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Foreword

There is no analytical problem in chemistry, biology, or biotechnology that cannot 
be solved using an existing or envisioned biosensor. Events in the biosensor world 
indicate that even unsolved issues too can be expected to be solved in the foresee-
able future. The reason is that the biosensor field that originated in the mid-1950s 
expands unusually rapidly to demonstrate the highest potential  – the rate of the 
assay, its unique character and high accuracy, even its simplicity. This became pos-
sible owing to notable progress of not only natural sciences, which make the basis 
of biosensor detection, but also the development of the technical component, that is, 
micromechanics and microelectronics. This makes understandable the biosensor 
ranking – macro-sized biosensors appeared first, then micro-sized devices and now 
nanodevices.

This book is very topical. It witnesses advances in the biosensor field and con-
tributes to comprehending how the transition from macro- through micro- to nano-
biosensors has been made possible. The readers are aware of the appearance of 
devices that could be attributed to microbiosensors. Those were sensors inserted 
into contact lenses; miniature electrodes implantable into snails, frogs, and lobsters; 
biosensors produced by immobilizing graphite paste-coated enzymes applied on 
human skin surfaces as tattoos. One of the most interesting from the biochemical, 
microelectronical, and applied points of view was the enzyme fuel cell that repre-
sented a microbiosensor with three million single fuel cells. Mention should also be 
made of point-of-care technologies enabling tests to be done at the bedside. 
Biosensors for such tests are the most advanced in the sense of miniaturization.

The main idea of the book is that, depending on the addressed problem, different 
approaches are to be used; macro constructs are to be worked with in some cases, 
micro and nano in others. Biosensors considered are electrochemical, optical, 
atomic force microscopy-based; biofuel cells that develop the idea of electrochemi-
cal biosensors are intended for a double purpose of cleaning up the environment and 
working out electrical energy. A broad range of problems is presented to be solved 
using various analytical approaches; the description of how a biosensor for assaying 
a certain compound operates may trigger in the reader’s mind a novel approach due 
to a new use of the described technique. The book considers the following topics: 
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from macro- through micro- to nanosensors; application of biosensors for detection 
of chemical and biological entities; glucose assays; and biofuel cells and self- 
powered biosensors for human health. Each topic follows from its significance for 
human health, for protection of the environment.

Potential readers of the book are scientists from different disciplines including 
biochemists, biophysicists, physicists, chemists, and biotechnologists dealing with 
the development of biosensors, research scholars of the universities, and postgradu-
ate students. As the analytical trend of the described models is rather broad, the 
book can also be expected to be of interest to business-class experts developing and 
implementing biosensor technologies.

Professor, Corresponding Member  
of RAS, Scientific Director  

Sergey D. Varfolomeev

N.M. Emanuel Institute of Biochemical Physics RAS 
Moscow, Russia

Foreword
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Preface

In the present scenario, two fields of science, that is, biosensors and microelectron-
ics technologies are integrated. As a consequence, a great number of publications 
have appeared that represent the results of this convergence and are characterized by 
new types of analytical devices, which feature small size first and foremost. This is 
how analytical systems have emerged that differ from the existing and traditional 
devices by their macro-/micro-/nanosize. This is a novel trend in research and devel-
opment, and there is a need to obtain a high efficiency expressed in reduced con-
sumption of electric energy. It is appealing to develop analytical equipment whose 
implementation would not require a significant expenditure of valuable biomateri-
als – enzymes, antibodies/antigens, and microbial and animal cells. Moreover, the 
existing technologies make it possible to use automation and enable spending a 
minimal number of steps for fabricating a single item. A combination of biochemi-
cal and electronic technologies facilitates devices with strictly controlled character-
istics. An important fact is that this combination of technologies makes possible 
highly efficient production.

It should be noted that classical technology, based on the development and pro-
duction of macro-sized tangible biosensors, has had and continues to have an enor-
mous positive impact on the development of biosensor technology. Macro-sized 
biosensors are important for modeling the main principle of measurement. In most 
cases, the sensors are further advanced as mini-/micro-/nanosensors.

The results of combining the technologies are widely reflected in world litera-
ture. If the problem of the convergence is considered in a broader context than the 
development of biosensors, it should also include the development of drug-targeting 
systems and microdevices, that is, systems that in one way or another are united 
with the sensor part. Thus, the recent developments in the application of micro- and 
nanosystems for drug administration/delivery include a diverse range of biosensors 
that make use of new nanomaterials and methods. The current challenges include 
the need to balance the small scale of the devices with the quantities of drugs that 
are clinically necessary. Nanosensors are inexpensive and developed by using mod-
ern electronic technologies that mainly consist of thin-film formation, lithography, 
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etching, dicing, and packaging; the use of nanomaterials including glass, silicon, 
plastic, elastomers, and textiles enables producing maximally compact devices.

The chapters in the book reflect the transition from macro- through micro- to 
nanosensors. The use of biosensors for the detection of biological and chemical 
objects, features of the determination of glucose, and biofuel cells and self-powered 
biosensors for human health have been discussed in detail.

This book by eminent researchers presents the recent results in the field of enzy-
matic, immune, and microbial biosensors. Also highlighted are experimental data 
on the development of dual-purpose biofuel cells – both devices that generate elec-
tric energy and systems that simultaneously clean up the environment from organic 
contaminants. When considering works in the field of biosensors, significant atten-
tion was paid to the use of nanomaterials for modifying working electrodes. 
Nanomaterials in several cases enable a considerable improvement of analytical 
systems’ parameters. Of interest to the readers will be the projection of the dis-
cussed theoretical and experimental materials onto the field of the practical applica-
tion of modern analytical developments. In many cases, the presented results imply 
a possibility of using the developed macro-/micro-/nanobiosensor and biofuel-cell 
models in the field of public health and environment protection/restoration.

The book will be useful for postgraduate students and researchers – biochemists, 
biophysicists, physicists, chemists, biotechnologists – engaged in the development 
of biosensors. Moreover, it is also hoped that the book will be helpful to the business- 
class specialists who are actively engaged in development and implementation of 
analytical technologies.

