused by
temperature, humidity, and pH changes in enzymatic sensors. They have advantages
such as low cost, high stability, fast and low detection limits and good sensitivity and
are now widely studied and used (Park et al. 2006). Nanomaterials form a hybrid
with metals used in the development of non-enzymatic sensors and lead to innova-
tive ideas due to their effective surface area, mass transfer, and ability to increase
sensor performance (Tee et al. 2017). Similar to enzymatic sensor systems, glucose
sensors have taken the lead in non-enzymatic sensor systems (G. Wang et al. 2013a).

Nanomaterial-based non-enzymatic glucose sensing systems have been developed
and can be used as PoC due to their advantageous properties. Today, non-enzymatic
measurement of glucose, [Na+], and [K+] is possible with sensor systems designed as
portable devices. In the system, Cr and Au nanometals were deposited on the substrate
PET by electron beam evaporation and the surface was then coated with an insulating
Al2O3 insulating layer for the electrode. When preparing the electrode system for
glucose measurement, a chitosan/NiCo2O4 solution was dropped onto the Au elec-
trode surface. For the preparation of [Na+] and [K+] sensor systems, the Au electrode
surface was coated with Na+ membrane (Na ionophore X, Na-TFPB, PVC, DOS, and
tetrahydrofuran) and K+ membrane (valinomycin, NaTPB, PVC, DOS, and cyclohex-
anone). The obtained sensors were integrated with micro-supercapacitors and used for
the detection of glucose, [Na+] and [K+] from sweat samples. The sensitivities of the
sensors were calculated to be 0.5 μA/μM for glucose, 0.031 nF/mM for [Na+], and
0.056 nF/mM for [K+] (Lu et al. 2019). The glucose sensor integrated into a
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Table 37.1 Studies regarding potential electrochemical based

Target analyte
Sensor
classification Nanomaterial/s Ref

1 Phosphate in saliva Enzymatic sensor MWCNTs (Bai et al.
2021)

2 Sweat glucose Enzymatic sensor MWCNTs (Zheng et al.
2021)

3 Urea Enzymatic sensor AuNP (Roy et al.
2021)

4 Uric acid Enzymatic sensor CNTs (Yang et al.
2021)

5 α-amylase Enzymatic sensor AuNP (Mandal et al.
2019)

6 Glucose Enzymatic sensor Nickel nanoparticle/
graphite

(Bandodkar
et al. 2018)

7 Lactate Enzymatic sensor
(wearable tattoo
sensor)

Carbon electrode/CNT (Jia et al.
2013)

8 BchE Paper-based
enzymatic sensor

PBNPs (Scordo et al.
2018)

9 Physostigmine,
Rivastigmine, and
Donepezil

Enzymatic sensor PBNPs (Caratelli
et al. 2020)

10 Glucose Enzymatic sensor VACNTs (Azimi et al.
2021)

11 Glucose Non-enzymatic
sensor

rGO (Ji et al. 2017)

12 Carcinoembryonic
antigen (CEA)

Immunosensor PtNPs (Yu et al.
2019)

13 COVID-19 spike
antigen

Immunosensor FTO/AuNP (Mahari et al.
2020)

14 COVID-19 Immunosensor AuNP (Beduk et al.
2021)

15 Plasmodium vivax
(Pv)-infected malaria

Immunosensor Au-rGO (Singh et al.
2021)

16 Blood protein
biomarker
NT-proBNP

Immunosensor AuNP or AgNP (Beck et al.
2022)

17 CP4-EPSPS Immunosensor AuNP (Gao et al.
2019)

18 Microalbuminuria Immunosensor AuNC/PS (Shaikh et al.
2019)

19 PSA Immunosensor Ag-nano ink (Farshchi
et al. 2021)

20 COVID-19 Genosensor GNP/AuNP (Alafeef et al.
2020)

21 Mycobacterium
tuberculosis

Genosensor SPGE/GPNP (Jaroenram
et al. 2020)

(continued)
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smartphone developed by Ji et al. (2017) can be cited as another example. In this study,
the surface of the screen-printed electrode (SPE) was coated with graphene oxide
nanosheets and then a 3-aminophenyl boronic acid (APBA) nanocomposite was
dropped onto the surface. The developed sensor platform was connected to a
smartphone via an application and performed measurements. The system can deter-
mine glucose in blood serum with a detection limit of 0.026 mM (see Table 37.1 for
examples described here and more).

Nanomaterial-based non-enzymatic sensors are currently available in the litera-
ture, although their design and integration as PoC are very limited. To facilitate the

Table 37.1 (continued)

Target analyte
Sensor
classification Nanomaterial/s Ref

22 Breast cancer
biomarkers

Aptamer-based
sensor

LSG/AuNP (Rauf et al.
2021)

23 CEA Aptamer-based
sensor

Graphene (Chakraborty
et al. 2021)

24 NGAL Aptamer-based
sensor

AgNP ink (Rosati et al.
2022)

25 Ammonia Other IDE (Brannelly
and Killard
2017)

26 Tyrosine Other SPE/CB nanomaterial (Fiore et al.
2022)

27 Ascorbic acid,
dopamine, and uric
acid

Other SPE/GO-AuNP (Ji et al. 2018)

28 Methyl xanthine
drug (caffeine)

Other Carbon electrode/CNT (Tai et al.
2018)

29 Glucose, Na+, Ca2+,
K+, and pH

Other CNT fiber (Wang et al.
2018)

30 AgNP Other Carbon ink/AgNP (Cunningham
et al. 2016)

31 HER2 Other Near-infrared quantum
dots and iron
nanoparticles

(Loo et al.
2011; R Mas
2013)

32 Diclofenac Other Amberlite XAD-4 (Shanbhag
et al. 2021)

Ag silver, AgNPs silver nanoparticles, Ag ink silver conductive ink, Au gold, AuNC gold nanocrys-
tal, AuNP gold nanoparticle, BChE butyrylcholinesterase, CEA carcinoembryonic antigen, CB
carbon black, CNT carbon nanotube, CP4 EPSPS 5-enol-pyruvylshikimate-3-phosphate synthase
from Agrobacterium sp. CP4, FTO fluorine-doped tin oxide electrode,GNP graphene nanoplatelets,
GPNP graphene nanoparticle powder, GO graphite oxide, IDE silver screen-printed interdigitated
electrode, LSG laser-scribed graphene,MWCNTs multi-walled carbon nanotubes, NGAL neutrophil
gelatinase-associated lipocalin, NT-proBNP N-terminal pro-brain type natriuretic peptide, PBNPs
Prussian blue-nitrogen-doped graphene nanocomposite, PSA prostate-specific antigen, PtNPs plat-
inum nanoparticles, rGO reduced graphene oxide, SPE screen-printed electrode, SPGE screen-
printed graphene electrode, VACNTs vertically aligned carbon nanotube
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use of these systems, which are very useful for glucose systems, by making them
user-friendly, it would be much better to develop them as PoC in the future.

14 Electrochemical Immunosensors

Electrochemical immunosensors are a type of sensor that use antibodies as detection
agents. Electrochemical signals are generated in the sensor systems as a result of
antibody recognition of the target analyte (Cho et al. 2018). The detection limit
(LOD) is one of the most important analytical parameters for immunosensor systems
and the sensitivity of the systems is low due to the small number of markers detected
per biological recognition event. In order to decrease LOD, the use of nanomaterials
has been the main goal in the development of platforms (Lim and Ahmed 2016). In
addition, nanomaterials are widely used in immunosensing systems due to their
surface area to volume ratio, conformational freedom for antibodies, surface reaction
activity, and acceleration of electron transfer at the electrode surface (Wan et al.
2013). Nanomaterials-based electrochemical immunosensors are suitable systems
for PoC because they offer advantages over other sensing technologies, such as high
sensitivity, ease of manipulation, and ease of integration with other analytical
devices (Quesada-González and Merkoçi 2018).

Nanomaterials-based electrochemical immunosensors have been developed for
COVID-19 impacting the world today. However, one of the most important param-
eters here is that the developed sensor system can be used without an expert and the
results can be transmitted to medical personnel without contact. In this regard, the
design of the system developed for COVID-19 as a PoC and its integration into a
device is very important. An electrochemical sensor system for the detection of
COVID-19 in serum samples using a laser-scribed graphene electrode (LSG) mod-
ified with gold nanoparticles (AuNP) and specific antibodies was developed by
Beduk et al (2021). The sensor system, which achieves a detection limit of
2.9 ng/ml, was miniaturized by integrating it into a PoC device so that the results
can be accessed via smartphones. As another electrochemical immunosensor system,
fluorine-doped tin oxide (FTO) electrodes were similarly modified with AuNP and
nCovid-19 monoclonal antibodies (Mahari et al. 2020). Their device called
eCovSens, which can measure COVID from saliva samples has a detection limit
of 90 fM.

Electrochemical immunosensors are being developed for testing diseases and
pathogens, which may be important not only for COVID-19 but also for humans
and the environment. One of the best examples is the immunosensor system devel-
oped for the 5-enolpyruvilshikimate-3-phosphate synthase protein isolated from the
CP4 protein (CP4-EPSPS) of the Agrobacterium species strain (Gao et al. 2019). In
this study, a sandwich immunosensor system is developed. To increase the sensitiv-
ity, AuNPs were first functionalized with streptavidin-horseradish peroxidase (HRP)
and the monoclonal antibody of CP4-EPSPS. Then, chitosan, AuNPs, and poly-
clonal antibodies for CP4-EPSPS (pAb) were immobilized on the SPCE surface.
After genetically modified crop samples were applied to the electrode surface,
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functionalized AuNP nanoprobes were placed on the surface and measurements
were performed. The LOD value of the system that can be used as PoC was
calculated to be 0.05 ng/mL (see Table 37.1 for examples described here and more).

15 Nucleic Acid-Based Sensors (Genosensors
and Aptasensors)

Genosensors and aptasensors are types of sensors that use nucleic acids to recognize
the target analyte. In genosensors, a hybridization reaction occurs between recogni-
tion molecules such as DNA, and RNA and the target molecule such as ssDNA, and
detection occurs accordingly. In contrast, in the aptasensor method, DNA or RNA
aptamers that can bind to the target molecule with high affinity and specificity are
immobilized in the sensor system as recognition molecules (Paniel et al. 2013).

A genosensor was developed and integrated into the PoC that can be used for
rapid diagnosis of the present disease, COVID -19. An easy-to-use, paper-based
electrochemical genosensor with a response time of fewer than 5 min was presented
by Alafeef et al (2020). Graphene nanopellets were coated on the surface of the filter
paper and the gold electrode was prepared by micro-Au deposition. Highly specific
antisense oligonucleotides (ssDNA) conjugated with AuNP were deposited on the
electrode surface, and detection was performed with SARS-CoV-2 RNAs isolated
from Vero cells. Electrochemical results were obtained using a homemade circuit,
and LOD was determined to be 6.9 copies/μL. Another genosensor to detect and
measure COVID -19 using a smartphone was developed by Zhao et al (2021). First,
a nanocomposite structure containing Au and Fe3O4, which was named premix A,
and a graphene functional p-sulfocalix [8]arene (SCX8-RGO) enriched in toluidine
blue (TB) and functionalized with Au, a structure named premix B, were synthe-
sized. Subsequently, premix A and then premix B were incubated with the viral RNA
determined as the target and SPCE was immobilized on the electrode surface and
electrochemical measurements were performed using a smartphone.

Aptasensors are also widely used in cancer research as they can be used for
screening and diagnosis of cancer biomarkers. Among the available studies, an
aptasensor system developed by Rauf et al. (2021) stands out for the detection of
Her-2, a biomarker for breast cancer. Moreover, this system is integrated with a PoC
device that allows measurement with a smartphone so that diagnosis can be made
without the help of an expert. In this system, LSG electrodes modified with gold
nanoparticles were modified with DNA aptamers, and the LOD value for Her-2 was
found to be 0.008 ng/mL. An aptasensor system was developed for the detection of
carcinoembryonic antigen (CEA), a marker for cancers such as breast, ovarian, lung,
and pancreas (Chakraborty et al. 2021). In this study, a working electrode was
printed with carbon ink on a PET substrate and an SPE electrode was designed.
After deposition of graphene on the working electrode, the surface was coated with
ZnO nanorods and the aptamer was immobilized. The detection limit of the
aptasensor system in human serum was determined to be 1 fg/mL (see Table 37.1
for examples described here and more).
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16 Other Electrochemical Sensors

There are also other types of sensors called nanomaterial-based that do not use
substances such as aptamers, antibodies, and enzymes as detection materials. Sys-
tems designed as wearables are the types of sensors that have attracted attention as
PoC in recent years. Wearable sensors, which are widely used in health imaging
applications such as drug analysis, allow the analysis of sweat, unlike other sensors.
Fiore et al. (2022) designed an electrochemical sensor system to detect tyrosine
using carbon black as an intelligent nano modifier. Awearable electrochemical fabric
was developed that allows the analysis of glucose, Na+, K+, Ca2+, and pH in a single
sensor system (Wang et al. 2018). For this purpose, CNT fibers are coated with active
materials that identify the target analytes. For the detection of glucose, CNT fibers
are coated with chitosan, the enzyme glucose oxidase, and Prussian blue, while the
other target analytes are coated with appropriate membranes. For the detection of
Na+, K+, Ca2+, the CNT surfaces Na-TFPB, PVC, DOS, and tetrahydrofuran
remained constant, while the ionophores used (sodium, calcium, potassium) were
varied. With the developed wearable fiber sensor based on nanomaterials, sweat
measurements can be made in real-time via a smartphone connection. Doping
controls and drug use monitoring can be performed with wearable sensors. The
electrochemical wearable sensor that enables the analysis of the methylxanthine drug
caffeine from sweat was developed by Tai et al (2018). The surface of PET was
modified with CNT and Nafion after being coated with carbon as a working
electrode. The sensor system is sweat-powered. The cholinergic agonist hydrogel
technique was used for iontophoresis (sweat-driven technique), and caffeine mea-
surement was successfully performed by computer via Bluetooth connection (see
Table 37.1 for examples described here and more).

17 Conclusion

Advances in nanotechnology have reached an amazing level thanks to the contribu-
tions of scientists. The increase in knowledge about nanotechnology and the wide-
spread use of nanomaterials have both paved the way for the development of new
technologies and contributed to the development and improvement of existing
technologies. The glucose sensor developed by Clark is the best example of this
development and change. With the diversification of nanomaterials, their use in
electrochemical systems will be one of the most popular topics not only today but
also in the future.

The widely used PoC devices have now reached a level that can be described as a
revolution in the health field. The use of nanomaterials in devices specifically
designed for the analytes we are dealing with today has simplified the complex
systems and improved the parameters of analytical performance. Some studies
showing that the use of nanomaterials as electrodes or electrocatalysts in electro-
chemical sensing systems has resulted in higher sensitivity and lower detection
limits are summarized in Table 37.1.
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We can list the reasons why nanomaterials, which offer different advantages
depending on their size, are preferred in electrochemical systems as follows:

• Gold, magnetic, and silver nanoparticles, known as OD, are easy to synthesize,
small, can be easily conjugated, and can easily interact with other nanomaterials.

• Carbon nanotubes and nanowires, known as 1D, are among the most attractive
classes of electrochemical sensing systems thanks to their high conductivity,
directivity, and structural durability. This can be exploited to increase the selec-
tivity of PoC devices. However, the fact that they must meet interface require-
ments to be integrated into these systems indicates that further study is needed in
this area.

• Graphene, known as 2D, can be used in electrochemical systems because it is
easily modified and flexible.

• They can be specified as non-spherical 3D nanoparticles and photonic crystals.
They can cooperate with other nanoparticles.

It is possible that the newly explored forms of electrochemical sensing systems
based on these nanomaterials, which offer various advantages, can be supported by
advanced studies and transferred to routine practice after proving their functionality
in real samples. PoC devices derived from electrochemical systems based on nano-
materials will occupy a larger place in our lives in the future.
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Abstract

In this chapter, we evaluated electrochemical biosensors designed to diagnose
various diseases. The biorecognition elements in these biosensors consisted of
antibodies, aptamers, and peptides. The studied biosensors used different nano-
materials (nanoparticles, nanostructures, nanocomposites, and other nano-based
materials) to amplify the output signals and increase the diagnostic sensitivity.
Here, all efforts were made to review and introduce the latest related research. The
classification of the included biosensors was based on the type of biorecognition
element and the type of analyte related to each type of disease, where a number of
them were evaluated and reviewed in detail. Other designed biosensors related to
each defined section have also been presented in several tables. Complete details
of each biosensor have been offered in the tables. The final sections of this chapter
provide a brief overview of the importance, prospects, and future of these
biosensors.
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1 Introduction

The use of new technologies is an important achievement in the rapid and accurate
diagnosis of various diseases (Choudhary et al. 2016; Mahapatra et al. 2020). Bio-
sensors are devices that respond to the presence of a particular substance (analyte) in
an environment and produce measurable signals (Felix and Angnes 2018;
Negahdary 2020a, b; Negahdary et al. 2020). A biosensor is composed of
(at least) three parts: a biorecognition element, a signal transducer, and a detector.
The analyte recognized by a biosensor comprises a wide range of chemical or
biological substances, such as small organic molecules, peptides, proteins, nucleic
acids, carbohydrates, tissue, or whole cells (Bakshi et al. 2021; Rong et al. 2021;
Zhao et al. 2021; Yang et al. 2021; Zhang et al. 2021b; Abrego-Martinez et al. 2022;
Bhatnagar et al. 2018; Shanbhag et al. 2021). The most selective biorecognition
elements more recently introduced for biosensors include antibodies, aptamers, and
peptide sequences. Ideally, this component should have a high affinity (low limit of
detection (LOD)), high selectivity (minimum interference effect), wide dynamic
range, and short response time (Negahdary and Heli 2019a; Heiat and Negahdary
2019; Negahdary et al. 2019a; Negahdary and Heli 2019b; Taheri et al. 2018;
Chandra et al. 2012). A signal transducer can convert a molecular recognition
event into a measurable signal such as fluorescence, chemiluminescence, colorimet-
ric, or electrochemical/electrical outputs (Öndeş et al. 2021b; Song et al. 2021;
Amouzadeh Tabrizi et al. 2021). The selection of signal transducer depends on
other considered biosensor components and the type of detection technique(s).

In this chapter, our emphasis is on diagnosing diseases using electrochemical
techniques. Biosensors equipped with various nanomaterials have recently provided
efficient diagnoses for many acute and chronic diseases (Negahdary and Heli 2018;
Negahdary 2020a, b; Mahato et al. 2018). The combination of biorecognition
elements with nanomaterials, or the modification of the surface of the signal trans-
ducers with nanomaterials, has created biosensors with higher sensitivity and spec-
ificity (Pumera et al. 2007; Mahato et al. 2019). The purpose of designing and using
nanobiosensors to diagnose various diseases is to reach a faster diagnosis, higher
sensitivity, more accessible (portable), and less expensive application.

The available detection methods to diagnose various diseases often have several
challenges to be overcome, such as lowering their cost, decreasing the time for each
analysis, simplifying complicated diagnostic procedures, improving their specificity,
and minimizing the effect of interfering agents (Gooding 2006; Morales and Halpern
2018).

One of the long-term goals of nanobiosensors design is to provide sensitive,
selective, and portable diagnostic tools that will offer early diagnosis and
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subsequently accelerate therapeutic procedures. Nanobiosensors have great potential
for important applications to diagnose many diseases, among them myocardial
infarction (MI), cancers, and so on, that can save the lives of thousands of patients
each year and significantly reduce the treatment costs (Negahdary and Heli 2019a, b;
Heiat and Negahdary 2019; Negahdary et al. 2019a; Taheri et al. 2018). Because it is
clear that rapid diagnosis of diseases increases the likelihood of treatment and rescue
of patients, the rapid diagnosis of diseases in the early stages can also reduce
treatment costs. Nanobiosensors can also be used to diagnose and monitor the status
of diseases such as cancers (Heiat and Negahdary 2019).

In this chapter, we investigated the application of electrochemical nanobiosensors
in the diagnosis of various diseases. It should be noted that three essential
biorecognition elements used to build nanobiosensors (antibodies, aptamers, and
peptides) and also analytes have been applied for the classification. This chapter
covers the recent primary efforts to design electrochemical nanobiosensors
(immunosensors, aptasensors, and peptide-based biosensors) to diagnose various
diseases, all the articles being discussed here, whereas the most of included
researches was published in 2020–2021. It is hoped that our presentation in this
chapter can be used as guiding content for the design of new electrochemical
nanobiosensors.

2 Applications of the Electrochemical Nano Immunosensors
in the Early Diagnosis of Diseases

The most decisive laboratory test for diagnosing MI and myocardial injury is the
accurate measurement of troponin (Chapman et al. 2020). Troponin contains a set of
three protein subunits (Troponin T (TnT), Troponin I (TnI), and Troponin C (TnC)).
Assays of TnI and TnT are considered the gold standard of MI diagnosis when
patients with clinical signs are referred to the emergency units (Reichlin et al. 2009).
Figure 38.1 shows the three-dimensional structure of the troponin complex (Shave
et al. 2010). The subunits of this protein form a complex that regulates the interaction
between actin and myosin, which plays an essential role in the contractions of
various muscles, including the heart muscle. In the muscle contraction/relaxation
process, the three subunits – the calcium-binding component (TnC), the inhibitory
component (TnI), and the tropomyosin-binding component (TnT) – perform com-
plementary roles (Katrukha 2013).

The European society of cardiology (ESC) and the American college of cardiol-
ogy (ACC) have also considered minor myocardial ischemia as MI. In fact, due to
the high diagnostic specificity of the troponin biomarker in the first days after a MI,
as well as the direct relationship between the amount of troponin released from
myocardial muscle and necrotic area into the circulation and the high stability of this
biomarker in the blood (8–14 days), this biomarker is considered as the best
preferred-biomarker for diagnosis of MI (Mair et al. 2018; Chapman et al. 2020;
Negahdary et al. 2017, 2018, 2019a, b; Negahdary 2020a; Negahdary and Heli
2019a).
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In a research, an immunosensor was designed for detection of TnI using a
modified glassy carbon electrode (GCE) with AuPtPd porous fluffy-like nano-
dendrites (AuPtPd FNDs) (Cen et al. 2021). Here, as one of the initial procedures,
AuPtPd FNDs were synthesized. First, 50 mmol L�1 thymine was dissolved in
water, and then by using 1 M NaOH, the pH of this solution was increased to 10.
Afterward, the temperature of the mentioned solution was elevated to 60 �C, and
then 24.3 mmol L�1 HAuCl4, 38.6 mmol L�1 H2PtCl6, and 100 mmol L�1 H2PdCl4
were added. This mixture was kept at the mentioned temperature for 20 min
(Fig. 38.2). At the next step, 100 mmol L�1 L-ascorbic acid (AA) was added and
stirred, and the achieved mixture was kept at room temperature for 12 h. Finally, the
product was centrifuged and dried at 60 �C. In order to design an immunosensing
platform, a defined amount of AuPtPd FNDs was dissolved in the deionized water,
and a drop of this suspension was transferred to the GCE surface (the signal
transducer). The suspension on the surface of GCE was dried at room temperature
naturally. At the next step, a defined concentration of TnI antibody as the
biorecognition element was immobilized on the surface of GCE-AuPtPd FNDs,
and the unwanted binding sites of antibody molecules were blocked by bovine
serum albumin (BSA) (Fig. 38.2). Finally, the prepared biosensor was immersed in
the various concentrations of TnI as the analyte. The electrochemical assays were

Fig. 38.1 Three-dimensional structure of the troponin complex in the process of muscle relaxation
and contraction. (Reproduced with permission from Shave et al. (2010))
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followed using differential pulse voltammetry (DPV) in the presence of [Fe(CN)6]
3�

as the redox marker while the counter and references electrodes were platinum and
saturated calomel, respectively. The presence of TnI led to the decrease of DPVs
peak current. At this condition, the signal decrease was related to the electrode
surface’s reduced free area and the increment of analyte concentrations. This signal-
off immunosensor could detect TnI in a linear range from 0.01 to 100.0 ng mL�1,
and the reported LOD was about 3 pg mL�1.

Carcinoembryonic Antigen (CEA) is a glycoprotein tumor marker produced in
the fetal gastrointestinal tract. Its levels before birth reach maximum but decline
immediately after birth. In the early 1960s, it was discovered that CEAwas present in
the blood of adults with colorectal tumors and was initially thought the CEA to be
specific for colorectal cancer (Tang et al. 2020; Pishvaian et al. 2016; Xiang et al.
2013). It was then discovered that this tumor marker is present in patients with a
variety of carcinomas (cancers related to liver, bile duct, breast, and pancreas),
sarcomas, and even many benign diseases (colitis, diverticulitis, and cholecystitis)
and especially liver diseases such as cirrhosis and hepatitis is also present with high
levels (Al-Kazzaz and Dr 2015; Al-Mudhaffar and Dr 2017). This tumor marker is
used to determine the severity and prognosis of several types of cancers, as well as to
control and monitor several diseases. Smokers also have high levels of CEA. In

Fig. 38.2 An immunosensor designed to diagnose TnI using a modified GCE with AuPtPd FNDs.
(Reproduced with permission from Cen et al. (2021))
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general, its levels should generally be less than 5 ng mL�1 (Sajid et al. 2007; Tang
et al. 2007); otherwise, its level is abnormal. This tumor marker has the highest
possible level in metastasis and also in failed treatment of liver and bone cancers. By
measuring the level of this antigen, the patients can be informed about several
possible cancers in various stages.

In a study, an immunosensor was developed for early detection of CEA using a
modified GCE with ZnMn2O4@rGO nanocomposite and Au NPs (Fan et al. 2021).
As the first step, ZnMn2O4@rGO nanocomposite was synthesized by the following
procedure: The GO solution was mixed with ethylene glycol and then ultrasonicated.
Afterward, the obtained suspension was mixed with the defined concentrations of
urea, MnCl2�4H2O, and ZnCl2 and then inserted in an oil bath and kept at 200 �C for
24 h. Then, the filtration was performed, and the mixture was kept at 60 �C for 12 h.
Finally, the material was calcined at 600 �C for 2 h under N2 atmosphere, and the
ZnMn2O4@rGO nanocomposite was achieved. In order to set up the CEA
immunosensing platform, a GCE was applied as the signal transducer and modified
with the prepared 15 mg mL�1 ZnMn2O4@rGO nanocomposite by immersing the
working electrode in the related nanostructure solution. At the next step, the
GCE-ZnMn2O4@rGO nanocomposite was modified with Au NPs through an elec-
trodeposition procedure (V: �0.2 V, time: 30 s). The Au NPs synthesis solution
consisted of 5 mmol L�1 HAuCl4 and 0.01 M Na2SO4. Subsequently, a
CEA-specific antibody as the biorecognition element was immobilized on the
surface of the modified GCE with ZnMn2O4@rGO nanocomposite and Au NPs.
Then, the unwanted binding sites of the antibody on the surface of GCE were
blocked by using the BSA solution. Finally, the prepared immunosensor was
evaluated in the presence of various concentrations of the analyte. All the electro-
chemical measurements were followed using a three-electrode system; the men-
tioned GCE was the working, and platinum and Ag/AgCl electrodes were applied as
the counter and reference, respectively. The electrochemical assays were followed by
the DPV as the detection technique and supported by [Fe(CN)6]

3�/4� as the redox
marker. This electrochemical immunosensor could detect CEA in a linear range from
0.01 to 50 ng mL�1, and the reported LOD was equal to 1.93 pg mL�1.

Prostate-specific antigen (PSA) is a protein produced primarily by prostate cells
(Wu et al. 2001). The prostate is a small gland that produces part of the seminal fluid.
Most of the PSA produced is excreted through the seminal fluid, and some other
amounts enter the bloodstream. PSA is present in the blood in two forms, free and
complex (bound with a protein) (Nordström et al. 2018). Usually, all men have a
small amount of PSA in their blood. Elevated PSA levels may be a sign of a prostate
problem. In more than 80% of men with prostate cancer, PSA levels are higher than
4 ng mL�1 (Raouafi et al. 2019). However, levels above 4 ng mL�1 are not always
associated with cancer. The PSA assay may be used as a promising tumor marker to
screen and monitor prostate cancer. The goal of screening is to diagnose prostate
cancer until the cancer cells are still in the prostate and have not spread (metastasis)
to other organs (Romesser et al. 2018; Spratt et al. 2018). High increases in PSA
levels in the blood are usually associated with prostate cancer but may also be
associated with prostatitis and benign prostatic hyperplasia (BPH) (Fadila et al.
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2020; Logozzi et al. 2019). It was also observed that, with age, PSA levels in all men
usually increase.

With age, the weight of the prostate increases, and this enhanced size mostly leads
to BPH or prostate cancer. As an outcome, the risk of prostate cancer increases with
age (Boeri et al. 2021; Butler et al. 2020). If prostate cancer is diagnosed in the early
stages (when still limited), generally it is not fatal, and with surgery or radiotherapy,
the patients will have about 95% survival rate. However, in the late stages, when
metastasis has occurred and other organs such as lymph nodes, bones, liver, and
lungs are also affected, the life span after hormone therapy is only about 2 years
(Hassanipour et al. 2020; de Crevoisier et al. 2018; Smith et al. 2018). Therefore, the
initial diagnosis of prostate cancer is essential. Today, electrochemical biosensors
have been used as valuable tools in the early detection of PSA (Sattarahmady et al.
2017; Negahdary et al. 2020; Rahi et al. 2016; Yazdani et al. 2019; Felix and Angnes
2018).

