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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, become more 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



6 F. zahirifar and M. Rahimnejad

electroanalysis

metal

electroplating sensors

Field of
Electrochemistry

electrosynthesis corrosion

Fig. 1.1 Broad field of electrochemistry

Computer Display <+—

- Reference Electrode

Counter Electrode

Workstation Working Electrode

Electrochemical _l -

Analyte Solution +—

Fig. 1.2 A three-electrode electrochemical cell system



1 Introduction to Nanobioelectrochemistry 7

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).

2.25 Current Is Used as a Measure of Rate

The reduction of specimens into ions (for example Fe*" to Fe*") 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 Fe®* to Fe*") 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
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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 H,O,
(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).
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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.



12 F. zahirifar and M. Rahimnejad

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).
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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, (¢) 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 Superior electrical communication, improved Malik et al. (2013) and

nanotubes enzyme charging, and superior aspect ratios Zhao et al. (2002)

Nanoparticles | Excellent bioanalyte charging, improved Luo et al. (2006) and
immobilization, and fine catalytic attributes Merkogi et al. (2005)

Quantum Size-adjustable band energy, high fluorescence, Wang et al. (2002) and

dots quantum confinement for the charge bearer Huang et al. (2005)

Nanowires Strong electrical and sensing attributes for Malik et al. (2013) and
chemical sensing and biosensing, better charge Mackenzie et al. (2009)
conduction, high versatility

Nanorods Excellent at finding specific answers, good Malik et al. (2013) and
plasmonic substances that can combine with Ramanathan et al. (2006)

sensing and size-adjustable energy regulation,
compatible with Microelectromechanical systems
(MEMS)
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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 B-tricalcium phosphate (HAp and p-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).

2.24 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 (Tiirk 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 (Tiirk 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
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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; (¢) 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 pg/mL) cultured
in MCF-7 and L929 cell lines shows DAPI (Blue), GFP (Green), and RFP (Red). (From Tiirk 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.

___I Tosc e

[ MNon-Metallic ] [ Carbon nanoparticles ] '/
* Bacteria, microalgea, crustacean, * Metabolic activity, membrane activity
: - - brafish, Dy hila mel + Cell viability
Metall ] [ Gold p ] e " o
[ sz ) Cacnorhabditis clegans = Mitochondrial damage
) X X + Fish, oysters, Pigs, guinea pig, mouse, +  Mitochondrial integrity
[ Metallic ] [ Silver nanoparticles ] rat +  Reactive oxygen species production
[ Non-Metallic ] [ Quantum dots ] \ j
/_ \ *+ Oxidative stress
[ Non-Metallic J [ Fullerenes ] * Astrocyte + DNA damage
+ DBreast cancer cells « Apoplosis
Metallic Alumi el 2 H“m cpldr.:nwal keratinocyte cclls + Actin filament integrity
¥ H I cells
= Ilurrrrmn hepatoma cells * Blood brain barrier destruction
5 Y 5 . = Alteration of gene expression
[ Metallic ] [ Zine nanoparticles ] : }(Ium_an lwpzit;::ws « Protein expression
. X +  Genotoxicity
[ Metallic } [ Iron nanaparticles ] + Human bronchial epithelial cells
* Messen chymal stem cells
* Mouse lung epithelial cells
[ Metallic ] [ Titanivm nanoparticles ] \ /
; B : g ™
Non-Metallic Silicon nanoparticles « Liver, spleen, colon mucosa, kidney
* Sperms, lung, gill, pulmonary organs
[ Metallie ] [ Copper nanoparticles ] +  Human skin
LS J

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).

33 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).

34 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).
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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 m*/cm’ 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
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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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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)

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
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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



2 Nanobiomaterials: Classifications and Properties 35

(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 (Janouskova 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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Table 2.1 Some biomaterials instances utilized in TE discipline

Biomedical applications

Orthopedic | Drug Dental
Biomaterials devices delivery | devices | Others References
Hydrogels \ Ophthalmological | Banigo et al. (2019)
Silk fibroin N R Sitarski et al. (2018)
Hyaluronic acid N R Sitarski et al. (2018)
Polyethylene glycol | ¥ S Sitarski et al. (2018)
Poly e-caprolactone | S Sitarski et al. (2018);
Kress et al. (2012)
Polylactic acid N N Kress et al. (2012)
Gelatine N N Kress et al. (2012)
Hydroxyapatite v \ \ Banigo et al. (2019);
Kress et al. (2012)
B-tricalcium v N Kress et al. (2012)
phosphate
Glass ceramic \ \ Kress et al. (2012)
Alumina v \ Banigo et al. (2019)
Magnesium alloys | S Kress et al. (2012)
Titanium v S Banigo et al. (2019)
Stainless steel v Stents Banigo et al. (2019)

Dacron Vascular grafts Banigo et al. (2019)

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

Poly(methyl Intraocular lenses, | Banigo et al. (2019)

methacrylate) bone cement

Cellulose Dialysis Banigo et al. (2019)
membranes

Polyurethanes Catheters, Banigo et al. (2019);
pacemaker leads | Kress et al. (2012)

Collagen Ophthalmologic, | Banigo et al. (2019);

wound dressings | Sitarski et al. (2018);

Kress et al. (2012)
Liver and ligament | Sitarski et al. (2018);
tissue Kress et al. (2012)

Poly(lactic-co-
glycolic acid)

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
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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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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))

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,
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Table 2.2 Some biocompatible materials for surface coating of metallic biomaterials

Coating biomaterials
Hydroxyapatite

Tricalcium
phosphate
Bioactive glasses

Tantalum

Agarose

Collagen

Gelatin

Fibrin

Poly(ethylene
glycol)
Polyurethanes

Poly(a-hydroxy

acids)

Poly(e-caprolactone)

UHMWPE

Advantages
High bioactivity
High biocompatibility

Supports in vivo
osteogenic
differentiation
Improve osteogenesis
and differentiation

High bioactivity
High corrosion
resistance

No need cross-linking
agents

Little inflammatory
response in vivo
Wide range of gelling
and melting
temperatures

Enzymatically
biodegradable

Enzymatically
biodegradable

Induce improved
cellular interaction
High biocompatibility

Biocompatible
Hydrophilic

High biocompatibility
Excellent mechanical
properties
Degradation products
can be excluded from
the body

A low melting point
Nontoxic
Biodegradable

High abrasive
resistance
High-impact strength
Low coefficient of
friction

Disadvantages

Low strength

Very brittle

Low load-bearing
capacity
Incompressible nature
Slow degradation

Low brittleness and
strength

Low elasticity modulus
High affinity to oxygen

Poor cell attachment

Complex structure

Poor mechanical
properties

Rapid degradation
in vivo

Difficult to maintain
structural integrity

Poor cell adhesion

Toxicity of degradation
products (from aromatic
diisocyanate component)
Degradation by bulk
erosion

Hydrophobicity of the
polymer surface
Relatively poor
mechanical properties
Hydrophobicity

Slow degradation

Low load-bearing
capacity
Thermal instability

References

Chocholata et al.
(2019); Uwais

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

Chocholata et al.
(2019); Uwais

et al. (2017)
Uwais et al. (2017)

Chocholata et al.
(2019)

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

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

Tarun et al. (2011)

Sitarski et al.
(2018)
Chocholata et al.
(2019); Uwais
et al. (2017);
Chocholata et al.
(2019)

Chocholata et al.
(2019)

Uwais et al. (2017)



40 S. Turk et al.

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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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
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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).

33 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 (Jampilek and Kralova 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
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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
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Fig. 3.4 Nanobiomaterials classification

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).
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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 Having xenografts and allografts associated inflammation and
biocompatibility infection and perceived ethical

Easy degradation and Morbidity and inadequate supply
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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
(Zn0O), iron oxide (Fe,03), titanium dioxide (TiO,), 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).
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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-E-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).