Amravati, Maharashtra, India  Mahendra Rai
Pushchino, Moscow Region, Russia  Anatoly Reshetilov
Pushchino, Moscow Region, Russia  Yulia Plekhanova
Lorena, SP, Brazil  Avinash P. Ingle

Preface
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Chapter 1
Macro-, Micro- and Nanosensors Based 
on Biological/Chemical Materials

Vadim Valer’evich Kashin, Vladimir Vladimirovich Kolesov, 
Iren Evgenievna Kuznetsova, Eugenii Sergeevich Soldatov, 
Yulia Victorovna Plekhanova, Sergei Evgenyevich Tarasov, 
Anna Evgenievna Kitova, Maria Assunta Signore, Avinash P. Ingle, 
Mahendra Rai, and Anatoly Nikolaevich Reshetilov

Abstract By their geometric dimensions, biosensors can be arranged into a sequence 
of macro-, micro- and nanodevices. From this perspective, the present chapter con-
siders mainly electrochemical biosensors and biofuel cells; attention is also paid to 
other, e.g. chemical, types of sensors that can be prototypes of developed biosensor 
devices. One of the moving forces of miniaturization is finding conditions when the 
least amount of material is used. Miniature devices can play the role of biosensors 
and represent electrodes for biofuel systems. Due to the broad use of the enzyme 
glucose oxidase (GOD), which acts as a model protein or the base of existing devices, 
we discuss in detail the planar technology of forming a multichannel nanobiochip 
based on the immobilized GOD.  The prospects of micro/nanostructures are  
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primarily determined by their miniature size, the feasibility of easy duplication 
and—in production—a combined application of molecular electronics technology 
and biochemical methods of manipulations with biological material.

Keywords Macro- · Micro- and nanosensors · Biosensors · Biochip · 
Multichannel

Nomenclature

FET pH-sensitive field-effect transistor
GCE glassy carbon electrode
GOD glucose oxidase
LB Langmuir–Blodgett
MWCNTs multiwalled carbon nanotubes
PEDOT:PSS poly(3,4-ethylenedioxythiophene) polystyrene sulphonate
PM purple membranes
PQQ pyrroloquinolinquinone
rGO reduced graphene oxide

1.1  Introduction

The miniaturization of analytical systems is paid great attention at present; devices 
are being developed, in which elements of solid-state electronics and biology are 
coupled. One of the scientists who first started speaking about the prospects of cou-
pling biological material and solid-state electronic devices was the Japanese Isao 
Karube. His group coupled the photosensitive protein bacterial rhodopsin with a 
pH-sensitive field-effect transistor (FET) (Gotoh et al. 1989; Tanabe et al. 1989). 
The produced device was in effect a photodiode and, in accordance with its func-
tions, it converted the light flux into an electric current. Indisputable achievements 
of that work include (1) the fabrication of a biological photodiode; (2) demonstra-
tion of the possibility of coupling a living material and a solid-state device; (3) the 
device potentially determining prospects of creating biological systems with a var-
ied parameter, namely, the reaction time. It is well known that the time of the reac-
tion and transition of bacterial rhodopsin from one excited state into another varies 
from femtoseconds to seconds (Seki et al. 1994). Later, experiments with combina-
tions of a FET and bacterial rhodopsin, as well as combinations of a FET/polymer 
membrane/photochromic dye spirobenzopyran/urease enzyme were successfully 
continued (Kazanskaya et al. 1996). Reshetilov et al. (1990) used the amphiphilic 
properties of purple membranes (PM) from photosensitive bacteria of the genus 
Halobacterium applied on two types of transducers—pH-sensitive glass electrodes 
and field-effect transistors—using the Langmuir–Blodgett (LB) technique. Upon 
application of purple membranes, pH electrodes acquired photosensitive properties, 
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which enabled the use of the proposed method for comparing the photogenerating 
properties of various rhodopsins. A distinction of this study, carried out using a FET, 
from that presented in Gotoh et al. (1989) was that not classical LB films but self- 
assembled structures formed on the surface of an aqueous phase (“out/in”-oriented 
structures, where “out” and “in” refer to the orientation of purple membranes in 
bacteria). Owing to their amphiphilicity, the percentage of oriented purple mem-
branes at the water–air interface reaches a high value, which enables a distinct 
 electrochemical signal to be produced upon illumination. Due to the small size of a 
field-effect transistor and its gate zone, which is units of square micrometres, the 
FET–PM system can be considered as a microsensor model. Microbiosensors rep-
resented by a set of FETs incorporated into an agar medium on which bacterial cells 
grow can also be considered as miniature devices. The growth of cells initially inoc-
ulated into the centre of a Petri dish was accompanied with their propagation in the 
agar medium in the form of a circle; this was followed by another wave of the same 
form, etc. pH-sensitive FETs incorporated into the agar medium enabled tracing the 
change of pH of the medium at the propagation of a wave of growing bacteria via 
the FET position point (Reshetilov et  al. 1992). These authors have shown that 
depending on the type of the medium on which bacteria grow either oxidation or 
alkalization is observed. This model of registering the propagation of pH waves 
could be considered as the use of miniature FET-based pH-sensitive biosensors.

The results of coupling FETs with purple bacteria opened a wide potential in 
creating optical memory elements for constructing rapid-response optical systems, 
in which a solid-state converter but not a biological part served as an element that 
restricted the response. A combination of a FET and a propagating bacterial colony 
has shown that miniature converters enable making measurements not feasible 
using standard macrosensors.

Typical examples of nanosized biosensors are analytical systems based on 
nanoparticles (Kurbanoglu and Ozkan 2018; Li et al. 2019). Nanoparticles can pos-
sess efficient catalytic properties, be biocompatible and have a high electrical con-
ductance. These properties enable their use in various types of biosensors, both 
optical and electrochemical. Such a sensor can be either biological or non- biological. 
Nanoparticles of gold are used most often due to their high resistance to oxidation, 
low toxicity and ability to amplify the sensor signal. The application of these particles 
leads to an increase in the sensitivity and detection limits down to one molecule in the 
sample (Vigneshvar et al. 2016). Nanoparticles can also act as alternative biorecogni-
tion elements (Qi et al. 2018). Possessing electrocatalytic properties, nanoparticles in 
the sensor may replace enzyme preparations (Hsu et al. 2016; Xu et al. 2019).