A very effective immunosensor was built on a fluorine-doped tin oxide (FTO)
electrode modified with Au nanorods (NRs)-reduced-graphene oxide (rGO) nano-
composite as the signal transducer and was used to determine many concentrations
of PSA (Chen et al. 2021c). First, Au NRs were synthesized. A solution of
1 mmol L�1 HAuCl4 was prepared and then reduced by 0.01 mol L�1 NaBH4. In
this way, the seed solution of Au was obtained. Then, 0.1 mol L�1 cetyltrimethy-
lammonium bromide (CTAB) and 1 mmol L�1 HAuCl4 were mixed and then heated
at 60 �C for 30 min; afterward, 2 M HCl and 10 mmol L�1 AgNO3 were added to the
prepared mixture and stirred for 2 min. Finally, the prepared seed solution of Au was
added to the mixture, and after 300 min, Au NRs were achieved. In another
procedure, GO was produced based on the Hummers method by applying graphite
powder. Then, a defined concentration (2 mg mL�1) of the produced rGO mixed
with 0.2 mg mL�1 Au NRs and led to producing Au NRs-rGO nanocomposite. In
order to develop the immunosensing platform, an FTO electrode was considered as
the working electrode and modified with Au NRs-rGO nanocomposite (Fig. 38.3).
Afterward, FTO-Au NRs-rGO was modified with chitosan to enhance the

Fig. 38.3 An immunosensor for detection of PSA by applying a modified FTO electrode with Au
NRs-rGO nanocomposite. (Reproduced with permission from Chen et al. (2021c))
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biocompatibility and stability of the used nanocomposite on the surface of the FTO
electrode. At the next step, a considered PSA antibody as the biorecognition element
was dropped on the surface of the working electrode, and then the unspecified
binding sites of the immobilized antibody were blocked by BSA. Finally, the
prepared immunosensor was applied to detect the various concentrations of PSA
(Fig. 38.3). The electrochemical assays were followed using the DPV technique and
via a three-electrode system where the modified FTO, platinum, and saturated
calomel electrodes were applied as the working, counter, and reference, respectively.
The principle of detection was based on the changes found between the electron
transfer rates. In the absence of PSA, the electron transfer rate was at the maximum
value, but in the presence of the analyte, the bound status between the antibody and
analyte led to blocking the electron transfer rate along with the increment of PSA
concentrations. So, the lowest DPV peak current was found at the highest concen-
tration of the analyte. This signal-off immunosensor detected PSA in a range from
0.1 to 150 ng mL�1, and the reported LOD was equal to 0.016 ng mL�1.

In Table 38.1, comprehensive details for nanoimmunosensors designed to diag-
nose various diseases have been provided.

3 Applications of the Electrochemical Nano and Peptide-
Based Biosensors in the Early Diagnosis of Diseases

A peptide-based biosensor was developed for early detection of TnI by applying a
mercury film-modified screen-printed electrode as the transducer (Xie et al. 2021).
For this electrochemical biosensor, the peptide-oligonucleotide conjugate (POC)-
templated quantum dots (QDs) (POC@QDs) were first synthesized. In order to
synthesize this nanocomposite, the sodium hydrogen telluride (NaHTe) solution
was prepared. Afterward, another solution containing 100 μmol L�1 POC,
1.25 mmol L�1 CdCl2, and 1.05 mmol L�1 glutathione was prepared and mixed
with the NaHTe solution. The pH of the obtained mixture was adjusted to 9, and then
the temperature was increased to 100 �C for 5 min and then cooled slowly. Finally,
the precipitation occurred after centrifuging, and the phosphate buffer solution (PBS)
was applied to provide a resuspended POC@QDs nanocomposite when needed. In
order to setup this biosensor, 4 mg mL�1 magnetic beads were functionalized with
streptavidin and were mixed with a PBS solution containing 2 μmol L�1 of a peptide
sequence (FYSHSFHENWPS) as the biorecognition element and incubated at room
temperature for 120 min. Then, the purification of peptide-functionalized magnetic
beads (Pep@MBs) nanocomposite was followed and then resuspended in the PBS
solution. At the next step, a mixture containing a defined concentration of TnI
(analyte), POC@QDs, and Pep@MBs was prepared and incubated at 37 �C for
45 min to produce the biosensing structure as a sandwich form (QDs@cTnI@MBs).
Before the electrochemical measurements, MBs molecules were removed, and the
remaining solution was mixed with 0.5 M nitric acid to release Cd2+ and subse-
quently mixed with 0.2 M HAc-NaAc buffer (pH 5.2). In order to present the
biosensing principle of this electrochemical peptide-based biosensor, it should be
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noted that POC and analyte contained trypsin substrate in their sequences and in the
sandwich structure of QDs@cTnI@MBs when trypsin was applied, QDs molecules
were released through a proteolysis process. The release of QDs led to producing
more Cd2+ molecules and enhancement of the output electrochemical DPVs. The
releasing amount of QDs from the sandwich structure had a direct relationship with
the concentration of TnI. This signal-on peptide-based biosensor detected TnI in a
linear range from 0.001 to 100 ng mL�1 while the reported LOD was about
0.42 pg mL�1.

In another research, a PSA biosensor was developed based on an antibody-
peptide sandwich platform by applying a modified GCE with Au@PDA@BCN
nanocomposite as the signal transducer (Zheng et al. 2021). Initially, boron-doped
carbon nitride (BCN) nanosheets were synthesized by the one-step calcination
procedure. Here, 5 g 4-pyridylboronic acid was transferred to a corundum boat
and heated at 800 �C for 180 min. Afterward, a core-shell substrate (polydopamine
(PDA)@BCN) was produced by mixing BCN and dopamine in a 100 mmol L�1

Tris-HCl buffer. This mixture was then sonicated (30 min), stirred, and centrifuged
to produce PDA@BCN nanocomposite. At the next step, to produce
Au@PDA@BCN nanocomposite, Au NPs were synthesized from HAuCl4 by
applying the sodium citrate reduction procedure. Then, a defined concentration of
PDA@BCN and Au NPs were mixed and stirred at 4 �C for 4 h and subsequently
centrifuged and washed with deionized water. Finally, the required amount of the
synthesized Au@PDA@BCN nanocomposite was dispersed in the deionized water
and kept in the refrigerator for future use.

In other synthesizing procedures, covalent organic framework (COF),
MnO2@COF, and AuPt@MnO2@COF were synthesized. The solvothermal method
was applied for synthesizing the COF by mixing 1,2,4,5-Tetrakis-(4-formylphenyl)
benzene (TFPB) and 1,4-diaminobenzene (PPDA). This mixture was ultrasonicated,
and then 6 M acetic acid was added and filled in an oil bath to follow the required
reactions at 120 �C for 3 days. The product was washed with tetrahydrofuran and
acetone, and the COF was achieved. At the next step, to synthesize MnO2@COF,
required amounts of solid COF and HClO4 were added in the deionized water and
sonicated for 10 min. Afterward, the temperature of the mixture was adjusted at
30 �C, and then a defined amount of KMnO4 was added. This mixture was then
stirred, sonicated, and centrifuged, respectively. The final product was washed with
deionized water, and the MnO2@COF as a powder was obtained using freeze-
drying.

AuPt@MnO2@COF nanocomposite was produced by the NaBH4 reduction
method. In this synthesizing method, MnO2@COF was mixed with ethanol and
then sonicated. At the next step, HAuCl4 and H2PtCl6 were added to the above
mixture and sonicated for 60 min. Finally, the NaBH4 was added to the mixture and
then was sonicated and centrifuged. The AuPt@MnO2@COF was attained and,
based on the required concentration, was resuspended in PBS solution. Subse-
quently, a bioconjugated structure (peptide/methylene blue/AuPt@MnO2@COF)
was produced. First, 2.5 mg mL�1 MB and 2 mg mL�1 AuPt@MnO2@COF
nanocomposite solutions were prepared, then mixed, and kept under stirring for
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12 h. Afterward, the mixture was centrifuged and then washed with deionized water
to remove extra methylene blue. At this moment, methylene blue/
AuPt@MnO2@COF nanocomposite was obtained and dispersed into the PBS
solution. Finally, 1 mg mL�1 PSA peptide (CGGGGMERCPIKMFYNLGSPYMNI)
was added to the final mixture and stirred at 4 �C for 12 h. The centrifuge and
washing with PBS solution provide the peptide/methylene blue/AuPt@
MnO2@COF bioconjugated structure.

In order to set up the biosensing platform, a GCE was applied as the working
electrode and then modified with Au@PDA@BCN nanocomposite. Afterward, the
PSA antibody as one part of the biorecognition element was added on the surface of
the GCE-Au@PDA@BCN nanocomposite, and then the unwanted and unspecified
antibody binding sites were blocked by BSA. Subsequently, the considered concen-
trations of analyte were prepared and dropped on the surface of the signal transducer.
Finally, the prepared bioconjugated structure (peptide/methylene blue/
AuPt@MnO2@COF) was added. So, the analyte was located in a sandwich structure
between the antibody and peptide (antibody-analyte-peptide). The electrochemical
assays were followed by the DPV technique while the applied methylene blue
molecules in the bioconjugated structure contributed as the redox marker. The
electrochemical behavior of this biosensor confirmed that after modification of the
surface of GCE with Au@PDA@BCN nanocomposite due to the increased active
surface area, the DPV peak current was increased. After immobilization of the PSA
antibody and PSA, the DPVs peak currents were reduced regularly based on the
blocking of the electron transfer rate. However, after immobilization of the
bioconjugated structure on the surface of the signal transducer, the DPV peak current
increased again due to the high conductivity of AuPt NPs. This antibody-peptide
sandwich-based PSA signal-on biosensor could detect this cancer biomarker in a
linear range from 0.00005 to 10 ng mL�1, and the found LOD was about
16.7 fg mL�1.

In another research, a CEA biosensor was developed by applying a modified ITO
electrode with polyaniline (PANI) and Au NPs (Hao et al. 2020). First, CdS QDs
nanostructure was synthesized. 20 mmol L�1 CdCl2 and 20 mmol L�1 MPA were
mixed, and the pH of the solution was adjusted to 11 using 1 mol L�1 NaOH.
Afterward, 20 mmol L�1 thioacetamide was added, and the mixture was stirred for
30 min at room temperature; in sequence, the temperature was enhanced to 80 �C
and kept for 10 h. Finally, the purification of CdS QDs nanostructure was followed
by applying deionized water for 12 h at room temperature. In another procedure,
Au-luminol-DNA2 Probe was produced. Initially, Au-luminol solution was prepared
and then mixed with a thiol-functionalized aptamer sequence (DNA 2: 50-
Cy5-TATCCAGCTTATTCAATTTTTTTT–(CH2)6-SH-30). After 12 h, Au-S cova-
lent bond was established between the Au and thiol molecules, and a conjugated
structure of Au-luminol-DNA2 Probe was achieved. In order to design the electro-
chemical biosensing platform, an ITO electrode was used as the signal transducer
and modified with PANI via an electropolymerization procedure(�0.2 V to +0.8 Vat
100 mV s�1). At the next step, the ITO-PANI was modified with Au NP colloid
(Fig. 38.4). Subsequently, a peptide sequence (DKDKDKDPPPPC) was
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immobilized on the surface of ITO-PANI-Au NPs. The interaction between the
peptide sequence and ITO-PANI-Au NPs occurred through the Au-S covalent
bond. At the next step, the carboxyl group of the prepared CdS QDs nanostructure
was activated by EDC/NHS, and then this nanostructure was coated on the surface of
ITO-PANI-Au NPs-peptide (Fig. 38.4). At this point, an amine-functionalized
aptamer sequence (DNA1: 50-AATTGAATAAGCACCCCCTTTTTT-(CH2)6-NH2-
30) was immobilized on the surface of ITO-PANI-Au NPs-peptide-CdS QDs nano-
structure and could create the amide bond with CdS QDs nanostructure molecules.
As the final step, enough amount of the prepared Au-luminol-DNA2 Probe was
dropped on the surface of the signal transducer, and hybridization could be
established between DNA1 and DNA2 strands. The prepared biosensor was applied
for the determination of the various concentrations of CEA. In the designed biosen-
sor, the CdS QDs nanostructure was applied as the cathode ECL emitter, and the
Au-luminol-DNA2 Probe (containing Cy5 as the fluorophore agent) was as the
anode ECL emitter. In the absence of the analyte, the negative potential related to
the ECL signal of CdS QDs nanostructure was quenched, and the positive potential
related to the ECL signal of the Au-luminol-DNA2 probe remained. However, in the
presence of the analyte, the affinity between the DNA1 and CEA was intense to
break the hybridization between DNA1 and DNA2. This event led to the decrement
in the positive potential of the Au-luminol-DNA2 probe and an enhancement in
negative potential related to the ECL signal of CdS QDs nanostructure. The ratio
between ECL output responses provided a quantitative method for the detection of

Fig. 38.4 An ECL peptide-aptamer biosensor for detection of CEA by applying the modified ITO
electrode with PANI and Au NPs. (Reproduced with permission from Hao et al. (2020))
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this cancer biomarker. This biosensor could detect CEA in a linear range up to
100 ng mL�1 and with an LOD of about 0.13 pg mL�1.

In Table 38.2, comprehensive details for nano and peptide-based biosensors
designed to diagnose various diseases have been provided.

4 Applications of the Electrochemical Nanoaptasensors
in the Early Diagnosis of Diseases

An aptasensor based on electrochemiluminescence (ECL) was developed to deter-
mine various concentrations of TnI by using a modified GCE with CdS QDs (Kitte
et al. 2021). In this research, two nanostructures were applied. First, CdS QDs
(medium size: 5 nm) were synthesized from a mixture of 0.017 mol L�1 Cd
(NO3)2�4H2O and 0.082 mol L�1 Na2S�9H2O. In the second procedure, Au nano-
particles (Au NPs) (medium size: 5 nm) were synthesized by mixing 0.1 mol L�1

NaBH4 and 0.25 mmol L�1 HAuCl4 in a solution containing HCl/HNO3 (3:1). A
conjugated structure was obtained at the next step by mixing a defined concentration
of (50-CGCATGCCAAACGTTGCCTCATAGTTCCCTCCCCGTGTCC-30)-a thiol-
functionalized aptamer-and Au NPs. In order to design this aptasensing platform, a
GCE was chosen as the signal transducer, and its surface was modified with CdS
QDs nanostructure. Subsequently, to establish the carboxyl groups on the surface of
this signal transducer, a solution containing 3-mercaptopropionic acid (MPA),
0.1 mol L�1 NaCl, and 0.1 mol L�1 PBS (pH 7.4) was used. Then, the obtained
carboxyl groups were activated by immersing the electrode in 25 mmol L�1 1-ethyl-
3-(3-dimethylaminopropyl)-carbodiimide hydrochloride/N-hydroxy-succinimide
(EDC/NHS) (1:1) solution. Afterward, (50-CGTGCAGTACGCCAACCTTTCT
CATGCGCTGCCCCTCTTA-30) an amine-functionalized aptamer was immobilized
on the surface of the prepared GCE, and nonspecific binding sites were blocked by
mercaptohexanol (MCH). Then TnI as the analyte was added on the surface of the
signal-transducer. Finally, the conjugated aptamer-Au NPs were added, and conse-
quently, a sandwich structure was established (Au NPs-aptamer/TnI/aptamer/CdS
QDs nanostructure/GCE). The electrochemical measurements were followed in a
solution containing [Fe(CN)6]

3�/4� as the redox signal marker and in a three-
electrode system, whereas the modified GCE, platinum, and Ag/AgCl electrodes
were applied as the working, counter, and reference, respectively. The ECL assays
were performed in the presence of 0.05 M S2O8

2� as the coreactant agent. The
presence of TnI as the analyte was led to develop the sandwich structure based on the
found affinity between aptamers strands and analyte molecules, while the used
nanostructures created an optimum electron transfer rate. This event provided ECL
signals at the maximum value, and this event had a direct relation along with
enhancement of the concentrations of the analyte. According to the authors, the
linear detection range for this TnI aptasensor was situated between 1 fg mL�1 to
10 ng mL�1, and the obtained LOD was 0.75 fg mL�1.
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In another investigation, a photoelectrochemical (PEC) aptasensor was developed
for early detection of PSA by applying ZnO NA-CdS nanocomposite and iodide-
doped bismuth oxychloride flower-array (I0.2:BiOCI0.8) as the photocathode agent
(Feng et al. 2021). The zinc oxide nanorod array (ZnO NA) was initially synthesized
by preparing a mixture containing 0.02 mol L�1 Zn(NO3)2�6H2O, 0.03 mol L�1

NaOH, and methanol. This mixture was heated several times at 60 �C to dry on the
reference/counter microelectrodes. Afterward, to do the calcination process, the
temperature of the mixture was reached to 350 �C and kept for 30 min. Then, the
obtained ZnO seed was mixed with a solution containing 0.05 mol L�1 Zn
(NO3)2�6H2O and 0.05 mol L�1 hexamethylenetetramine, and the obtained mixture
was kept at 90 �C for 6 h. Finally, the CdS QDs were added (drop by drop),
producing ZnO NA-CdS nanocomposite. This nanocomposite was used as the
photoanode. The indium tin oxide (ITO) equipped with poly (dimethylsiloxane)
(PDMS) microelectrode channels was applied as the working electrode, and then
I0.2:BiOCI0.8 as a photocathode was synthesized on its surface with the following
procedure. A mixture of NaCI and KI was prepared and dissolved in the deionized
water (solution 1), and Bi(NO3)3�5H2O was dissolved in glycol (solution 2). After-
ward, solution 1 and solution 2 were added on the surface of the working electrode in
sequence. Then, the chitosan solution containing acetic acid and glutaraldehyde was
added on the surface of the modified working electrode with I0.2:BiOCI0.8 to provide
the immobilization capability of the biorecognition element. At the next step, an
amine-functionalized aptamer sequence (50-NH2-C6-AATTAAAGCTCGCCAT-
CAAATAGC-30) as the biorecognition element was added on the surface of the
signal transducer, and the BSA solution was also applied to prevent unwanted
immobilization of the aptamer strands. Finally, the prepared aptasensor was used
for the detection of various concentrations of PSA based on the variations of the
cathodic photocurrents in the presence of luminol as the chemiluminescence agent.
This aptasensor reported a linear detection range for PSA from 50 fg mL�1 to
50 ng mL�1, and the reported LOD was about 25.8 fg mL�1.

In another research, a CEA aptasensor was developed by modifying a GCE with
polydopamine (PDA)@graphene (Gr) (Zhang et al. 2021a). Initially, PDA@Gr
nanocomposite was synthesized; GO was first synthesized from graphite powder
based on the Hummers’method. Then, 100 μL ammonia was mixed with 1 mg mL�1

GO and stirred. Afterward, 1 mg mL�1 dopamine, hydrazine hydrate, and deionized
water were also added to the GO mixture. The obtained mixture was finally stirred at
room temperature for 20 min and subsequently was kept at 60 �C for 4 h to achieve
the final PDA@Gr nanocomposite. In another procedure, PDA@Gr-Pd-Pt nano-
dendrites (NDs) nanostructure was synthesized; first, the concentration of
0.50 mg mL�1 PDA@Gr nanocomposite was prepared and then mixed with a
defined amount of PDDA and 10 mg mL�1 K2PdCl4. Afterward, 20 mmol L�1

NaBH4 was added to the above mixture and stirred while it was kept at 25 �C for
30 min. At this step, PDA@Gr-PdNPs nanostructure was attained. Finally, to
synthesize PDA@Gr-Pd-PtNDs nanostructure, a considered amount of PDDA and
ascorbic acid was added to PDA@Gr-PdNPs nanostructure and then stirred. The
temperature was raised and fixed when attained at 90 �C. At this moment, H2PtCl6
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was added to the final mixture, and after 180 min, PDA@Gr-Pd-PtNDs, the desired
nanostructure, was obtained. In another procedure, an amine-functionalized aptamer
sequence (aptamer 2: 50-AGGGGGTGAAGGGATACCC-30) was applied and mixed
with PDA@Gr-Pd-PtNDs nanostructure, and the conjugation (covalent binding:
Pd-NH and Pt-NH) process was followed by stirring for 180 min. Finally,
0.50 mg mL�1 hemin was added to the final mixture, and the product was stirred
for 60 min at 4 �C; in sequence, the aptamer 2-hemin-PDA@Gr/Pd-PtNDs structure
was obtained. In order to provide the aptasensing structure, a GCE was elected as the
working electrode and modified with PDA@Gr nanocomposite. Afterward, an
aptamer sequence (aptamer 1: 50-ATACCAGCTTATTCAATT-30) as a part of the
biorecognition element was immobilized on the surface of GCE-PDA@Gr. Subse-
quently, the analyte was dropped on the surface of GCE-PDA@Gr-aptamer 1 and
could be bound with the aptamer 1 from one side. In addition, the conjugated
aptamer 2 with PDA@Gr/Pd-PtNDs nanostructure was immobilized on the surface
of the electrode and created a sandwich platform where the analyte was located
between two aptamer sequences (GCE-PDA@Gr-aptamer 1-CEA-aptamer
2-PDA@Gr/Pd-PtNDs). The electrochemical assays were followed by DPV tech-
niques and in the presence of hydroquinone (HQ) as the redox marker and in a three-
electrode system (GCE: working; platinum: counter; saturated calomel electrode:
reference). During the electrochemical assays, the maximum electron transfer rate
was found in the absence of the analyte. In the presence of the analyte, due to the
existing affinity between the aptamer strands (aptamer 1 and aptamer 2) and the
analyte (CEA), the creation sandwich structure (aptamer 1-CEA-aptamer 2) reduced
the electron transfer rate proportionally. The reduction of DPVs peak currents
depended on concentrations of CEA. The higher concentration of the analyte created
the bigger accumulation of bound aptamers-analyte units resulting in greater
obstruction for electron transfer. This signal-off aptasensor detected the CEA in a
linear range from 50 pg mL�1 to 1 μg mL�1, and the reported LOD was about
6.3 pg mL�1. In Table 38.3, details for electrochemical nanoaptasensors designed to
diagnose various diseases have been provided.

5 A Summary and a Viewpoint About Electrochemical
Nanobiosensors: Construction and Diagnosis of Diseases

In previous sections, the different kinds of electrochemical nanobiosensors applied
for different diseases were examined. Details of these sensors are presented in
Tables 38.1, 38.2, and 38.3 including information about the nanomaterials used.
The biorecognition elements used in the structure of biosensors: antibodies,
aptamers, and peptides, were considered to build Tables 38.1, 38.2, and 38.3. The
performance of this kind of electrode is determined by the influence of various
factors such as the type of nanostructure used to modify the electrode surface, the
technique used in electrochemical assays, the type of redox marker, and the type of
analyte. Indeed, when calibrating the biosensor platform, the optimal signal trans-
ducer should be selected. Different signal transducers such as GCE, gold electrode
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(GE), ITO, screen-printed electrodes, and so on were applied in the sensors gathered
in Tables 38.1, 38.2, and 38.3. Each of these biomolecules has advantages and
disadvantages, the priorities of which have varied according to the goals of the
researchers. One of the essential points that should be considered in using the
biorecognition elements is considering the functional groups used in interaction
with these biomolecules. These functional groups are used to adapt successful
interactions with the target surfaces. The stability and compatibility of these func-
tional groups with the biorecognition elements play an important role in the sensi-
tivity, stability, reproducibility, and regeneration of biosensors. The most important
functional groups used in the biorecognition elements structure were thiol and
amine. Usually, the thiol group is important to establish successful interactions
with gold. The amine functional group is more suitable for interaction with
carbon-based surfaces. The biorecognition elements are immobilized on surfaces
in two general ways. In the first case, these biomolecules are fixed directly on the
surface of the signal transducer (bare or modified surface with nanostructures). In the
second case, several types of biorecognition elements are used in the structure of
biosensors. In this case, the simultaneous use of antibody-aptamer, antibody-peptide,
aptamer-peptide, antibody-antibody, peptide-peptide, and aptamer-aptamer can be
mentioned. In some cases, one of the mentioned units, including antibodies,
aptamers, or peptides, is not immobilized on the surface of the signal transducer
directly and interacts with the other components of the biorecognition element. The
analytes considered in the investigated electrochemical nanobiosensors in most
cases include markers of diseases with high importance in the early diagnosis such
as cancers, MI, etc., which early diagnosis can prevent severe mortality and also
pave the way for successful and low-cost treatments. Various diagnostic techniques
were used in the studied electrochemical nanobiosensors, the most important of
which include DPV, EIS, SWV, ECL, and PEC. Other important information of the
studied biosensors such as detection range, LOD, and redox markers used has also
been included in Tables 38.1, 38.2, and 38.3.

6 Final Remarks

Nanobiosensors have opened new roads for optimal disease diagnosis. In this
chapter, we evaluated the application of electrochemical nanobiosensors in the
diagnosis of several critical diseases. The purpose of using nanomaterials in the
structure of biosensors is to provide more reliable diagnoses. In fact, the nano-
materials used have improved the reactivity and sensitivity of biosensors due to
their increased surface-to-volume ratio. In addition, the nanostructures used as the
biosensor components have created more stable bonds between the various biosen-
sor components due to their specific morphologies. Nanomaterials used in the
structure of electrochemical biosensors have been used both individually and in
combination as nanocomposite structures.
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Abstract

An ultramicroelectrode is an electrode whose characteristic dimensions are
smaller than 25 μm. They have been used in electrochemistry for the last
30 years and can be used in studying extremely small sample volumes. Due to
these advantages, ultramicroelectrodes have revolutionized electrochemical
applications and methodologies. They have also transformed the time/space
accessibility of experimentation. Nanomaterials are materials whose dimensions
are at the nanometer scale (1–100 nm) or assembled at this range. When com-
pared to conventional materials the structure and properties of nanomaterials are
essentially changed. They show chemical, physical, and electronic properties that
are not seen in other materials or even materials from which the nanoparticles
were prepared. Nanomaterials are used for electrode modification, also including
ultramicroelectrodes at electrochemical sensing systems; among these nano-
materials, one can count carbon nanoparticles, noble metal nanoparticles, metal
oxide nanoparticles, and bimetallic nanoparticles. This chapter examines the role
of nanoparticles in designing ultramicroelectrodes and their applications. The
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concepts, geometries, fabrication, and advantages of ultramicroelectrodes are
defined and discussed. Finally, the applications of nanoparticle-modified elec-
trodes are presented in such a way as to display the advantages of modification as
well as the ultra-small size of the electrodes.

Keywords

Ultramicroelectrode · Nanoparticles · Electrochemistry · Modification

1 Introduction

Electrochemistry is all about chemical phenomena concerning separation of charge,
which results in a homogenous transfer of charge in solution or heterogeneous
charge transfer on the surface of electrodes. During electrochemical measurements,
electron transfers occur at the interface between the solution and the working
electrode (Brett and Oliveira-Brett 1994). The working electrode is the most signif-
icant element of an electrochemical cell, and deciding on working electrode mate-
rials is critically important for the success of experimental procedures. This material
has to demonstrate a positive redox behavior with the analyte as well as rapid and
reproducible electron transfer without fouling of the electrode. Moreover, the cost of
the material, its toxicity, its versatility in transforming into useful geometries, and
facile renewal of its surface after measurement are the basic factors in terms of
choosing the right electrode material (Anon 2020).

Solid electrodes that are employed in voltammetric measurements are generally
produced by encapsulation of electrode material with an insulating glass cover or
polymeric materials such as Teflon, polychlorotrifluoroethylene, or poly-
etheretherketone. The most widely preferred electrodes are the disc electrodes;
generally, the diameters chosen are 1.0, 3.0, and 10.0 mm. Electrodes with these
sizes produce currents measured between μA and lower mA for analytes whose
concentration is close to 1 mM under transient (time-dependent) conditions (Bond
1994; Anon 2020).

Bard and colleagues define four categories of electrodes in terms of their sizes:
(1) normal, conventional, or macroelectrodes (dimensions of millimeters, centime-
ters, or meters), (2) microelectrodes (MEs) (dimensions between 25 μm and 1 mm),
(3) ultramicroelectrodes (UMEs) (dimensions between 10 nm and 25 μm), and
finally nanoelectrodes or nanodes (dimensions smaller than 10 nm) (Bard et al.
2012). These numbers might refer to different dimensions of electrodes in line with
their shapes. For instance, they might refer to a radius for round-shaped electrodes,
such as disk, sphere, hemisphere, or cylinder forms, or width for a band or ring UME
(Zoski 2002). Although there are different lengths mentioned to define UMEs,
generally, 20 μm or 25 μm is determined (Xie et al. 2005).