54 H. Ezoji and M. Rahimnejad

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
(m-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. (¢) 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 (Lazi¢ and Nedeljkovi¢
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-y-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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53 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 (PPADs), 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 pPADs 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-Gonzalez and Merkogi 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-Sanchez 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 (Duran 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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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 and Merkogi 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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Fig. 4.1 Classification of nanomaterials used for electrochemical biosensing. (Reprinted with
permission from (Wongkaew et al. 2019). Copyright 2019, American Chemical Society)

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).
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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. 4.2¢, the cyclic voltammetry (CV) signals greatly increased along with the scan
rate. 3D graphene in connection with MXenes (Ti3C,T,) 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 pM) and good
specificity.
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Table 4.1 Enzymatic and nonenzymatic biosensors based on nanomaterials

Analytical
Nanomaterial Analyte Sample characteristics References
Enzymatic sensors
3D graphene Glucose - - Shen et al. (2019)
TizC, T, Glucose Serum LOD: 0.1 mM Gu et al. (2019)
MXene—graphene
MWCNTs Abiraterone Serum LOD: 230 nM Aliakbarinodehi
etal. (2018)
Pt nanoclusters Cholesterol Saliva LR: 2-486 pM Eom et al. (2020)
LOD: 2 yM
Nonenzymatic sensors
GO/MoS, aerogel Glucose - LR: 2-20 mM Jeong et al. (2017)
LOD: 0.3 mM
MWCNTs/ZnO QDs | Glucose Urine LR: 0.1-2.5 pM Vinoth et al.
LOD: 0.2 pM (2021)
MWCNTs-Z-AuNiNPs | Glucose Serum LR: 1-1900 pM Amiripour et al.
LOD: 0.063 pM (2021)
Carbon cloths/MOF-74 | Glucose Serum LR: 1-100 pM Hu et al. (2020)
(Cu) LOD: 0.41 pM
AuSn alloys Glucose - LR: 2-8110 pM Pei et al. (2018)
LOD: 0.36 pM
ZnO on carbon cloth | Glucose Serum LR: 1-1450 pM Wang et al.
LOD: 0.43 yM (2020b)
CuO nanocuboids Glucose - LOD: 0.6 mM Lynch et al. (2020)
CuO nanobelts Glucose Serum LR: 0.1-2000 pM | Li et al. (2020)
LOD: 60 nM
CeO,@CuO NPs Glucose Serum LOD: 0.02 pM Dayakar et al.
(2018)
C3N,4/Co(OH), Glucose Serum LR: 0.03-420 mM | Tashkhourian et al.
6.6-9800 pM (2018)
Cu nanoflowers/ Glucose Biofluids LR: 0.001-0.1 mM | Baek et al. (2020)
AuNPs LOD: 0.02 pM
Co0304 nanobooks Glucose Serum LOD: 7.9 ypM Wang et al.
(2020a)
Co/Cu nanocolumn Glucose Serum LR: 0.005-1 mM | Pak et al. (2020)
arrays LOD: 0.4 pM
Ni nanopillar arrays Glucose Blood LR: 0.01-12mM | Ding et al. (2020)
LOD: 0.44 yM
RhO nanocorals Glucose Serum LOD: 3.1 pM Dong et al. (2018)
Co304 needles on Au | Glucose Saliva LR: 20-100 pM Coyle et al. (2019)
honeycomb
CB/PdCu Hydrogen peroxide| Cellular media | LR: 0.4-5000 uM | Liu et al. (2019)
LOD: 0.054 pM
2D Cu-tetrakis Hydrogen peroxide| Cellular media | LOD: 0.13 pM Qiao et al. (2021)
(4-carboxyphenyl)
porphyrin MOF
Fe-hemin-MOFs Hydrogen peroxide| Cellular media | LOD: 0.6 pM Zhao et al. (2020)
CuCo,04 nanosheets | Hydrogen peroxide| Cellular media | LR: 1-730 pM Xie et al. (2020)
LOD: 0.16 pM

(continued)
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Table 4.1 (continued)

Analytical

Nanomaterial Analyte Sample characteristics References

CuO-ZnO Hydrogen peroxide| — LR: 3-530 pM Daemi et al.
LOD: 2.4 yM (2019)

Ag nanosheets Hydrogen peroxide| Cellular media | LR: 6-6000 pM Ma et al. (2018)
LOD: 0.17 pM

Agr WO, nanorods Hydrogen peroxide| — LR: 0.06-2.4 mM | Koyappayil et al.
LOD: 6.25 pM (2020)

Hollow sphere NiS Lactic acid Urine LR: 0.5-89 yM Arivazhagan et al.
LOD: 0.023 pM (2020)

MWCNTs/Mo Dopamine Serum LR: 0.01-1609 uM | Keerthi et al.
LOD: 1.3 nM (2019)

NigMnOs@C Epinephrine Serum LR: 0.01-800 pM | Lei et al. (2021)

nanosheets LOD: 3.33 nM

LOD limit of detection, LR linear range MWCNT multi-walled carbon nanotubes, ODs quantum dots,
MOF metal-organic framework, CB carbon black

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
MoS, for glucose detection via flow injection amperometric detection (Jeong et al.
2017). The resulting 3D biosensor exhibits better analytical performance than 2D
MoS,/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 uM 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
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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)

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
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Table 4.2 Immunosensors based on nanomaterials

Nanomaterial

Magnetic beads

CNTs/CuAu on
carbon nanospheres
CoS,@C hollow
nanotubes as
secondary antibody
tags

Au@PtPd nanorods
as secondary
antibody tags

MoS, nanoflowers
decorated with
Au@AgPt
nanocubes as
secondary antibody
tags

Worm-like Pt as tags
for the secondary
antibody
Mesoporous silica
coated Au nanorods
IRMOFs and
Pd@PtRh hybrids as
secondary antibody
tags

Cuz(POy),
nanoflowers

Porous graphene
decorated with
Pd@Au nanocubes
supported on
B-cyclodextrins
MOF/rGO/AuPt

AuNPs-PtNPs-
MOFs
rGO-TEPA-Thi-Au
RuPdPt NPs as
secondary antibody
tag

AuNPs on PPY
nanosheet

RhPt nanodendrites
as secondary
antibody tags

PPY polypyrrole

Analyte
SARS-CoV-2

Carcinoembryonic
antigen

Carcinoembryonic
antigen

Carcinoembryonic
antigen

Carcinoembryonic
antigen

Alpha fetoprotein

Procalcitonin

Procalcitonin

C-reactive protein

Cardiac troponin I

Lymphocyte
activation gene-3
Nuclear matrix
protein 22
Monocyte
chemoattractant
protein-1

Hepatitis B surface
antigen

Sample
Saliva

Serum

Serum

Serum

Serum

Serum

Serum

Serum

Serum

Serum
Urine

Serum

Serum

B. Jurado-Sanchez

Analytical characteristics
LOD: 8 ng mL™"

LR: 0.025-25 ng mL™"
LOD: 0.5 pg mL ™!

LR: 0.001-80 ng mL ™"
LOD: 0.3 pgmL~!

LR: 0.005-100 ng mL ™"
LOD: 17 fg mL™"

LR: 0.01-100 ng mL ™"
LOD: 3 fg mL™"

LR: 0.0001-100 ng mL~"
LOD: 0.028 pg mL ™"

LR: 0.001-100 ng mL ™"
LOD: 0.39 pg mL™"

LR: 0.002-100 ng mL ™"
LOD: 7.8 fg mL™"

LR: 0.005-1 ng mL™"
LOD: 1.3 pgmL™'
LOD: 33 fg mL™'

LR: 0.01-1000 ng mL ™"
LOD: 1.1 pg mL"!

LR: 0.005-20 ng mL~"
LOD: 1.7 pg mL™"

LR: 0.02-1000 pg mL ™"
LOD: 9 pg mL™!

LR: 0.0005-10 ng mL ™"
LOD: 166 fg mL ™"

References
Fabiani

et al. (2021)
Tran et al.
(2018)

Ma et al.
(2019a)

Jia et al.
(2020)

Ma et al.
(2019b)

Lietal.
(2021)

Feng et al.
(2021)
Dong et al.
(2020)

Tang et al.
(2019)

Zhang et al.
(2019)

Xu et al.
(2018)
Zhao et al.
(2019)
Mao et al.
(2019)

Pei et al.
(2019)
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been combined with other oxides, such as CeO,, 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), has been electrodeposited on
graphitic carbon nitride (C3N,4) 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),
Co304 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 Co304
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-SYSY cells
with a LOD of 170 nM and LR of 5-6000 pM (Ma et al. 2018). Ag NPs have been
assembled into Ag,WO, nanorods, leading to a nanohybrid very promising for
peroxide detection at pM levels (Koyappayil et al. 2020).
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Fig. 4.3 PdCu nanoparticles/carbon black nonenzymatic electrochemical sensor for hydrogen
peroxide detection. (a) Schematic of the sensing protocol. (b) Chronoamperometric response
under the presence of different concentrations of hydrogen peroxide. (Reprinted with permission
from Liu et al. (2019). Copyright 2019, Elsevier)

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 NigMnOg@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 Fe,O5 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~". 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 ') and
a LOD of 0.5 pg mL ™' (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, CoS,@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 ™" 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 MoS,/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~" was achieved in serum samples (Jia et al. 2020). Such LODs have
been further decreased to 3 fg mL ™" in a similar sandwich assay using trimetallic
yolk-shell Au@AgPt nanocubes loaded on MoS, 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™'with 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™"),
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 ") with a LOD of 0.4 pg mL ' (Feng et al.
2021). A sandwich immunoassay was assembled by using an organometallic frame
(AW/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 ™' 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. Cu,(PO,4), 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~" (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 B-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™" 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 ™" 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 ™" (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 ™" (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 ™"
(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 pL ™" (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 uL~' 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
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Table 4.3 Genosensors based on nanomaterials