This chapter briefly considers achievements in the field of electrochemical-type 
molecular work of nanobiosensors (molecular nanostructures) based on biological 
materials, predominantly enzymes; non-biological/chemical types of analysis are 
also considered. These devices can perform dual functions, i.e. they play the role of 
biosensors and are electrodes for biofuel cell systems. As an enzyme, glucose oxi-
dase (GOD) is at present singled out; it is being used in research very often and acts 
as either a model protein or the base of implementable devices. The planar technol-
ogy of forming a multichannel nanobiochip based on immobilized GOD is pre-
sented in sufficient detail. Biosensors in the line-up of macro-/micro-/nanodevices 
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are considered, like macro- and microdevices can be used to verify various hypoth-
eses and to model a principle, which will then be used in nanosized sensors. The 
prospects of nanostructures are primarily determined by their miniature size and by 
the possibility of combining the microelectronics technology and the biological 
methods of working with biomaterial.

1.2  Macro-/Microdevices

Along with the traditional methods of analysis, biosensors and biofuel cells have 
become widespread in recent years in clinical diagnostics and foodstuff-quality 
analysis. The development of industries, medicine, agriculture and other branches 
of production requires developing reliable methods of qualitative and quantitative 
analyses of the presence of various substances in water, soil, blood, foodstuffs, etc. 
To date, most analyses have been delivered to laboratories, but it would be much 
better if they can be done on the spot of sampling. For this reason, small-sized, fast 
and reliable biosensors acquire widespread use. Fields of application for these bio-
sensors mainly include clinical diagnostics, assays of foodstuffs and bioprocesses, 
monitoring of the environment (Scognamiglio et al. 2010). Thus, the development 
of biosensors and, in particular, their miniaturization is being paid great attention. 
However, not only micro- and nanosensors are of great interest. Analysis of the lit-
erature on the subject often reveals classical studies of macro-sized devices that lay 
the foundation of biosensor development; frequently, one also comes across research 
whose authors propose novel interesting and unusual approaches for the develop-
ment of macro- and microsized biosensors. This chapter presents works predomi-
nantly of recent years. The main attention is, certainly, paid to the detection of 
glucose (as the most in-demand analyte in medical research), the miniature size of 
devices; analysis of other compounds is also taken into account.

One of the major problems encountered by most investigators is to preserve the 
activity of biosensor’s bioreceptor element for a prolonged period of time. When 
developing bioanalytical systems, several authors (Decher and Hong 1991; Petrov 
et al. 2005; Tikhonenko et al. 2014) proposed enzyme immobilization into polyelec-
trolyte microcapsules for preserving biocatalyst’s activity. These capsules protect 
the biocatalyst from the aggressive impact of the environment, but do not prevent 
the penetration of biocatalyst’s substrate into the capsule (Caruso et al. 2000). The 
entrapment of the enzyme into the microcapsule makes it possible to preserve the 
activity of the enzyme in the biosensor at a high level for several months (Reshetilov 
et al. 2016).

The use of electrochemical sensors can be one of the methods for determining 
the activity of encapsulated enzymes. Thus, for instance, the activity of GOD can be 
determined by the amount of hydrogen peroxide that evolved as the result of glu-
cose oxidation. For this purpose, graphite electrodes with incorporated Prussian 
blue, which catalyses the electrochemical reduction of hydrogen peroxide, can be 
used (Karyakin 2001). The urease activity can be determined using a pH-sensitive 
FET by the change of pH due to the digestion of urea under the action of the enzyme 
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(Chang et al. 2010). Based on such polyelectrolyte microcapsules, Reshetilov et al. 
(2016, 2019) developed biosensors for the detection of urea and glucose. In one 
case, the authors used for immobilization the upper layer of the polyelectrolyte 
coating the capsule, which carried a negative charge and stuck well to the graphite 
electrode surface owing to Coulomb interaction. In the case of a pH-sensitive FET 
with the tantalum pentoxide surface, paramagnetic particles of Fe3O4 were 
 additionally introduced into the capsule; the bioreceptor was formed using a perma-
nent magnetic field directly on the FET gate. The fabricated biosensors were used 
for assays of blood, milk and commercially manufactured juices. A high correlation 
of the data with the standard spectrophotometric method of analysis was shown.

Some studies on the application of nanomaterials in biosensor technology were 
carried out on glassy carbon measuring electrodes; some other works considered 
electrode compositions based on screen-printed electrodes containing GOD and 
multiwalled carbon nanotubes (MWCNTs) immobilized using osmium polymers. 
Modification of closed multilayer membrane structures, represented by polyelectro-
lyte microcapsules with the enzyme formed on screen-printed electrodes, by carbon 
nanotubes makes it possible to change the properties of these closed structures. For 
instance, Reshetilov et al. (2019) showed that the introduction of MWCNTs into 
polyelectrolyte microcapsules with GOD formed on screen-printed electrodes 
reduced the impedance of the bioreceptor layer virtually by two orders of magni-
tude. Cyclic voltammograms at the modification of multilayer structures were char-
acterized by an increase of current. A composition based on polyelectrolyte capsules 
was the basis of the receptor element of an amperometric biosensor; inclusion of 
MWCNTs into the capsules led to increase the sensitivity of the biosensor to glu-
cose and to decrease its limit of detection. Subsequently, these structures can be 
efficient not only in the development of biosensors but also can be applicable for 
biofuel cells, which, in turn, would find application in biotechnology, medicine, 
power engineering and robotic engineering.

Another frequently used nanomaterial is graphene-like thermally expanded 
graphite having a high surface area and low resistivity. Reshetilov et al. (2015) used 
this material in combination with microbial membrane fractions. A number of 
reports revealed the effect of direct electrooxidation of glucose with the participa-
tion of PQQ-dependent glucose dehydrogenase immobilized on MWCNTs 
(MacVittie et al. 2015; Ratautas et al. 2015). Reshetilov et al. (2015) studied the 
bioelectrocatalytic oxidation of ethanol with the participation of Gluconobacter 
oxydans VKM В-1280 membrane fractions as an electrocatalyst. Using the methods 
of cyclic voltammetry and chronopotentiometry, it was shown that electrooxidation 
of ethanol on the bioanode could proceed both in the mode of direct mediator-free 
electrocatalysis and by the mediator mechanism.