Different electrodes made of different materials are miniaturized into many
geometric shapes. Their common characteristic is that the electrode size is consid-
erably smaller than the diffusion layer at their surface. Microelectrodes are far better
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than conventional electrodes in terms of signal to background characteristics thanks
to their decreased double-layer capacitance related to their small surface and radial
diffusion to their edges. Their geometry and lower current density gives them the
capacity to work with ionic conductive polymers, lubricants, and solutions without
supporting electrolytes at lower temperatures, in high-resistant environments includ-
ing low dielectric solvents, or at gas phase (Stradiotto et al. 2003).

Miniaturization of electrochemical systems has significant applications. For
instance, miniaturized biofuel cells are successfully prepared, and at present nano-
electrodes are prepared as sensors (Szamocki et al. 2007). Wightman offered working
electrode miniaturization for the first time to determine neurotransmitters both within
and outside of living organisms. Moreover, researchers apply microelectrodes for
searching microscopic spaces, detection at micro-fluid systems, analysis of samples
with very small volumes, and time-resolved probing of processes at single cells
(Stradiotto et al. 2003). Miniaturization allows microelectrodes to achieve significant
versatility in studying electrochemical processes. They can be used at highly resistant
media and in very small samples at shorter response times (Amatore et al. 2010).

A UME is an electrode whose characteristic dimensions are smaller than 25 μm
(Wang et al. 2021; Goodwin et al. 2021). They have been used in electrochemistry
for the last 30 years. They can be used to study extremely small sample volumes
(Lupu et al. 2008). Thanks to these advantages, UMEs have revolutionized electro-
chemical applications and methodologies. They have also transformed the time/
space accessibility of experimentation (Kottke et al. 2008).

Nanomaterials or nanostructured materials are materials whose dimensions are at
the nanometer scale (1–100 nm) or assembled at this range. When compared to
conventional materials the structure and properties of nanomaterials are essentially
changed (Zhang et al. 2019). Their physical, chemical, and electronic properties are
not observable when other materials or even materials from which the nanoparticles
have been prepared are employed in their place. Nanomaterials are used for electrode
modification also including UMEs at electrochemical sensing systems. There are
different types of nanomaterials produced from carbon, noble metals such as Au or
Pt nanoparticles, metal oxides, or bimetals (Kempahanumakkagari et al. 2017).

This chapter examines the role of nanoparticles in designing UMEs and their
applications. First, the concepts of MEs and UMEs are defined in such a way as to
understand the differences between them. Second, the geometries, fabrication, and
advantages of UMEs are analyzed. Finally, the chapter discusses how these
nanoparticle-modified electrodes are employed in electrochemical measurements, and
displays the advantages of modification as well as the ultra-small size of the electrodes.

2 Definition, Classification, Fabrication, Characterization,
and Advantages of Ultramicroelectrodes

There are various arguments regarding differentiating the definitions of ME and
UME. Instead of engaging in differentiation, previous studies tend to use these two
concepts interchangeably. For instance, according to Pletcher, MEs are also
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commonly called UMEs (Pletcher 1991). Some researchers, on the other hand, do
not prefer to use the concept of UME, and for the sake of a more consistent
terminology, they prefer to adopt the concept of ME (Štulík et al. 2000). Amatore
and colleagues draw attention to the ambiguity of this differentiation. According to
them, such definitions based on size may appear useless because size matters only
for the users of the electrodes. They argue that electroanalytical chemists or molec-
ular electrochemists prefer to use different definitions. Instead of categorization
based on size, they offer a classification based on particular properties of electrodes.
Still, for practical purposes, different definitions based on the size of the electrodes
seem to be useful. Therefore, more recent studies differentiate between ME and
UME principally based on their sizes (Amatore et al. 2010).

To summarize, in order for an electrode to be defined as a UME, one dimension of
the electrode should be smaller than the diffusion layer that emerges during a
standard electroanalytical experiment, and this dimension is generally smaller than
25 μm, as mentioned above (Holt 2011). What distinguishes a UME from a macro-
electrode is that the UME can achieve diffusion layers larger than their characteristic
dimension (Bard et al. 2012). In other words, smaller size increases the effectiveness
of mass transport and thereby differentiates UMEs from conventional macro-
electrodes, where diffusion is directly related to the electrode surface (Kaifer and
Gómez-Kaifer 1999).

According to Aoki, who has published one of the earliest reviews on UMEs, there
are three types of UMEs in terms of their shape. These are (1) point electrodes, which
are concentrated and distributed in the solution in a spherical form; (2) line elec-
trodes, which generally take cylinder form in concentration and distribution; and
(3) plane electrodes, which are composed of point and line electrodes on a planar
insulator, specifically taking a disk form (Aoki 1993).

Zoski made a similar shape-based classification: (1) disk UMEs, (2) hemispherical
and spherical UMEs, (3) inlaid ring UMEs, (4) ring-disk UMEs, and (5) finite
conical (etched) UMEs (Zoski 2002). On the other hand, Kaifer and Gómez-Kaifer’s
classification was more comprehensive: (1) disk UMEs, (2) sphere UMEs, (3) wire
UMEs, (4) ring UMEs, (5) band UMEs, (6) array UMEs, and (7) interdigitated array
UMEs (Kaifer and Gómez-Kaifer 1999).

There are numerous methods for fabricating UMEs. The most frequently applied
methods are glass encapsulation sealing metal wires or carbon fibers into glass.
However, there are other coating materials and techniques such as electro-
polymerization, electrophoretic deposition, tip-dipping in a varnish or molten par-
affin, tip-transformation by various materials, or using Teflon-like materials as
insulators (Liu et al. 2005).

After fabrication, the characterization of UMEs is generally performed via
employing scanning electron microscopy (SEM), scanning electrochemical micros-
copy (SECM), or steady-state voltammetry. SEM-based characterization tries to
determine whether the metal/fiber and insulator at the tip of the UME have been
sealed properly, while in steady-state voltammetry studies, the radius of the UME
can be estimated to determine whether electrode response follows the UME theory.
More recently, SECM has been utilized to evaluate the size and shape of the
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designed UMEs by bringing the UME tip closer to electrically insulating or con-
ductive substrates. This is the diffusion-limited current that has been measured by
using a redox mediator at the surface of the tip of the UMEwhich has a distance from
the substrate (Zoski 2002).

The extra-small size of UMEs confers significant advantages on UMEs. The first
advantage is that the smaller the currents, the smaller the ohmic drops, meaning that
errors of residual cell resistance values are minimal. Second, the smaller the elec-
trode surface, the smaller the electrode capacitance values, leading to shorter elec-
trode time constants, which allows the measurement of faradaic currents relieved of
charging currents at shorter times. Third, mass transport mechanisms of the UMEs
are more efficient in that they facilitate the emergence of steady-state currents.
Fourth, the size advantage is also present in probing regions covering very small
spaces such as synapses of nerves (Kaifer and Gómez-Kaifer 1999; González-García
et al. 2007; Chang and Zen 2007; Wang et al. 2021). Fifth, these electrodes can be
employed in highly resistive environments to detect very small amounts of material
of concern at shorter times with improved sensor sensitivity (Amatore et al. 2010;
Lotfi Zadeh Zhad and Lai 2015). Sixth, the UMEs can be used for in vivo electro-
chemical measurements. For instance, they are employed for measuring neurotrans-
mitters and relevant compounds in the brain. The usage of UMEs without any
sample alteration, thanks to their small size leading to small currents, also contrib-
utes to their employment in in vivo measurements (Lupu et al. 2008). Jones and
colleagues coated conductive polymer on 2 μm 3D UMEs which were produced to
examine neural networks. The 3D structure of developed electrodes increased
surface area while preserving its minimum side dimension and its coating by poly
(3,4-ethylenedioxythiophene): polystyrene sulfonate (PEDOT:PSS) resulted in
reaching acceptable thermal noise levels through decreasing electrochemical imped-
ance. They concluded that the UMEs provided more perspectives in increasing the
quality of microelectrode array recordings and ameliorating the neuron–electrode
interface, and therefore they were promising devices for studying neuronal networks
(Jones et al. 2020). In sum, improved sensitive measurement, high mass transport,
significant temporal resolution, lower charging currents, higher signal-to-noise ratio,
and the capacity to measure in very small environments and sample volumes are the
basic advantages of UMEs compared to conventional electrodes (Coutinho et al.
2008).

Besides these advantages, the UMEs have the disadvantage of lack of sensitivity.
Arrays of UMEs (UMEAs) have been designed to overcome this limitation
(González-García et al. 2007). UMEAs are devices formed by assembling several
identical UMEs, which amplifies the current in line with the number of UMEs.
Loosely packed arrays result in the expected current signal in parallel to the number
of UMEs, whereas closely packed arrays behave like a macroelectrode with a current
proportion to the total surface area of the UMEs in the array (Orozco et al. 2010).
Various micro/nanoelectrode series adapted to different measurement conditions
were designed and produced to meet the sensing requirement. Bottom-up fabrication
techniques used to prepare micro/nanoelectrode arrays involved electrode material
(metal, carbon, ceramic, etc.) layer deposition or growth on the top, bottom, or
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formation in-between sandwich structure related to the templates or substrates
(silicon, glass, polymer, ceramic, etc.). Another significant method used to manu-
facture microelectrode arrays is photolithography, in which photoresists and illumi-
nation sources exposure resulted in insulation of the surface and drilling of micron
holes based on parts of thin film or the bulk of a substrate removal selectively. There
are other processes for fabricating microelectrode arrays such as screen printing,
deposition, membrane formation, and firing. More recently, ink-jet and 3D printing
technologies have been found to be significant alternatives for high-resolution
microstructures enabling complex electrode patterns at micro scale (Liu et al.
2020). After fabricating the UMEs, it is important to evaluate their sealing quality
because the current transient curves of gases (H2, O2, and N2, etc.) might evolve
catalytic reactions leading to misleading quantitative results (Bodappa 2020).

Miniaturization and microfabrication techniques producing UMEs allow these
electrodes to have reproducible and controllable dimensions which enable
researchers to reliably measure very low electrochemical currents at nanoampere
levels (Wahl et al. 2014). These advantages of UMEs allow them to be used in
numerous fields. For example, array-type UMEs were used as effective tools for
analytical detection of heavy metals in natural waters (Feeney and Kounaves 2000),
disk UMEs were employed to investigate battery materials to assess their cycle
lifetime (Guilminot et al. 2007), a UME was developed at the tip of a micropipette to
detect enzymes leading to a miniaturized electrochemical biosensor (Zhang et al.
2013), a UME-nanopipette probe was designed for SECM and scanning ion con-
ductance microscopy for imaging the surface topography without contacting it
(Comstock et al. 2010), a Pt-UME was developed as a pH microsensor by employing
anodic electrodeposition of iridium oxide films (Zhu et al. 2018), and a carbon-fiber
platinized UME was fabricated as an artificial synapse to produce data on the
oxidative bursts occurring at human fibroblasts (Amatore et al. 2000). In other
words, UMEs are applied in medical, energy, environmental, scanning, and sensing
fields, as well as pH measurements (Monteiro and Koper 2021).

Overall, UMEs have revolutionized electrochemical applications by extending
the boundaries of electrochemistry into small sizes, nanosecond timescales, hydro-
dynamic applications, resistant environments, and single biological cells that are
almost impossible to achieve by conventional electrodes. Usability in unusual media
other than highly ionic conducting solutions and measurement of extremely small
values in picoliter scales enable the researchers to interrogate single cells. These are
unique characteristics of UMEs that open new possibilities and enlighten otherwise
unknown parts of microenvironments (Forster and Keyes 2007).

3 Nanoparticle Usage for Fabrication
of Ultramicroelectrodes and Applications

The use of nanoparticles (NPs) in electrochemistry for electrode modification has
been increasing over the years. The reasons for this increasing usage stem from their
unique physical and chemical characteristics, which their bulk forms do not display.
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Nanomaterials, which have a controlled morphology and better surface functionality,
provide researchers with very sensitive and selective surfaces that allow the elec-
trodes to better detect the analytes of concern. Despite their advantages in electro-
chemical detection, it is very difficult to immobilize them properly on the electrode
surface and functionalize them with desired pieces. The more efficiently these steps
are accomplished, the better the electrode performance. Electrodeposition, polymer-
ization, chemical binding, and physical adsorption are the major methods used for
electrode modification with nanomaterials (Baig et al. 2019). NPs have four main
advantages in electroanalysis, namely enhanced mass transport, more effective
surface area, improved control over electrode microenvironment, and high surface-
to-volume ratio, that make them a preferable catalyst (Welch and Compton 2006).

In this section of the chapter, selected literature studies, which used nanoparticles
to fabricate UMEs and to modify UMEs, will be discussed. Table 39.1 is a summary
of studies in the literature demonstrating the applications of nanoparticle-modified
UMEs.

The use of metal nanoparticles decreases excess potentials of electroanalytical
reactions and preserves the reversibility of redox reactions at the same time. More-
over, it is easy to electrodepose noble nanoparticles on the working electrode. The
most frequently used metal nanoparticles are Au and Pt NPs for their facile electro-
deposition on the surface of almost all types of electrodes to develop general surface
properties (Kempahanumakkagari et al. 2017). They offer high sensitivity through
immobilizing biomolecules, biocatalytic activities, facile preparation, significant
biocompatibility, larger surface-to-volume ratio, and fast electron transfer
(Rajapaksha et al. 2021).

The first example of metal nanoparticle-modified UMEs was made of AuNPs.
Demaille and coworkers prepared spherical UMEs with a diameter of 1–30 μm. The
AuNPs and 1,9-nonanditiol molecules are self-assembled at the glass micropipette
tip via colloid chemistry approach. The technique applied here was confinement of
the dithiol linking agent to the micropipette tip and subsequent immersion of the tip
into a solution containing AuNPs. The result was the growth of spheres with a good
shape and gold metallic brightness. Before the preparation of the self-assembled
electrode, the inner wall of the micropipette was coated with a conductive carbon;
therefore, micro-spheres could be electrically contacted. Finally, for electricity
connection the pipette was filled with liquid Ga/In eutectic and a thin Ni wire was
placed (Fig. 39.1) (Demaille et al. 1997).

With this method used for UME preparation, unlike all other methods employed
for producing UMEs with comparable sizes, electrode geometry could be perfectly
controlled, and reproducible results could be obtained; moreover, preparing such a
UME was quite simple. According to the obtained results, the electrode assumed the
electrochemical properties of Au and behaved as an ideal microelectrode both in
aqueous and acetonitrile electrolyte solutions. Moreover, it was concluded that these
UMEs could be employed as tips of SECM providing experimental approach curves
perfectly associated with the conductive substrate theory (Demaille et al. 1997).

PtNPs were preferred by Wu and colleagues to modify carbon fiber UMEs
(PtNPs/CFUME) to design an amperometric biosensor. PtNPs accumulated
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electrochemically on UMEs increased surface areas tremendously by the electron
transfer properties between UMEs and electroactive centers of recognizing elements
of enzymes of the biosensor. Figure 39.2 shows the SEM image of PtNPs/CFUME
and the cyclic voltammetric responses of bare CFUME and PtNPs/CFUME in 0.5 M
H2SO4. It can be understood from Fig. 39.2b that increased signal verifies the
deposition of PtNPs onto the CFUME surface. Horseradish peroxidase (HRP)
enzyme was preferred as a recognition element of the biosensor to detect H2O2

using an amperometric method, which did not include a mediator. Wu and col-
leagues obtained a linear response vis-à-vis H2O2 concentration between 0.64 μM
and 3.6 mM and a detection limit of 0.35 μM (Wu et al. 2006).

Another example where PtNPs are preferred is the screen-printed edge band
UME (SPUME) gas sensor for detecting CO, produced by Chou and coworkers.
The study presented results concerning electrodeposits of PtNPs on the SPUME
(width: 20 μm) and used as an amperometric CO gas sensor. PtNPs were preferred
for their catalytic effects against CO oxidation and their chemical stability. In
designing the sensor, Nafion was used for the transmission of protons thanks to its
hygroscopic nature and for the penetration of gases into electrodes. According to this

carbonization

immersion in the
dithiol solution

immersion in the
nanoparticle solution electrical contact

dithioldithiol Ga/In

gold nanoparticles

Fig. 39.1 Schematic representation of self-assembled Au-UME preparation. (Reprinted with
permission from Demaille et al. (1997))
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Fig. 39.2 SEM image of the PtNPs/CFUME (a) and cyclic voltammograms of PtNPs/CFUME
(a) and bare CFUME (b) in 0.5 M H2SO4 solution at 100 mV s�1 (b). (Reprinted with permission
from Wu et al. (2006). Copyright (2021) Elsevier)
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study, the edge diffusion effect at the UME resulted in depositing homogenous sizes
and allowed the PtNPs to be distributed without protective or capped agents. This
method has the advantage of simplicity in producing a conventional three-electrode
configuration compared to other CO gas sensors. The designed gas sensor obtained
good linearity up to 1000 ppm and a sensitivity of 3.76 nA/(ppm�cm2). There was no
need for a supporting – in other words internal – electrolyte in the scheme of the
sensor, and this was the most obvious advantage of this UME system (Chou et al.
2009).

Miniaturization is quite useful for designing a light, small, and multi-array sensor.
Such sensors respond rapidly, consuming few materials and solvents; therefore, they
gave the advantage of having been used as a bio-device with improved portability or
a bio-artificial micro-appliance with enhanced implantability (Huang et al. 2007). A
gold UME array (UMEA) modified by gold nanoparticles (AuNPs) was employed
for a biosensor design with HRP as a model-recognizing element (Orozco et al.
2009). AuNPs are favored for their good biocompatibility, excellent conductivity
abilities, and high surface-to-volume ratios (Guo and Wang 2007). The gold ME and
UME series used in this study were produced by using Si/SiO2/metal structures via
standard photolithographic techniques. The surface area of MEs was 1.62 �
10�2 cm2. A UMEA with three different geometries was used for experimentation.
The first series included 100 disk-shaped microelectrodes (diameter¼ 10 μm) with a
total surface area of 7 � 10�2 cm2. The second series included 400 disks, while the
third series included 1600 disks with a diameter of 5 μm. When the sensitivities of
these electrodes with different geometries were compared, the highest sensitivity
was obtained with the array of 400 disks with a diameter of 5 μm. AuNPs were
electrodeposited at the surface of UMEA, and therefore the active surface increased
up to 100-fold while natural electrolytic properties remained unchanged. HRP was
immobilized by covalent bonding over the three transducer platforms via a thiol self-
assembled monolayer. The biosensor designed was employed for detecting catechol
amperometrically. What is more significant in this study was the performance
comparison of bare and AuNPs-modified UMEAs with microelectrodes. Using
UMEAs modified with AuNPs enhanced the biosensor sensitivity threefold com-
pared to bare UMEA and 80-fold compared to microelectrode-based biosensors.
Moreover, the designed biosensor showed a linear response to catechol with a
concentration range of 0.1 mM to 0.4 mM and with a detection limit of 0.05 mM
(Orozco et al. 2009).

In another work conducted by Orozco and colleagues, the formation of a self-
assembled monolayer (SAM) was analyzed at Au-UMEAs modified with AuNPs.
Thus, a basis for bioreceptors was provided to bind to transducers for biosen-
sor design. The two thiol derivatives selected for SAM in the study were
3.30-dithiodipropionic acid di (N-hydroxysuccinimide) ester and 11-mercaptoun-
decanoic acid molecules. Accordingly, the AuNPs deposited electrochemically on
the electrode surface seemed to be vital for arranging thiolated probes and electron
transfer processes at the interface between the electrode and the solution. Orozco and
colleagues compared the electrochemical performance of the developed SAM/
AuNPs/Au-UMEAwith SAM/bare UMEA and SAM/bare ME. Comparative studies
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with bare electrodes have proven that as the SAM layer was mounted on the AuNPs
modified UMEA surface, the electron transfer became more efficient. As a result of
this study, it has been observed that the advantageous properties of AuNPs, together
with the higher sensitivities obtained with UMEA-based devices, resulted in a
significant improvement of the limit of detection values of biosensors (Orozco
et al. 2012).

AuNPs-modified UMEAwas also used to determine copper (II) from soil samples
by Orozco et al. AuNPs were electrodeposited from AuNPs solution including
20 nm particles on the UMEA under the 1.6 V potential for 20 min. This procedure
increased the surface area and there was no loss of analytical performance. The
performance of AuNPs-modified UMEA compared to bare UMEA and the modified
one showed a sensitivity of 25.9 � 1.3 nC�μM�1 while the bare one showed
7.5 � 0.6 nC μM�1 sensitivity. Modified and bare UMEAs also differentiated
according to their linear ranges. Modified UMEA gave a broader range (0–10 μM)
than the bare one (0–2 μM) (Orozco et al. 2008).

Elliott and colleagues produced AuNPs-modified transparent carbon UMEAwith
an easy-to-manufacture method for selective determination of nitric oxide (NO).
Chitosan/AuNPs solution was electrodeposited on the electrode surface via
chronoamperometry by applying a potential at �1.00 V for 60 s. The effect of
chitosan and AuNPs modification in NO determination was measured by square
wave voltammetry, indicating that the modification significantly enhanced the elec-
trochemical oxidation of NO. The limit of detection value was reported as
0.2 � 0.1 μM. This shows that these electrodes can be used in in situ mechanical
and kinetic characterization of electrochemical reactions, and demonstrated a sig-
nificant sensitivity (Elliott et al. 2017).

Carrera and colleagues also preferred AuNPs as modifiers for sensor design in
determining arsenic in natural waters. The AuNPs were deposited potentiostatically
at �0.90 V for 15 s to modify on CFUME. Cyclic voltammetry and electrochemical
impedance spectroscopy were studied for electrochemical characterization, and an
SEM connected to an X-ray microanalysis system was employed to observe the
presence of AuNPs on CFUME. The anodic stripping voltammetry method was
preferred for the determination of arsenic. Carrera and colleagues concluded that
compared to standard carbon electrodes, the developed modified electrode has a fast
response for the determination of arsenic with advanced analytical properties such as
improved reproducibility, enhanced selectivity, lower detection limit values
(0.9 μg L�1), and a significant sensitivity (0.0176 nA μg L�1) compared to standard
carbon electrodes (Carrera et al. 2017).

Lee and colleagues developed a simple method to prepare nanoporous gold-
modified UMEs. These electrodes were produced by a single potential sweep from
0.7 V to 1.35 V in phosphate buffer solution (pH 8.0) that contained 1 M KCl. Well-
defined nanoporous gold structures were constructed on Au surfaces with a single
potential scan within 100 s. The formation of nanoporous gold was demonstrated by
taking SEM images. While this method is employed on small-sized Au surfaces
without relating it to electrode geometry, it cannot be applied to conventional
macroelectrodes. The impact of the size of the electrode as well as scan rates on
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nanoporous gold formation was thoroughly examined. This modified electrode was
utilized for detecting glucose amperometrically with 20-μL sample volumes (Lee
and Kim 2021).

Chen and colleagues have developed a non-enzymatic method for glycerol
quantitation in biodiesel using a SPUME modified with PtRu NPs. Oxidation of
glycerol with periodate resulted in the formation of the formic acid and formalde-
hyde whose detection was performed by the designed electrochemical sensor at the
gas phase. Thus, the two steps of the procedure, namely sample preparation and
determination, were combined as one single step. Moreover, this eliminated
solution-phase interferences and therefore enhanced selectivity in analyzing glyc-
erol. PtRu deposited on SPUME first at �0.6 V for 10 s in 150 ppm HAuCl4 and at
�0.6 V at a potential of 25 s in 50 ppm RuCl3 and 150 ppm H2PtCl6. Au NPs were
first deposited to decrease PtRu’s particle size. 3 μL Nafion solution was dripped
onto PtRu-SPUME for its hygroscopicity to conduct protons and allow gases to
penetrate the electrode. In UME, the edge diffusion effect increased in mass transfer
rate and resulted in a more homogeneous size with NPs’ distribution regardless of
preservatives. Characterization was made by SEM, X-ray photoelectron spectros-
copy, and X-ray energy dispersive spectroscopy to verify the structure and molecular
composition of PtRu NPs. The limit of detection value was found as 0.51 mg L�1

and the concentration range was 0.92–92 mg L�1 in the assay of glycerol. Especially
in biodiesel to monitor free glycerol, extraction was no longer required to eliminate
organic interferences (Chen et al. 2015).

Graphene (GN) has many advantages including large surface area, high conduc-
tivity, and fast electron transfer. Pd is of great interest due to similar productions for
oxygen reaction in electrocatalysts. Pd has attracted the attention of researchers
conducting electrocatalytic studies of oxygen reaction due to its Pt-like properties,
being more abundant and cheaper than Pt. The GN/Pd NPs composite-based sensors
combine the advantageous properties of GN and Pd, which were applied in the
electrocatalysis of oxygen or other species. Wang and colleagues investigated
reduced carboxylic GN/PdNPs (COOH-rGN/PdNPs)-modified UMEA and
employed this electrode in determining biochemical oxygen demand (BOD) elec-
trochemically. The micro-electro-mechanical system technique was used to fabri-
cate the UMEAs. To fabricate COOH-rGN/PdNPs-sensitive film, first COOH-GN
was self-assembled and then electroreduced, and finally electrodeposited the PdNPs
on UMEA. Drop-casting, which is a common method of modifying GN, is improper
for UMEA modification because this method makes UMEA’s insulating layer
conductive, causing UMEA to lose its unique properties. For this reason, self-
assembling was preferred for GN modification. When the sensitive film of
COOH-GN, COOH-rGN, and PdNPs was compared to the sensitive film of
COOH-rGN/PdNPs, it was observed that the latter demonstrated a satisfiable
electroreduction performance toward dissolved oxygen. Based on the COOH-
rGN/PdNPs-modified UMEA, a BOD microsensor was designed through electro-
deposition of 1 mM palladium nitrate in the solution of 0.1 M H2SO4 at the potential
of �0.3 V for 5 s. The linear range was obtained from 1 to 30 mg L�1 for BOD
determination (Wang et al. 2014).
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Wang and colleagues used the modification of COOH-rGN/PdNPs in another
work for the amperometric determination of BOD and immobilized magnetite-
functionalized Bacillus subtilis to the UMEA surface. Although this microsensor
has satisfactory features, it has some disadvantages such as long response time due to
slow mass transfer. Wang and colleagues produced a new sensor to improve that
sensor. To do so, they used Bacillus subtilis, which functionalized using Fe3O4 to
enhance mass transfer which was immobilized by using a permanent magnet.
Modified UMEAwas used in detecting different concentrations of dissolved oxygen
after the respiration of micro-organisms. Due to the rapid mass transfer of magnetite-
functional microbes on the electrode surface, it could be carried out in 5 min. The
best-achieved calibration plot at �0.4 V potential was linear in the concentration
range 2–15 mg L�1 of BOD. It has been successfully applied in spiked water
samples (Wang et al. 2017).

In another study, Wang and colleagues compared the performance of NH2-GN
and COOH-GN NPs for dissolved oxygen determination. UMEAs were
manufactured with a micro-electromechanical system technique and each UME
had a radius of 10 μm. When NH2-GN-modified UMEA and the COOH-GN-
modified UMEA were compared, it was observed that the latter demonstrated a
superior electrochemical reduction to dissolved oxygen, as it was dispersed better
and had more active sites. Electroreduction of the COOH-GN on UMEAwas used to
obtain reduced COOH-GN (COOH-rGN). This process not only increased the
conductivity but also enhanced the catalysis performance. Eventually, the PdNPs/
rGN-COOH composite was included in the microsensor. Dissolved oxygen micro-
sensor was applied by the chronoamperometry method in the linear range of
0.9–7.2 mg mL�1 at a potential of �0.4 V (Wang et al. 2015).

Carbon nanotubes (CNTs) are cylindrical tube-shaped and one-dimensional con-
structs made up of sp2 hybrid carbon atoms. They have a nanometer fraction and a
diameter of tens of nanometers, while they can reach a few centimeters in length. In
line with the cylindrical graphene layer numbers, they can be categorized as single-
walled carbon nanotubes (SWCNTs), dual-walled carbon nanotubes, and multi-
walled carbon nanotubes (MWCNTs). While SWCNTs consist of a single graphene
sheet rolled into a tube-like structure, MWCNTs are composed of several graphene
layers with a radius of 2–100 nm and a distance around 0.34 nm between layers.
CNTs are preferred for their unique properties such as good mechanical, electrical,
and tensile strength, superior surface area, and good thermal conductivity (Luo et al.
2006; Baig et al. 2019; Aralekallu and Sannegowda 2021).

Dumitrescu and colleagues developed a simple and reproducible method for
designing disk-shaped SWCNT-UMEs. Such a properly characterized electrode
geometry allowed the researchers to investigate the major electrochemical properties
of the SWCNTs. In this study factors like redox mediator potential, concentration,
and the impact of background electrolyte were examined. The researchers were able
to grow ultra-pure SWCNTs via chemical vapor deposition, during which FeNPs
were used as catalyzer at the insulating surface of SiO2. Figure 39.3 represents a
scheme for the electrode preparation steps. What is significant is that even if the
surface coverage of SWCNTwas<% 1, with<mM concentrations of redox species,
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an SWCNT-modified UME behaved like a solid UME. However, it showed consid-
erable advantages such as unequaled rapid response times, low background currents,
and high mass transfer rate toward active parts of the electrode surface (Dumitrescu
et al. 2008).