B. Jurado-Sanchez

Analytical
Nanomaterial Analyte Sample | characteristics References
CdS nanosheets Leishmania Skin LR: 5-50 ng pL™" Nazari-Vanani
infantum LOD: 1.2 ng pL™! et al. (2020)
Au nanoleaves Leishmania Skin LR: 0.5-20 ng pL=" | Moradi et al.
parasites LOD: 0.07 ng pL™" (2016)
AuNPs Enterococcus - LOD: 30 ng pL ™! Nazari-Vanani
faecalis et al. (2018)
rGO-Au Hemoglobin Blood LR: 0.001-14 pM Shajaripour
Alc LOD: 1 nM Jaberi et al.
(2019)
SWCNT-grafted miRNA-21 Serum LOD: 0.01 fM Sababhi et al.
dendritic Au (2020)
nanostructure
MWCNTs-rGO HPV16 - LR: 0.009-11 uM Farzin et al.
LOD: 1.3 nM (2020)
GO Hepatitis C Serum LOD: 1.4 nM Oliveira et al.
virus (2019)
WS, Au Maternally Serum LR: 1 fM-100 pM Li et al. (2018)
expressed LOD: 0.3 fM
gene3
Co oxide nanoflakes Influenza A Huma LR: 0.5-10 ng pL~" | Mohammadi
swabs LOD: 0.3 ng pL™! et al. (2017)

SWCNT: single-walled carbon nanotubes

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 pL ™" 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 Alc 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)g 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, anovel 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
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Fig. 4.5 Genosensor for Hemoglobin Alc detection in blood. (Reprinted with permission from
Shajaripour Jaberi et al. (2019). Copyright 2019, Elsevier)

the DNA (Farzin et al. 2020). Hepatitis C virus determination have been also
achieved by electrode modification with GO using the Fe(CN)4 system as redox
mediator (Oliveira et al. 2019). 2D nanomaterials analogous to graphene, such as
WS,, 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 pL ™' (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
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Table 4.4 Cytosensors based on nanomaterials

Analytical
Nanomaterial Analyte Sample | characteristics References
AuNPs and Pt@Ag Circulating Blood LOD: 3 cells mL™" Tang et al.
nanoflowers as tags tumor cells (2018)
Iron oxide NPs MCEF-7 cells Blood LOD: 6 cells mL™" Zhang et al.
(2020)
Peptide nanoparticles DLD-1 cells LOD: 100 cells Yaman et al.
mL™! (2018)
Folic acid functionalized | HT 29 cells Serum | LOD: 50 cells mL ™" | Soleymani
silica NPs et al. (2019)

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™' (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 ™" 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 ™' (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 ™" (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
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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).
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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/Hg,Cly,,)
during the hydrolysis process of acetylcholine chloride, in addition to a sensitivity
of 4.44 uA pg~' mL~" and a limit of detection (LOD) 0f 0.0014 pg mL~". 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 x 107 '° pg mL~' 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~"' 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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Table 5.1 Comparison of different electrochemical immunosensors for HSA

Electrode materials Detection Linear range LOD References
Ab/AuNPs/HDT/ EIS 0.1t0 100 pgmL™" |15.4ngmL™" | Arkan et al.
AuNPs/MWCNT- (2014)
CILE
Ab/PS-Ag/SPCE EIS 30t0 300 pgmL ™' | 1.0 pgmL™" | Shaikh et al.
(2019)
Ab/COOH-SPCE Amperometry | 10 to 300 pg mL™" [9.77 pgmL™" | Tsai et al.
(2016)
Ab/AuNPs/PVA/ DPV 2.5t0200 pgmL ™" |25 pgmL ™! Omidfar
SPCE etal. (2011)
Ab/AuNPs/TU/ Capacitive 6.8 x 107" to 6.8 x Samanman
AuNPs/Pty/Au 6.8x 10 mgL™" [107® mgL™" |etal (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

et al. (2018) demonstrates the detection of C-peptide through the functionalization of
AuNPs with a LOD of 14.2 ng L™". 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 pm, 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
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with Fe;O4 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 uM. Other
examples of Tyr immobilization in Fe;O4-chitosan magnetic nanoparticle com-
pounds are described recently (Zhou et al. 2018; Polatoglu 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 sp” 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 (Lopez Marzo et al. 2020; Diaz 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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Fig. 5.2 Carbon-based nanomaterials for manufacturing of protein-based biosensors

Reduced graphene oxide (rGO) was applied together to Fe;O4 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 F30,4 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-
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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~" and a LOD of 0.07 ng mL™~"'. 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 x 10?
to 1.5 x 107 cells mL™" and a striking LOD of 10 cells mL™', 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 pg L™, 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 SiO, 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™', 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, alow LOD of 1.1 x 10"°ng mL ™", and an impressive linear range response to
AFP from 5 x 107> to 250 ng mL~'. 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™". 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 Brensted 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 pM. 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
TiO, 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 ZrO,. 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 (TNFa) (Pohanka 2018). In this study, the immobilization of the
antibody TNFa on the surface of the QCM sensor was reported, where it demon-
strated a LOD of 1.62 pg mL~". 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
HbA lc as the substrate for proteolytic digestion, H,O, in a media containing Au>"
ions that are readily reduced to metallic form and deposited on nanoparticles surfaces
that act as nucleation sites for Au staining. The QCM HbA 1¢ enzymatic assay was
applied in whole blood analysis, achieving a LOD of 0.147% related to the total
hemoglobin. Although the studied HbAlc 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 H,0,-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, H,O, 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 H,O, 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 H,O,
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 H,O, 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 “furning 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 pM.

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 H,O, 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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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 LSPR-inducing
material Biomaterial Analyte mechanism LOD References
AuNBPs Gox Glucose Particle etching | 0.34 pmol L™" | Zhang
et al. (2020)
Ag nanoprisms | Gox Glucose Particle etching | 0.20 pmol L™" | Xia et al.
(2013)
AgNPs Ascorbic acid- | Alkaline Particle growth | 0.50 pmol L™" | Guo et al.
2-phosphate phosphatase (2016)
AuNPs Antibody set SARS-CoV-2 | Aggregation C,=36.5" Della Ventura
et al. (2020)
AuNPs Anti-EV71 Enterovirus | Particle growth | 0.65 ng mL™' | Xiong et al.
immunocomplex | 71 (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

Ct: 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

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,
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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 pm 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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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)

construction of vertically configured nanostructure arrays (nanoneedles, nanopillars,
and nanowires). Anodic aluminum oxide (AAQO) 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
Fe;04 nanotube electrodes by growing ZnO nanowires on a glass substrate conve-
niently coated with fluorine-doped tin oxide and then chemically transforming them
in Fe;O4 by immersion into FeCl; solution obtaining nanotubes of 130 4+ 40 nm
diameter and 4 pm 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 Kececi
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.
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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. lon 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 Kececi 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 (Gonzélez 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



116 F. Battaglini

Case 1 Case 2 Case Case 4

insulator
-

nancelectrode

{

v,d

e 8 0w
. e 8 9
—e s
" " 8 8 B8
—e 8 o

.

s
L T )
I T R T
* a8 8 s 80
& % s & 8 »
L T
« s " s " o ow
T

¥

[ ]

A4

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)

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) alow-frequency loop (0.01-10 Hz) equivalent to the electrochemical response of
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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)

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., KCI 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
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Fig. 6.4 Resistive pulse signal generation. (a) Scheme of the experimental setup. (b) Details of the
generated signal. (¢) Train of pulses during an experiment (Xue et al. 2020). (Reproduced with
permission from Springer Nature)
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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
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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.
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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
(Gonzalez 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:
Eadsors (adsorption), Egesors (desorption), and Ej,qq (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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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.)

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
Sezgintiirk 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



6 Nanoelectrodes and Nanopores Ensembles for Electrobioanalytical Applications 121

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 H,O, 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; Shokoubhi 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

Biomolecular Sensors Extracellular Sensors Intracellular Sensors

S .

ol |
* RNA/DNA Sensors % Cell Detection  Cell Membrane Penetration
* Protein Sensors * Cellular Force Sensors + Intracellular Electrical Recording
* Small Molecule Sensors * Extracellular Electrical Recording + Intracellular Biochemical Sensing

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 (H,O,, 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 H,O, (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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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 ¢ 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)

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
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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 pM 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 pM 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 pm), 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 ~10° 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 (O,).
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-pm diameter
and could detect O, 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 pm) 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 pm) allowed detection of intracellular O, 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



7 Nanoscale Electrochemical Sensors for Intracellular Measurements at. . . 139

o [nsulation

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)

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
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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 pm).