In recent years, many investigators intensively include in their research the con-
ductive polymer poly(3,4-ethylenedioxythiophene) polystyrene sulfonate 
(PEDOT:PSS). This is due, first and foremost, to the fact that both independently 
and mainly in combination with other components this polymer adds novel proper-
ties to the quality of bioreceptor material—an increase of sensitivity, much exceed-
ing the known value, and stability (Wisitsoraat et  al. 2013). In this work, the 
PEDOT:PSS-containing bioreceptor was a combination of this polymer and 
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 graphene. The authors observed the direct electron transfer at the oxidation of glu-
cose by GOD.

Gotovtsev et  al. (2019) considered an important issue of the interaction of 
PEDOT:PSS with iota-carrageenan and polyvinyl alcohol. The authors produced a 
biocompatible conductive material without potentially hazardous binding 
 substances. This issue is important for the preparation of bioreceptors for biosen-
sors, including miniature devices. The results of important studies of PEDOT:PSS 
polymer were reviewed by Shim et al. (2009). The authors have shown the ability to 
measure glucose using a completely organic electrochemical FET (OECT) in which 
the channel, source, drain and gate electrodes were made from the conducting poly-
mer PEDOT doped with PSS. The OECT employed a ferrocene mediator to shuttle 
electrons between the enzyme GOD and a PEDOT:PSS gate electrode. The device 
can be fabricated using a one-layer patterning process and offers glucose detection 
down to the micromolar range, consistent with levels occurring in human saliva.

The nanocomposite for the sensor was synthesized by the hydrothermal method.
Jeevanandham et al. (2020) developed non-enzymatic selective sensors for the 

detection of glucose. The nanocomposite for the sensor was synthesized using a 
hydrothermal method. The basis of the sensor is nickel oxide coated with molybde-
num disulphide. This sensor having the NiO/MoS2/GCE structure (MoS2 and GCE, 
molybdenum sulphite and glassy carbon electrode, respectively) provides for a 
rapid response (2 s) and a broad linear range with the limit of detection of ~2 μM for 
glucose. Real sample analysis was also carried out in blood serum with additions of 
glucose. This NiO/MoS2 nanocomposite-based sensor can be used for the selective 
detection of glucose in biological and medical samples. Sundramoorthy et al. (2015) 
used a composite based on reduced graphene oxide (rGO) and PEDOT:PSS as a 
sensor for detecting Fe2+ and Fe3+ ions. The sensor was also useful in determining 
the oxidation kinetics of Fe2+ using hydrogen peroxide and measuring Fe3+ by dif-
ferential pulse voltammetry. The sensor response was not affected by several tested 
metallic and organic interferences and other components present in commercial iron 
supplement tablets and wine samples. Thus, the electrode system based on rGO/
PEDOT:PSS films is potentially suitable not only for testing the iron content in 
food, environmental and biological samples but also for various laboratory-scale 
electrochemical experiments with iron ions.

In another paper, Kumar and Sundramoorthy (2019) proposed an electrochemi-
cal biosensor for methyl parathion detection based on single-walled carbon nano-
tube/glutaraldehyde crosslinked acetylcholinesterase-wrapped bovine serum 
albumin nanocomposites. This paper shows the possibilities of using a sensor based 
on carbon nanotubes for the detection of methyl parathion, which is an organophos-
phorus pesticide. The proposed biosensor exhibited a wide linear range for pesticide 
target in 100 mM phosphate-buffered saline solution (pH 7.4) from 1 × 10−10 M to 
5 × 10−6 M with a limit of detection of 3.75 × 10−11 M.
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1.3  Nanodevices

As we mentioned above, the work by Gotoh et al. (1989) that marked the general 
tendency can be considered to be one of the first descriptions of solid-state electron-
ics (FET)–biological material compositions paving the way to micro- and nanode-
vices. This direction was supported by other investigators, and in 1999, a new idea 
was put forward aimed at the miniaturization and creation of combined devices 
(Sasaki 1999). The study by Gotoh et al. (1989) dealt with the development of a 
potentiometric sensor, whereas the combination presented by Sasaki (1999) was an 
amperometric device based on GOD and a biofuel-cell electrode. The device con-
tained 25 microcells (microsensors) of the total size 40 × 50 mm2; the developed 
power was planned to be units of watts.

The work by Kanwal et al. (2014) can be considered as a pioneering research that 
emerged against the background of the accepted development of the miniaturization 
ideas. These authors gave the characteristics of the fabricated integrated circuit 
comprising three million separate biofuel cells based on the monomolecular inser-
tion of GOD and laccase as enzymes providing for the activity of biofuel cell’s 
anode and cathode. The achieved current density was 1 A/cm2; power density 1 W/
cm2. The presented parameters characterized this integrated circuit as the most pow-
erful of those known by the publication date.

The method of detecting proteins in solution using a nanowire biosensor (Lee 
et al. 2012; He et al. 2015; Malsagova et al. 2015) is attributed to modern methods. 
Chips to such biosensors contain nanosized wires (nanowires), which are sensor 
elements. The nanowire biosensor is attributed to molecular detectors that enable 
registration of separate biological molecules in their counting mode, which deter-
mines a high concentration sensitivity of the analysis. The operating principle of the 
nanowire biosensor is based on the registration of current flowing through the 
nanowire. At its adsorption on the surface of the nanowire, a biological molecule 
changes its surface potential. Thus, the biomolecule is a local “virtual” gate chang-
ing the conductivity of the chip’s nanowire sensor elements. A biospecific analysis 
requires nanowires to be functionalized. The most widespread functionalization in 
biomedical research is that of the sensor element surface using molecular probes—
antibodies or aptamers. This forms an antibody–antigen or aptamer–antigen com-
plex on the surface of a nanowire owing to affinity interaction. The event is registered 
by the electronic system of the nanowire biosensor (Malsagova et al. 2018; Ivanov 
et al. 2018).