Su and colleagues fabricated SWCNT ensembles-modified UMEs as a probe for
SEM. In doing so, pristine SWNTs were self-assembled onto Au-UMEs by
employing 1-(1-Pyrenyl)-1-methanethiol (PyMT) as an adhesion molecule. Then
methylene blue (MB) was immobilized on the sensor. To study the electrochemistry
of this sensor, cyclic voltammetry was used. For modifying the SWCNT, the PyMT/
Au-UMEs were soaked in an SWCNTs dispersion in dimethylformamide
(1.0 mg/mL) and left for 3 h at room temperature. For MB modification, the
SWCNTs/PyMT/Au-UMEs were immersed in 5 mM MB prepared in acetonitrile
for 30 min. The fabricated SWCNTs/UMEs combined the steady-state diffusion
current of UMEs and the ability for MB immobilization of the SWCNTs (Su et al.
2012).

Joshi and colleagues developed an electrophoretic method to prepare and modify
the UMEs. Loading the UMEs with the desired catalyst-composite material is
important for performing fast-scan cyclic voltammetry measurements. MWCNTs
have been used for modification. The study illuminated the CO adsorption rate on
the selected catalysts. The peaks resulting from the adsorption of the CO were
explained as a function of screening rates. The area below the peak correlated with
the CO adsorption rate on these catalysts. The average rate of CO adsorption in
methanol oxidation at Pt-MWCNTs/UME was evaluated as 13.5 �
10�8 mol cm�2 s�1. The proposed method can be generalized toward any electro-
catalyst of interest (Joshi et al. 2018).

Ren and colleagues preferred both Au nanoclusters (AuNCs) and MWCNTs for
CFUME modification to develop an enzyme-based biosensor for detecting hydrogen
peroxide (H2O2) amperometrically. Modified electrodes were produced using HRP
and biomineralized fluorescent AuNCs. The immobilization of HRP-AuNCs on
CFUMEs coated with MWCNTs produced this significant biosensor. Adjoining
HRP with AuNCs resulted in maintenance of biological activity for the catalytic
reaction of H2O2. The CFUME was immersed into the black suspension (0.5 mL)
and the solution was placed in an 80 �C oven until drying. HRP-AuNCs were
produced on the electrode by soaking MWCNTs/CFUMEs in HRP-AuNC solutions.

Fig. 39.3 Schematic of the lithographic procedure for fabricating SWNT disk UMEs. (Reprinted
with permission from Dumitrescu et al. (2008). Copyright (2021) ACS)
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The detection limit of the H2O2 biosensor is found as approximately 443 nM. Long-
term stability and good reproducibility emerged as the two significant advantages of
the designed biosensor. MWCNTs can effectively remove biomacromolecule con-
tamination of the electrode surface; moreover, the researchers were able to increase
sensitivity via expanding the surface area through modification. The developed
sensor was employed to measure H2O2 in serum solution and attained high selec-
tivity and sensitivity (Ren et al. 2020).

4 Conclusion

It is the aim of this study to review the development of NPs-modified UMEs and
their electroanalytical applications. UMEs are preferred for their advantages
vis-à-vis conventional electrodes such as improved sensitivity, lower charging
currents, smaller ohmic drops, higher mass transports, and signal-to-noise ratio.
Moreover, they can be employed for measurements at microenvironments and
very small sample volumes. These advantages make them attractive devices used
in various fields including medicine, energy, environment, scanning, and sensing.

In addition to these advantages, UMEs achieve additional benefits after being
modified with nanoparticles. First, NPs increased the surface area of the electrodes
which enhances their sensitivity. Second, NPs modification resulted in lower back-
ground currents, even higher mass transfer rate, and rapid response times. Third,
conductivity and catalytic performance are improved through modification.

It is observed that carbon-based NPs and metal NPs are mostly preferred for UME
modification. Among metal nanoparticles, Au and Pt NPs are widely chosen for their
facile electrodeposition on the surface of the electrode together with their higher
sensitivity, ease of preparation, and significant biocompatibility. Overall, the UMEs
can be considered as a promising electrode type allowing researchers to examine
microenvironments and detect analytes at very small sample volumes especially in
in vivo applications.
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Abstract

Bimetallic nanocatalysts are emerging entities due to their advanced properties,
which are mainly driven by the synergistic effects of two metals. For
bioelectrochemical detection, bimetallic nanocatalysts act as an electronic chain
to enhance the electron transport between redox moiety present in biomolecules
(proteins, enzymes, peptides, etc.) and electrode surface, and it may also enhance
the electrochemical reaction rate. It has been observed that the electrocatalytic
bimetals enhance the selectivity and sensitivity of biosensors. Structural config-
urations like composition, size, and shape influence the electrocatalytic behavior
of bimetallic nanomaterials. This chapter discussed the recent advances in the
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synthesis and characterization of bimetallic nanocatalysts and their applications
in electrochemical biosensing and the future perspectives of bimetallic nano-
catalysts for bioelectrochemical detection.

Keywords

Bimetallic nanocatalyst · Electrochemical sensors · Biosensors ·
Immunosensors · Bimetals alloy

1 Introduction

1.1 What Are Bimetallic Nanocatalysts

Metal nanoparticles have unique catalytic properties due to their intrinsic electronic
tendencies (Schmid 2011). The aggregation of the nanoparticles is a significant
concern, which may lead to changes in their structure and nanoscale catalyst
properties (An and Somorjai 2015; Picone et al. 2016). Bimetallic nanoparticles
have distinctive physicochemical properties because of the synergistic effect of
electronic alteration between two metals (Notar Francesco et al. 2014; Peng et al.
2015; Zhu et al. 2015). In bimetallic nanoparticles, two different metals combine and
show some enhanced functionalities like stability, selectivity, and catalytic activity
over their monometallic nanoparticles (Yu et al. 2011b). Recently bimetallic nano-
particles have received attention because of their enhanced electrocatalyst charac-
teristic (Chen et al. 2012b) compared to monometallic nanoparticles. Sinfelt et al.
introduced bimetallic catalyst firstly, with the combination of transition metals
(Ru-Cu, Ni-Cu, and Os-Cu) to reduce undesired C-C activation for hydrogenolysis
(Sinfelt 1977). Nantaphol et.al have described bimetallic catalysts property in Pt/Au
nanocatalyst. It was synthesized by sequentially electrodeposition of Au and Pt at
boron-doped diamond electrode (BDD). The developed Pt/Au/BDD electrode
exhibited higher catalytic property than the individual metal electrodes (Nantaphol
et al. 2017). This study accelerated bimetallic catalysts in several reactions of
dehydrogenation, oxidation, and hydrogenolysis (Alonso et al. 2012; Zaera 2013;
Gilroy et al. 2016).

The inherent electrocatalysis properties of bimetallic nanoparticles have been
used to construct various sensors and biosensors (Sun et al. 2012; Hossain and
Park 2014; Li et al. 2015c; Cho et al. 2020). The ligand and geometry play a
significant role in bimetallic nanocatalyst; the d-band of transition metal shifts to
lower energies, reducing the adsorbate-metal bond strength, which may change its
selectivity (Nørskov et al. 2009). The synthesis of bimetallic nanocatalyst empha-
sizes morphology, dispersion, and atom distribution in complex and characterization
techniques, which confirm all these parameters. These bimetallic nanostructures are
in different forms like core-shell structures, alloys, and hybrids of monometallic
nanoparticles (Chen et al. 2012a; Li et al. 2021).
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1.2 Types of Bimetallic or Orientation of Bimetallic
Nanomaterials

The assembling pattern of bimetals during synthesis makes them multiple-dimension
shapes. Therefore, they are categorized into three categories: alloy, core-shell, and
heterostructure, as shown in Fig. 40.1a–c. Each category is discussed in the next
section.

1.2.1 Bimetallic Nanoparticles (Alloys)
Alloys are a homogeneous mixture of bimetals and are subdivided into ordered alloy
and random alloy. The alloys have arbitrary atomic orders, and metal-metal bonds
are the leading moiety of the whole structure. The mixing of two metals is driven by
forces that regulate crystal morphology; higher the interaction force promotes high
bond strength, intimate mixing of metals, and charge transfer (Ferrando et al. 2008).
In general, for the chemical synthesis of bimetallic alloy nanocatalyst, strong
reducing agents have been utilized at the controlled condition to conduct the
simultaneous reduction of both metals (Mariscal et al. 2011). Researchers have
reported a range of bimetallic alloy of Pt with different noble or transition metals,
the catalytic property and stability of bimetal alloy dependent on their structure and
composition (Chantry et al. 2013). Pt-Fe alloy synthesized under controlled temper-
ature and obtained well-ordered intermetallic stacking of both metals, which
improved catalytic property in fct-FePt compared to the fcc-FePt (Kim et al.
2010). Xu et al. have reported a facile one-step room-temperature procedure for
Pt3Ni bimetallic alloy with unique electrocatalytic properties (Xu et al. 2012).

1.2.2 Bimetallic Nanoparticles (Core-Shell)
In core-shell bimetallic nanoparticles, the first inner core is nucleated with one metal
which followed by the formation of the shell using another metal, it forms a thin
homogenous layer. Noble or transition metals are dimensionally stable therefore
commonly used for core in the bimetallic catalyst. Core-shell bimetals retain control
morphology and composition (Liu et al. 2012). Bimetallic nanomaterials with core-

Fig. 40.1 Bimetallic nanoparticles structures: (a) alloyed, (b) core-shelled, and (c) heterogeneous
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shell structure are electrocatalysts in nature; researchers use noble metals with cheap
other materials.

Recently, the redox-transmetalation method has been used widely for the synthe-
sis of core–shell-type bimetallic nanomaterials (Park et al. 2004). For this, the first
core is synthesized by reducing metal ions then the second metal precursor is added
to form a shell. Redox transmetalation is the process where metal salt comes in
contact with the core surface and gets reduced via the surface atom of the core metal.

1.2.3 Bimetallic Nanoparticles (Heterostructured)
In heterostructured bimetallic nanocatalysts, both metals create nuclei and grow
separately at the mixed interface; individual nucleation happens because of the
unique reduction potential of each metal. Figure 40.1c depicted a seed-mediated
route for the formation of heterostructured bimetallic nanocatalysts. The morphol-
ogy of heterostructured bimetallic nanocatalysts determined by the growth of the
second metal would be either island or layered. Various factors, including associated
constant, matching, or mismatching of lattice structures surface-interface energy
correlations affect the morphology of heterostructured bimetal (Zeng et al. 2012).

2 Properties and Synthesis of Bimetallic Nanocatalyst

2.1 Properties

The combination of two different metals to form bimetallic nanoparticles is gaining
interest in various applications compared to monometallic nanoparticles. This is
because of their unique size and shape-dependent catalytic, thermal, electronic, and
optical effects (Sharma et al. 2019; Rajeev et al. 2021). In biosensing applications,
the most common advantage of bimetallic over monometallic nanoparticles
includes: enhanced sensitivity, specificity, stability, and biocompatibility
(Fig. 40.2). The properties of bimetallic nanoparticles are mostly influenced by the
size, shape, composition, and degree of agglomeration. These factors can be con-
trolled by the method of synthesis. During the synthesis of bimetallic nanoparticles,
the mixing of the two metal ions results in the introduction of an extra degree of
freedom (Sharma et al. 2019; Rajeev et al. 2021). This leads to the formation of a

Fig. 40.2 Advantages of bimetallic nanoparticles in diagnostic tools
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new metal-metal bond length. Nanoparticles can be synthesized by both the
top-down approach (physical methods) and the bottom-up approach (chemical
approach). The top-down approach revolves around the breaking down of bulk
material to required sizes (Loza et al. 2020). This is normally done by lithographic
processes such as grinding, sputtering, laser ablation, and dealloying (Park et al.
2017; Loza et al. 2020; Stephanie et al. 2021). One of the main advantages of this
method is the absence of solvent contamination in the prepared nanoparticles. The
top-down approach is not frequently used because of some disadvantages such as the
high level of contamination and challenges with controlling the morphology and size
of the nanoparticles. In the bottom-up approach, the required structures are formed
molecule by molecule or atom by atom through supermolecular or covalent interac-
tions (Iqbal et al. 2012). The frequently used methods for the synthesis of bimetallic
nanoparticles include; chemical and electrochemical reduction, hydrothermal, ther-
mal, and photochemical decomposition, sol-gel, chemical precipitation, and micro-
emulsion methods (Sharma et al. 2019; Loza et al. 2020; Scaria et al. 2020). Some of
these methods are explained in Fig. 40.3.

2.2 Chemical and Electrochemical Reduction

This method involves the reduction of metal ions with various reducing agents to
form zero-valent state monometallic or bimetallic nanoparticles. This method is cost-
effective, easy to set up, and allows for the toiling of nanoparticles to the desired
morphology (Wang et al. 2011; An and Somorjai 2015). The size and shape of the
nanoparticles can be controlled by changing various experimental parameters such
as the concentration of the reducing and capping agent, temperature, and time. The
main disadvantages of this method is the formation of aggregated nanoparticles. This
normally occurs when lower reduction metals and light transition metal precursors
are used (Rajeev et al. 2021). To solve this challenge, capping molecules such as
glucose and ascorbic acid are used during the synthesis process. Although significant

Fig. 40.3 Common methods
for synthesis of bimetallic
nanoparticles using bottom-up
approach
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progress has been made in improving this method, controlling the experimental
parameters for the desired morphology remains a challenge.

In electrochemical reduction, the metal ions are reduced on the surface of the
electrode using electricity. This method is cost-effective and produces nanoparticles
with high purity. Capping molecules are used to stabilize the nanoparticles. The size,
shape, density, and composition of the bimetallic nanoparticles can be controlled by
varying several experimental parameters such as current, potential, electrolyte,
electrode material, and precursor concentration.

2.3 Micro-emulsion and Thermal Decomposition Methods

Micro-emulsion is a solution that is made up of at least three different components
(polar component, non-polar component, and surfactants). The polar and non-polar
components in the solution are separated by a layer that is formed by the surfactants.
Although this method offers some advantages such as the ability to control the size
by varying the oil-water ratio. It is not commonly used because of the complexity
involved in the reaction. The thermal decomposition method for the preparation of
bimetallic nanoparticles can be defined as an endothermic reaction that involves the
use of high temperatures to break and form new bonds. In this method, the size and
morphology of bimetallic nanoparticles are influenced by several factors such as
capping agent concentration, temperature, metal precursor ratio, and reaction time.

3 Application of Bimetallic Nanocatalyst
in Bioelectrochemical Detection and Diagnosis

Biosensors are conventionally fabricated by employing various types of recognition
elements such as nucleic acids, receptors, microbes, organelles, tissues, cells, organ-
isms, enzymes, and membranes. These sensors are modified to obtain desired
properties to achieve high precision to detect the target analyte by using the natural
affinity of recognition element toward the analyte, for example, monoclonal anti-
bodies (Sharma et al. 2016; Morales and Halpern 2018).

The involvement of an electrocatalyst in the biosensors helps in the facilitation of
the electron transfer between the reactants and the electrode surface. Further, the
electrocatalyst may also aid in the chemical reaction occurring between the
electrode-analyte, resulting in an increase or decrease in the rate of electrochemical
reaction. Electrocatalyst can be coated over the electrode surface or can itself be the
electrode surface. These can be homogenous or heterogeneous such as an enzyme or
composite nanoparticles.

The evolution of the design of the biosensor can be divided into three generations
(Putzbach and Ronkainen 2013). The first generation involved the use of enzymes
catalyzed reaction to achieve a chemical reaction at the electrode surface, which
would trigger an electron transfer. The biosensors of the second generation involved
mostly single-use testing systems. These used an additional electron mediator, which
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produced an improved output response. This generation uses the rate of flow of
electrons toward the electrode surface from the analyte. These improve the perfor-
mance of the sensor by removing the dependence of an additional reaction occurring
in First-generation biosensors at the electrode surface. The third generation attempts
to immobilize both enzyme and mediator on the electrode surface, which makes the
biorecognition element an essential part of the biosensor structure. This method
directly joins the enzyme and electrode removing the need for mediator or diffusion
involvement, further, the incorporation of catalytic structures increases the electron
transfer rate. This leads to improved sensing response and work is being done for the
commercialization of these devices.

3.1 Biosensors Based on Target Analyte

3.1.1 Hydrogen Peroxide Sensing: Combined H2O2 and Glucose
Sensing

Detection of H2O2 has become essential due to its wide range of applications in
industrial, healthcare, and anti-terror activities. H2O2 holds high importance in the
clinical field to determine various important metabolites like uric acid and glucose.
Due to the production of H2O2 from the enzymatic decomposition of urea or glucose,
it needed to be addressed and it cannot be detected via fluorescence. Hence, the
development of a sensitive approach for the detection of H2O2 without any interfer-
ence of external electroactive agents is still a challenge. Here we focus on sensors for
H2O2 using bimetallic catalysts, Table 40.1 shows the bimetallic structures used for
sensing of H2O2 with their respective sensitivities and limit of detections.

The work carried out by the researchers consisted of the various bimetallic
element as an active catalytic element. A schematic representation of sensors and
biosensors based on bimetallic catalyst shown in Fig. 40.4. Initial works were mostly
based on gold (Au) being used in combination with other elements like silver
(Ag) and platinum (Pt). Yu et al. and Che et al. synthesized Au/Pt bimetallic catalyst
supported on alloyed nanoparticles and DNA-L-cysteine-polypyrrole on modified
glassy carbon electrode respectively (Che et al. 2009; Yu et al. 2011b). These studies
concluded that the intrinsic catalytic active nature of Au/Pt nanoparticles facilitated
electron transfer and a facile method for the fabrication of a highly effective
biosensor. Finally, non-enzymatic and mediator-free sensors have been fabricated
using the same approach using Pt and carbon in different forms to produce the
catalytic material for the effective detection of H2O2 (Chen et al. 2012b; Janyasupab
et al. 2013; Lu et al. 2013; Chang et al. 2014; Kung et al. 2014; Li et al. 2015b).

3.1.2 Glucose Sensing: Combined H2O2 and Glucose Sensing
Diabetes is an increasingly concerning problem around the world. Due to which the
effective and rapid detection of blood glucose levels has become necessary. Various
glucose sensors have been fabricated using numerous methods involving enzymatic
and catalytic routes. Here we will cover the methods utilizing bimetallic
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nanoparticles for the fabrication of glucose sensors. Various bimetallic nano-
composites have been employed to detect glucose listed in Table 40.2.

Yang et al. (2011) have reported facile method with rapid and environmental-
friendly approach to electrochemically deposit graphene oxide/gold-palladium
nanoparticles on the working electrode in a controlled environment and reduce the
novel composite via potentiostatic route. Electrodeposition was carried out by
ultrasonicator to make a non-enzymatic sensor using alloyed nanoparticles like
PtRu, PtPd, and PtAu on MWCNTs ionic liquids (Xiao et al. 2009). These
non-enzymatic electrochemical sensors provided highly selective detection without
any interference from major interfering species. MWCNTs lead to higher sensitivity
toward the analyte by providing high peak currents. The bimetallic nanoparticles
with Pt are the once which are exploited the most but recent advances have used
other combinations of metals as well. The literature on the sensor research does
provide the details construction and analytical data in details but however lacks the
reason for the choice of nanomaterial for detection of a particular analyte.

Additionally, another non-enzymatic glucose sensor using peroxide via ampero-
metric response employed Pt-Pd composite (Niu et al. 2012). This nanocomposite

Table 40.1 Bimetals and their composites with other materials used for H2O2 sensing

S. No. Bimetals Composites
Limit of Detection
(LOD) Reference

1 Pt/Au Pt/Au bimetals nanoparticles
with graphene-carbon
nanotube (PtAu/G-CNTs)
hybrid

– (Lu et al. 2013)

2 Pt/Ru Pt/Ru @ three-dimensional
graphene foam (PtRu/3D GF)

0.04 μM (Kung et al.
2014)

3 Au/Pt Bimetals (Au/Pt) on chitosan-
room temperature ionic liquid
(Chi/RTIL) layer

60 nM (Yu et al. 2011b)

4 Au/Pt Au@Pt@Au core-shell on
graphene oxide sheets

0.02 μM (Li et al. 2015b)

5 Au/Pt Au/Pt @ polypyrrole-L-
cysteine

1.3 μM (Che et al. 2009)

6 Pt/Ir Composite with carbon black
(VulcanXC-72R)

– (Chang et al.
2014)

7 Au/Ag AuAg@ nafion film (1-butyl-
3-methylimidazoliumte
trifluoroborate)

– (Tsai et al. 2010)

8 Pt/Pd PtPd /MWCNT bimetal
nanocatalyst

1.2 μM (Chen et al.
2012b)

9 Pt/Cu
Pt/Ni
Pt/Pd
Pt/Rh

Bimetal nanoparticles
composites with carbon black
VulcanXC-72R

PtCu/C ¼ 12.2 μM,
PtNi/C ¼ 31.5 μM,
PtPd/C¼ 114.0 μM,
PtRh/C ¼ 34.8 μM.

(Janyasupab
et al. 2013)
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deposited easily reduced peroxide in neutral pH and also increased electrocatalytic
activity as compared to individual metal nanoparticles.

3.1.3 Uric Acid and Cholesterol Sensing
Yan et al. (2013) employed a Pt/Pd-reduced graphene oxide nanocomposite which
were reduced via electrochemical route and deposited on the electrode. This pro-
vided a sensing platform to simultaneously detect AA, dopamine, and UA via
differential pulse voltammetry method. Finally, the practical applicability of the
sensor was tested in by carrying out the quantitative analysis in serum and urine
samples.

TGPHs (TiO2-graphene-Pt-Pd hybrid nanocomposites) led to better electron
transport to the transducer element which increasing the effective surface area of
the sensor (Cao et al. 2013b). Further, gold nanoparticles and cholesterol oxidase
were deposited over the TGPHs to carry out cholesterol sensor. The sensor was
tested with meat, fish oil, and eggs and provided an effective tool for detection of
cholesterol in food products. Finally, Table 40.3 provides the bimetallic nano-
particles employed for cholesterol and uric acid sensing.

3.1.4 Carcinoembryonic Antigen (CEA)
CEA helps in adhesions of cells and hold them together. It is a type of glycoprotein
found in gastrointestinal tissue when the fetus is developing inside the uterus. This
stop once the baby is fully formed and about to be born.

Fig. 40.4 Schematic illustration of bimetallic catalyst-based biosensors
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Table 40.2 Bimetals and their composites with other materials used for glucose sensing

S. No. Metals Composites
Limit of Detection
(LOD) Reference

1 Pt/Au Bimetallic nanoparticles @
single-stranded
DNA-graphene
nanocomposites

0.3 μM (Leng et al. 2014)

2 Cu/Ag Cu/Ag nanocomposite at
three-dimensional Ni foam

0.08 μM (Li et al. 2015a)

3 Au/Ag Bimetallic Au-Ag
heterogeneous nanorods

25 μM (Han et al. 2015a)

4 Au/Pd Au/Pd (1:1) @ reduced
graphene nanosheet

6.9 μM (Yang et al. 2011)

5 Pt/Te Pt electrode–Te microtubes
(Pt/Te-MTs)

0.1 mM (Guascito et al.
2012)

6 Cu/Au Cu/Au nanotubes 2 μM (Tee et al. 2015)

7 Au/Cu Bimetal intermetallic Au/Cu
nanowire.

– (Kim et al. 2015)

8 Pt/Ni Pt/NiNP chemically reduced
GO nanocomposites

35 mM (Gao et al. 2011)

9 Pt/Pd Bimetals Pt/Pd @ multi-
walled carbon nanotubes
(MWCNTs)

0.031 mM (Chen et al. 2012a)

10 Ag/Ni Bimetallic Ag/Ni alloys @
GCE

0.49 μM (Miao et al. 2013)

11 Pd/Pt Pd/PtNPs decorated @
reduced graphene oxide

– (Hossain and Park
2015)

12 Pt/M
Where
M ¼ Ru, Sn

Pt-M@PVP-MWCNT 0.7 mM and
0.3 mM
respectively

(Kwon et al. 2012)

13 Pt/Pd Mesoporous carbon
vesicles

0.12 mM (Bo et al. 2011)

14 Au/Pt Inorganic-organic hybrid
nanocomposite of Au/Pt-Ni
(II)–pyromellitic acid @
CNTs

55 nM (Gholivand and
Azadbakht 2012)

15 Cu/Au Copper atom @ AuNps 50 nM (Shi et al. 2011)

16 Cu/Au Cu/Au bimetal 0.8 pM (Casella et al. 1997)

17 Cu/Ni Dendritic Cu-Ni bimetallic
composite self-assembled
@titanate film.

0.35 μM (Tong et al. 2010)

18 Pt/Pd Nanocluster of Pt-Pd-like
snowflake @ gold screen-
printed electrode (Au-SPE)

10 mM (Niu et al. 2012)

19 Au/Pd 3D flower-shaped Au-Pd
core-shell nanoparticles
@ionic liquid

1.0 nM (Chen et al. 2010)

20 Au/Ag Au@Ag heterogeneous
nanorods

39 μM (Han et al. 2015b)

21 Pt/Ru,
Pt/Pd,
Pt/Au

Bimetallic nano Pt composite
decorated on MWCNT ionic
liquid composite layer

0.05 mM (Xiao et al. 2009)
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The first sensor (Cao et al. 2013c) employed bimetallic nanostructures for
sandwich type of electrochemical sensing platform. This opened up a next-
generation immunosensing platforms for making next generation of sensors using
different methods. Table 40.4 summarizes the different bimetallic nanoparticles used
for CEA.

3.1.5 Long Non-coding RNA, Human Tissue Polypeptide Antigen,
Cancer Antigen 125, CCRF-CEM Cells, Carbohydrate Antigen
19-9, Cardiac Troponin I

These diseases use immune complexation method to carry out detection of the
respective biomarkers. However, they employ bimetallic nanoparticles to enhance
the output response of the system. Researchers have employed different nano-
particles like Re-Au, Au-Pd, and Pd-Pt to achieve the desired results (Yang et al.
2015; Wang et al. 2014; Cai et al. 2011).

For example, Pd-Pt nanoparticles were used by (Liu et al. 2015) to carry out
detection of hepatocellular carcinoma by attaching relevant RNA sequence to the
nanoparticles. Another approach involved bimetallic Cu-Au functionalized with
highly selective aptamers to carry out detection of CCRT-CEM cells (Ye et al. 2015).

Another nanosensor employed Pt-Pd to detect long non-coding RNA which is
known to regulate the levels of HCC (hepatocellular carcinoma) in body was
detected by Liu et al. Another approach by Ye et al. utilized a bimetallic nanoparticle

Table 40.3 Bimetals and their composites used to detect uric acid and cholesterol

S.
no.

Analyte
detected Bimetals Bimetals and composites

Limit of
Detection (LOD) Reference

1 Cholesterol Pt/Pd Pt-Pd/chitosan/GO
nanocomposite

0.75 μM (Cao et al.
2013)

2 Uric acid Pd/Pt Pd-Pt poly
(diallyldimethylammonium
chloride)-reduced GO

0.10 μM (Yan et al.
2013)

3 Cholesterol Pt/Pd Pt-Pd/TiO2–graphene
nanocomposite

0.017 μM (Cao et al.
2013)

4 Uric acid Pt/Au Pt-Au nanoparticles on
nafion with functionalized
MWCNTs

– (Umasankar
et al. 2007)

5 Cholesterol Au/Pt AuPt/chitosan/ionic liquid
nanocomposite

10 μM (Safavi and
Farjami
2011)

Table 40.4 Bimetals and their composites used for carcinoembryonic antigen (CEA) detection

S. No. Bimetals composites
Limit of
detection (LOD) Reference

1 Au/Pt Au/Pt nanochains 0.11 pg/ mL (Cao et al. 2013c)

2 Au/Ag Au/Ag core-shell nanoparticles
@ 4 mercaptobenzoic acid

5 pg/mL (Chen et al. 2013)
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system consisting of Au for the detection of malignant disease. This was done to
make an iodide-responsive colorimetric platform with nanomaterials, which
compromised Cu-Au nanoparticle probe functionalized with aptamers probe to
detect CCRF-CEM cells for human leukemia. Finally, Table 40.5 covers the bime-
tallic nanoparticles that have been employed to carry out the detection of various
diseases mentioned above.

3.1.6 Glutamate and Dopamine
Yu et al. (2011a) have focused toward glutamate sensor using ionic liquid based
substrate with electrochemically deposited Au-Pt nanoparticles. This was utilized to
measure glutamate using glutamate oxidase as the biorecognition element
immobilized on the bimetallic nanoparticles. Finally, the prepared electrode
performed very well with high sensitivity and reproducible results toward glutamate
detection at ~200 mV.