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
(Lietal. 2015,2016a, b; Majdi et al. 2017; Phan et al. 2017; Ren etal. 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 pm 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 pm, 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 H,O,, 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 Ca®" (Asif et al.
2009) or Mg*" (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 (H,0O,)
at the single-cell level. The PB film increased not only the sensor’s sensitivity but
also its selectivity due to overpotential modification. Electroactive O, 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); (¢) 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. (Ozel 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. 7.2¢). 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 H,0,, 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 Ca®" ions with high selectivity. In the
absence of Ca®" (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 H,O, (Fig. 7.2d). For this purpose, a nanopipette
tip (Orifice: 1-2 pm) 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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Fig. 7.3 Some of the most common intracellular analytes that have been detected with micro-/
nanoelectrodes

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 (O,™°, OH®,
NO°®, and NO,*) and nonradical species (HOCI, ONOO ™, and H,0,). 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,
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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 Ca*" 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), Ca*" (Asif et al. 2009), Mg”" (Asif et al.
2010), and H" (Al-Hilli et al. 2007; Ozel 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 empbhasis 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 (Lovri¢ 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.,
H,0, 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.

Acknowledgments We thank our many colleagues and collaborators that have contributed to work
cited in this chapter. AH acknowledges support from Sweden’s Innovation Agency (Vinnova) and
the Swedish Strategy Group for EU-coordination. We also thank the European Research Council
(ERC Advanced Grant Project No 787534 NanoBioNext), Knut and Alice Wallenberg Foundation,
and the Swedish Research Council (VR Grant No 2017-04366) for funding.

References

Abe T, Lau YY, Ewing AG (1992) Characterization of glucose microsensors for intracellular
measurements. Anal Chem 64(18):2160-2163. https://doi.org/10.1021/ac00042a023

Actis P, Tokar S, Clausmeyer J, Babakinejad B, Mikhaleva S, Cornut R, Takahashi Y, Lopez
Cordoba A, Novak P, Shevchuck Al, Dougan JA, Kazarian SG, Gorelkin PV, Erofeev AS,


https://doi.org/10.1021/ac00042a023

7 Nanoscale Electrochemical Sensors for Intracellular Measurements at. .. 149

Yaminsky IV, Unwin PR, Schuhmann W, Klenerman D, Rusakov DA et al (2014) Electrochem-
ical nanoprobes for single-cell analysis. ACS Nano 8(1):875-884. https://doi.org/10.1021/
nn405612q

Al-Hilli SM, Willander M, Ost A, Strlfors P (2007) ZnO nanorods as an intracellular sensor for pH
measurements. J Appl Phys 102(8):0-5. https://doi.org/10.1063/1.2798582

Amatore C (1995) Electrochemistry at ultramicroelectrodes. In: Rubinstein I (ed) Physical electro-
chemistry: science and technology. Marcel Dekker, p 132

Arbault S, Pantano P, Jankowski JA, Amatore C, Pantano P, Jankowski JA, Vuillaume M,
Vuillaume M (1995) Monitoring an oxidative stress mechanism at a single human fibroblast.
Anal Chem 67(19):3382-3390. https://doi.org/10.1021/ac00115a004

Arrigan DWM (2004) Nanoelectrodes, nanoelectrode arrays and their applications. Analyst
129(12):1157-1165. https://doi.org/10.1039/b415395m

Asif MH, Fulati A, Nur O, Willander M, Brannmark C, Strélfors P, Borjesson SI, Elinder F (2009)
Functionalized zinc oxide nanorod with ionophore-membrane coating as an intracellular Ca2+
selective sensor. Appl Phys Lett 95(2):2-5. https://doi.org/10.1063/1.3176441

Asif MH, Ali SMU, Nur O, Willander M, Englund UH, Elinder F (2010) Functionalized ZnO
nanorod-based selective magnesium ion sensor for intracellular measurements. Biosens
Bioelectron 26(3):1118-1123. https://doi.org/10.1016/j.bi0s.2010.08.017

Bard AJ, Faulkner LR (2001) Electrochemical methods: fundamentals and applications, 2nd edn.
Wiley Online Library

Betzig E, Patterson GH, Sougrat R, Lindwasser OW, Olenych S, Bonifacino JS, Davidson MW,
Lippincott-Schwartz J, Hess HF (2006) Imaging intracellular fluorescent proteins at nanometer
resolution. Science 313(5793):1642—1645. https://doi.org/10.1126/science. 1127344

Chen R, Alanis K, Welle TM, Shen M (2020a) Nanoelectrochemistry in the study of single-cell
signaling. Anal Bioanal Chem 412(24):6121-6132. https://doi.org/10.1007/s00216-020-
02655-z

Chen W, Ding S, Wu J, Shi G, Zhu A (2020b) In situ detection of hydroxyl radicals in mitochondrial
oxidative stress with a nanopipette electrode. Chem Commun 56(86):13225-13228. https://doi.
org/10.1039/d0cc05889k

Ciolkowski EL, Cooper BR, Jankowski JA, Jorgenson JW, Wightman RM (1992) Direct observa-
tion of epinephrine and norepinephrine cosecretion from individual adrenal medullary chro-
maffin cells. J Am Chem Soc 114(8):2815-2821. https://doi.org/10.1021/ja00034a009

Clausmeyer J, Schuhmann W (2016) Nanoelectrodes: applications in electrocatalysis, single-cell
analysis and high-resolution electrochemical imaging. Trends Anal Chem 79:46-59. https://doi.
org/10.1016/j.trac.2016.01.018

Dunevall J, Fathali H, Najafinobar N, Lovric J, Wigstrom J, Cans AS, Ewing AG (2015) Charac-
terizing the catecholamine content of single mammalian vesicles by collision-adsorption events
at an electrode. J] Am Chem Soc 137(13):4344-4346. https://doi.org/10.1021/ja512972f

Erofeev A, Gorelkin P, Garanina A, Alova A, Efremova M, Vorobyeva N, Edwards C, Korchev Y,
Majouga A (2018) Novel method for rapid toxicity screening of magnetic nanoparticles. Sci Rep
8(1):1-11. https://doi.org/10.1038/s41598-018-25852-4

Forster RJ, Keyes TE (2007) Ultramicroelectrodes. In: Handbook of electrochemistry, pp 155-171.
https://doi.org/10.1016/B978-044451958-0.50007-0

Fulati A, Ali SMU, Asif MH, Alvi NUH, Willander M, Brannmark C, Strlfors P, Borjesson SI,
Elinder F, Danielsson B (2010) An intracellular glucose biosensor based on nanoflake ZnO.
Sensors Actuators B Chem 150(2):673—680. https://doi.org/10.1016/j.snb.2010.08.021

Hatamie A, Khan A, Golabi M, Turner APF, Beni V, Mak WC, Sadollahkhani A, Alnoor H,
Zargar B, Bano S, Nur O, Willander M (2015) Zinc oxide nanostructure-modified textile and its
application to biosensing, photocatalysis, and as antibacterial material. Langmuir 31(39):
10913-10921. https://doi.org/10.1021/acs.langmuir.5b02341

Hatamie A, Ren L, Dou H, Gandasi NR, Rorsman P, Ewing AG (2020) Nanoscale amperometry
reveals only a fraction of vesicular serotonin content is released during exocytosis from beta
cells. Angew Chem Int Ed. https://doi.org/10.1002/anie.202015902


https://doi.org/10.1021/nn405612q
https://doi.org/10.1021/nn405612q
https://doi.org/10.1063/1.2798582
https://doi.org/10.1021/ac00115a004
https://doi.org/10.1039/b415395m
https://doi.org/10.1063/1.3176441
https://doi.org/10.1016/j.bios.2010.08.017
https://doi.org/10.1126/science.1127344
https://doi.org/10.1007/s00216-020-02655-z
https://doi.org/10.1007/s00216-020-02655-z
https://doi.org/10.1039/d0cc05889k
https://doi.org/10.1039/d0cc05889k
https://doi.org/10.1021/ja00034a009
https://doi.org/10.1016/j.trac.2016.01.018
https://doi.org/10.1016/j.trac.2016.01.018
https://doi.org/10.1021/ja512972f
https://doi.org/10.1038/s41598-018-25852-4
https://doi.org/10.1016/B978-044451958-0.50007-0
https://doi.org/10.1016/j.snb.2010.08.021
https://doi.org/10.1021/acs.langmuir.5b02341
https://doi.org/10.1002/anie.202015902

150 A. Hatami et al.

He R, Tang H, Jiang D, Chen HY (2016) Electrochemical visualization of intracellular hydrogen
peroxide at single cells. Anal Chem 88(4):2006-2009. https://doi.org/10.1021/acs.analchem.
6b00150

Heinze BJ (1993) Ultramicroelectrodes in electrochemistry. Angew Chem Int Ed 32(9):1268-1288.
https://doi.org/10.1002/anie.199312681

Hu K, Li Y, Rotenberg SA, Amatore C, Mirkin MV (2019) Electrochemical measurements of
reactive oxygen and nitrogen species inside single phagolysosomes of living macrophages.
J Am Chem Soc 141(11):4564—4568. https://doi.org/10.1021/jacs.9b01217

Hu K, Jia R, Hatamie A, Le Vo KL, Mirkin MV, Ewing AG (2020) Correlating molecule count and
release kinetics with vesicular size using open carbon nanopipettes. ] Am Chem Soc 142(40):
16910-16914. https://doi.org/10.1021/jacs.0c07169