Comparatively recent works considered the electrochemical principle of DNA 
sequencing. Two bioelectrochemical processes—the emergence of a current pulse 
and evolution of a proton—were shown to occur during the insertion of a subse-
quent deoxynucleotide triphosphate by DNA polymerase into the immobilized 
single- stranded matrix DNA in a respectively designed electrode (Purushothaman 
et al. 2006; Pourmand et al. 2006). It is important to note that the basis of the 
developed device was a registering semiconductor matrix, which was, in fact, a 
set of field-effect transistors; their number in the first model of the sequencer was 
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1.5 million transistors, each of which contained a measuring cell 10−9 microlitres 
in volume. In light of the considered issue, this type of sensor undoubtedly belongs 
to nanobiosensors.

It is important to note the results obtained by the group of investigators headed 
by Gou-Jen Wang. The authors developed a system of nanostructured non- 
enzymatic biosensors. A thin layer of nickel was applied onto an anodic alumin-
ium oxide surface; the layer was then used to form a 3D matrix from nanostructured 
 polycarbonate (Hsu and Wang 2014; Hsu et al. 2015, 2016). Then a thin layer of 
gold and gold nanoparticles, which formed an array of nanohemispheres, was 
applied onto the polycarbonate support. This array contributes to an increase of 
the electrode working surface and an increase of the sensitivity to glucose, which 
rises tenfold as compared with a simple gold electrode. The electrode’s linear 
range of detection is within 55  μM to 13.89  mM at a sensitivity of 
750 μA·mM−1·cm−2 and the detection limit of 9 μM (Lin and Wang 2018; Lin 
et al. 2019). It should be noted that the developed system has high glucose detec-
tion characteristics, considering its possible high lifetime. The drawback of mea-
surements being carried out only in a 0.1  M solution of NaOH, however, 
significantly reduces the scope of its application.

In addition to non-enzymatic biosensors, Gou-Jen Wang’s group is working on 
the creation of nanostructured electrochemical biosensors based on 3D sensing ele-
ments featuring uniformly deposited gold nanoparticles. Electrochemical imped-
ance spectroscopy was chosen as a measurement method. The authors successfully 
conducted detections of the dust mite antigen Der p2 (Shen et al. 2017), allergy 
patient’s serum, allergy disease-related gene mutations (SNP and Haplotype), den-
gue virus-receptor binding (Tung et al. 2016), hepatitis B virus DNA (Chen et al. 
2016) and Alzheimer’s Aβ protein.

A common feature of works by Gou-Jen Wang’s group is the use of a special 
membrane of anodic aluminium oxide. This membrane is characterized as a nano-
sized porous array of regular hexagonal-shaped cells with straight columnar chan-
nels. It is widely used by the authors as a template in fabricating one-dimensional 
nanomaterials with controllable orientation. In particular, this membrane was used 
by the authors for work in such directions as the development of gold/nickel coaxial 
nanorod arrays, nanobiosensors, nanohemispheric nickel array moulds and nano-
structure biomaterials (Lee et al. 2015; Peng et al. 2017, 2018).

1.4  Single-Molecule Nanobiosensor

One of the intensively developed directions of biomedicine is biosensorics, includ-
ing biosensor implantation methods. Significant progress in the development of 
miniature sensors has been observed in recent years. Consider some details of such 
devices as exemplified by the use of planar technology and the enzyme GOD 
(Kashin et al. 2013).
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The planar nanostructure of a nanoelectronic transducer is created using the sus-
pended rigid mask technology, methods of standard lithography and reactive ion 
etching (Steinmann and Weaver 2004). The phototemplate for the system of lead-in 
and registration electrodes is shown in Fig. 1.1a. The lead-in electrodes converging 
to the central part of the chip were formed by photolithography. The central part of 
the chip, representing a system of nanowires, was formed by electron lithography 
and is shown in Fig. 1.1b. A separate nanowire with a nanogap is shown in Fig. 1.1c. 
A precision measuring system couples the nanochip with the control computer. The 
dimensions of these structures imply the possibility of immobilizing on them sepa-
rate molecules of an enzyme, e.g. GOD.

To fix molecule-sized objects in the measuring nanowires, nanogaps are formed 
using focus ion beam and electromigration technologies (Park et al. 1999). Kashin 
et al. (2013) demonstrated immobilization of GOD within a nanogap by crosslink-
ing with glutaraldehyde. Images of immobilized GOD molecules produced by 
atomic force microscopy are shown in Fig. 1.2.

Fig. 1.1 The form of the phototemplate, of the central part of the chip and of a particular nanow-
ire. (a) The phototemplate for the system of lead-in electrodes; (b) the system of nanowires in the 
central part of the chip; (c) a micrograph of a thin-film nanowire with a nanogap
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Cyclic voltammograms for GOD immobilized on such nanostructures are shown 
in Fig. 1.3a. It is seen that an insignificant ohmic current is registered in the absence 
of glucose. The addition of glucose at a concentration of 10 mM leads to a signifi-
cant current caused by the oxidation of the substrate. The presented dependencies 
are also characteristic of the enzyme immobilized on macrostructures, e.g. on 
screen-printed electrodes (Plekhanova et  al. 2019), where the working electrode 
area is 7 mm2, which emphasizes once again the similarity of macro- and nanostruc-
tures. A change in the concentration of the added substrate leads to a graded change 
of the nanosensor signal (Fig. 1.3b) in the same way as in the case of macroscale 
sensors. Signals of any size of sensors are evoked by the catalytic activity of the 
immobilized receptor, in this case, the enzyme GOD. In the case of the presented 
nanosensor, the direct mediator-free charge transfer was most probably observed; 
besides, it should be noted that, quite probably, the charge transfer is both from a 
single molecule and from several molecules that proved to be in the gap zone.

This model can be a prototype for the development of the subsequent series of 
similar nanodevices bringing them closer to practice.