In case of dopamine detection Huang et al. (2014) employed Pt-Ag bimetallic
nanocomposite which are decorated over nanoporous carbon fibers over GCE. The

Table 40.5 Bimetals and their composites for miscellaneous analytes detection

S. No. Analyte detected Bimetals Composites
Limit of
detection (LOD) Reference

1 Dopamine Ag/Pt Ag/Pt decorated on
electrospun nanoporous
carbon fiber (pCNF)

0.11 μM (Huang
et al. 2014)

2 Glutamate (Glu) Au/Pt Au/Pt @ hydroxyl
functionalized ionic liquid
[C3(OH)2 mim] [BF4]
-Nafion composite

0.17 μM (Yu et al.
2011a)

3 Highly upregulated
liver cancer
non-coding RNA

Pt/Pd Pt-Pd
nanodendrites/GO/Au

0.247 fMmL�1 (Liu et al.
2015)

4 Cancer antigen (CA)-
125

Re/Au Re/Au nanoparticle-
CA125Ab-
immunocomplex catalysis
with Te(VI)-Sn(II)

0.02 mU/ml (Cai et al.
2011)

5 Cardiac troponin I
(CTnI)

Pt/Au Pt/Au nanoparticles @
AuNP-modified Ru
(phen)3

2+-doped SiO2

nanoparticles

3.3 pg.mL�1 (Xiao et al.
2014)

6 Human tissue
polypeptide antigen
(hTPA)

Pd/Pt Pd/Pt bimetal nanocatalyst
used as label for secondary
antibody

1.2 pg/mL (Wang et al.
2014)

7 Human acute
lymphoblastic
leukemia (T cell line)

Cu/Au Cu-Au bimetals iodide
catalyst composite

5 cells/100 μL
buffer

(Ye et al.
2015)

8 CA19-9
(carbohydrate antigen)

Au/Pd Au/Pd core-shell-GO
composite @Au-porous
graphene

0.006 U/ml (Yang et al.
2015)
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prepared electrode was highly sensitive toward dopamine as the analyte, even in
presence of ascorbic acid and uric acid.

4 Conclusion and Future Perspectives

The application of bimetallic nanoparticles in diagnostic tools such as electrochem-
ical biosensors and chemical sensors is increasing. This is due to the unique
properties such as size and morphology-dependent catalytic, thermal, electronic,
and optical effects. Bimetallic nanoparticles enhance the sensitivity, selectivity,
stability, and reproducibility of electrochemical sensors compared to monometallic
nanoparticles. In this chapter, the properties of bimetallic and various synthesis
methods were covered, in addition to their applications in chemical and biosensors.
More work still needs to be done to synthesize different bimetallic nanoparticles; this
will increase their application scope.

References

Alonso DM, Wettstein SG, Dumesic JA (2012) Bimetallic catalysts for upgrading of biomass to
fuels and chemicals. Chem Soc Rev 41(24):8075–8098

An K, Somorjai GA (2015) Nanocatalysis I: synthesis of metal and bimetallic nanoparticles and
porous oxides and their catalytic reaction studies. Catal Lett 145(1):233–248

Bo X, Bai J, Yang L, Guo L (2011) The nanocomposite of PtPd nanoparticles/onion-like meso-
porous carbon vesicle for nonenzymatic amperometric sensing of glucose. Sensors Actuators
B Chem 157(2):662–668

Cai W, Liang A, Liu Q, Liao X, Jiang Z, Shang G (2011) Catalytic effect of ReAu nanoalloy on the
Te particle reaction and its application to resonance scattering spectral assay of CA125.
Luminescence 26(5):305–312

Cao S, Zhang L, Chai Y, Yuan R (2013a) Electrochemistry of cholesterol biosensor based on a novel
Pt-Pd bimetallic nanoparticle decorated graphene catalyst. Talanta 109:167–172

Cao S, Zhang L, Chai Y, Yuan R (2013b) An integrated sensing system for detection of cholesterol
based on TiO2-graphene-Pt-Pd hybrid nanocomposites. Biosens Bioelectron 42:532–538

Cao X, Wang N, Jia S, Guo L, Li K (2013c) Bimetallic AuPt nanochains: synthesis and their
application in electrochemical immunosensor for the detection of carcinoembryonic antigen.
Biosens Bioelectron 39(1):226–230

Casella IG, Gatta M, Guascito MR, Cataldi TRI (1997) Highly-dispersed copper microparticles on
the active gold substrate as an amperometric sensor for glucose. Anal Chim Acta 357(1):63–71

Chang S-H, Yeh M-H, Rick J, Su W-N, Liu D-G, Lee J-F, Liu C-C, Hwang B-J (2014) Bimetallic
catalyst of PtIr nanoparticles with high electrocatalytic ability for hydrogen peroxide oxidation.
Sensors Actuators B Chem 190:55–60

Chantry RL, Atanasov I, Siriwatcharapiboon W, Khanal BP, Zubarev ER, Horswell SL, Johnston
RL, Li ZY (2013) An atomistic view of the interfacial structures of AuRh and AuPd nanorods.
Nanoscale 5(16):7452–7457

Che X, Yuan R, Chai Y, Ma L, Li W, Li J (2009) Hydrogen peroxide sensor based on horseradish
peroxidase immobilized on an electrode modified with DNA-L-cysteine-gold-platinum nano-
particles in polypyrrole film. Microchim Acta 167(3-4):159–165

Chen X, Pan H, Liu H, DuM (2010) Nonenzymatic glucose sensor based on flower-shaped Au@Pd
core–shell nanoparticles–ionic liquids composite film modified glassy carbon electrodes.
Electrochim Acta 56(2):636–643

40 Bimetallic Nanocatalysts Used in Bioelectrochemical Detection and Diagnosis 893



Chen K-J, Lee C-F, Rick J, Wang S-H, Liu C-C, Hwang B-J (2012a) Fabrication and application of
amperometric glucose biosensor based on a novel PtPd bimetallic nanoparticle decorated multi-
walled carbon nanotube catalyst. Biosens Bioelectron 33(1):75–81

Chen KJ, Chandrasekara Pillai K, Rick J, Pan CJ, Wang SH, Liu CC, Hwang BJ (2012b) Bimetallic
PtM (M¼Pd, Ir) nanoparticle decorated multi-walled carbon nanotube enzyme-free, mediator-
less amperometric sensor for H2O2. Biosens Bioelectron 33(1):120–127

Chen G, Chen Y, Zheng X, He C, Lu J, Feng S, Chen R, Zeng H (2013) Surface-enhanced Raman
scattering study of carcinoembryonic antigen in serum from patients with colorectal cancers.
Appl Phys B 113(4):597–602

Cho I-H, Kim DH, Park S (2020) Electrochemical biosensors: perspective on functional nano-
materials for on-site analysis. Biomater Res 24(1):6

Ferrando R, Jellinek J, Johnston RL (2008) Nanoalloys: from theory to applications of alloy clusters
and nanoparticles. Chem Rev 108(3):845–910

Gao H, Xiao F, Ching CB, Duan H (2011) One-step electrochemical synthesis of PtNi nanoparticle-
graphene nanocomposites for nonenzymatic amperometric glucose detection. ACS Appl Mater
Interfaces 3(8):3049–3057

Gholivand MB, Azadbakht A (2012) Fabrication of a highly sensitive glucose electrochemical
sensor based on immobilization of Ni(II)–pyromellitic acid and bimetallic Au–Pt
inorganic–organic hybrid nanocomposite onto carbon nanotube modified glassy carbon elec-
trode. Electrochim Acta 76:300–311

Gilroy KD, Ruditskiy A, Peng H-C, Qin D, Xia Y (2016) Bimetallic nanocrystals: syntheses,
properties, and applications. Chem Rev 116(18):10414–10472

Guascito MR, Chirizzi D, Malitesta C, Siciliano M, Siciliano T, Tepore A (2012) Amperometric
non-enzymatic bimetallic glucose sensor based on platinum tellurium microtubes modified
electrode. Electrochem Commun 22:45–48

Han L, Li C, Zhang T, Lang Q, Liu A (2015a) Au@Ag heterogeneous nanorods as nanozyme
interfaces with peroxidase-like activity and their application for one-pot analysis of glucose at
nearly neutral pH. ACS Appl Mater Interfaces 7(26):14463–14470

Han T, Zhang Y, Xu J, Dong J, Liu C-C (2015b) Monodisperse AuM (M¼Pd, Rh, Pt) bimetallic
nanocrystals for enhanced electrochemical detection of H2O2. Sensors Actuators B Chem 207:
404–412

Hossain MF, Park JY (2014) Amperometric glucose biosensor based on Pt-Pd nanoparticles
supported by reduced graphene oxide and integrated with glucose oxidase. Electroanalysis
26(5):940–951

Hossain MF, Park JY (2015) An enzymatic hybrid electrode platform based on chemically modified
reduced graphene oxide decorated with palladium and platinum alloy nanoparticles for
biosensing applications. J Electrochem Soc 162(7):B185–B192

Huang Y, Miao YE, Ji S, Tjiu WW, Liu T (2014) Electrospun carbon nanofibers decorated with
Ag-Pt bimetallic nanoparticles for selective detection of dopamine. ACS Appl Mater Interfaces
6(15):12449–12456

Iqbal P, Preece JA, Mendes PM (2012) Nanotechnology: the “top-down” and “bottom-up”
approaches. In: Supramolecular chemistry. Wiley, Chichester

Janyasupab M, Liu C-W, Zhang Y, Wang K-W, Liu C-C (2013) Bimetallic Pt–M (M¼Cu, Ni, Pd,
and Rh) nanoporous for H2O2 based amperometric biosensors. Sensors Actuators B Chem 179:
209–214

Kim J, Lee Y, Sun S (2010) Structurally ordered FePt nanoparticles and their enhanced catalysis for
oxygen reduction reaction. J Am Chem Soc 132(14):4996–4997

Kim S-I, Eom G, Kang M, Kang T, Lee H, Hwang A, Yang H, Kim B (2015) Composition-selective
fabrication of ordered intermetallic Au-Cu nanowires and their application to nano-size elec-
trochemical glucose detection. Nanotechnology 26(24):245702

Kung C-C, Lin P-Y, Buse FJ, Xue Y, Yu X, Dai L, Liu C-C (2014) Preparation and characterization
of three dimensional graphene foam supported platinum-ruthenium bimetallic nanocatalysts for
hydrogen peroxide based electrochemical biosensors. Biosens Bioelectron 52:1–7

894 R. Chauhan et al.



Kwon S-Y, Kwen H-D, Choi S-H (2012) Fabrication of nonenzymatic glucose sensors based on
multiwalled carbon nanotubes with bimetallic Pt-M (M ¼ Ru and Sn) catalysts by radiolytic
deposition. J Sensors 2012:784167

Leng J, Wang W-M, Lu L-M, Bai L, Qiu X-L (2014) DNA-templated synthesis of PtAu bimetallic
nanoparticle/graphene nanocomposites and their application in glucose biosensor. Nanoscale
Res Lett 9(1):99

Li H, Guo CY, Xu CL (2015a) A highly sensitive non-enzymatic glucose sensor based on bimetallic
Cu-Ag superstructures. Biosens Bioelectron 63:339–346

Li X, Liu Y, Hemminger JC, Penner RM (2015b) Catalytically activated Palladium@Platinum
nanowires for accelerated hydrogen gas detection. ACS Nano 9(3):3215–3225

Li X-R, Xu M-C, Chen H-Y, Xu J-J (2015c) Bimetallic Au@Pt@Au core–shell nanoparticles on
graphene oxide nanosheets for high-performance H2O2 bi-directional sensing. J Mater Chem B
3(21):4355–4362

Li G, Zhang W, Luo N, Xue Z, Hu Q, Zeng W, Xu J (2021) Bimetallic nanocrystals: structure,
controllable synthesis and applications in catalysis, energy and sensing. Nanomaterials
11(8):1926

Liu X, Wang D, Li Y (2012) Synthesis and catalytic properties of bimetallic nanomaterials with
various architectures. Nano Today 7(5):448–466

Liu F, Xiang G, Jiang D, Zhang L, Chen X, Liu L, Luo F, Li Y, Liu C, Pu X (2015) Ultrasensitive
strategy based on PtPd nanodendrite/nano-flower-like@GO signal amplification for the detec-
tion of long non-coding RNA. Biosens Bioelectron 74:214–221

Loza K, Heggen M, Epple M (2020) Synthesis, structure, properties, and applications of bimetallic
nanoparticles of noble metals. Adv Funct Mater 30(21):1909260

Lu D, Zhang Y, Lin S, Wang L, Wang C (2013) Synthesis of PtAu bimetallic nanoparticles on
graphene-carbon nanotube hybrid nanomaterials for nonenzymatic hydrogen peroxide sensor.
Talanta 112:111–116

Mariscal MM, Mayoral A, Olmos-Asar JA, Magen C, Mejía-Rosales S, Pérez-Tijerina E,
José-Yacamán M (2011) Nanoalloying in real time. A high resolution STEM and computer
simulation study. Nanoscale 3(12):5013–5019

Miao Y, Wu J, Zhou S, Yang Z, Ouyang R (2013) Synergistic effect of bimetallic Ag and Ni alloys
on each other’s electrocatalysis to glucose oxidation. J Electrochem Soc 160(4):B47–B53

Morales MA, Halpern JM (2018) Guide to selecting a biorecognition element for biosensors.
Bioconjug Chem 29(10):3231–3239

Nantaphol S, Watanabe T, Nomura N, Siangproh W, Chailapakul O, Einaga Y (2017) Bimetallic
Pt–Au nanocatalysts electrochemically deposited on boron-doped diamond electrodes for non-
enzymatic glucose detection. Biosens Bioelectron 98:76–82

Niu X, Chen C, Zhao H, Chai Y, Lan M (2012) Novel snowflake-like Pt-Pd bimetallic clusters on
screen-printed gold nanofilm electrode for H2O2 and glucose sensing. Biosens Bioelectron
36(1):262–266

Nørskov JK, Bligaard T, Rossmeisl J, Christensen CH (2009) Towards the computational design of
solid catalysts. Nat Chem 1(1):37–46

Notar Francesco I, Fontaine-Vive F, Antoniotti S (2014) Synergy in the catalytic activity of
bimetallic nanoparticles and new synthetic methods for the preparation of fine chemicals.
ChemCatChem 6(10):2784–2791

Park J-I, Kim MG, Jun Y-W, Lee JS, Lee W-R, Cheon J (2004) Characterization of super-
paramagnetic “Core�Shell” nanoparticles and monitoring their anisotropic phase transition to
ferromagnetic “solid solution” nanoalloys. J Am Chem Soc 126(29):9072–9078

Park H, Reddy DA, Kim Y, Lee S, Ma R, Lim M, Kim TK (2017) Hydrogenation of 4-nitrophenol
to 4-aminophenol at room temperature: boosting palladium nanocrystals efficiency by coupling
with copper via liquid phase pulsed laser ablation. Appl Surf Sci 401:314–322

Peng L, Ringe E, Van Duyne RP, Marks LD (2015) Segregation in bimetallic nanoparticles. Phys
Chem Chem Phys 17(42):27940–27951

40 Bimetallic Nanocatalysts Used in Bioelectrochemical Detection and Diagnosis 895



Picone A, Riva M, Brambilla A, Calloni A, Bussetti G, Finazzi M, Ciccacci F, Duo L (2016)
Reactive metal–oxide interfaces: a microscopic view. Surf Sci Rep 71(1):32–76

Putzbach W, Ronkainen NJ (2013) Immobilization techniques in the fabrication of nanomaterial-
based electrochemical biosensors: a review. Sensors (Basel) 13(4):4811–4840

Rajeev R, Datta R, Varghese A, Sudhakar YN, George L (2021) Recent advances in bimetallic
based nanostructures: synthesis and electrochemical sensing applications. Microchem J
163:105910

Safavi A, Farjami F (2011) Electrodeposition of gold-platinum alloy nanoparticles on ionic liquid-
chitosan composite film and its application in fabricating an amperometric cholesterol biosensor.
Biosens Bioelectron 26(5):2547–2552

Scaria J, Nidheesh PV, Kumar MS (2020) Synthesis and applications of various bimetallic nano-
materials in water and wastewater treatment. J Environ Manag 259:110011

Schmid G (2011) Nanoparticles: from theory to application. Wiley, Strauss GmbH, Morlenbach,
Germany

Sharma S, Byrne H, O’Kennedy RJ (2016) Antibodies and antibody-derived analytical biosensors.
Essays Biochem 60(1):9–18

Sharma G, Kumar A, Sharma S, Naushad M, Prakash Dwivedi R, Alothman ZA, Mola GT (2019)
Novel development of nanoparticles to bimetallic nanoparticles and their composites: a review.
J King Saud Univ – Sci 31(2):257–269

Shi H, Zhang Z, Wang Y, Zhu Q, Song W (2011) Bimetallic nano-structured glucose sensing
electrode composed of copper atoms deposited on gold nanoparticles. Microchim Acta 173:
85–94

Sinfelt JH (1977) Heterogeneous catalysis: some recent developments. Science 195(4279):641–646
Stephanie R, Kim MW, Kim SH, Kim J-K, Park CY, Park TJ (2021) Recent advances of bimetallic

nanomaterials and its nanocomposites for biosensing applications. TrAC Trends Anal Chem
135:116159

Sun X, Guo S, Liu Y, Sun S (2012) Dumbbell-like PtPd-Fe3O4 nanoparticles for enhanced
electrochemical detection of H2O2. Nano Lett 12(9):4859–4863

Tee SY, Ye E, Pan PH, Lee CJJ, Hui HK, Zhang S-Y, Koh LD, Dong Z, Han M-Y (2015)
Fabrication of bimetallic Cu/Au nanotubes and their sensitive, selective, reproducible and
reusable electrochemical sensing of glucose. Nanoscale 7(25):11190–11198

Tong S, Xu Y, Zhang Z, Song W (2010) Dendritic bimetallic nanostructures supported on self-
assembled titanate films for sensor application. J Phys Chem C 114(49):20925–20931

Tsai T, Thiagarajan S, Chen S (2010) Green synthesized Au Ag bimetallic nanoparticles modified
electrodes for the amperometric detection of hydrogen peroxide. J Appl Electrochem 40:
2071–2076

Umasankar Y, Thiagarajan S, Chen SM (2007) Nanocomposite of functionalized multiwall carbon
nanotubes with nafion, nano platinum, and nano gold biosensing film for simultaneous deter-
mination of ascorbic acid, epinephrine, and uric acid. Anal Biochem 365(1):122–131

Wang L, Nemoto Y, Yamauchi Y (2011) Direct synthesis of spatially-controlled Pt-on-Pd bimetallic
nanodendrites with superior electrocatalytic activity. J Am Chem Soc 133(25):9674–9677

Wang Y,Wei Q, Zhang Y, Wu D, Ma H, Guo A, Du B (2014) A sandwich-type immunosensor using
Pd-Pt nanocrystals as labels for sensitive detection of human tissue polypeptide antigen.
Nanotechnology 25(5):055102

Xiao F, Zhao F, Mei D, Mo Z, Zeng B (2009) Nonenzymatic glucose sensor based on ultrasonic-
electrodeposition of bimetallic PtM (M¼Ru, Pd and Au) nanoparticles on carbon nanotubes-
ionic liquid composite film. Biosens Bioelectron 24(12):3481–3486

Xiao L, Chai Y, Wang H, Yuan R (2014) Electrochemiluminescence immunosensor using poly
(l-histidine)-protected glucose dehydrogenase on Pt/Au bimetallic nanoparticles to generate an
in situ co-reactant. Analyst 139(16):4044–4050

Xu Y, Hou S, Liu Y, Zhang Y, Wang H, Zhang B (2012) Facile one-step room-temperature synthesis
of Pt3Ni nanoparticle networks with improved electro-catalytic properties. Chem Commun
48(21):2665–2667

896 R. Chauhan et al.



Yan J, Liu S, Zhang Z, He G, Zhou P, Liang H, Tian L, Zhou X, Jiang H (2013) Simultaneous
electrochemical detection of ascorbic acid, dopamine and uric acid based on graphene anchored
with Pd-Pt nanoparticles. Colloids Surf B Biointerfaces 111:392–397

Yang J, Deng S, Lei J, Ju H, Gunasekaran S (2011) Electrochemical synthesis of reduced graphene
sheet-AuPd alloy nanoparticle composites for enzymatic biosensing. Biosens Bioelectron 29(1):
159–166

Yang F, Yang Z, Zhuo Y, Chai Y, Yuan R (2015) Ultrasensitive electrochemical immunosensor for
carbohydrate antigen 19-9 using Au/porous graphene nanocomposites as platform and Au@Pd
core/shell bimetallic functionalized graphene nanocomposites as signal enhancers. Biosens
Bioelectron 66:356–362

Ye X, Shi H, He X,Wang K, He D, Yan L, Xu F, Lei Y, Tang J, Yu Y (2015) Iodide-responsive cu-au
nanoparticle-based colorimetric platform for ultrasensitive detection of target cancer cells. Anal
Chem 87(14):7141–7147

Yu Y, Liu X, Jiang D, Sun Q, Zhou T, Zhu M, Jin L, Shi G (2011a) [C3(OH)2mim][BF4]-Au/Pt
biosensor for glutamate sensing in vivo integrated with on-line microdialysis system. Biosens
Bioelectron 26(7):3227–3232

Yu Y, Sun Q, Liu X, Wu H, Zhou T, Shi G (2011b) Size-controllable gold-platinum alloy
nanoparticles on nine functionalized ionic-liquid surfaces and their application as electro-
catalysts for hydrogen peroxide reduction. Chem Eur J 17(40):11314–11323

Zaera F (2013) Nanostructured materials for applications in heterogeneous catalysis. Chem Soc Rev
42(7):2746–2762

Zeng J, Zhu C, Tao J, Jin M, Zhang H, Li ZY, Zhu Y, Xia Y (2012) Controlling the nucleation and
growth of silver on palladium nanocubes by manipulating the reaction kinetics. Angew Chem
Int Ed Engl 51(10):2354–2358

Zhu C, Yang G, Li H, Du D, Lin Y (2015) Electrochemical sensors and biosensors based on
nanomaterials and nanostructures. Anal Chem 87(1):230–249

40 Bimetallic Nanocatalysts Used in Bioelectrochemical Detection and Diagnosis 897



Nano-Perovskites Derived Modified
Electrodes in Biomolecular Detection 41
Jasmine Thomas and Nygil Thomas

Contents
1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 900
2 Basic Principles of Electrochemical Biomolecular Detection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 901

2.1 Conventionally Used Electrodes in Sensor Study . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 901
2.2 Fundamentals of Electrode Reactions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 902
2.3 Different Techniques Used for Biosensing Study . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 903
2.4 Types and Kinetics of Electron Transfer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 903
2.5 Practical Sensing Procedure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 904

3 Recent Advances in Sensing of Biomolecules Using Perovskites . . . . . . . . . . . . . . . . . . . . . . . . . 905
3.1 Neurotransmitter (Dopamine) Sensing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 905
3.2 Dopamine and Uric Acid Sensing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 910
3.3 Hydroquinone Sensing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 911
3.4 Glucose Sensing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 912
3.5 Nitrofurantoin Sensing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 913
3.6 Lornoxicam . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 913
3.7 Acetaminophen . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 914

4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 914
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 916

Abstract

Metals, metal oxides, spinels, perovskites, carbon based materials, and organic
compounds were explored widely for the electrochemical identification and
quantification of biomolecules. Over the last few years, perovskite oxides
(ABO3) modified electrodes have picked up momentum due to their excellent
catalytic activity, electronic conductivity, and low cost. This chapter discusses the
basic principles of electrochemical sensing, electrode reaction, different tech-

J. Thomas
St. Joseph’s HSS Vayattuparamba, Kannur, Kerala, India

N. Thomas (*)
Department of Chemistry, Nirmalagiri College, Kannur, Kerala, India

© Springer Nature Singapore Pte Ltd. 2023
U. P. Azad, P. Chandra (eds.), Handbook of Nanobioelectrochemistry,
https://doi.org/10.1007/978-981-19-9437-1_41

899

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-19-9437-1_41&domain=pdf
https://doi.org/10.1007/978-981-19-9437-1_41#DOI


niques used in sensing study, kinetics of electron transfer, along with sensing of
different biomolecules and their limit of detection values using perovskite-
modified electrodes. The mechanism and the reaction behind the electrochemical
sensing of biomolecules have been discussed in detail. The different perovskites
used for sensing of different biomolecules and their limit of detection values are
also summarized in table.

Keywords

Perovskite · Biomolecules · Electrodes · Electrochemical sensing

1 Introduction

Electrochemical biomolecule detection has been investigated widely because of their
great importance in the early diagnosis of important diseases. The electrochemical
responses from the biomolecule during the application of current or potential can be
measured and quantified exactly by electrochemical techniques such as cyclic
voltametry (CV), differential pulse voltammetry (DPV), square wave voltammetry
(SWV), chronoamperometry, etc. Nowadays the development in the device fabrica-
tion made electrochemical sensing techniques a popular one. In electrochemical
sensor, the recognition element that is the electrocatalyst-coated electrode catalyzes
the elecrtrochemical oxidation and reduction of the biomolecule and the output
device amplifies and quantifies the signal.

Among the different available sensor materials, perovskite materials are quite
new materials in sensor applications. It is a material that has the same crystal
structure as the mineral calcium titanium oxide (CaTiO3) (Sasaki et al. 1987). The
general notation of such material is ABX3, here A and B represent cations and X is
an anion that forms an octahedron around B ions. In perovskite oxides (ABO3), B
represents the trivalent first row transition element having small radius, A is a
trivalent lanthanide or alkaline earth metal having large radius, and O represents
the oxygen atom. Here A, B, and O are in the ratio of 1:1:3. In the cubic form, the
atoms A, B, and oxygen are located at the body center, cube corner, and face center
positions, respectively. Depending upon the A and B site elements and the prepara-
tion method some distortions or deformation may happen in the cubic structure and
results in rhombohedral, orthorhombic, tetragonal, and hexagonal forms. Three
dimensional octahedral corner sharing atomic arrangements are present in perovskite
materials, whereas in layered perovskites, the atomic arrangements are observed in
such a way that the two-dimensional layers of corner sharing octahedra are separated
by cation layers. In perovskite, the charges of A and B atoms should be in the form of
A3+B3+O3, A

4+B2+O3, and A1+B5+O3 (Atta et al. 2016).
Perovskites have properties like superconductivity, ferroelectricity, ionic conduc-

tivity, mixed electronic and ionic conductivity. They also have significant catalytic
activity toward different chemical reactions (Deka et al. 2018). The perovskites with
Cu in the B site exhibit high temperature superconductivity and is associated with
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oxygen nonstoichiometry. At the same time, some perovskites (LaCoO3 and
LaMnO3) exhibit excellent electronic conductivity comparable to that of metals
and it can be improved by A-site doping with different cations. Here, the electronic
conductivity is related to the number of mobile charge carriers created during
doping. Because of the excellent catalytic activity and stability due to the oxygen
activation from oxygen vacancies and high surface activity to oxygen reduction
ratio, perovskites are considered as an oxidation-activated catalyst. In addition,
perovskites have excellent potential as electrodes material. The existence of different
structures due to phase transitions is also one of the reasons for these properties.
Among different perovskites, some of them contain localized electrons, delocalized
energy-band states, and a transition between these two behaviors. This can be
achieved by the incorporation of A or B site ions of various charge and size.
Depending upon the size and charge of the A and B site metal ions in perovskites,
the electronic properties of these materials become altered. The fine particles of
nano-perovskite having large surface-to-volume ratio (Sa/vol) and nano size can be
used to fabricate electrodes and thereby reduce the amount of catalyst to minimum
(Thomas et al. 2021c).

2 Basic Principles of Electrochemical Biomolecular Detection

The electrochemical sensors consist of the transducer, signal processing, and display
unit. Here the transducer is the electrode system and the processing unit is the
potentiostat. The analyte we are interested is taken in a specially designed compart-
ment. The working electrode (WE), reference electrode (RE), and counter electrodes
(CE) were placed in that compartment. A reaction such as oxidation or reduction
happens at the interface of the electrode surface and the bulk analyte. The processing
unit converts the information from this reaction into an electrical signal. The
potentiostat and the processing unit intensify the signal. The WE is modified with
materials that have some special interaction with the analyte molecules. The nano
material enhances the electro catalytic activity. The CE is connected to the control
amplifier output, which forces current to flow through the electrodes. The potential
difference of the WE and the RE and the current between the CE and the WE are
monitored using potentiostat. The current is measured using the Higher CR (shunt)
or Low CF (current follower) for high and low currents, respectively. The Diffamp
(differential amplifier) measures the potential difference between the RE and
WE. The input of the control amplifier, Ein (digital to analog converter) set the
waveform and the corresponding signal is introduced into the summation point (Σ)
(Murari et al. 2004).