Ino K, Nashimoto Y, Taira N, Azcon JR, Shiku H (2018) Intracellular electrochemical sensing.
Electroanalysis 30(10):2195-2209

Jiang H, Zhang XW, Liao QL, Wu WT, Liu YL, Huang WH (2019) Electrochemical monitoring of
paclitaxel-induced ROS release from mitochondria inside single cells. Small 15(48):1-5. https:/
doi.org/10.1002/sml1.201901787

Jiang H, Qi YT, Wu WT, Wen MY, Liu YL, Huang WH (2020) Intracellular monitoring of NADH
release from mitochondria using a single functionalized nanowire electrode. Chem Sci 11(33):
8771-8778. https://doi.org/10.1039/d0sc02787a

Kim YT, Scarnulis DM, Ewing AG (1986) Carbon-ring electrodes with 1-pm tip diameter. Anal
Chem 58(8):1782—1786. https://doi.org/10.1021/ac00121a040

Lee YEK, Kopelman R (2009) Optical nanoparticle sensors for quantitative intracellular imaging.
Wiley Interdiscip Rev Nanomed Nanobiotechnol 1(1):98-110. https://doi.org/10.1002/wnan.2

Li X, Majdi S, Dunevall J, Fathali H, Ewing AG (2015) Quantitative measurement of transmitters in
individual vesicles in the cytoplasm of single cells with nanotip electrodes. Angew Chem
127(41):12146—12150. https://doi.org/10.1002/ange.201504839

Li X, Dunevall J, Ewing AG (2016a) Quantitative chemical measurements of vesicular transmitters
with electrochemical cytometry. Acc Chem Res 49(10):2347-2354. https://doi.org/10.1021/acs.
accounts.6b00331

Li X, Mohammadi AS, Ewing AG (2016b) Single cell amperometry reveals curcuminoids modulate
the release of neurotransmitters during exocytosis from PC12 cells. J Electroanal Chem 781:
30-35. https://doi.org/10.1016/j.jelechem.2016.10.025

Li Y, Hu K, Yu Y, Rotenberg SA, Amatore C, Mirkin MV (2017) Direct electrochemical measure-
ments of reactive oxygen and nitrogen species in nontransformed and metastatic human breast
cells. J Am Chem Soc 139(37):13055-13062. https://doi.org/10.1021/jacs.7b06476

Liao QL, Jiang H, Zhang XW, Qiu QF, Tang Y, Yang XK, Liu YL, Huang WH (2019) A single
nanowire sensor for intracellular glucose detection. Nanoscale 11(22):10702—10708. https://doi.
org/10.1039/c9nr01997a

Lovri¢ J, Dunevall J, Larsson A, Ren L, Andersson S, Meibom A, Malmberg P, Kurczy ME, Ewing
AG (2017) Nano secondary ion mass spectrometry imaging of dopamine distribution across
nanometer vesicles. ACS Nano 11(4):3446-3455. https://doi.org/10.1021/acsnano.6b07233

Majdi S, Najafinobar N, Dunevall J, Lovric J, Ewing AG (2017) DMSO chemically alters cell
membranes to slow exocytosis and increase the fraction of partial transmitter released.
Chembiochem 18(19):1898-1902. https://doi.org/10.1002/cbic.201700410

Marquitan M, Clausmeyer J, Actis P, Cérdoba AL, Korchev Y, Mark MD, Herlitze S, Schuhmann
W (2016) Intracellular hydrogen peroxide detection using functionalised. ChemElectroChem
3(12):2125-2129. https://doi.org/10.1002/celc.201600390

Meulemans A, Poulain B, Baux G, Tauc L, Henzel D (1986) Micro carbon electrode for intracel-
lular voltammetry. Anal Chem 58(9):2088-2091. https://doi.org/10.1021/ac00122a035

Nascimento RAS, Ozel RE, Mak WH, Mulato M, Singaram B, Pourmand N (2016) Single cell
“glucose nanosensor” verifies elevated glucose levels in individual cancer cells. Nano Lett
16(2):1194-1200. https://doi.org/10.1021/acs.nanolett.5b04495


https://doi.org/10.1021/acs.analchem.6b00150
https://doi.org/10.1021/acs.analchem.6b00150
https://doi.org/10.1002/anie.199312681
https://doi.org/10.1021/jacs.9b01217
https://doi.org/10.1021/jacs.0c07169
https://doi.org/10.1002/smll.201901787
https://doi.org/10.1002/smll.201901787
https://doi.org/10.1039/d0sc02787a
https://doi.org/10.1021/ac00121a040
https://doi.org/10.1002/wnan.2
https://doi.org/10.1002/ange.201504839
https://doi.org/10.1021/acs.accounts.6b00331
https://doi.org/10.1021/acs.accounts.6b00331
https://doi.org/10.1016/j.jelechem.2016.10.025
https://doi.org/10.1021/jacs.7b06476
https://doi.org/10.1039/c9nr01997a
https://doi.org/10.1039/c9nr01997a
https://doi.org/10.1021/acsnano.6b07233
https://doi.org/10.1002/cbic.201700410
https://doi.org/10.1002/celc.201600390
https://doi.org/10.1021/ac00122a035
https://doi.org/10.1021/acs.nanolett.5b04495

7 Nanoscale Electrochemical Sensors for Intracellular Measurements at. .. 151

Oomen PE, Aref MA, Kaya I, Phan NTN, Ewing AG (2019) Chemical analysis of single cells. Anal
Chem 91(1):588-621. https://doi.org/10.1021/acs.analchem.8b04732

Ozel RE, Lohith A, Mak WH, Pourmand N (2015) Single-cell intracellular nano-pH probes. RSC
Adv 5(65):52436-52443. https://doi.org/10.1039/c5ra06721a

Pan R, Xu M, Jiang D, Burgess JD, Chen HY (2016) Nanokit for single-cell electrochemical
analyses. Proc Natl Acad Sci U S A 113(41):11436-11440. https://doi.org/10.1073/pnas.
1609618113

Pan R, Xu M, Burgess JD, Jiang D, Chen HY (2018) Direct electrochemical observation of
glucosidase activity in isolated single lysosomes from a living cell. Proc Natl Acad Sci U S A
115(16):4087-4092. https://doi.org/10.1073/pnas.1719844115

Phan NTN, Li X, Ewing AG (2017) Measuring synaptic vesicles using cellular electrochemistry
and nanoscale molecular imaging. Nat Rev Chem 1:1-18. https://doi.org/10.1038/s41570-
017-0048

Pons S, Fleischmann M (1987) The behavior of microelectrodes. Anal Chem 59(24):1391-1399.
https://doi.org/10.1021/ac00151a001

Purohit B, Vernekar PR, Shetti NP, Chandra P (2020) Biosensor nanoengineering: design, opera-
tion, and implementation for biomolecular analysis. Sens Int 1:100040. https://doi.org/10.1016/
j-sintl.2020.100040

Ren L, Pour MD, Majdi S, Li X, Malmberg P, Ewing AG (2017) Zinc regulates chemical-
transmitter storage in nanometer vesicles and exocytosis dynamics as measured by
amperometry. Angew Chem 129(18):5052—5057. https://doi.org/10.1002/ange.201700095

Roberts JG, Mitchell EC, Dunaway LE, McCarty GS, Sombers LA (2020) Carbon-fiber nano-
electrodes for real-time discrimination of vesicle cargo in the native cellular environment. ACS
Nano 14(3):2917-2926. https://doi.org/10.1021/acsnano.9b07318

Schulte A, Schuhmann W (2007) Single-cell microelectrochemistry. Angew Chem Int Ed 46(46):
8760-8777. https://doi.org/10.1002/anie.200604851

Singhal R, Bhattacharyya S, Orynbayeva Z, Vitol E, Friedman G, Gogotsi Y (2010) Small diameter
carbon nanopipettes. Nanotechnology 21(1). https://doi.org/10.1088/0957-4484/21/1/015304

Singhal R, Orynbayeva Z, Sundaram RVK, Niu JJ, Bhattacharyya S, Vitol EA, Schrlau MG,
Papazoglou ES, Friedman G, Gogotsi Y (2011) Multifunctional carbon-nanotube cellular
endoscopes. Nat Nanotechnol 6(1):57-64. https://doi.org/10.1038/nnano.2010.241

Son D, Park SY, Kim B, Koh JT, Kim TH, An S, Jang D, Kim GT, Jhe W, Hong S (2011)
Nanoneedle transistor-based sensors for the selective detection of intracellular calcium ions.
ACS Nano 5(5):3888-3895. https://doi.org/10.1021/nn200262u

Strein TG, Ewing AG (1992) Characterization of submicron-sized carbon electrodes insulated with
a phenol-allylphenol copolymer. Anal Chem 64(13):1368-1373. https://doi.org/10.1021/
ac00037a012

Sun P, Laforge FO, Abeyweera TP, Rotenberg SA, Carpino J, Mirkin MV (2008) Nano-
electrochemistry of mammalian cells. Proc Natl Acad Sci 105(2):443—-448. https://doi.org/10.
1073/pnas.0711075105