Fig. 1.2 (a) AFM image of single GOD molecules (shown by arrows) on a SiO2 support (frame 
size, 35 × 35 nm2); (b) AFM image of a nanogap between gold nanoelectrodes coated with a single 
molecule-thick enzyme layer (frame size, 2 × 2 μm2)
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Fig. 1.3 Electronic properties of the nanosensor. (а) Increase of current at the introduction of 
GOD into the measured solution of substrate. 1, control signal; 2, GOD + glucose, 10 mM. (b) 
graded dependence of nanosensor responses from substrate concentration (1, 0.2 mM glucose; 2, 
1 mM glucose; 3, 6 mM glucose)
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1.5  Conclusion and Future Prospects

In the general field of biosensors, the class of electrochemical biosensors is singled 
out as the most developed. As the authors of any type of biosensors strive for their 
devices to be miniature, in the field of electrochemical devices, this tendency is of 
primary significance. This made it rather problematic to write an exhaustive review 
on the subject combining macro-, micro- and nanobiosensors. Nevertheless, the ten-
dency is there, and some conclusions can already be made. First, it is evident that 
the miniaturization is achievable when microelectronic and biochemical technolo-
gies are combined to develop a device. Further, an evident tendency at present is the 
use of nanomaterials—nanotubes, graphene materials, etc.—for modification of the 
bioreceptor element. Undoubtedly, the introduction of novel materials—nanomate-
rials—into the bioreceptor is accompanied by the verification of their biocompati-
bility. These tendencies, in our view, represent the main novelty in the field of 
biosensors and biofuel cells. It would be natural to assume that constructions would 
be created in the long run to solve biomedical tasks by implanting them into plant 
and animal organisms.
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Abstract Nanomodified surfaces are increasingly used as bactericidal and immu-
nomodulatory tools in the transition to personalized medicine and health-saving 
technologies. Medical device-associated infections account for a large proportion of 
hospital-acquired infections. The use of biomedical implants significantly increases 
the risk of infection of the human body. Although microbiological contamination is 
constantly minimized by modern sterilization procedures, postoperative infections 
are frequently observed after implant placement. To enhance the bactericidal effect 
of the implant, surface modification is applied. Bactericidal activity of nanoparticles 
has been investigated against Mycobacterium tuberculosis H37Rv. It was shown 
that the inhalation of silver nanoparticles stabilized with polyvinylpyrrolidone led 
not only to a noticeable bactericidal effect but also recovered the balance of the 
immune system of mice. Implant-related bacterial and fungal infections remain a 
serious problem that has not been solved yet. Bactericidal activity of different nano-
surfaces was studied against clinically isolated bacterial strains. The antifungal 
activity of nanoparticles’ surfaces modified with antibiotics and the immunomodu-
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lating activity of the samples was evaluated. This chapter provides new insights into 
understanding and designing of antibacterial, fungicidal, and immunomodulating 
yet biologically safe surfaces.

Keywords Nanoparticles · Nanosurfaces · Antibacterial activity · Fungicidal 
activity · Immunomodulation

Nomenclature

7-AAD 7-Aminoactinomycin
BCG Bacillus Calmette-Guerin
BPL Bronchopulmonary lavage
CFSE Carboxyfluorescein
CFUs Colony-forming units
Con A Concanavalin A
FBS Fetal bovine serum
IFN-γ Interferon gamma
IL-2 α Interleukin-2 alpha
IL-4 Interleukin-4
MDR Multidrug-resistant
NP Nanoparticle
NSS Normal saline solution
PBS Phosphate-buffered saline
ROS Reactive oxygen species
SNP Silver nanoparticles
SNP-PVP SNPs stabilized by polyvinylpyrrolidone
TiCaPCON Ti-Ca-P-C-O-N
TB Tuberculosis
TNFα Tumor necrosis factor alpha
XDR Extensively drug-resistant

2.1  Introduction

Biomedical implants have revolutionized medicine, but they increase the infection 
risk. Indeed, implant infection is one of the most frequent and severe complications 
associated with the use of biomaterials. The use of nanomaterials in medical 
implants was introduced a few decades ago. A comprehensive assessment of the 
physics of material selection, process optimization, and design/geometry require-
ments will enable the rapid commercialization of different technologies for medical 
implant applications (Velu et al. 2020). Implant infection includes complex interac-
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tions between the microbial pathogen, the biomaterial, and the host immune 
response to both. Chronic implant-related bone infections are a major problem in 
orthopedic and trauma surgery. As numbers of joint replacements are rising, com-
plications such as bone infections also increase. Current treatment options are asso-
ciated with severe consequences for patients and often fail to eliminate the infection 
(Seebach and Kubatzky 2019).

The high risk of chronicity for such infections is due to successful evasion strate-
gies of bacteria with biofilm formation being one major mechanism behind bacterial 
persistence. An important factor in the resistance of pathogens is the formation of 
biofilms (Donlan and Costerton 2002). Biofilms are considered as a vital structure 
with bacteria which are incorporated in polymeric matrix. It is generally accepted 
that in the first stage, planktonic microbial cells adhere to the surface either by 
physical forces or by bacterial structures. In the second stage, some of the reversibly 
attached cells remain immobilized and become irreversibly adhered when the attrac-
tive forces are greater than repulsive forces (Garrett et al. 2008). The presence of 
biofilms in bacterial infections can increase the pathogenicity of the bacteria and 
protects them from being destroyed by external treatment. Biofilms protect the cells 
from assaults like UV radiation, pH stress, chemical exposure, phagocytosis, dehy-
dration, and others (Gupta et al. 2016). The future of biofilm research relies upon 
various concerted efforts from scientists of different disciplines to understand the 
complexity of biofilm formation and device efficient strategy for biofilm inhibition. 
The presence of a foreign material facilitates biofilm formation and further supports 
the persistence of an infection. Thus, there is a high interest to clear infections 
already at the planktonic stage before biofilm transition occurs and to prevent rein-
fection after antibiotic and surgical treatment (Seebach and Kubatzky 2019). 
However, novel therapeutic strategies are required to perform this process.

Immune modulation can serve as an additional process and required medical 
treatment option to restore an effective host response. It is to be hoped that the com-
bination of antibiotic and surgical treatment with immune therapeutic intervention 
may lead to the successful management of chronic implant-related infections in 
the future.