2.1 Conventionally Used Electrodes in Sensor Study

The conventionally used electrodes in this study are RE, CE, andWEs. The electrode
which measures the potential of the WE without the flow of current through it is
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referred to as RE, and it completes the electrochemical cell. The commonly used REs
are standard calomel electrode (SCE), Ag/AgCl electrode, Hg/HgO electrode, etc.
The RE should be electrochemically reversible and its potential is determined with
the help of Nernst equation. The potential of this electrode should be constant
regardless of the small current that flows through it. The counter reactions of the
reactions occurring at the WE are taking place at the CE. This reaction balances the
total charge accumulated due to the WE reaction. The CE should be inert and have
large surface area. Electrochemical changes/reactions of our interest are taking place
at the WE. The commonWE are glassy carbon electrode, carbon paste electrode, Au,
Ag, Pt, graphite, boron-doped diamond electrode, etc. The electrode surface should
be physical defect free for obtaining consistent result. It should be chemically
polarized, electro chemically and chemically inert. It should possess wide potential
window. The area of the WE should be small enough to get better current density
(Bard et al. 2001).

2.2 Fundamentals of Electrode Reactions

In an electrochemical reaction, charge transfer occurs among an electrode surface
and the analyte molecules. The different steps involved in the electrode reaction are
movement of the analyte in to an interface (mass transport), electron transfer
between the analytes present at the vicinity of the electrode material and the
electrode, movement of the oxidized or reduced analyte from electrode surface to
the bulk and electrode surface renewal for the accommodation of new analyte. The
schematical representations are shown in Fig. 41.1.

Consider an electrode reaction O + ne� $ R, the current corresponding to the
electrochemical reaction has linear relationship with reaction rate. The other factors
that influence the current response are the electrode surface area and surface con-
centration of the analyte molecule. The theoretical studies show that rate of reaction
depends upon the applied voltage and the mass transport during the electrode
reaction. Based on the applied voltage, the activation energy for the oxidation and
reduction reaction of the species will change in a linear fashion. The movement of

Fig. 41.1 Reaction in the
electrode surface
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the reactant from the bulk to the interface (mass transport) occurs through three
different modes such as diffusion, migration, and convection. Diffusion is the
movement of the species which arises from local uneven concentrated species. So
this makes a concentration gradient in the solution close to the WE and the bulk.
Migration is the movement of charged ions that arise due to the potential gradient.
This movement is influenced by electrostatic force of attraction and repulsion. This
can be minimized by adding supporting electrolytes like KCl. The third type of mass
transport is the convection. It is the movement of species due to the action of force.
The factors that influence the rate and kinetics of electrode reactions are applied
voltage, reactivity of an analyte, features of the electrode surface, and the nature of
the interface between an electrode and the solution (electron transfer occurring
region). During the sensing mechanism, an electrical energy is supplied to the
electrode. It changes the energy of an electron within the electrode material. Based
on the applied voltage, the Fermi level (place of highest energy electron) of the
electrode material gets altered. From this level, electron moves to the analyte and the
oxidation reduction reactions occur. The current corresponding to this oxidation and
reduction reaction is related to the electron transfer rate and the movement of analyte
toward and away from the interface of the electrode (Bard et al. 2001).

2.3 Different Techniques Used for Biosensing Study

CV is the widely employed technique in electrochemical studies (Choudhary et al.
2016). It is used to study the thermodynamics and kinetics of electrochemical redox
process. The excitation signal used in this technique is the E-t triangular waveform.
Here the potential scan is from initial potential (Ei) to the final potential (Ef) and then
from Ef to Ei. The current versus potential graph is obtained during the cyclic
voltammetric experiment. The thermodynamic and kinetic information of the elec-
trochemical reaction can be calculated by using cyclic voltammetric data. In differ-
ential pulse voltammetry (DPV), potential pulse is applied in a linear or staircase
potential ramp and the current is measured. The peak shaped current versus potential
plot is known as differential pulse voltammogram (Bhatnagar et al. 2018). This
technique has enhanced sensitivity compared to other methods. An electrochemical
impedance spectrum gives information regarding the resistance associated with the
flow of current through the circuit. Here the potential and the current are reported in
the sinusoidal form. In chronoamperometry, working electrode potential is fixed to a
constant at which electrochemical reaction happens. Potential excitation signal is
used and the current versus time plot is obtained. This plot is called chronoam-
perogram (Bard et al. 2001).

2.4 Types and Kinetics of Electron Transfer

There are three types of electron transfer reactions present depending upon the nature
of the reactant species. The reversible, quasi reversible, and irreversible reactions are
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common in electro analysis. In reversible electron transfer reaction, the rate of mass
transport is slower than electron transfer kinetics. In this system, oxidized and
reduced analytes are in equilibrium and follow Nernstian behavior. The electro-
chemical reaction kinetics depends on the electrical double layer structure and the
electrode material. The value of heterogeneous rate constant and the charge transfer
coefficient defines the kinetics feasibility and the energy used to lower the activation
energy of the reaction. The electrochemical reaction with higher heterogeneous rate
constant defines the easiness of the reaction between the reactant and the material of
the electrode. In quasi reversible electron transfer reaction, the mass transport and
electron transfer rates are comparable and do not follow Nernstian behavior. In this
case both oxidation and reduction reaction give characteristics peaks in CV. In
irreversible electron transfer reaction, the rate of mass transport is fast compared to
electron transfer kinetics. Here only oxidation or reduction reaction is taking place
and do not follow Nernstian behavior (Mahato et al. 2019).

2.5 Practical Sensing Procedure

The experimental setup (Fig. 41.2) of electrochemical sensors involves three elec-
trodes (as RE, CE, and WE) in contact with the analyzing analyte solution. The
driving force for the sensing of the electrochemical sensor is a direct current. In the
experimental setup, the two electrodes such as WE and RE are placed very close to
avoid the IR drop. Here the focus is on the WE. The oxidation or reduction current of

Fig. 41.2 Standard electrochemical sensing setup
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the analyte is enhanced by coating the WE with electro catalytically active materials.
The potential is applied in between RE and the WE and the current is measured in
between the CE and the WE.

Here the solution and the electrodes are in static condition. The central point of
the sensor is the working electrode. The materials or the electro catalyst used for the
application as a sensor should have high conductivity, wide potential window, low
cost, abundance, corrosion resistance, and enhanced physical and chemical stability.
The conductivity of the material can be improved by the addition of appropriate
amount of different types of carbon materials. The modifier material should catalyze
the oxidation or reduction of the analyte.

3 Recent Advances in Sensing of Biomolecules Using
Perovskites

ABO3 type perovskite materials were widely synthesized by precipitation, solution
combustion, and hydrothermal methods. Based on the synthesis method, these
materials show different morphology and surface characteristics. The surface area,
surface metal ion, and the defects have a direct correlation with the catalytic and
electrical properties of these materials. Because of the thermal stability of these
materials, it is widely used as a catalyst in catalytic applications. In the past few
years, researchers used this perovskite as an electrode modifier for the detection of
alcohols, glucose, amino acids, H2O2, and neurotransmitters (Fig. 41.3).

3.1 Neurotransmitter (Dopamine) Sensing

Dopamine (DA) is an essential catecholamine neurotransmitter that exists in the
mammalian central nervous system. It is produced from tyrosine. DA is vital for the
exact functioning of cardiovascular, hormonal, and central nervous systems. The
usual DA level in brain fluids and blood is approximately 25–50 nM. The abnormal
level of DA influences our emotions, motivation, etc. The quantification of DA in
body fluid has an essential role in the detection of Parkinson’s disease and psychi-
atric disorders (Wightman et al. 1988).

Carbon paste electrode (CPE) and SrPdO3-based CPE (CPE/SrPdO3) is one of the
electrochemical DA sensor. This electrode showed the limit of detection (LOD) of
9.3 nM. Along with this advantage, it allows the simultaneous detection of DA,
ascorbic acid (AA), and uric acid (UA) (Atta et al. 2014).

By simple precipitation method, BaZrO3 (BZO) was synthesized and used as a
modifier for DA sensing. Because of the proton conducting nature of the barium
zirconate, BZO/CPE showed better activity than CPE. The same trend was observed
in the case of charge transfer and electrochemically active surface area. In barium
zirconate, Zr can show variable oxidation state. So oxygen vacancies are created in
BaZrO3 and which enhances the oxidation of DA. Depending up on the pH of the
medium and the scan rate, the oxidation rate of the analyte was changed. It indicates
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the proton coupled electron transfer mechanism of DA oxidation. Here the LOD of
the DAwas 5 pM (Thomas et al. 2021b).

The LaFeO3/Glassy carbon electrode (LaFeO3/GCE) was used to detect
DA. Here LaFeO3/GCE showed tenfold increase in DA oxidation peak compared
to GCE. In LaFeO3/GCE, the DA oxidation peaks were observed at ~0.30 V
(vs. Ag/AgCl) whereas its reduction potential was ~0.24 V (vs. Ag/AgCl). The
crystal field theory/crystal field stabilization energy suggests that the cation present
in the octahedral position is responsible for the catalytic activity. The enhancement
in current response may due to the B site Fe in the modifier. The inter conversion of
FeIII to FeIV and FeIV to FeIII occurring in the surface of the electrode influence the
oxidation and reduction reaction. The mechanism corresponding to the conversion
of DA to dopamine quinone can be given below,

LaFeO3 � FeIII þ OH� ! LaFeO3 OH�ð Þ � FeIV þ e�

LaFeO3 OH�ð Þ � FeIV þ Dopamine ! LaFeO3 � FeIII þ DQ

The influence of pH (4 to 9) on the current and potential for DA oxidation was
investigated. The results exhibit a maximum current at pH 8 and a negative shift in

Fig. 41.3 Different biomolecules detected electrochemically using perovskite materials
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peak potential on varying pH from 4 to 9. The electron transfer kinetic study shows
that there is a direct correlation between the peak current and scan rate. Normally the
dopamine oxidation follows a quasi-reversible nature. The DA detection using DPV
suggest that two linear range are present and is usual for adsorption controlled
reaction. Normally the current response depends on the number of adsorbed analyte
molecules on the electrode. At lower concentrations, monolayer is formed close to
the electrode surface, whereas at higher concentration it forms multilayer. This leads
to a split in the linear dynamic range. In LaFeO3/GCE, the LOD of DA is 10 nM. The
excellent selectivity toward DA detection in presence of AA and UA was also
investigated in this study (Vijayaraghavan et al. 2017).

Wang et al. synthesized LaFeO3 by citrate method followed by calcination. The
electrode modification was carried out by drop casting various amounts of a sus-
pension of 100 mg LaFeO3 in 10 ml alcohol solution and the optimal catalyst loading
was 10 μL. Any change in the peak current or the overpotential is the direct
indication of the electro catalytic activity of any catalyst. Here, peak current was
increased and overpotential was decreased on modification. In terms of the mecha-
nistic point of view, under the electrochemical condition, LaFeO3 may interact with
the H- atom of the –OH group of DA, and weaken the energy of O-H bond and
increase the electron transfer rate. Here the improved surface area of the LaFeO3

modified electrode compared to bare electrode helps to enhance the contact area of
DA and electrode. This also helps the fast electron transfer and reaction rate of DA
oxidation. The pH studies reveal that neutral pH is the optimum condition for further
study. LOD of DA using modified electrode was 3.0 � 10�8 M (Wang et al. 2009).

P K Gopi et al. synthesized graphene oxide decorated strontium titanate modified
GCE for DA sensing. Here SrTiO3 and graphite oxide (GO) were synthesized
separately and during the electrode fabrication, a suspension of 1.0 mg of SrTiO3

and 2.0 mg of GO were prepared in 1.0 mL of water. Because of the excellent
electrical properties of SrTiO3/GO, the charge transfer resistance is reduced dramat-
ically. The electrochemically active surface area of SrTiO3/GO/GCE becomes higher
than the other electrodes. This is the reason for the higher rate of electron transfer
between the SrTiO3/GO/GCE and the K3[Fe(CN)6]. This helps the increased elec-
trochemical oxidation of DA. In comparison to other electrodes in this work, the
SrTiO3/GO/GCE showed better catalytic activity toward DA sensing and is due to
the Π - to -Π interaction between GO and SrTiO3 along with other factors. The LOD
of DAwas calculated to be 0.01 μM (Gopi et al. 2020).

A series of perovskite LaFeO3, LaCoO3, LaNiO3 were prepared by solution
combustion method by Jasmine et al. The electrode modification was carried out
by bulk modification method. Here DA, serotonin, acetaminophen, and tyrosine was
used as the analyte molecule. Among three perovskites LaNiO3/CPE showed better
activity in comparison to LaFeO3/CPE and LaCoO3/CPE. The greater conductivity,
smaller charge transfer resistance, higher active surface area, oxygen deficiency in
LaNiO3 and Ni rich surface sites may be the reason for the better activity of LaNiO3

modified electrode than other electrodes. In all the three perovskites, the B site atoms
Co, Fe, and Ni are in octahedral coordination and exist as Co3+ (high spin state and
low spin state), Fe3+ (high spin sate), and Ni3+ (low spin state). In Fe3+, Co3+, and
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Ni3+, the number of outer shell electrons are 5, 6, and 7. These systems are expected
to have weak, no, and strong Jahn Teller effect. So the t2g orbitals become filled and
eg orbitals become unevenly occupied. In electrochemical studies, the input potential
induces variation in the energy of the electrode material. The 3d electron energy
order here is Ni3+ > Co3+ > Fe3+. This variation causes an enhancement in the DA
oxidation in LaNiO3/CPE than other electrodes. The pH and scan rate also influence
the reaction rate. The modified electrode showed better activity at pH 7 and 8. The
sensitivity studies showed that the LOD of DAwas 9 nM (Thomas et al. 2021d).

The LaCoO3 nanoparticles were found to possess sensing activity.
S. Priyatharshni et al. synthesized LaCoO3 via hydrothermal method using urea,
citric acid, and Cetyltrimethylammonium Bromide (CTAB) as surface modifier. In
the sensing study, LaCoO3 synthesized by urea surfactant exhibits the higher current
response compared to those obtained via CTAB and citric acid. This higher current
response is due to its porous morphology and higher surface area. Because of the
effective charge transfer among electrode and DA, the current intensity of DA
oxidation increases linearly with its concentration. The increase in the oxidation/
reduction of DAwith increase in scan rate implies that the electron transfer reaction
present in this case is diffusion controlled one. At the same time, DA oxidation and
reduction potential shifted toward positive and negative directions, respectively. The
positive shift of the oxidation and reduction potential with decreasing pH depends on
the electrostatic repulsive force among the electrode and the cationic DA. In acidic
pH, positive ions are accumulated on the electrode surface and therefore oxidation
current response decreases with decreasing pH. Whereas in basic pH, the negative
ions are accumulated on the electrode surface and it attracts the DA toward the
electrode and enhance the current response. The studies suggest that this redox
reaction is a two-electron/proton transfer process. The concentration dependent
studies suggest that while using LaCoO3/GCE, the LOD of DA was determined to
be 3.53 μM (Priyatharshni et al. 2017).

S. Priyatharshni et al. synthesized LaMnO3 in presence of varying concentrations
of ethylene glycol via hydrothermal method. While using LaMnO3/GC, the DA
oxidation current rises with rise in its concentration. The reason behind this phe-
nomenon may be the effective charge transport between the molecular orbital and
conduction band of DA. In order to evaluate the electron transfer mechanism of this
electrochemical reaction, the scan rate variation studies were carried out and it shows
that diffusion controlled mechanism is happening here. From this experiment, they
found that the electrode conductivity increases with increase in electron charge
transfer. The blue shift and red shift of anodic and cathodic potential is related to
the potential consumption for electron transfer with respect to reaction time.
Depending upon the decrease in pH of the medium, the red-shift in potential also
happens. Exactly like LaCoO3, the oxidation current of DA rises with rise in
pH. Here the LOD of DAwas 6.22 μM (Priyatharshni et al. 2016).

Priyatharshni et al. synthesized LaNiO3 using citric acid, urea, and CTAB as
surfactant via hydrothermal method. Among different LaNiO3 electrocatalysts, the
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LaNiO3 prepared using urea showed better electrocatalytic activity compared to
other LaNiO3 catalysts. This is due to the spherical shape and higher surface area of
LaNiO3 prepared using urea. This improves the adsorption rate of DA. The LOD of
dopamine using this electrode becomes 4.07 μM (Priyatharshni et al. 2021).

Nada F. Atta synthesized SrPdO3 via solution combustion method and optimized
the composition of SrPdO3 in SrPdO3/CPE. The SrPdO3 synthesized using different
fuels like glycine, urea and citric acid. The glycine-nitrate mixture shows better
electrocatalytic activity toward DA oxidation. The reason for this result is the tiny
size, greater surface area and better porosity of SrPdO3 synthesized using glycine
compared to urea and citric acid. While using SrPdO3 modifier, the peak current of
DA oxidation and reduction increased by 73% and 99% compared to CPE. In
addition to that the peak potentials moved to lower values and the peak separation
became 98 mVafter modification. This is due to the oxygen vacancies and catalytic
property of Pd4+ in the perovskite structure which enhance the DA oxidation. Along
with this, the assumption behind the charge transfer mechanism is that the electrode
surface should be active and promote DA adsorption, proton and electron transfer. In
the oxidation of DA the oxygen adsorption energy or the moderate bond formation
between the oxygen atom and the transition element of the perovskite also influence
the reaction rate. The pH-dependent DA oxidation study reveals that the oxidation
current increased upto pH 7.4 and then decreasing. The concentration-dependent
study reveals that the detection limit of DA is 9.3 nM with sensitivity of 0.88066 A/
molL�1 (Atta et al. 2014).

Jasmine et al. synthesized LaNi0.2Co0.8O3, LaNi0.4Co0.6O3, LaNi0.6Co0.4O3, and
LaNi0.8Co0.2O3 via solution combustion method and used as modifier for CPE. The
DA oxidation studies reveal that the incorporation of Co in the B site of
LaNiXCo1�XO3 by replacing particular amount of Ni decreases the DA oxidation
rate. Here the better sensitivity was shown by LaNi0.8Co0.2O3 and therefore potential
and current responses of DA oxidation were improved by 0.023 V and 1.5 fold. In
LaNi0.8Co0.2O3, the Ni3+ exists in the low spin state (LS) and Co3+ in the LS and
high spin state (HS). Based on the percentage composition of cobalt in
LaNixCo1�xO3, the percentage of LS and HS Co3+ are different. Due to this
difference in the spin state of Co3+ in different samples, DA oxidation current varies.
Normally DA exists in the neutral form (DA) (in acidic medium), protonated form
(DAH+) (in neutral medium), and zwitter ionic form (DA�)(in basic medium). In
electrochemical DA oxidation, the basic pH improves the oxidation (lower potential)
compared to acidic medium. At the same time, the DA oxidation becomes reversible
in acidic and quasi reversible in basic buffer. This is the direct indication of the
involvement of the proton coupled electron transfer mechanism of DA oxidation.
The pKa and the oxidation potential also have direct relationship, i.e., the increase in
pKa increases the 2e�/2H+ reaction. The protons present at the vicinity of the
electrode become high at acidic pH and hence it reduces the DA oxidation and
enhances the oxidized DA reduction. The oxidation current of DA is lower at acidic
pH and higher at basic pH. The kinetic studies suggest the diffusion controlled
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mechanism in DA oxidation. The LOD of DA is also calculated by this electrode and
the value becomes 3 nM (Thomas et al. 2021c).

Roselin et al. synthesized MgTiO3, La0.5Mg0.5TiO3, and studied the DA sensing.
In comparison with bare GCE, MgTiO3/GCE, and La0.5Mg0.5TiO3 /GCE, the higher
DA oxidation current density and lower peak potential were shown by La-doped
MgTiO3/GCE. The reason behind this observation is the higher electrical conduc-
tivity and specific surface area of La-doped MgTiO3/GCE compared to others. The
stability, mechanism and concentration dependent DA oxidation was studied with
varying scan rate. LOD of DAwas investigated by chronoamperometric study and is
equal to 1.32 μM (Ranjitha et al. 2021).

Z. Anajafi synthesized NdFeO3 by a thermal treatment method and used it as a
modifier for screen printed carbon electrode. In comparison to bare screen printed
electrode, the NdFeO3 modified screen printed electrode showed better current
response. The improvement in the surface area and the electrocatalytic activity is
the reason for this activity. Here the perovskite act as a center for electrostatic
interaction between the WE and the analyte. This opens up the electron transfer
path and enhances the electron transfer. Here the LOD of DA is 270 nM and is
determined by square-wave voltammetry (Anajafi et al. 2019).

Jasmine et al. synthesized BaMnO3 nanostructures via simple precipitation
followed by calcinations step. A suspension of catalyst ink was prepared by soni-
cating BaMnO3 and super P carbon black in a 1:3 isopropyl alcohol water mixture.
Here 5 μL of nafion was acting as the binder. Because of the conductivity of the
super P carbon black (SP) and the catalytic activity of BaMnO3, the modification of
the electrode by these two components made the new electrode a favorable one for
the sensitive quantification of DA. The pico molar level (50 pM) sensing of DAwas
obtained by using BaMnO3 þ SP modified carbon paste electrode (Thomas
et al. 2021a).

Yogendra Kumar et al. prepared LaFeO3 via combustion reaction using sugar and
ethanolamine as fuel and then used it for electrochemical sensing of DA. The
electrochemical properties of the semiconducting materials are normally influenced
by its particle size, band gap, surface defects, capping ligand, and composition. The
value of peak potential separation is the direct indication of electrons transfer rate. In
order to understand all these effects, a careful analysis was carried out and it
suggested that LaFeO3/Graphite (GP) showed better activity compared to
GP. pH 6 buffer solution was used for the all analysis (Kumar et al. 2020).

3.2 Dopamine and Uric Acid Sensing

Aparna et al. synthesized FeTiO3 via hydrothermal method and studied the DA and
UA sensing. For this study, the glassy carbon electrode was modified with 10 μL
solution of 1 mg FeTiO3 dispersed in 1 mL ethanol. The better surface area, oxygen
vacancy, and (Fe,Ti) redox states are the reason for the improved catalytic activity
toward DA and UA detection. Here DA adsorbed on FeTiO3 through the electro-
static force of attraction. The oxygen vacancies present in the perovskite help the
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adsorption of DA into the perovskite site. Later DA oxidation occurs with respect to
the applied potential and is a 2H+/2e� transfer process. The LOD of DA was
determined to be 1.3 nM and that of uric acid was 30 nM (Aparna and
Sivasubramanian 2019).

Lignesh Durai et al. synthesized ZnSnO3 by hydrothermal methods and used it as
a modifier. In order to study the better composition of electrode material, they varied
the weight % of ZnSnO3 from 0.1, 0.3, 0.5, to 0.7 and analyzed the peak to peak
separation and half-cell potential of 5 mM Fe(CN)6

3�/4�. From these results, weight
% of ZnSnO3 showed better activity compared to others. The reason is the better
effective surface area and optimum diffusion layer thickness at the interface of
electrode and electrolyte. At higher weight % of ZnSO3, the diffusion layer thickness
was not adequate for the proper transfer of electrons between the analyte and the
electrode. The optimum pH for this study was obtained to be 7. This observation is
due to the optimum interaction of H+/OH� in between the electrode and electrolyte.
During the electrochemical reaction of DA and UA, well-defined oxidation peaks are
present due to the inter conversion of Sn2+ to Sn4+ in the SnO6 octahedron of the
perovskite. Here the LOD of UA is 0.55 μM and that of DAwas 2.65 nM (Durai and
Badhulika 2020b).

Lignesh Durai et al. synthesized β-NaFeO2 via one-step solid-state reaction and
used it for the detection of DA, UA, Xanthine (Xn), and Hypoxanthine (Hxn). The
optimization of electrode fabrication study reveals that 0.5 wt% NFO/GCE is better
for this sensing study. The diffusion controlled electrochemical oxidation of the
analytes were confirmed by scan rate variation study. The electrochemically active
surface area study reveals that 72% increase in surface area was observed during
modification in comparison to GCE. Here the oxy functional groups of β-NaFeO2

allow the immediate electron transfer. The influence of scan rate study reveals the
diffusion controlled mechanism and the charge transfer coefficient (α) and apparent
charge transfer rate constant (ks) were calculated using Laviron’s model. Here the
value of αa and αc is 0.2967 and 0.3871 and ks was calculated as 0.4593 cms�1. The
concentration-dependent studies of all the four analytes reveals that the LOD of UA,
DA, Hxn, and Xn were 158 nM, 2.12 nM, 95 nM, and 129 nM, respectively (Durai
and Badhulika 2020a).

3.3 Hydroquinone Sensing

Khursheed Ahmad synthesized nitrogen-doped reduced graphene oxide (N-rGO)
and strontium zirconate (SrZrO3) composite by precipitation followed by reflection
method in presence of urea. The electrode modification was carried out by drop
casting 8 μL of the N-rGO/SrZrO3 composite. The high surface area and the
synergistic interaction between SrZrO3 and N-rGO may be the reason for the
improvement in electrocatalytic oxidation of hydroquinone. The electrochemically
active surface area analysis and electrochemical impedance spectra analysis also
agree with the enhanced activity of the composite material. The pH study support the
neutral pH condition for all analysis. The linearly increased current scan rate relation
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reveals the diffusion controlled process. The highly sensitive square wave
voltammetry was used for LOD calculation and here the value becomes 0.61 μM
(Ahmad et al. 2020).

3.4 Glucose Sensing

Umamaheswari et al. synthesized cerium aluminate embedded on carbon nitride
modified GCE (CAO/CN/GCE) for the sensitive detection of glucose. The optimi-
zation amount of 8 μL CAO/CN on GCE showed better activity. The electrode
reaction kinetic studies via scan rate variation suggest that the glucose oxidation is a
diffusion controlled process. The shift toward positive potential with increasing scan
rate indicates the feasibility of the reaction. The amperometric sensing of glucose
using CAO/CN/ GCE gave LOD of 0.86 nM (Rajaji et al. 2021).

F Jia et al. synthesized perovskite LaTiO3 with silver (Ag). The Ag content (0.08,
0.1, 0.2, and 0.6) was varied via sol gel method and used for glucose sensing. Among
different perovskites doped with Ag, the LaTiO3-Ag 0.1 showed better non-
enzymatic electrochemiluminescence (ECL) behavior. Luminol show ECL behavior
and the addition of glucose the ECL intensity increases. The small size and porous
structure of LaTiO3-Ag0.1 particle along with active area of the electrode may be the
reason for fast electron-transfer rate. The pH-dependent study reveals that pH value
of 7.4 shows maximum ECL intensity. This is due to the accelerated conversion of
luminol to form 3-aminophthalate anions. The LOD values of glucose is calculated
to be 2.50 � 10�9 M using CV (Jia et al. 2015).

Ekram et al. synthesized SrPdO3 via solution combustion method and then
constructed modified graphite/SrPdO3/Mnano (M ¼ Ag, Pt and Pd) electrode for
the detection of glucose. The metal nanoparticle deposition is carried out by applying
suitable potential window. The modification using graphite/SrPdO3/Aunano showed
39.6 times greater current response compared to bare electrode. Due to the proper
synergism between gold nanoparticle and SrPdO3, modified electrode showed
promising results. Here presence of SrPdO3 and Au complement the charge transfer
property and catalytic activity. In SrPdO3, Palladium is in the +4 oxidation state. The
uniform distribution of the Pd4+ and the presence of oxygen vacancy help glucose
oxidation. The number of electrons present in the d orbital of the B site ion also
influences the partial bond formation with the analyte. In this modifier material, gold
acts as an electron channel among the electrode and the analyte. The other charac-
teristics of gold nanoparticles were high effective surface area, electrocatalytic
activity, high conductivity, and enhanced sensitivity. The LOD toward glucose
detection become 9.3 nM (El-Ads et al. 2015).

Zhen Zhang et al. synthesized Co0.4Fe0.6LaO3 nanoparticles via sol–gel method
for glucose and hydrogen peroxide sensing. Here the electrode modification was
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carried out by drop casting 10 μL of 3 mg Co0.4Fe0.6LaO3 in 1 ml suspension.
During the electrochemical reaction of glucose, the Co0.4Fe0.6LaO3/CPE showed
better current response than bare CPE. This is due to the electro-catalytic property of
this perovskite toward the oxidation of glucose. Here the sensor has a LOD of 10 nM
for glucose (Zhang et al. 2013).

3.5 Nitrofurantoin Sensing

Vinitha et al. synthesized gadolinium orthoferrite/RGO nanocomposite by hydro-
thermal route and the catalyst (GdFeO3/RGO) loading into GC electrode was
analyzed by CV experiment. Here the optimum catalyst loading was 6 mL of
GdFeO3/RGO catalyst. The negative potential shift after modification is related to
the higher surface area, numerous active sites (GdFeO3), the influence of layered
RGO, and conductivity. Along with all these properties, electrical contacts, syner-
gistic effects, and interfacial interactions between GdFeO3 and RGO create new
functionalities and enhance the activity. The other important thing is that during the
composite formation between GdFeO3 and RGO, the van der Waals interaction
among graphene sheets reduces and the surface area of the product becomes higher.
The kinetics of this reaction was studied, and the results indicate that this is an
adsorption-controlled process. The pH-dependent nitrofurantoin (NFT) reduction
study indicates the irreversible nature of NFT reduction and the better current
response was observed at pH 7. The NFT sensing property was analyzed by using
DPV technique and the obtained LOD was 0.0153 mM while using GdFeO3/RGO/
GCE (Mariyappan et al. 2021).