Tanaka K, Kobayashi F, Isogai Y, lizuka T (1991) Electrochemical determination of superoxide
anions generated from a single neutrophil. J Electroanal Chem Interfacial Electrochem 321(3):
413-421. https://doi.org/10.1016/0022-0728(91)85642-3

Thomen A, Najafinobar N, Penen F, Kay E, Upadhyay PP, Li X, Phan NTN, Malmberg P,
Klarqvist M, Andersson S, Kurczy ME, Ewing AG (2020) Subcellular mass spectrometry
imaging and absolute quantitative analysis across organelles. ACS Nano 14(4):4316-4325.
https://doi.org/10.1021/acsnano.9b09804

Topoglidis E, Palomares E, Astuti Y, Green A, Campbell CJ, Durrant JR (2005) Immobilization and
electrochemistry of negatively charged proteins on modified nanocrystalline metal oxide elec-
trodes. Electroanalysis 17(12):1035-1041. https://doi.org/10.1002/elan.200403211

Uchida I, Abe T, Itabashi T, Matsue T (1990) Intracellular voltammetry in a single protoplast with
an ultramicroelectrode. Chem Lett 19(7):1227-1230. https://doi.org/10.1246/c1.1990.1227


https://doi.org/10.1021/acs.analchem.8b04732
https://doi.org/10.1039/c5ra06721a
https://doi.org/10.1073/pnas.1609618113
https://doi.org/10.1073/pnas.1609618113
https://doi.org/10.1073/pnas.1719844115
https://doi.org/10.1038/s41570-017-0048
https://doi.org/10.1038/s41570-017-0048
https://doi.org/10.1021/ac00151a001
https://doi.org/10.1016/j.sintl.2020.100040
https://doi.org/10.1016/j.sintl.2020.100040
https://doi.org/10.1002/ange.201700095
https://doi.org/10.1021/acsnano.9b07318
https://doi.org/10.1002/anie.200604851
https://doi.org/10.1088/0957-4484/21/1/015304
https://doi.org/10.1038/nnano.2010.241
https://doi.org/10.1021/nn200262u
https://doi.org/10.1021/ac00037a012
https://doi.org/10.1021/ac00037a012
https://doi.org/10.1073/pnas.0711075105
https://doi.org/10.1073/pnas.0711075105
https://doi.org/10.1016/0022-0728(91)85642-3
https://doi.org/10.1021/acsnano.9b09804
https://doi.org/10.1002/elan.200403211
https://doi.org/10.1246/cl.1990.1227

152 A. Hatami et al.

Usman Ali SM, Nur O, Willander M, Danielsson B (2009) Glucose detection with a commercial
MOSFET using a ZnO nanowires extended gate. IEEE Trans Nanotechnol 8(6):678—683.
https://doi.org/10.1109/TNANO.2009.2019958

Usman Ali SM, Asif MH, Fulati A, Nur O, Willander M, Brannmark C, Stralfors P, Englund UH,
Elinder F, Danielsson B (2011) Intracellular K+ determination with a potentiometric microelec-
trode based on ZnO nanowires. IEEE Trans Nanotechnol 10(4):913-919. https://doi.org/10.
1109/ TNANO.2010.2089696

Van Leeuwen HP, Puy J, Galceran J, Cecilia J (2002) Evaluation of the Koutecky-Koryta approx-
imation for voltammetric currents generated by metal complex systems with various labilities.
J Electroanal Chem 526(1-2):10-18. https://doi.org/10.1016/S0022-0728(02)00745-3

Whalen WIJ, Nair P (1967) Intracellular Po2 and its regulation in resting skeletal muscle of the
Guinea pig. Circ Res 21(3):251-262. https://doi.org/10.1161/CIRCRESAHA.119.315412

Wightman RM (1981) Microvoltammetric electrodes. Anal Chem 53(9):1125A—1134A. https://doi.
org/10.1021/ac00232a791

Wightman RM, Wipf DO (1989) Electroanalytical chemistry, vol 15. Bard AJ (ed) Marcel Dekker

Xu H, Yang D, Jiang D, Chen HY (2019) Phosphate assay kit in one cell for electrochemical
detection of intracellular phosphate ions at single cells. Front Chem 7(MAY):1-6. https://doi.
org/10.3389/fchem.2019.00360

Ye D, Gu C, Ewing A (2018) Using single-cell amperometry and intracellular vesicle impact
electrochemical cytometry to shed light on the biphasic effects of lidocaine on exocytosis.
ACS Chem Neurosci 9(12):2941-2947. https://doi.org/10.1021/acschemneuro.8b00130

Ying YL, Ding Z, Zhan D, Long YT (2017) Advanced electroanalytical chemistry at nano-
electrodes. Chem Sci 8(5):3338-3348. https://doi.org/10.1039/c7sc00433h

Ying YL, Hu YX, Gao R, YuRJ, GuZ, Lee LP, Long YT (2018) Asymmetric nanopore electrode-
based amplification for electron transfer imaging in live cells. J Am Chem Soc 140(16):
5385-5392. https://doi.org/10.1021/jacs.7b12106

Zhang XW, Qiu QF, Jiang H, Zhang FL, Liu YL, Amatore C, Huang WH (2017) Real-time
intracellular measurements of ROS and RNS in living cells with single core—shell nanowire
electrodes. Angew Chem Int Ed 56(42):12997—-13000. https://doi.org/10.1002/anie.201707187

Zhang XW, Oleinick A, Jiang H, Liao QL, Qiu QF, Svir I, Liu YL, Amatore C, Huang WH (2019)
Electrochemical monitoring of ROS/RNS homeostasis within individual phagolysosomes inside
single macrophages. Angew Chem Int Ed 58(23):7753—7756. https://doi.org/10.1002/anie.
201902734

Zhang X, Hatamie A, Ewing AG (2020) Nanoelectrochemical analysis inside a single living cell.
Curr Opin Electrochem 22:94—101. https://doi.org/10.1016/j.coelec.2020.05.008

Zheng XT, Li CM (2012) Single cell analysis at the nanoscale. Chem Soc Rev 41(6):2061-2071.
https://doi.org/10.1039/c1cs15265¢

Zoski CG (1996) Steady-state voltammetry at microelectrodes. In: Vanysek P (ed) Modern tech-
niques in electroanalysis. Wiley-Interscience

Zoski CG (2002) Ultramicroelectrodes: design, fabrication, and characterization. Electroanalysis
14(15-16):1041-1051. https://doi.org/10.1002/1521-4109(200208)14:15/16<1041::AID-
ELAN1041>3.0.C0O;2-8


https://doi.org/10.1109/TNANO.2009.2019958
https://doi.org/10.1109/TNANO.2010.2089696
https://doi.org/10.1109/TNANO.2010.2089696
https://doi.org/10.1016/S0022-0728(02)00745-3
https://doi.org/10.1161/CIRCRESAHA.119.315412
https://doi.org/10.1021/ac00232a791
https://doi.org/10.1021/ac00232a791
https://doi.org/10.3389/fchem.2019.00360
https://doi.org/10.3389/fchem.2019.00360
https://doi.org/10.1021/acschemneuro.8b00130
https://doi.org/10.1039/c7sc00433h
https://doi.org/10.1021/jacs.7b12106
https://doi.org/10.1002/anie.201707187
https://doi.org/10.1002/anie.201902734
https://doi.org/10.1002/anie.201902734
https://doi.org/10.1016/j.coelec.2020.05.008
https://doi.org/10.1039/c1cs15265c
https://doi.org/10.1002/1521-4109(200208)14:15/16<1041::AID-ELAN1041>3.0.CO;2-8
https://doi.org/10.1002/1521-4109(200208)14:15/16<1041::AID-ELAN1041>3.0.CO;2-8
https://doi.org/10.1002/1521-4109(200208)14:15/16<1041::AID-ELAN1041>3.0.CO;2-8
https://doi.org/10.1002/1521-4109(200208)14:15/16<1041::AID-ELAN1041>3.0.CO;2-8