Recently, significant advances have been made in the design of implants with 
antibacterial properties. However, the general weakness of the body and incomplete 
sterility of the hospitals can lead to severe postoperative infections. Chronic implant- 
related bone infections are a major problem in orthopedic and trauma-related sur-
gery with severe consequences for the affected patients. As antibiotic resistance 
increases in general and because most antibiotics have poor effectiveness against 
biofilm-embedded bacteria in particular, there is a need for alternative and innova-
tive treatment approaches. Recently, the immune system has moved into focus as 
the key player in infection defense and bone homeostasis, and the targeted modula-
tion of the host response is becoming an emerging field of interest. The presence of 
foreign material adversely affects the immune system by generating a local immune- 
compromised environment where spontaneous clearance of planktonic bacteria 
does not take place.
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Therefore, a comprehensive assessment of the bactericidal, fungicidal, and 
immunomodulatory activities of new complexly organized surfaces is an important 
task to reduce losses from socially significant diseases. Investigating fundamental 
interactions between nanoparticles and fungal cells is key in determining the fate 
and behavior of nanomaterials designed for antimicrobial applications. Fungi are 
clinically important in the context of bloodstream infections. With the widespread 
production and use of nanomaterials, the growing exposure of workers and consum-
ers in everyday life raises concern about potential health risks. Currently, nanotech-
nology has a wide range of applications in biomedical research, industries, and in 
almost all types of modern technology. The growing applications of nanotechnol-
ogy in medicine urge scientists to analyze the impact of nanomaterials on human 
body tissues and the immune system (Seebach and Kubatzky 2019).

It is known that tuberculosis (TB) is socially significant infection in the world. 
TB is currently a global pandemic that kills approximately 1.3 million people 
worldwide each year. Although the incidence of TB is decreasing each year, the rate 
of that decline is not high enough to accomplish the TB Global Strategy for the 
2015–2035 period. Tuberculosis (TB), caused by Mycobacterium tuberculosis, 
causes more human deaths in comparison with any other diseases from a single 
infectious agent (Donnellan and Giardiello 2019). While global rates of incidence 
of TB have been falling at an average of 2% per year, the incidence of drug-resistant 
TB remains steady. Multidrug-resistant (MDR) and extensively drug-resistant 
(XDR) tuberculosis strains began to be detected. Antibiotic-resistant infections 
were reported to give rise to losses estimated at $55–70 billion annually in the 
USA. In Europe, the losses surpassed €1.5 billion annually. From this point of view, 
bactericidal nanoparticles (NP) are a promising way for anti-TB therapy. 
Nanotechnology holds great promise to improve human health and is predicted to 
significantly benefit all human society (Etheridge et al. 2013; Chang et al. 2015; 
Saravanan et al. 2018). The aim of this chapter is to analyze bactericidal, fungicidal, 
and immunomodulating activities of nanosurfaces.

2.2  Nanosurfaces Against Pathogens

The discovery of antibiotics in the early twentieth century revolutionized the treat-
ment of bacterial infections, but after several decades of overuse, the evolution of 
antibiotic-resistant bacteria is a major threat to the practice of modern medicine. 
Recent studies have reported that bacteria-contaminated surfaces make a significant 
contribution to the incidence of healthcare-associated infections and that repeated 
cleaning/disinfection of the contaminated surfaces, which is commonly performed 
in healthcare facilities, is not always sufficient to remove pathogens. For example, 
27% of surfaces in rooms were still contaminated by bacteria after four complete 
cleaning cycles with disinfectant (Hwang et al. 2020).

The excessive and improper consumption of antibacterials resulted in the emer-
gence of more aggressive microbial strains that do not respond to standard treat-

S. G. Ignatov et al.



23

ments. The disastrous human and economic cost of antibiotic resistance renders the 
development of new alternative strategies against pathogens (Eleraky et al. 2020).

New approaches to the design of new complex nanosurfaces with the possibility 
of their subsequent antibacterial modification and explanation of the mechanism of 
their bactericidal action are a promising direction. Therefore, there is a need for an 
integrated evaluation of bactericidal, fungicidal, and immunomodulatory activities 
of new complex-organized surfaces used in implantology. Despite significant 
advances in materials, science in the design of implants with antibacterial and fun-
gicidal properties, the problem of postoperative infections remains very urgent 
(Firestein et al. 2018; Sukhorukova et al. 2018; Permyakova et al. 2018). The emer-
gence of multidrug-resistant bacterial strains induced the search and development 
of new effective bactericidal agents. Various modifications of the implant surface 
are designed to reduce bacterial and fungal contamination of the surface. Currently, 
nanomodified surfaces are increasingly used as bactericidal, fungicidal, and immu-
nomodulatory tools in the transition to personalized medicine and health-saving 
technologies. Medical device-associated infections account for a large proportion of 
hospital-acquired infections. The use of biomedical implants significantly increases 
the risk of infection of the human body. Despite the fact that microbiological con-
tamination is constantly minimized by modern sterilization procedures, postopera-
tive infections are constantly observed after implant placement. To enhance the 
bactericidal and fungicidal effect of the implant, surface modification is applied. 
Coating TiCaPCON (Ti-Ca-P-C-O-N) was precipitated on a silicon wafer by mag-
netron sputtering. Pt and Fe particles and their combinations were obtained by 
implantation of metal ions into the TiCaPCON coating.

2.2.1  Antibacterial Activity

Most bactericidal materials consist of different chemical substances, such as nano-
sized metals (Marambio-Jones and Hoek 2010; Suresh et  al. 2010; Azam et  al. 
2012), antibiotic agents (Oda et al. 2011; Parhi et al. 2013), and antimicrobial com-
pounds (Condell et al. 2012; Elshaarawy and Janiak 2014). These materials have 
disadvantages such as short stability, cost, and being harmful to human beings. 
Recently, microorganisms presenting antimicrobial resistance have become a seri-
ous threat, causing approximately 700,000 deaths per year. Additionally, it has been 
estimated that the number of antimicrobial resistance-related deaths will increase to 
10 million by 2050 (Ivanova et al. 2012).

TiCaPCON (Ti, Ca, P, C, O, N – chemical elements) films are very promising 
bactericidal surfaces. The TiCaPCON samples were placed into the wells of a sterile 
24-well culture plate filled with 0.5 mL of normal saline solution (NSS). Sample- 
free well and a well with NP-free TiCaPCON sample were used as controls. 
Simultaneously, 0.03 mL of the overnight culture suspension of test strains in NSS 
was added to all wells with a cell concentration of about 104–105 CFU (colony- 
forming unit)/mL. The samples were incubated in a thermostat at 37 °C. Aliquots 
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were taken for analysis after 24 h incubation. To obtain CFU concentrations, the 
content of each well was titrated using a serial tenfold bacterial dilution. From each 
dilution, 0.01 mL of bacterial suspension was put on Petri dishes with a nutrient 
medium Mueller-Hinton agar, incubated in the thermostat at 37 °C for 24 h, and 
then the culture titer was counted (Permyakova et al. 2018).