3.6 Lornoxicam

Mona et al. synthesized BaNb2O6 nanofiber and used it for the sensing of
Lornoxicam and Paracetamol. The buffer solution used in this study was
Britton–Robinson buffer solution. The electrochemical studies reveal that
BaNb2O6/CPE shows better activity and are due to the electrical conductivity and
the synergistic effect. The influence of the pH study on electrochemical reaction
reveals the protonation-deprotonation process. Here the highest current response was
observed at pH 7 indicating that neutral pH is optimum for this study. Here the LOD
was determined to be 0.6 nM (Mohamed et al. 2018).
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3.7 Acetaminophen

Arockiajawahar et al. synthesized GdTiO3 via sol-gel GTO(S) and hydrothermal
GTO(H) methods, then allowed to encapsulate layered graphene (Gr) during catalyst
solution preparation by sonicating appropriate amount of graphene and GdTiO3.
Among the bare, native oxides and composites, GTO(S)-Gr composite shows better
activity. The hike in the oxidation current of acetaminophen using GTO(S)-Gr may
be due to the enhanced π-interactions between graphene and perovskite, oxygen, and
cation vacancies. During the electrochemical reaction, acetaminophen moves toward
the electrode and interacts with the holes in the GdTiO3 surface. Then it allows
electron transfer and results in higher current response for electro-oxidation of
acetaminophen. The GTO(S)-Gr/GCE could give a LOD of 58.85 nM for acetamin-
ophen detection (Grace et al. 2021).

Daixin Ye et al. synthesized LaNi0.5Ti0.5O3/CoFe2O4 (LNT-NFO) through the
combination of ceramic, wet chemical, and sol-gel methods in order to detect
paracetamol molecule. Here 5 μL of LNT–NFO suspension in water was used for
electrode modification. After modification, there is a decrease in overvoltage and
increase in the faradic current, which indicate the feasibility of paracetamol oxida-
tion. In this case, the partially filled d orbital of the transition metal in the perovskite
acts as an active site for paracetamol oxidation. Here the LOD of paracetamol is
0.19 μM (Ye et al. 2012). Table 41.1 summarizes the electroanalytical application of
nano-perovskites modified electrodes for biomolecular detection.

4 Conclusions

Nano-Perovskites Derived Modified Electrodes are being looked upon as the ideal
candidates for meeting the demands of an excellent sensor. Highly stable structural
characteristics and versatile functionalities of the perovskites make them ideal for the
sensor applications. Nano-perovskites are explored for designing better sensors as
they possess high specific surface area, faster kinetics, more electroactive sites, etc.
Biologically important molecules like Dopamine, Uric acid, Hydroquinone, Glu-
cose, Nitrofurantoin, Lornoxicam, Acetaminophen, and Nucleic acid could be
detected and quantified using perovskite modified electrodes. Researchers continue
their efforts to address the issues related to stability, sensitivity, resolution by
engineering perovskite materials by doping, morphology control and compositing
with other materials, etc. Design, development and optimization of efficient, sensi-
tive, and low cost sensor systems are vital for the affordable early-stage diagnosis of
many diseases.
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Table 41.1 Comparison of perovskite modified electrodes for biomolecule detection

Electrodes Analyte Linear Range LOD Reference

LaMnO3/GCE DA 1–100 μM 6220 nM (Priyatharshni
et al. 2016)

LaCoO3/GCE DA 1–100 μM 3530 nM (Priyatharshni
et al. 2017)

LaNiO3/CPE DA
ST
AAP

0.08–20 μM
0.1–6.7
6.7–80 μM
0.3–27 μM

9 nM
14 nM
35 nM

(Thomas et al.
2021d)

LaNiO3 /GCE DA 5–50 μM 4.07 μM (Priyatharshni
et al. 2021)

LaNi0.8Co0.2O3/CPE DA
UA
AAP

0.08 mM–80 nM
0.08 mM–50 nM
0.1–0.01 mM
0.01 mM–1 μM

3 nM
5 nM
100 nM

(Thomas et al.
2021c)

LaFeO3/GCE DA 1–6 10 (Vijayaraghavan
et al. 2017)

LaFeO3/GCE AA
DA
UA

500–3000 μM
1–6 μM
100–600 μM

3 �
10�8 M

(Wang et al.
2009)

LaFeO3/GCE AA
DA
UA

0.02–1.6 μM 0.059 μM (Kumar et al.
2020)

FeTiO3/GCE AA
DA
UA

1–90 μM
110–350 μM
1–150 μM
200–500 μM

30 nM
0.0013 μM

(Aparna and
Sivasubramanian
2019)

LaxMg1-xTiO3/GCE DA 5–50 μM 1.32 μM (Ranjitha et al.
2021)

SrTiO3 –GO/GCE DA 0.005–531 μM 0.01 μM (Gopi et al. 2020)

SrPdO3/CPE AA
DA
UA

7–70 μM 0.0093 μM (Atta et al. 2014)

BZO-2/CPE AA
DA
UA

0.17 mM–5 μM
0.05 mM–0.05 nM
1 μM–5 nM

0.5 μM
5 pM
0.5 nM

(Thomas et al.
2021b)

BaMnO3 þ SP/GCE DA,
ST

300–0.1 nM
10–2300 nM

50 pM
5 nM

(Thomas et al.
2021a)

NdFeO3/Screen printed
Carbon electrode

DA 0.5–100 μM
150–400 μM

270 nM (Anajafi et al.
2019)

ZnSnO3/GCE DA
UA

0.01–5
1–5000 μM

2.65 nM
0.55 μM

(Durai and
Badhulika
2020b)

β-NaFeO2/GCE DA
UA

0.010–4,10–40 μM
0.5–20 μM

2.12 nM
158 nM

(Durai and
Badhulika 2020a)

N-rGO/SrZrO3/GCE Hydroquinone 25–2500 μM 0.61 μM (Ahmad et al.
2020)

(continued)
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Abstract

Electrochemical impedance spectroscopy (EIS) used in biosensor systems is a
label-free measurement method used in the measurement of electrochemical
reactions. With this method, electrode surface characteristics, surface kinetics,
and mass transport transfer can be measured. All these measurements can be
performed with a single method. With EIS, the electrochemical circuit diagram of
the surface can be drawn by scanning starting from a certain frequency. With this
circuit diagram, the surface of the electrode can be seen electrochemically. In
addition to the electrochemical measurement, it is actually possible to obtain
strong mathematical data. All of this mathematical data can be verified by
experimental measurements and provides opportunities to verify experimental
results. In this way, there are both modifications in the development of biosensors
and the possibility of quantitative measurement. This makes the system one step
ahead of other methods in biosensor applications. The use of time as a function of
this measurement made with alternating current also increases the sensitivity of
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the measurement. In this frequency measurement, the resistance of the electrode
surface is measured as impedance and more suitable results are obtained. In
biosensor applications, since the resistance of the electrode surface is measured
in ohms, it is also important to process the data obtained afterward, to find the
appropriate circuit model optimize the non-faradaic measurements, and how the
measurement is optimized within the redox probe. For this reason, this measure-
ment system, which is seen as a simple surface resistance measurement, is
actually seen as a very complex and knowledge-based method. Therefore, the
advantages are extremely numerous. Among the most important advantages of
EIS are its fast electrode kinetics, the detection of non-electroactive species, and
its power to perform measurements without the need for microscopic surface
imaging techniques. In this book chapter, the application of EIS in biosensors,
calculation methods, and different sub-applications are evaluated.

Keywords

Biosensor · Electrochemical impedance spectroscopy · Chronoimpedance ·
Affinity biosensors

1 Introduction

Engineers have used electrochemical impedance spectroscopy to determine the
electrical circuit model. Because of the progressive development of electrical circuit
models, terms such as impedance, capacitance, stationary phase element, and War-
burg impedance have been introduced (Vivier and Orazem 2022). After the devel-
opment of electrochemical research studies, it started to be used for electrochemical
analysis. In particular, the monitoring of redox reactions and the examination of the
electrode-electrolyte interface using impedance, the examination of the properties of
the electrode surface and its applications were carried out with EIS and the process of
the redox reaction according to the surface characteristics that determine the double
layer capacitance of the electrode, adsorption, and mass transfers are measured. In
addition, the physical properties of the surface, the resistance of the liquid measured
in the electrochemical cell, the surface charges, and the geometric structure of
biosensor surface structures can also be seen.

Electrochemical impedance spectroscopy is a method in which electrical circuit
components of the electrode surface can be determined. These circuit components
are also derivatized from Ohm’s law. The most important point in this measurement
system, in which frequency scanning is performed spectroscopically, is that the
applied potential contains alternating current (AC) character. As it is known,
Ohm’s law is that the product of current and resistance gives voltage, that is,
potential. It is important to define these elements according to biosensor systems.
Although mathematically it is appropriate to look at the electrical circuit model over
non-biosensor applications of impedance, it would be more accurate to evaluate
impedance according to biosensor systems (Magar et al. 2021). Figure 42.1 shows
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the surface of an electrode by EIS. The electrode composed of three electrode
systems. These are working electrode, counter electrode, and reference electrode.
The circuit model between these two electrodes is completed by the current flowing
through the measured solution. Depending on the character of this liquid, circuit
elements can also be shaped and their measurements can change. When the data are
examined, the elements called solution resistance, biosensor surface resistance
(electron transfer resistance), Warburg impedance, capacitance, and stationary
phase element are seen (Ertuğrul and Uygun 2013).

The current can pass over these elements, but is stored in the capacitively derived
elements (C1). Laplace Transforms, Complex Numbers, and Fourier Transforms are
used to explain impedance mathematically (Griffiths 1978; He and Fu 2001; Oshana
2006; Råde and Westergren 2004). The explanation of these transforms for how
impedance can be measured is, briefly, that the potential and current, which vary
with time, can change in a frequency measurement. In other words, using Ohm’s law
as a function of time in the calculation of resistance is called impedance. It is known
that the electrical wave character changes when alternative current is used, that is, it
has an imaginary part and a real part when evaluated with complex numbers in
impedance measurement with frequency generation. Moreover, there should be
phase angle to add this equation. In biosensor systems, on the other hand, since
the impedance of the actual measured electrode, that is, the working electrode, is the
impedance, there are graphic styles shaped according to the required measurement.
Although there are basically two different diagrams, the most frequently used ones
are Nyquist plots and Bode plots. The difference between these two graphs is that
Nyquist plots form a three-axis graph showing imaginary impedance and real
impedance (Figure 42.2a), and Bode plots show impedance versus frequency and
phase angle versus frequency (Figure 42.2b). In the creation of the circuit model

Fig. 42.1 General electrical circuit model of biosensor systems
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used in the calculation of impedance, these two diagrams should be evaluated
together. The impedance presents a semicircle; when the frequency goes to infinity,
the impedance goes to zero because the impedance of the capacitor becomes zero
and when the frequency goes to zero the impedance becomes real Z ¼ R because a
constant DC can flow through the circuit. In order to calculate these circuit elements,
a mathematical circuit model should be created first and circuit elements can be
calculated using programs according to this circuit model (Uygun and Ertuǧrul
Uygun 2014).

Z0 ¼ E
i
¼ Sin ωtð Þ

Sin ωt þ θð Þ Definition of the Impedance

Direct impedance measurement can be seen with Nyquist plots. A characteristic
impedance measurement can be seen in Fig 42.2a. Here, as the impedance frequency
decreases, the electron transfer resistance shows a sinusoidal character. The linear
part shows the Warburg impedance, that is, the mass transport resistance. The angle
that the Warburg impedance makes with the x-axis shows the phase angle. In
biosensor systems, the dominance of impedance and Warburg impedance are pro-
portional, while the phase angle changes, according to the properties of the surface.
While the biosensor surface changes with the load of the measured liquid, it also
shows the change in surface resistance because of modifications. Accordingly, the
Warburg impedance shows the transfer of the mass in the measured solution to the
biosensor surface.

It is extremely advantageous to measure impedance over a circuit model using
alternative current rather than simple resistance measurement. Among these advan-
tages, besides fast analysis, wide frequency scanning, sensitive measurement, there
are also disadvantages of high cost device. Moreover, the biggest point to be
considered in alternating current is that it causes the surface to deteriorate when
measuring biological molecules. Particularly, nanomaterials with pointed sharp ends
and corners can create arcs when applying high frequency and voltage, which causes
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the surface to deteriorate (Li et al. 2014). For this reason, measurements can be
performed at potentials of 10 mV and below. However, DC is used especially in
measurements involving redox probes to be used in faradaic measurements (Lasia
2011). The creation of a redox reaction at this potential and the monitoring of this
reaction on the electrode constitute the main purpose of the measurement. In
measurements involving a redox probe, the impedance is called the electron transfer
resistance (R2, Rct). This impedance represents the resistance encountered by the
electron emitted from the redox probe as it passes the electrode surface. Otherwise,
Warburg impedance shows that linear diffusion of the redox probe to surface. Two
elements are affected by electrode surface charges that repel or attract of redox probe
by biosensor surface. The rate of conversion of the redox probe is also important in
the formation of the semicircle in Nyquist plots. While the semi-circle character is
dominant in fast reactions, linear impedance is observed in slow reactions (Sluyters
and Oomen 1960). Especially in impedance measurements used in biosensors, it is
important to define the circuit models and calculate the impedance curve obtained.

2 Biosensor Surface Circuit Models and Expected Data

While stationary phase measurements are carried out with solid electrode types used
in biosensor systems, different circuit models are determined according to the plot
obtained from the measurement result. Using the Nyquist plot (Fig. 42.3) obtained in

Fig. 42.3 EIS measurement in Ferri/Ferro cyanide redox probe of gold (red) and carbon (blue)
electrodes impedances in redox probe solution (PSTrace 5.9)
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impedance measurement, it is used in calculation and surface characterization in
biosensor systems is explained through data.

Figure 42.3 shows a Nyquist plot and marked points at different points on this
plot. Now, let us examine these data and consider the evaluation of the data
through the biosensor system. The beginning point is not zero when looking at
both impedance curves. The reason for this is that the current coming out of the
counter electrode first passes the redox probe. That is, the layer at the top of the
biosensor is the redox probe and this impedance shows the solution resistance
(Rs or R1 in figure). The Rs value is inversely proportional to the concentration of
the redox probe solution ingredients. Biosensor surface is represented by Rct or
R2 in Fig. 42.4. As can be seen in the Fig. 42.4, the rapid transformation of the
redox reaction through the layer is seen at the reaction rate on the surface, and it
can be seen that the conductivity of the gold electrode is better than that of carbon
(Red EIS). The part from the beginning point of the impedance curves to the end
of the semicircle shows the surface impedance of the biosensor. Along with this
impedance is a double layer capacitance (Wu 2022) not seen in the Nyquist plot.
The most common situation in impedance curves is the fitting problem after the
appropriate circuit diagram is created after the data. This is due to insufficient

Fig. 42.4 EIS fitting on individual circuit models, blue EIS is obtained data, red and green EIS are
the fitting of the blue EIS (showed in Excel)
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observation. In some cases, the apex of the semicircle becomes flattened toward
the x-axis, that is, the apex of the imaginary impedance, which mathematically, is
lower. The basis of this situation is the slowdown of the conversion rate of the
redox probe on the surface formed because of the biosensor modification of the
modified surface. For this reason, the double layer capacitance, which is included
in the circuit model as a capacitance (C), should be shown as a constant phase
element (CPE) (Fig. 42.4). The EIS shown in blue in Fig. 42.4 is experimentally
obtained, while the other red and green ones are the curves fitted according to
different circuit models. As a result of not evaluating the surface diffusion control
properly, if the semi-circle is treated as ideal and a capacitor is placed in the circuit
diagram, the EIS fitting data, which is seen in green, is obtained. In this case,
although the margin of error in the calculation increases, the EIS calculation is
made incorrectly, because the surface is not homogeneous as expected. On the
other hand, the fit curve shown in red is close to the experimental data. Therefore,
the margin of error is lower. The next step in the evaluation of EIS data is mass
transport transfer, that is, the diffusion of the redox probe moving toward the
biosensor surface or a different substance if the measurement is taken in a
different liquid. This is represented by the Warburg impedance and the angle it
makes with the x-axis is shown as the phase angle (ϴ). This linear part changes
inversely with the semicircle. As the impedance decreases on a conductive
surface, the Warburg impedance becomes dominant. There is also a situation
that should be considered exceptional. This is the interaction between the surface
charges of the biosensor and the charge of the redox probe. There is an electro-
static attraction between the surface-redox probe with different charge, that is, the
redox probe moves electrostatically with diffusion to the surface and the mass
transport transfer resistance (W) increases. In this case, more redox probes are
transformed by diffusion than they should be on the surface. In this case, more
electron flow than observed by diffusion reduces the electron transfer resistance
by shadowing it. Therefore, impedance is a very powerful measurement method in
biosensor development. In some studies, when the protein immobilized to the
surface is positively charged, it attracts the redox probe and lowers the impedance
(Uygun et al. 2020). This situation, which suggests that the immobilization
procedure is faulty under normal conditions, is an indication that the surface
loads should also be examined.

With this information, a suitable circuit model should be created to calculate the
EIS. If the surface is homogeneously immobilized and layers are successfully
formed, a single semi-circle character is seen. However, when different surfaces
such as more than one layer, pore structure, micro-channels are seen on the surface,
more than one half-circle character is normal. In this case, follow-up models are
created by following the Nyquist plot curves obtained in the circuit diagram.
Information on this can be obtained from a study in which impedance circuit models
are described (Uygun and Ertuǧrul Uygun 2014).
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3 Setting Impedance Parameters for Biosensing
Applications

Adjustment of measurement parameters in impedance-based biosensors is related to
observance of experimental conditions, electrode type, and presence of redox probe.
In impedimetric measurements, the potential of the redox probe is primarily found.
Among these impedance parameters is the DC parameter, and it is obtained from
measurements performed inside the redox probe by cyclic voltammetry. This param-
eter is used in the electrochemical conversion of the redox probe in faradaic
measurements and is the parameter that creates the electron transfer resistance. On
the other hand, voltammetric measurements can be performed by specifying the
potential scan with Open Circuit Potential (OCP) versus the reference electrode.
Potentials are featured with the OCP; the open circuit potential must be determined
before the EIS performance. Another parameter is the polarization of the surface and
the AC value in charge of sending the current with frequency. The actual amplitude
must be small enough to prevent a current response with considerable higher
harmonics of the applied ac frequency. Another parameter is frequency. While the
magnitude of the frequency is related to the electrode, faradaic measurements are
preferred when it is desired to take measurements under 0.1 Hz at small frequencies.
At high frequencies, if the sinusoidal character is not seen, the measurement should
start from the frequency at the point showing the sinusoidal character (Uygun et al.
2020). Measurements can be carried out with frequency scanning (EIS), as well as
systems that measure the interaction of matter to the surface over time. A single
frequency is used in these measurements. There are studies in the form of single
frequency impedance or chronoimpedance as it is known in some studies (Ertuğrul
Uygun et al. 2020; Uygun et al. 2021; Uygun and Girgin Sağin 2021). When these
data are used in impedimetric measurements, the surface electron transfer resistance
can be plotted according to the appropriate Nyquist plot curve.

4 Impedance for Biosensor Applications

Electrochemical impedance spectroscopy, which is used in biosensors, can be used
as a quantitative method for both monitoring biosensor development stages and
measurement. While developing the biosensor, a suitable immobilization layer
should be prepared on the electrode surface (Fig. 42.5). The choice of this immobi-
lization layer is completely related to the measurement method and the
biorecognition receptor. Whether the measurement method is stationary or moving,
measurement affects the immobilization material. Impedimetric biosensors are usu-
ally performed with static measurements. Apart from this, it is very important that
there is no leakage from the surface, as the measurement is carried out entirely for the
measurement of surface substances. In order to prevent this, covalent immobilization
methods are generally preferred. These methods create a covalent bond between the
immobilization material and the biorecognition receptor by using cross-linkers
(EDEC/NHS, glutaraldehyde, etc.). Biosensor systems are suitable for label-free
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measurements as they do not require an electrochemical reaction on the electrode
surface. Therefore, the biorecognition receptor does not need to generate an electro-
active signal. Binding of the target molecule is sufficient for measurement in the
biosensor. This binding state can also be monitored by electrochemical impedance
spectroscopy. Here, the general immobilization methods used in biosensor systems
are valid. The point to be considered is that when materials with pointed ends such as
graphene are immobilized to the surface, if an alternative current of 10 mVor more is
applied, no arc should be formed on the surface of the biosensor. In this case, organic
molecules can be electrically affected. This causes inaccurate measurements while
the signal is being received. Especially in label-free methods, this information is
important since the source of the signal is not known whether it is due to interaction
between biomolecules or adsorption. Although this is a disadvantage, signal opti-
mization steps are required. The first point to be applied in label-free methods is the
optimization of the binding time of the biorecognition receptor and the analyte.
However, in stationary measurements such as EIS, this can be found as a result of the
repetitive incubation-measurement process. Considering that biomolecules can
respond within milli seconds, this optimization is not very possible in the laboratory
environment. Therefore, surface characterization methods that measure time-
dependent binding label-free should be tried. Here, method development should
continue by measuring the precise coupling time with single frequency impedance

Fig. 42.5 Schematic representation of biorecognition elements and targets

42 Electrochemical Impedance Spectroscopy (EIS) Principles and. . . 927



measurement, that is, chronoimpedance, which is a subtype of EIS. The biggest
advantage of chronoimpedance is that it increases the selectivity of the
biorecognition receptor with time-dependent measurement (Fedacı et al. 2022;
Mumcu et al. 2022; Uygun and Atay 2021).

As a result, in impedimetric biosensors, it is important to know beforehand the
sharp relationship between the biorecognition receptor and the analyte. Moreover,
the total charge of the immobilization material, electrode, and analyte after binding
needs to be evaluated. Electrode, analyte, biorecognition receptor, and immobiliza-
tion layer should be considered as complementary while developing an impedimetric
biosensor in this way.

The measurement of cells with biosensors is extremely complex. Since cells
contain highly heterogeneous structures, selectivity becomes a big problem as
different cell types show similarity to each other. In cases where the cell loses its
vitality or its structure is damaged, mechanisms that can create false signals emerge.
In cell assays, cell determination is mostly made by selecting cell surface antigens. In
this case, biosensor systems are developed by using molecules such as antibodies,
aptamers, peptides, etc.

Escherichia coli O157:H7 determination was performed with the help of nano-
porous membranes in a biosensor system developed for whole cell assay (Joung et al.
2013). Due to the antibody-pathogen interactions, the ionic impedance of the
electrolytes was measured with the impedance spectra through the nanopores. In
this study, they performed label-free determination of E. coli in milk samples with a
detection limit as low as 83.7 CFU/mL. In another study (Mantzila et al. 2008),
polyclonal anti-Salmonella antibodies were used to determine Salmonella types. For
immobilization, the SAM layer was formed and covalently bound with glutaralde-
hyde. Again, high sensitivity bacteria determination was carried out in milk.

Apart from studies using antibodies, single-chain synthetic nucleic acids called
aptamers have also been used. Aptamer technology works like an antibody and the
target molecule can be bound. In this way, it can be designed for a desired molecule.
Since they can show affinity for a molecule, measurement can be performed by
targeting cell surface antigens in biosensors used in cell determination. For example,
in a study in which prostate cancer cells (LNCaP) were performed impedimetrically
using prostate-specific membrane antigens (PSMA), sensitivity up to 1 cell was
achieved (Uygun and Sağin 2021). In the study, a biosensor system was developed
using gold nanoparticle electrodes. The aptamer sequences obtained as activated
with thiol were modified on the biosensor surface and measurement was performed
impedimetrically. Since a label-free measurement was made in this study, the
measurement time was determined as chronoimpedimetric. Again, in a different
study, SARS-COV2 determination was performed impedimetrically in measure-
ments performed with aptamer technology (Tabrizi and Acedo 2022). Carbon fiber
nanomaterials were modified with gold nanoparticles and used for aptamer immo-
bilization on the carbon electrode surface. The SARS-CoV-2 receptor-binding
domain was targeted for measurement in this study and analysis was performed on
it. The measurements show that the signal has a linear-logarithmic relationship in the
0.01–64 nM range with the detection limit of 7.0 pM.

928 H. D. Ertuğrul Uygun and Z. O. Uygun



Peptide sequences are used as impedimetric biorecognition receptors that can be
used as another whole cell assay. These sequences can be either synthetic or natural
peptide sequences that can be used. By using peptide databases, a biosensor can be
developed by developing the appropriate amino acid sequence and target molecule.
In peptide biosensors, on the other hand, while multiple targets are possible, peptides
that can generally be positively charged can allow impedimetric measurements
without being modified. Peptide-based biosensors can mostly be used in whole
cell diagnosis. In this case, measurement can be performed with antimicrobial
peptides (Lei et al. 2019). In a study with LNCaP assay as aptamers, an antimicrobial
peptide named Citropin-A was used to measure it impedimetrically (Fedacı et al.
2022). Since the active end of antimicrobial peptides must be exposed, in this study,
immobilization was performed over the Avidin-biotin interaction to achieve an
appropriate immobilization. Although it is not superior to aptamer systems in
terms of sensitivity, interesting results were obtained in terms of selectivity. It was
observed that the peptide sequence in question showed selectivity to different cells
besides the target cell. Here, IC50 values, i.e., activities of antimicrobial peptides,
were used as affinity markers. In order to make this value meaningful, the binding
time between the peptide and the binding of cells was determined chronoimpedime-
trically and LNCaP measurement was performed.

Determination of nucleic acids is always difficult. Although different types of
measurement can be performed, the most used type of measurement is on hybridi-
zation. Biosensor developments using a probe DNA are also used for diagnostic
purposes in clinical laboratories. Signal can be obtained impedimetrically with
complementary DNA bound to probe DNA. The biggest handicap of the label-free
impedimetric measurements of DNA is known as mismatch. This situation affects
the measurement result, although sensitive biosensor systems have been made (Gong
et al. 2017). Although sensitive results are obtained in a system that directly
measures DNA-DNA hybridization with the ssDNA/graphene-Nafion/GCE modi-
fied electrode, a false positive signal is observed with almost 80% single base
interactions. This indicates that impedimetric systems are sensitive but false signal
is generated when adsorption is observed. In DNA biosensors, in some cases, it is not
possible to obtain a normal Nyquist plot during the repulsion of negative charges and
immobilization stages. Sometimes an impedance spectrum can be seen with two
sinusoidal curves. This is normal and these structures need to be taken into account
when drawing the circuit diagram.

Apart from this, there is also the use of biomolecules that interact with DNA.
Apart from the use of a probe in DNA measurements, it is seen that CRISPR
technology, which has attracted attention in recent years, is also used in DNA
diagnosis (Li et al. 2019). Cas proteins used in CRISPR technology are actually an
enzyme structure with an endonuclease and helicase complex, and this enzyme
contains a guide RNA structure in order to be able to target DNA/RNA. Although
different biosensor systems have been developed, it is not appropriate to impedime-
trically cut DNA/RNA by binding this enzyme. Because there is no substance on the
electrode surface, impedimetric measurement cannot be performed. For this reason,
proteins that have (endonuclease) activity of Cas proteins are used. These

42 Electrochemical Impedance Spectroscopy (EIS) Principles and. . . 929



deactivated proteins, namely, dCas proteins, can be used quite efficiently in
impedimetric biosensors. For example, one study used dCas9 proteins to develop
an impedimetric biosensor for the measurement of sickle cell anemia to the DNA
level (Ertuğrul Uygun 2022).

Other measured substances in impedimetric biosensors are systems in which
proteins are measured. Since proteins are generally not electroactive, their label-
free impedance measurement in biosensor systems is extremely convenient. Differ-
ent biorecognition receptors can be used in measurements. Antibodies (Mantzila
et al. 2008), receptors (Uygun and Sezgintürk 2011), or lectins (Wang and Anzai
2015) can be used as biorecognition receptors. It is easy to use proteins as
biorecognition receptors in impedimetric systems. Antibodies are used in biosensors,
especially as the most widely used biorecognition receptors. Since the optimization
stages are determined, it is easy to use in impedimetric biosensors. Therefore, its
usage area is very wide (Leva-Bueno et al. 2020).