®

Check for

updates
Sladana Burdi¢, Vesna Stankovi¢, and Dalibor M. Stankovic
Contents
1 INtrOAUCHION .ottt ettt 155
2 G-C3N4-Based BIOSENSOTS .. ...ttt ettt e 157
2.1  Electrochemical g-C3N4-Based BioSEnsOrs ........cooviuiiiiiiiiiiiiiiiiiiiiiieenn.. 157
2.2 Fluorescent g-C5Ny-Based BioSensors ..........oovouuiiiiiiiiiiiiiiieiiiee... 162
2.3 Colorimetric g-C3N -Based BIoSEnsors ...........oovviiiiiiiiiiiiiiiieeeaaann, 165
2.4 Photoelectrochemical g-C5;N4-Based Biosensors .............oooeiiiiiiiiiinnn.... 166
2.5 Electrochemiluminescence g-C3;Ny-Based Biosensors ...........cccoevvveeieaeaa.... 168
3 CONCIUSION ..ot 171
RETOIONCES .. e 172
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
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century. However, interest for this structure was aroused at the end of the
twentieth century, when theoretical prediction of dense sp>-bonded C5N, 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-C3Ny), as a
most stabile allotrope at ambient conditions. g-C3Ny is characterized by graphite-
like structure, where distance between layers is around 3.3 nm. g-C3N 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.
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RNA ribonucleic acid
ROX carboxy-X-rhodamine
SBA soybean agglutinin
ssDNA single-stranded nucleic acid
TEM transmission electron microscopic
TMB 3,3',5,5'-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-C5;N4) belongs to the promising carbon-based matri-
ces for production of immobilization matrixes of biosensors (Nirbhaya et al. 2021).
g-C3Ny 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 m-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-C5Ny
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-C5Ny 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-C3Ny-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-C3N, structure allows potential chelation
between nitrogen and metal ions, causing an improvement in the sensitivity of
g-C3Ny-based assays. This capability of g-C3N,4 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-C3;N,4 material. Contrarily, thermal decomposition method has found
the widest application for production of bulk g-C;N, materials (Lotsch and Schnick
2006; Xiong et al. 2017). Thermal decomposition method is based on the gradual
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Fig. 8.2 Synthesis of g-C3N,4 material from cyanamide by thermal decomposition method

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-C5Ny4 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-C;N, 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-C;N,-Based Biosensors
2.1 Electrochemical g-C3N,-Based Biosensors

Sensor platform for successful immobilization of the primary antibodies (Ab1l) 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-C;N, (mpg-g-C3Ny) was synthesized and served not
only as the carrier of secondary antibodies, but also as the electroactive probe. They
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took advantages of the mpg-g-C;N, 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
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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-C3Ny. In this work, target
DNA was 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-C3Ny4 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-C5Ny 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-C;Ny, final biosensor
characteristics were better with this material. Authors reported that modified electron
transmission resistance of g-C3N, 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-C3N,4 nanosheets (g-C3;N4NSs) 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-C5N, as carrier, showed excellent
chemical and physical properties. Authors reported that g-C;Ny-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-C3Ny-based composites in the fields of electroanalytical
sensing and bioanalysis.

Kumar Shrestha et al. (2017) exfoliated bulk g-CsN4 into ultrathin
two-dimensional nanosheets (~3.4 nm), functionalized with proton. Using chemical
polymerization method, these g-C5N4NSs 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 pA/mMcm2 are reported
for g-C5N,4 material. Developed g-C3;Ny-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-C;N," 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-C3N,4 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-C5;N4 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-C;N4 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-C3;N4 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-C;N4 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-C3N, electrochemical biosensors were developed for glu-
cose and H,O, detection, using two principles enzymatic and nonenzymatic. For the
synthesis of g-C3Ny/iron, oxide@copper nanocomposite was used as one-step
pyrolysis of melamine and Cus[Fe(CN)g], (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 Fe,O3 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-C3N,4 and Fe,Os. Thin layers of g-C3N4, with a relatively high effective
surface area, can supply a large number of active groups in order to stabilize Fe,O3
and Cu nanostructures. This also improves the stability of as-fabricated modified
electrode. In addition, N-rich thin layered g-C3N,4 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-C;N4NSs as a
highly efficient, green, and low-cost electrocatalyst for reduction of H,O,. Nano-
layered Co(OH), deposited on polymeric g-C3Ny4 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-C5Ny in the presence of Co(OH),, 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), toward the catalytic glucose oxidation, while g-CsN, affected the
electrochemical characteristics of the modified electrode. Actually, the presence of
g-C3N, provided a large surface area, leading to an increase in the quality of Co
(OH), active sites and causing the development of Co(OH), in the form of a
two-dimensional nanolayer. In addition, authors noted that the appearance of Co
(OH), helps flaking of the g-C5Ny layers, resulting in the Co(OH), 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-C3N, 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-C3;N, on electrocatalytic properties of the electrode surfaces for the
preparation of electrochemical nonenzymatic glucose sensor based on the modifica-
tion of g-C3N, with zinc oxide and platinum. The interactions between g-C3;Ny,
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 pA/
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mMcm?. Similar results were achieved with the Na,O-co-doped-g-C;N, (Na,0O-g-
C3N,4) which was prepared by subsequent heat treatment in the presence of alkaline,
reported by Mohammad et al. (2020). The Na,O-g-C5Ny, 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 H,O, detection by electrochemical method were
reported. Urea as a base for the synthesis of ultrathin layered g-CsN4 was used by
Imran et al. (2021b). In this work, g-C3N,4 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-C3N,4 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 CO, and H,O. This good electrocatalytic behavior of Nb-g-
C3;N,4 may be described by successful doping of niobium into g-C5N, 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-C3N,4 composite. The mech-
anism of glucose oxidation at metal/metal oxide surfaces is highly reported in
literature. The gold electrode modified with Nb-g-C3N,4 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-C3N,-Based Biosensors

g-C3N, is characterized by unique fluorescent properties. The excitation wavelength
of g-C3Ny is 320 nm. Contrarily, g-C5N4 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-C5N, fluorescence intensity. In most experiments, metal ions such as Cu**, Ag”,
and Fe*" are used to quench g-C5N, fluorescence (Xiong et al. 2017). For this
purpose, the capability of g-CsN, 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-C3;Ny4 fluorescence can be performed by the biomolecule heparin, as
well as certain nitrobenzene derivatives (Xiong et al. 2017).

Fluorescent properties of g-C3;N, were used to determine enzyme activity. A
design principle of enzyme determination with label-free g-C;N4-based biosensors is
explained using enzyme alkaline phosphatase (ALP) and pyrophosphate (PP1i) as its
substrate (Xiang et al. 2016). The experimental procedure for determining enzyme
activity is based on the chelation of Cu”* (added in order to quench the fluorescence
of g-C3Ny) by PPi (Fig. 8.4). In parallel, g-C3N,4 exhibits its fluorescence capabil-
ities, and the corresponding signals are detected using an appropriate



8 Graphitic Carbon Nitride in Biosensing Application 163

o N - e
v ¥ o e ‘ L ..\..
' . L N N ' ' Py P
' Fo |
|

4 .‘ L R 4 .‘ “" &/Fluoroscence OFF
Pi Cu:r Pi

Fig. 8.4 Schematic illustration of label-free biosensing strategy for ALP using of g-C;Ny
quenching platform

spectrofluorometer. The addition of ALP catalyzes the hydrolysis of PPi to phos-
phate (Pi), resulting in the loose of Cu®" from the PPi-Cu complex. Then, the
released Cu®" was chelated by g-C5Ny. The g-C3N,4-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-C3N, fluorescence is labeled as an indicator of enzyme
activity. Using this principle and procedure, Xiang et al. (2016) reported a
2-C3Ny4NSs-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-C;N, with HNOj3, accompanied with exfoliation of
oxidized bulk g-C;N, in order to obtain nanosheets. Further, the transmission
electron microscopic (TEM) imaging confirmed the g-C3Ny4NSs 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-CsNy-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-CsNy-based biosensor
provided a selective and sensitive platform for quantification of ALP in biomedical
samples and clinical diagnostics.
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Intense of g-C3N, fluorescence was used to produce aptasensor. Shirani et al.
(2020) developed an aptasensor based on g-CsN4, AuNPs and single-stranded
nucleic acid (ssDNA) for quantification of the cardiac drug Digoxin (DGX). Bulk
g-C3N, was prepared by the polymerization of melamine. Exfoliation of bulk
g-C3N, in water regia resulted in formation of g-C3;N4NSs. The TEM method
confirmed the planner shape of g-C3Ny4NSs form, with a size of ~100 nm and a
thickness of ~2 nm. Colloidal AuNPs were synthesized from HAuCl,. 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-C3;N4NSs 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-C3Ny-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-C3;Ny-
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-C;N4-based aptasensor for
the detection of the biomarker adenosine. g-C3;Ny4 network was doped with phenyl
groups in order to achieve strong green fluorescence of the material (A =
505 nm). Urea and trimesic acid were involved in the preparation of phenyl-doped
g-C3N, 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 n-r 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 pM, with
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detection limit of 6.86 pM. 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-C3N,4 was used to produce “turn off” fluorescence biosensors to detect
metal ions. Li et al. (2017) reported g-C5N,-based aptasensor for detection of Hg?".
Strong adsorption of ssDNA by g-C3N, via Van der Waals interactions was used for
quantification of Hg**. g-C5N, was obtained by melamine polymerization at 500 °C.
The resulting yellow precipitate of g-C3N, was subjected to HNOj5 in order to obtain
g-C3N4NSs. N-hydroxysuccinimide (NHS) and 1-ethyl-3-(3-dimethylaminopropyl)-
carbodiimide (EDC) were used for preparation of g-C;N4@ssDNA conjugate. The
analytical procedure was based on monitoring the fluorescence intensity at 440 nm
of the g-C3N,@ssDNA aptasensor before and after the addition of analyte. Hg?",
after addition to the assay solution, chelates with tymine from ssDNA and forms the
thymine-Hg?'-thymine complex, resulting in the formation of hairpin-shaped dou-
ble-stranded DNA (dsDNA). Thus, Hg*" 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-C;N4@ssDNA aptasensor. In
addition, the reaction time between g-Cs;Nyu@ssDNA aptasensor and analyte was
optimized. Developed g-C;N4@ssDNA showed ultrasensitive LOD of 0.17 nM, as
well as high selectivity during detection og Hg*" accompanied with the different
metal ions. Finally, proposed g-C;Ny-based aptasensor was used for detection of
Hg”" in water samples.