5 Conclusions

Biosensors become very interesting when the changes in the world are taken into
consideration in recent years. It has the potential to be low-cost measurement, rapid
analysis, and easily put into a form suitable for personal use. For this reason, it can be
brought to the end user quickly by going through a rapid development process.
Although there are different systems among the measurement methods, electrochem-
ical impedance spectroscopy is used, which can easily provide sensitivity, label-free
measurement, and modifiability. The most important advantage over EIS is that it
can easily extract the circuit model on the biosensor surface, and in this way, the
operability of the system allows both qualitative and quantitative measurements. In
determining the circuit models, knowing the molecular interactions, as well as the
immobilization types, is extremely important in terms of measurement. The impor-
tant thing in impedimetric measurements is to determine the measurement parame-
ters before the experiment starts. Biosensor design and electrochemical properties in
the measured redox probe are important in determining these experimental param-
eters. Although EIS is not suitable for point-of-care diagnostic tests in today’s
technologies, developments continue.
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Heterostructured bimetallic nanocatalysts, 884
Hexanethiol (HT), 679
Hierarchical nanocomposites (HNCs), 227
Highest occupied molecular orbital (HOMO),
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High-resolution transmission electron
microscopy (HRTEM), 561

5-hmC DNA, 678, 679
Horseradish peroxidase (HRP), 244, 342, 870
Human chorionic gonadotropin (hCG), 555,

649
Human epidermal growth factor receptor

2 (HER2), 559, 681
Human health care

data processing, 755
diagnosis and disease monitoring, 748–750
integration, 754
lab-on-a-chip (LOC) platform, 747–748
reusability, 754
wearable sensors, 750–753

Human papillomavirus (HPV), 647
Human serum albumin (HSA), 93
Human-tissue polypeptide antigen (hTPA), 892
Hyaluronic acid, 23
Hybridization biosensors, 423
Hybridization chain reaction (HCR), 418

amplification, 245
Hybrid nanomaterials synthesis, 368

chemical reduction, 368
electrochemical method, 369
hydrothermal and solvothermal

methods, 369
Hybrid nanostructures based biosensors, 559
Hydrogel-based enzymatic glucose

biosensor, 728
Hydrogels, 34
Hydrogen bonding, 354
Hydrogen peroxide (H2O2, HRP), 77, 342–343,

588, 671
sensing, 887–888

Hydrolase, 487
Hydroquinone sensing, 911–912
Hydrothermal carbonization, 285
Hydrothermal method, 356, 369, 666
Hydrothermal technique, 666
Hydroxyapatite, 533
Hydroxyapatite-based drug delivery

system, 528
5-Hydroxymethylcytosine (5-hmC), 678
N-Hydroxysuccinimide (NHS), 165

I
ICB therapy, 690
p-Iminobenzenesulfonic acid, 776
Immobilization, 422, 928
Immune checkpoints, 690
Immuno-sensorial platforms, 104

Immunosensors, 158, 171, 265, 266, 268, 270,
352–354, 649, 831

studies, 273
Impedance-based sensor, 681
Impedance spectroscopy or conductometry, 70
Impedimetric biosensors, 926, 928
Impedimetric detection, 81
Impedimetric glucose biosensor, 470
Indium tin oxide (ITO), 224, 233, 561, 846

electrode, 728
glass, 167

Infection, 35–37
Infectious diseases

carbon nanotubes, 252
gold and silver nanomaterials, 243–245
graphene-based nanomaterials, 249–252
magnetic nanomaterials, 247–248

Inhibitory component, 831
Inkjet printing, 60, 793, 794
Inner Filter Effect (IFE), 296
Inorganic hybrid nanomaterials, 746
Insulin, 773
Interconnected microelectrodes (IME’s), 550
Interdigitated electrodes (IDEs), 588
Interferon-gamma (IFN-γ), 509, 588
International Union of Pure and Applied

Chemistry (IUPAC), 295
Intracellular analysis

electroactive targets, 146–147
non-electroactive targets, 137–147

Intracellular biosensing, 123
Intracellular measurement, 144
Ion and liquid assisted grinding approach, 667
Ion current rectification, 144
Ion-imprinted polymer (IIP), 235

J
Japanese encephalitis virus (JEV), 252
J of avian leucosis viruses (ALVs-J), 157

K
Kanamycin, 589
KIT-5, 439
KIT-6, 439

L
Label-free biosensing strategy, 163
Label-free immunosensors, 93
Lab-on-a-chip (LOC) platform, 747–748
Lactic acid, 78
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LaFeO3/glassy carbon electrode
(LaFeO3/GCE), 906

LAMP-based electrochemical device
(LAMP-EC), 589

Laser-induced graphene (LIG), 731
Laser scanning confocal microscopy (LSCM),

736
Laser-scribed graphene electrode (LSG), 821
Lateral flow assay (LFA), 385
Lateral flow immunoassay (LFIA), 58, 743
Lateral-flow immunosensors, 245
Layer-by-layer (LBL) technique, 120, 348, 581
Layered double hydroxides, 367
Lead (Pb2+) ions, 352
LIG/CMC@TiO2/AgNPs electrode, 732
Ligase chain reaction (LCR) techniques, 244
Limit of detection (LOD), 204, 747, 830, 833,

834, 836–838, 840, 841, 843, 844, 846,
847, 848–850, 852

Limit of quantification (LOQ), 204
Linear sweep voltammetry (LSV), 587
Lipid nanotube (LNT), 576
Lipoproteins (LPs), 745
Liquid-assisted grinding approach, 667
Liquid-based exfoliation, 505
Liquid–liquid interfacial reaction approach, 664
Liver cancer biomarkers CEA, 264, 271, 273
Localized surface plasmon resonance (LSPR),

93, 100, 704
Loop-mediated isothermal amplification

(LAMP), 415, 416, 430, 588
Lornoxicam, 913
Low-cost POCT devices, 692
Low detection limit (LOD), 644
LSPR-based colorimetric methodologies, 103
L-tryptophan (L-Trp), 551
Lymphocyte activation gene-3 protein

detection, 81

M
Macroelectrodes, 862
Magnetic force-assisted sandwich-type sensor,

654
Magnetic micro-nano structured materials

applications in amplification-based tests,
429–432

coatings, 428
composition, 428
functionalization, 429
size, 428

Magnetic nanomaterials, 247, 248
infectious diseases, 247

Magnetic nanoparticles (MNPs), 63, 94, 654
cancer diagnosis, 269

Magnetic resonance imaging (MRI), 261,
267, 269

Magnetron sputtering, 798
Matrix metalloproteinase 9 (MMP-9)

biomarkers, 471
MCF-7 tumors, 705
MCM-41, 439
MCM-48, 439
MCM-50, 439
Mechanical exfoliation techniques, 504
Medical imaging, 261, 264, 266, 267

carbon-based NPs, 267
gold nanoparticles, 268
magnetic nanoparticles, 269
quantum dots, 269

3-Mercapitopropanoic acid (MPA), 843
Mercaptohexanol (MCH), 843
4-Mercaptophenylboronic acid

(MPBA), 421
3-Mercaptopropionic acid (MPA) monolayer,

354
Mercury (Hg2+) ions, 352
Mesalazine (MSA), 346
Mesoporous-g-C3N4 (mpg-g-C3N4), 157
Mesoporous silica, 438

applications, 442
bioimaging, 444
biosensors, 444–449
drug and gene deliveries, 442–444
green synthetic routes, 442
hydrothermal methodology, 441
sol-gel method, 440
synthetic techniques, 440–441
types of, 438–440

Messenger RNA (mRNA), 677
Metal and/or metal oxide-based nanomaterials,

308
Metal-based biosensors

electrochemical applications for clinical
diagnosis, 310–312

Metal ion sensing, 350–352
Metallic biomaterials, 24
Metallic nanobiomaterials, 51
Metallic nanodendrites, 701
Metallic nanoparticles (NPs), 743
Metal-ligands coordination process, 664
Metal nanoclusters, 326

composites for detection of biological
compounds, 313

properties of, 309
surface areas, 309
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Metal nanoparticles, 244
affinity interaction, 547
AuNPs, 547, 549
biochemical functionalization, 546
definition, 543
electrochemical biosensors, 558
electrochemistry, 547
electrode, 554
electronics field, 326
energy, 326
EST, 557
functionalization, 546
H2O2, 561
hCG, 555
health industry, 326
hybrid nanostructures, 560
ITO, 561
methods, 553
non-covalent association, 546
p53 gene, 563
PtNP, 557, 559
rGO, 555
sandwich-type immunosensor, 555
synthesis of, 309, 543–545
T4 PNK, 556
TEM, 562
textile industry, 326

Metal-organic frameworks (MOFs), 230
cancer biomarker proteins, 679–681
cysteine (CY), 675, 676
dopamine (DA), 673–675
electrochemical method, 668
future perspectives, 681
glucose, 669
hydrogen peroxide (H2O2), 671, 672
mechanochemical method, 667
microwave irradiation, 668
MOF-based electrochemical biosensors, 665
nucleic acids, 677–679
slow evaporation process, 667
solvothermal/hydrothermal method, 666
sonochemical method, 667
synthetic strategies of, 666

Metal salts, 311
Methyldopa, 775
Methylene blue (MB), 159
Micellar drug delivery systems, 531
Microelectrodes, 134, 862

arrays, 866
chemical vapor deposition, 138
flame etching, 140
nanostructures, 141
noble metal sputtering, 138

Micro-fabricated chip system, 581
Microfabrication, 866
Microfluidic systems, 748
Microneedles (MNs), 753
MicroRNAs (miRNAs), 677
Microwave/ultrasonication, 285
Microwave irradiation, 668
MIL-88A crystals, 676
Miniaturization, 866, 871
Minimum interference effect, 830
MI-PANI-FSA/CND/PGE electrode, 345
MIP-based-biosensors

point-of-care testing (POCT), 691
Mn-tetra(4-carboxyphenyl)-porphyrin chloride

(Mn-TCPP), 668
Modification, 863, 866, 868, 872–876
Modified Stober method, 441
MOF-on-MOF method, 681
Molecular fluorescence, 292
Molecularly imprinted polymer based

electrochemical sensor, 474
Molecularly imprinted polymers (MIPs), 233,

235, 265, 266, 270, 274, 691, 777
Molybdenum nanoparticles, 78
Monometallic NDs, 703–705
Mononuclear phagocyte system (MPS), 520
MoO3 exfoliation method, 504
MoS2, 503–504
Multi-walled carbon nanotubes (MWCNTs),

97, 252, 463, 552, 818, 874, 875
modified screen-printed carbon electrode, 372

MXenes, 367
Myocardial infarction (MI), 831

N
NAAT, antigen, 695
Nafion, 549
Nanoaptasensors, 843
Nanobioelectrochemistry, 13–15, 485
Nanobiomarker, for development of biosensors

and POCT devices, 692–696
Nanobiomaterials, 49

antibacterial applications, 33
applications of, 32–39, 54–61
benefits of, 243
bioimaging, 34–35
ceramix, 53
classification, 50
combined, 51
drug delivery, 32–33
electrical properties, 28
functionalization, 37–38
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Nanobiomaterials (cont.)
future research, 38
infection, 35–37
magnetic properties, 28–29
mechanical properties, 28
metallic, 51
natural, 50
natural biomaterials, 22–24
optical properties, 30
organic carbon-based, 53
organic-inorganic hybrid nanobiomaterials,

54
polymeric, 53
smart biomaterial properties, 31–32
synthetic, 50
synthetic biomaterials, 24–26
thermal properties, 29
tissue engineering, 35–36
toxicity properties, 27
types, 743

Nanobiosensors, POCT
advantages, 177, 178
applications, 177
biorecognition elements, 177
calorimetric, 179
electrochemistry, 179
mass sensitivity, 179
optical component, 179

Nanobiosensors, 14, 70, 266, 270, 274, 570,
830, 831

analysis systems, combining, 641
analytes, 641
antifouling electrochemical biosensor, 648
aptamers, 653
BSA, 651
CEA, 651
commercial applications, 655
components, 642, 643
developed sensor, 644
diagnosis, 643, 647, 650, 651, 655
digital electrical signal, 641
diseases, 640, 643, 645, 651, 653–655
DNA, 647
electrochemical nano and peptide-based

biosensors, 836
electrochemical nanoaptasensors, 843
electrochemical nano immunosensors, 831
enzymes, 643
features, 642
GCE, 648, 652, 653
GPSE, 646
immunosensors, 649
ITO, 647

LOD, 649
nanomaterials, 653
peptides, 647, 648
POCT, 645
potential scan cycles, 644
recognition element, 641
sensitivity, 655
transducer, 641

Nanobiotechnology, 45
agriculture, 47
diagnosis, 46
drug delivery, 46–47
food, 47–48
tissue engineering, 47–49

Nanocelluloses (NCs), 730
Nanocomposite based on Au@Pt core-shell, 159
Nanodendrites (NDs)

applications, 702
fabrication of, 710
gold nanodendrites, 703–705
graphene loaded bimetallic nanodendrites,

712–714
rare earth material, 709–711

Nanoelectrochemical biosensors, 70
classification, 71
clinical diagnosis, 84
cytosensor, 83, 84
enzyme/non-enzyme, 71, 73
functional nanomaterials, 70
genosensors, 81–83

Nanoelectrochemical immunosensors
cardiac troponin, 80
clinical diagnosis, 78
magnetic beads, 79
nanomaterials, 76
procalcitonin, 80

Nanoelectrochemistry, 13
Nanoelectrodes, 134

applications, 121–123
chemical vapor deposition, 138
electrochemical response and modeling,

115–117
flame etching, 140
functionalization, 119–121
nanostructures, 141
noble metal sputtering, 138
types and construction, 112–114

Nano-hydrogels, 536
Nanolabels

DNA-templated synthesis, 421–423
gold nanoparticles, 418–419
quantum dots, 419–420
silver nanostructures, 420
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Nanomaterial-based non-enzymatic glucose
sensing systems, 818

Nanomaterials, 11–12, 15, 177, 640
classification, 308
classification based on dimension, 811
in diagnostics, 814, 815
one-dimensional nanomaterials, 812
three-dimensional nanomaterials, 814
two-dimensional nanomaterials, 813
zero-dimensional nanomaterials,

811, 812
Nanomaterials-based disposable

electrochemical biosensors, 571
Nanomedicine/drug delivery, 62

dental application, 534, 535
ophthalmic applications, 530, 531
orthopedic, 532, 533
tissue engineering, 536
topical application, 528, 529
wound healing, 536

Nanopaper electrode array fabrication
cancer cells/markers, 803, 805
chemical deposition, 797
cholesterol, 803
conductive tape pasting, 797
DNA, 799
dopamine (DA), 801
glucose/lactate/uric acid/ascorbic acid,

801, 802
magnetron sputtering, 798
pencil drawing, 795, 797
printing (see Printing technology)
proteins, 798

Nanopapers, 386–387
aptamer detection, 399
carbonaceous nanomaterial, 395
cellulose, 386–388
CNT-modified, 395
electrode arrays, 805
enzymatic biosensors, 400–401
fiber-based paper, 390–393
glossy, 393
graphene, 395–396
immunosensor applications, 398
metal and metal oxide modified, 397
nanomaterial modified substrate,

393–395
nucleic acid detection, 398
POC diagnostics, 398

Nanoparticles (NPs), 63, 70, 102, 177, 520,
529, 543, 640

Nanoparticles-based delivery systems, 700
Nanopipette, 123

Nanopores
applications, 123
electrochemical response and modeling,

117–119
functionalization, 121
types and construction, 114–115

Nanoporous material
carbon, 229, 230, 232
electroanalytical applications, 220, 223–225
oxide compounds, 226–228
polymers, 232–235
properties, 220
synthesis method, 221, 222
3D, 235
2D material properties, 235
types, 220

Nanoporous silica materials
CNTs, 615
electrochemical sensing, 615
electrochemical sensors, 601
electrochemistry, 601
opto-electronic properties, 602
preparation, 601

Nanoscaled materials, 521
Nanoscale electrochemical sensors, 141–143
Nanoscale sensors, 144
Nano-sized materials, 92, 105, 640
Nanostructured materials, 863
Nanostructures-based biosensors, 547
Nanotechnology, 264, 275, 276
Nanotechnology-based drug delivery systems,

see Drug delivery systems
Nanotubes, 576
Nanozyme-based biosensors, 693, 694
Nanozyme-based POCT bioassay devices, 692
Nanozymes, 692–695

applications in disease control, 488–493
bacteria detection, 490
cancer diagnosis, 488
cancer therapy, 490
classification and mechanism of action, 487
conjugation chemistry for surface

modification of, 492
in Covid-19 diagnosis, 490
definition, 485
electrode modification, 485–487
environmental and food monitoring, 488
nanomaterials in nanozyme-based sensors,

488
Nasolacrimal drainage system, 530
Natural enzymes, 485
Natural polymers, 473
N-doped carbon nanotube (N-CNT), 671
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N-doped multi-walled carbon nanotube
(N-MWCNT), 713

Near Field Communication (NFC), 244
Near-Infrared (NIR) region, 285, 289
Neat grinding approach, 667
Neuron-specific enolase (NSE), 264
Neurotransmitter (NT), 673, 765, 775–777

sensing, 905–910
NGND-AuNP-NG CEA binding aptamer, 773
NH2-GS/Au@Pt/Ab2, 712
Nicotinamide adenine dinucleotide (NADH),

147, 343
Ni-MOF/AuNPs/CNTs/PDMS (NACP), 674,

675
Ni-MOF nanosheet, 666
Ni-MOF/Ni/NiO/C modified GC electrode, 671
Nitrocellulose membrane, 388
Nitrofurantoin (NF), 776
Nitrofurantoin sensing, 913
Nitrogen- doped CDs (N-CDs), 290
Nitrogen-doped CNDs (N-CNDs), 343
p-Nitrophenol, 295, 297
p-Nitrophenylphosphate, 295
N-Nitrosamines, 348, 727
N-Nitrosamines detection, 727
N-Nitrosodiethanolamine (NDEA), 727
Noble metal sputtering, 138
Non-enzymatic nanoelectrochemical

biosensors, 74, 75, 77, 78
Non-enzymatic sensor systems, 818, 820
Non-structural protein 1 (NS1), 253
Norfloxacin (NF), 728
Normal rat kidney (NRK) cells, 287
N-terminal B-type natriuretic peptide precursor

(NT-proBNP), 652
Nucleic acid amplification, 416–418
Nucleic acid-based sensors, 822
Nucleic acid lateral flow immunoassay

(NALFIA), 58
Nucleic acids (NA), 677–679

detection, 398
Nucleotide-based biosensors, 276
Nylon, 392–393
Nylon-6 nanofibrous membrane (N6NFM), 392
Nyquist plot, 922–924

O
Ocosahedron, 746
Oleic acid, 702
Oligomeric coiled α-coil helix, 746
Oligonucleotide-based nanobiomaterials, 751
Oligonucleotide nanobiomaterials, 750

One-dimensional (1D) nanomaterials, 812, 813
“On�off�on” strategy, 294
“On-off” strategy, 293
Open circuit potential (OCP), 926
Optical biosensing strategies, 295
Optical bio-sensors, 293–295
Optical coherence tomography (OCT), 268, 743
Optical properties, CDs

core state emission (quantum
confinement), 291

fluorescence origin, 289
molecular fluorescence, 292
surface state emission, 290

Ordered mesoporous carbon, 445
Organic-inorganic hybrid nanobiomaterials, 54
Organic-inorganic hybrid nanomaterials

applications, 372–375
carbon nanotubes, 372–373, 375
graphene, 373
synthesis, 368–372

Organic transistors, 326
oSlip-DNA, 245
Oxidase, 487
Oxidized multi-walled carbon nanotubes

(o-MWCNTs), 796
Oxidoreductase, 487
Oxygen reduction reaction (ORR), 340

P
p53 antibody, 353
Palladium graphene composite, 311
Paper-based devices (PADs), 245
Paper-based electrochemical biosensor, 574
Paper-based lateral-flow test strip biosensors, 245
Paper-based sensor, 628
Pathogens, 242–244, 253
PB gold electrode arrays (PGEAs), 794
PB substrate colloidal quantum dot (PbS CQD),

798
PCA3 biomarkers, 727
Pd-Au@CNDs nanocomposites, 354
Pd dendritic nanoparticles, 702, 703
Pd-Pt NPs, 693, 695
Pencil drawing, 795, 797
Pencil graphite electrodes (PGE), 547
Peptide-based biosensors, 836, 929
Peptide-based NPs, 745
Peptide drugs, 537
Peptide hydrogels, 526
Peptide nano fibers hydrogels, 527
Peptide nanotube (PNT), 576
Peptide NPs, 745, 746
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Peptide-oligonucleotide conjugate (POC)-
templated quantum dots (QDs)
(POC@QDs), 836

Peptide sequences, 929
Perovskite quantum dots (PQDs), 746
Perovskites, 900, 905

acetaminophen, 914–916
dopamine and uric acid sensing, 910–911
glucose sensing, 912–913
hydroquinone sensing, 911–912
Lornoxicam, 913
neurotransmitter (dopamine) sensing,

905–910
nitrofurantoin sensing, 913

Peroxidase, 487
PGE-based electrochemical biosensors, 590
PG specif aptamer (PGApt), 727
Phenylalanine hydroxylase (PHA), 645
Phenyl-doped g-C3N4 nanosheets (PDCN-NS),

164
p-Phenylenediamine (p-PD), 348
Phenylketonuria (PKU), 645
Phosphate buffer solution (PBS), 836
Photoacoustic imaging, 268
Photoelectrochemical (PEC)

aptasensor, 846
biosensors, 296
determination, 166
immunoassay, 693

Photoinduced Electron Transfer (PET), 294
Photolithography, 186, 866
Photoluminescence (PL), 340, 356

emission, 285, 291
quenching mechanisms, 293, 294

Photoluminescence quantum yields (PLQY),
744, 746

Photothermal treatment, 705
pH-sensitive chitosan biopolymers, 144
pH-sensitive polyaniline sensor, 752
Plasma-enhanced CVD, 747
Platinum electrode, 767
Platinum nano-cluster (Pt-NC), 645
Platinum nanodendrites (PtNDs)

bioanalytical application, 705–707
EDX, 708
SEM and TEM images, 702
with ZnO nanorods electrode, 707–709

Platinum nanoparticles (PtNPs), 93, 557
Point-of-care (PoC)

biosensor, 491
electrochemical sensors

(see Electrochemical sensors, as PoC
tests)

Point-of-care devices (PoCD, POC), 242, 810
Point-of-care diagnosis

graphene-based biosensing platforms,
506–508

laser scribed graphene structure, 509
MoS2 based biosensing platforms, 507–508

Point-of-care (POC) diagnostics, 57–59
assay based on nanomaterials, 62–64
assay based on printed electrodes, 61–62

Point-of-care testing (POCT), 176, 310, 644,
815

applications, 688
biorecognition ligands, 694
diagnostic tests, 695
Escherichia coli O157:H7, 694
fabrication of biosensors, 693
Fe3O4 nanozyme, 693
laboratory services, 696
MIP-based-biosensors, 691
paper-based materials for biosensing, 692
protein biomarker detection, 690

Poly 3,4-ethylene dioxythiophene (PEDOT),
233

Polyacrylonitrile (PAN) nanofibers, 188
Polyaniline (PANI), 232, 841
Polyaniline incorporated Ni-MOF (PANI@Ni-

MOF) nanocomposite, 677
Poly(dimethylsiloxane) (PDMS), 182, 581,

674, 846
Poly-dopamine nanostructured N-doped multi-

walled carbon nanotubes (PDA-N-
MWCNT), 712, 713

Polyethylene glycol (PEG), 285
Polyethylene glycol modified CND

(PEG-CND), 776
Polyethyleneimine (PEI), 191
Polyethylene naphthalate (PEN), 181
Polyethylene terephthalate (PET), 181
Polyhydroxyalkanoates (PHAs), 184
Polyimides (PI), 181
Poly-L-cysteine (P-Cys), 353
Polymerase chain reaction analysis (PCR), 103
Polymer-based nanomaterials, 521
Polymeric biomaterials, 25
Polymerize chain reactions (PCR), 242, 244,

245
Poly(methyl methacrylate) (PMMA), 192
Polyphenols, 564
Polypyrrole (PPy), 232, 345
Polysaccharide-based biomaterials

alginate, 525
cellulose, 525, 526
chitosan, 524, 525
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Polysaccharide-based biomaterials (cont.)
inorganic materials, 527
pullulan, 524
self-assembling peptides, 526
starch, 526

Poly(sodium 4-styrene sulfonate) (PSS), 234
Polyvinylpyrrolidone, 801
Porous coordination polymers (PCPs),

see Metal-organic frameworks (MOFs)
Porous graphene oxide (PrGO), 96
Porous materials, 600
Porous organic polymer (POP), 776
Positron emission tomography

(PET), 261
Precipitation method, 905
Printed electrical gas sensor, 795
Printing technology, 187

inkjet printer, 793
screen-printing, 791–793
stencil-printing, 793

Procalcitonin, 80
Progesterone (PG), 727
Promethazine hydrochloride (PMZ)

antiallergic, 200
non-official methods, 201
structure, 201

Prostate cancer, 470, 835
Prostate-specific antigen (PSA), 549, 648, 734,

834–836, 840, 846
biomolecule sensing, 605

Prostate-specific membrane antigens
(PSMA), 928

Protein-based biosensors, 96
Protein biomarker detection, 690
Protein essenced natural biomaterials, 23
Proteins, 798
Prussian blue (PB), 818

film, 142
Pullulan, 524
Pullulan-based nanoparticles, 524
Pyrolysis-solvothermal method, 285
Pyrophosphate (PPi), 162

Q
Quantum confinement, 291, 292
Quantum dots, 30, 56, 98, 264, 267, 269, 366,

419–420, 744
cancer diagnosis, 264, 265, 267, 269, 270

Quartz crystal microbalance (QCM), 99
Quaternary ammonium-almitoyl glycol

chitosan (GCPQ), 531
Quercetin (QU) detection, 224

R
Raman spectroscopy, 268
Rare earth material based nanodendrites, 709
Reactive oxygen species (ROS), 730
Real-Time PCR reference method, 632
Reduced graphene oxide quantum dots (rGO

QDs), 342
Reduced graphene oxide (rGO), 96

nanopapers, 396
Reduced graphene oxide-based Ni-MOF

composite, 666
Reduced graphene oxide

tetraethylenepentamine (rGO-TEPA),
563

Reference electrode (RE), 901, 902, 904
Resistive-pulse sensing (RPS), 114
Reticuloendothelial system (RES), 520
Reverse-transcriptase polymerase chain

reaction (RT-PCR), 563
RhPt nanodendrites, 80
Ribo Nucleic Acid (RNA), 677

sequences, 269
Rolling circle amplification, 416

S
Salt impregnated inkjet maskless lithography

(SIIML), 187
Sandwich-based voltammetric

immunosensor, 559
Sandwich-type immunosensor, 555
SARS-CoV-2 detection, 696
SARS-CoV-2 receptor-binding domain, 928
SBA-15, 439
Scanning electrochemical microscopy

(SECM), 864
Scanning electron microscopy (SEM), 864
Screen-printed carbon electrodes (SPCEs),

818, 792
Screen-printed edge band UME (SPUME), 870,

873
Screen printed electrodes (SPEs), 61, 547, 573,

645, 752, 820
Screen-printed gold electrode (SPGE), 550, 654
Screen printing, 181, 791–793
Selective modification, 119
Self-assembled monolayer (SAM), 871
Semiconductor single-walled carbon nanotubes

(SWNTs), 267
Semipermeable selective polymers, 767
Sensitive immunoassays, 275
Serum virus neutralization test (SVNA), 563
Signal amplification approach, 448
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Signal transducer, 830
Silica nanoparticles, 534, 743
Silk, 23

fibroin, 523
Silver nanomaterials, for infectious diseases,

243–245
Silver nanoparticles (AgNPs), 64, 202, 203
Silver nanowire/reduced graphene oxide

(AgNW/rGO), 311
Single-chain synthetic nucleic acids, 928
Single enzyme nanoparticle (SEN), 612
Single-photon emission computed tomography

(SPECT), 261
Single-stranded DNA (ssDNA), 465, 772
Single-stranded nucleic acid (ssDNA), 164
Single-stranded oligonucleotide (ssDNA), 678
Single-walled carbon nanotubes (SWCNTs),

82, 97, 252, 605, 730, 874, 875
Slow evaporation process, 667
Small interfering RNAs (siRNAs), 677
Small nuclear RNAs (snRNAs), 677
Smart biomaterials, 31–32
Sodium dodecyl sulfate (SDS), 801
Sodium hydrogen telluride, 836
Sodium nitrate, 668
Solar energy, 326
Solid electrodes, 862
Solvothermal method, 369, 505, 666
Sonochemical method, 667
Soybean agglutinin (SBA), 170
Spectrophotometric method, 201
Spent battery carbon dots, 352
Sputtering, 184, 189
Sputtering indium oxide (In2O3), 185
Squamous-cell carcinoma (SCC), 264
π-π Stacking interaction, 354
Staphylococcus aureus (Staph. aureus)

bacteria, 245
Stober synthesis, 440
Strand displacement reactions (SDRs), 417
Strip-based tests

advancements of capillary flow assays, 60–61
dipstick, 58
lateral flow assays, 58

Sulfur-doped GQDs (S-GQDs), 287
Surface enhanced Raman scattering (SERS),

100, 703
Surface-Enhance Raman Spectroscopy

(SERS), 612
Surface-modifying nanozymes, 694
Surface plasmon absorption, 743
Surface Plasmon Resonance (SPR)

spectroscopy, 101

Surface state emission, 290
Surgical hypothermia, 29
Synthetic hydrothermal methodology, 441
Syringol/catechol, 160
Systematic evolution of ligands by exponential

enrichment (SELEX), 265, 270, 589, 772

T
Tattoos, 752

tattoo-style wearable biosensors, 192
Template-free method, 221
Temporary tattoos, 752
Teonex®, 181
Terminal deoxynucleotidyl transferase (TDT),
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