2.3 Colorimetric g-C;N,-Based Biosensors

g-C3Ny 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-C3Ny is most commonly modified with metal/metal oxides nanoparticles. Color-
imetric detection is based on an appropriate reaction catalyzed by a g-C;Ny4-
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-CsNy-supported colorimetric approach for detection
of H,O, and glucose. The nanozyme probe was based on the modification of
2-C3Ny4NSs with plasmonic AuNPs. g-C3N4NSs was synthesized by melamine
polymerization at 550 °C, while HAuCl, was used to obtain AuNPs. The thickness
of g-C3Ny4NSs 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-C3Ny4NSs surface. The aim of the research was to develop and examine
the performances of the g-C3;N4NSs@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
3,3’,5,5'-tetramethylbenzidine (TMB). The determination was based on the addition
of g-C3N4NSs@AuNPs to the TMB/H,O,/phosphate buffer mixture. Then,
g-C3N4NSs@AuNPs catalyzes the TMB oxidation, the existence of H,O,, 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 H,O, 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 pM toward H,O,. In addition,
H,S0,4 was added to the TMB/H,0, mixture to increase parameters for the deter-
mination. Addition of an acid solution leads to the protonation of TMB and
formation of yellow-colored TBM**, characterized with an absorption at 451 nm.
In the H,SO,4 medium, the g-C3N4NSs@AuNPs hybrid showed an LOD of 0.31 pM
for H,0,. The second experimental step involved the detection of glucose via H,O,.
Glucose oxidase (GOy) was added to phosphate buffer solution containing different
concentrations of glucose. GO, enzyme induces glucose oxidation to the
corresponding lactone and H,0O,. The obtained H,O, was detected with
g-C3N4NSs@AuNPs hybrid according to the explained procedure in H,SOg4
medium. The obtained concentration of H,O, is directly proportional to the glucose
concentration. g-C3;N4NSs@AuNPs hybrid provided the LOD of 0.75 pM for
glucose. Finally, g-C3N4NSs@AuNPs hybrid catalyst as a peroxidase nanozyme
was used to quantify glucose in urine and human serum samples.

24 Photoelectrochemical g-C3N,-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-C5;Ny4 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-C3Ny structure, the photoactivity of
the material can be significantly increased. Also, g-CsN4 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-C;N4-based nanomaterial to develop PEC assays (Wang et al.
2019b; Xu et al. 2020).

Xu et al. (2020) proposed a g-C3Ny4-based aptasensor for the detection of
bisphenol A (BPA). Proposed aptasensor was based on the modification of g-C5Ny
with Cu(l). g-C3N4 was synthesized from urea, while g-C;N4@Cu composite was
obtained from bis (1-hexadecyl-3-methylimidazolium) tetrachlorocuprate(Il) after
the solvothermal treatment. Indium-tin-oxide glass (ITO) was modified with the
g-C3N4@Cu composite to construct a working electrode (ITO/g-CsNy@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-C;N,-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-Cs3N4@Cu
aptasensor was successfully applied to quantify BPA in wastewater.

Wang et al. (2019b) reported g-CsN4@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-CsNy4. GCE surface was adopted with g-C3;N4@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-HS5), 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-C;Ny 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-C;Ny-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-CsN4@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-C;N;-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 (S,05 27) for the cathodic
coreactant process. Contrary, anodic coreactant process involves hydrogen peroxide
(H,0,), while luminophores include inorganic complex (for example, tris(2,20-
bipyridyl) ruthenium(Il), Ru(bpy)s>"), organic compound (luminol), and nano-
materials (g-C3N,4) (Fig. 8.5) (Qi and Zhang 2020).

Since the first report on the cathodic electrochemiluminescence behavior of g-C3Ny4
in 2012 was published (Cheng et al. 2012), this material has been intensively researched
to obtain new biosensors with improved analytical performance. Compared to other
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Fig. 8.5 Schematic representation of ECL emission mechanism

conventional ECL emitters, g-C3N, 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 (S,0s> ; Et;N...) produced intermediate
species. Then, an intermediate reacts with the radical ions of g-C3N, 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-C5N,4 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-CsNy) as signal probe. The bulk GCE
was modified with Ag-g-C5N4 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 K,S,0g4 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 S,0g>~ into
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radical anion SO,4~, 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-C3Ny. The only modification of the g-C3N,4 was its carboxylation. Carboxylated
g-C3N, (C-g-C3Ny) has better conductivity and solubility in aqueous regia compared
with g-C3Ny4. 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 NH, groups of aptamers and the COOH groups of C-g-C3Ny. 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 (K,S,0g). Using this approach, authors produce a new
platform for BPA determination with excellent sensitivity (the detection limit is
30 M), 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. (2019¢). Authors used
composite made of C-g-C3N, and MnO, nanosheets as the probe. K,S,0g 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 MnO, nanosheet. Under the
coreactant synergy, C-g-C3N, is able to generate strong ECL emission. After forma-
tion of the MnO, and C-g-C3N,4 nanocomposite, the ECL is markedly quenched due
to the transfer of the energy based on ECL from g-C3N4 to MnO,. Further, the
addition of CySH could lead to the ECL-ET elimination, because it reduced MnO,
to Mn*" 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-C3;N,4 carboxylation, instead of other types
of material functionalization with metal 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-C5N,4 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-C3N, 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-C3;N4QDs. g-C3N4QDs composite showed an energetic
ECL answer based on the use of coreactant (K,S,0g). 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-C3N,4QDs/GCE. The g-C3N4QDs
on the unmodified GCE provided a robust ECL response, in the presence of K,S,0g.
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: N"). In their work, porous
Au-based electrode was used to provide an increased number of bonding sites for
immobilization of the primary antibody (Abl — 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 (DNA
and DNA,) with complementary base sequences, result in electrode surface rich in a
2-C3Ny4NSs. 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-C;N,4 materials are very suitable for
various modifications. Also, the g-C3N, 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-C;Ny-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-C3N,4 has been used to develop fluorescent-
based methods. Quenching of the g-C3N,4 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-C5;Ny-based hybrid. This detection method is widely used in the
development of g-C3;Ny-based nanozyme assays. In addition, the development of
electrochemiluminescence-based methods is possible due to the high chemical and
thermal stability of the g-C3;N, 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-C3;Ny-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,
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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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Fig. 9.1 Nanobiosensor components include target samples, biorecognition elements, and such
examples of transduction systems with their advantages in analyzing tools

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.
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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:

. Biomarker identification and data creation that is quick, sensitive, and accurate.
. Consolidation of traditional detection methods into a single platform.

. Analysis that is user-friendly, simple, and cost-effective.

. Test sample reduction for analysis.

. Multiplexed data can be generated from a single test.

. The constructions have high stability, repeatability, and portability.

AN N AW =

Despite the advantages of nanobiosensors, there are several obstacles to their
clinical use (Dahlin 2012; Quesada-Gonzalez and Merkogi 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).

23 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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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)

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
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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 (PL,) 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 (Moscicki
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 Merkog¢i 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 (Aksit 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
H202 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).

3.24 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
(Queetal. 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
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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 (In,O3) 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

ASputtering of In,0, Metal evaporation
First shadow mask Second shadow mask
B ' To flexible printed c

g circuit board
Reference
electrode

Ca?* sensing
electrode WE Aion £,

pH sensing Temperature 92 OI:‘\\PG ’}'Q&
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Fig. 9.3 Flexible nanoobiosensor fabrication techniques: (a) a schematic depiction of In203
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 (¢) 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., MoS, 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 MoS, 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 (H,O,) 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 MoS, nanoparticles to procedure a sandwich assembly of MoS,/
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
MoS, 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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(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) MoS,/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.); (¢) 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™ phosphate buffer solution (PBS) at pH 7.00 as support electrolyte.
Under optimized conditions, a linear range from 5—40 pmol L' was obtained for
PMZ with a limit of detection (LOD) of 1.30 pmol L~" and a limit of quantifi-
cation (LOQ) of the 4.20 pmol L™'. 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.
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Representation of the CPE/AC/AgNPs sensor for determination of Phenergan®.
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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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Fig. 10.1 Structure of H,C CHj,
promethazine hydrochloride = N i
*HCI
CH,4
N
S

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; AlAgad 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 (HCI) 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).
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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;
Ramanavicius 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