For protection against pathogenic bacteria, it is possible to use probiotic bacteria 
(Fursova et al. 2012), but nanomodified surfaces are more effective. As you can see 
in Table 2.1, TiCaPCON samples with implanted Pt and Fe ions demonstrated a 
pronounced antibacterial effect, especially against Escherichia coli cells.

Pt and Fe nanoparticles form nanogalvanic elements after immobilization on the 
surface. Thus, pathogenic bacteria can be killed by microgalvanic interactions. We 
have obtained boron-doped TiCaPCON films as a promising alternative to the 
widely used approach based on the introduction of other famous bactericidal ele-
ments, such as Ag, Cu, and Zn (Ponomarev et al. 2019a). Nevertheless, interesting 
results can be obtained when creating original Ag structures on the surface. Novel 
samples with patterned surface having the same Ag total coverage area and content, 
but different surface topography made of periodically spaced Ag/Si pillars, have 
been analyzed against antibiotic-resistant strain E. coli. Samples with the largest 
pillar heights which had also Ag particles formed between pillars demonstrated the 
fastest Ag  +  ion release and, correspondingly, a noticeable antibacterial effect 
toward antibiotic-resistant hospital E. coli strains already after 3  h. All samples 
showed 100% antibacterial effect after 24 h (Ponomarev et al. 2019b).

2.2.2  Nanoparticles Against Tuberculosis

M. tuberculosis is the causal agent of the pulmonary TB, which is air-transmitted by 
nasal/oral inhalation of aerosol droplets carrying the pathogen from an active TB 
patient to a healthy individual usually through coughing or sneezing. Small droplets 
are able to reach the lower lung and induce formation of a granuloma, which is a 
host-defensive structure providing a fibrotic physical barrier between the infected 
and the healthy neighboring tissues. Latently infected individuals represent roughly 
a quarter of the global population. Tuberculin Skin Test and Interferon-Gamma 

Table 2.1 Antibacterial activity of samples with implanted Pt and Fe ions into the TiCaPCON 
evaluated as the number of colony-forming units (CFUs). All samples were active against bacteria 
cells, especially against E. coli

Bacterial strain
CFU (before incubation with 
samples)

CFU (after incubation with 
samples for 24 h)

Acinetobacter baumannii 5 × 105 ± 2 × 104 8 × 102 ± 7 × 101

E. coli 2 × 105 ± 5 × 104 0
Enterococcus faecium 9 × 104 ± 3 × 103 2 × 102 ± 5 × 101

Staphylococcus aureus 2 × 105 ± 1 × 104 3 × 104 ± 8 × 103

Staphylococcus epidermidis 5 × 105 ± 4 × 104 5 × 105 ± 5 × 105
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Release Assay are commonly used for diagnosis of latently infected individuals. 
Although they cannot infect a healthy person, M. tuberculosis activation occurs in 
roughly 10% of cases due to recurrent infections or a compromised immune system 
in the host. The safest and most cost-effective way to fight against infectious dis-
eases is vaccination. TB and other poverty-related and neglected infectious diseases 
still lack effective vaccines to protect the entire population. Bacillus Calmette- 
Guerin (BCG), the only licensed vaccine currently in use against TB, was developed 
80 years ago which displays an efficacy of 80% or more in children under 4 years 
old. However, the efficacy of BCG in adolescents and adults is variable, from 0 to 
80% depending on the geographical region (Mateos et al. 2020).

The main direction in the treatment of tuberculosis remains antibiotic therapy 
(Sterling et al. 2020). MDR tuberculosis is defined as infection resistant to the first- 
line antibiotics, rifampicin and isoniazid. XDR tuberculosis is defined as an infec-
tion that is MDR and additionally resistant to at least one drug in both of the two 
classes used to treat MDR: fluoroquinolones and the second-line injectable drugs 
(amikacin, capreomycin, or kanamycin) (Wollenberg et al. 2020). The emergence of 
antibiotic-resistant pathogens of infectious diseases, including pan-resistant isolates 
(insensitive to all antibiotics from all functional classes), raises questions of further 
investigation of pathogens and new approaches to fight against them. The relevance 
of the study of antibiotic-resistant pathogens of infections in humans throughout the 
world is emphasized by the dynamics of the increase in the number of scientific 
publications presented on the web-resource PubMed. Scientific studies are devoted 
to a wide range of problems: the description of clinical cases of infections, the 
evaluation of antibiotic resistance of strains, the prevalence of epidemically suc-
cessful clones, and the study of molecular genetic mechanisms of antibiotic resis-
tance and virulence. It has been established that the increase in resistance levels of 
strains isolated throughout the world is associated with the appearance of new vari-
ants and the spread by the horizontal transfer of genetic determinants of resistance. 
NPs are used to detect the serum antibody responses to dormancy-related antigens 
of M. tuberculosis for the diagnosis of active and latent TB infections (Shi et al. 
2020). A recent book Nanotechnology Based Approaches for Tuberculosis Treatment 
discusses multiple nanotechnology-based approaches that may help overcome per-
sisting limitations of conventional and traditional treatments.

Today, several directions are being developed to struggle against TB, including 
the use of monoclonal antibodies, mycobacteriophages, bacterial vaccines, immu-
nomodulators, and silver nanoparticles (SNP). Since ancient times, silver has been 
one of the main antimicrobial agents in medicine and used in the treatment of infec-
tious diseases (Nasiruddin et  al. 2017). The therapeutic properties of silver have 
been known for over 2000 years. Currently, the development of nanotechnology has 
made it possible to create the nanosized particles to fight against TB. The use of 
silver in the form of NPs makes it possible to reduce the silver concentration by 
hundreds of times while maintaining the bactericidal properties and to use these 
drugs in medicine. However, the question of simultaneous assessment of the bacte-
ricidal and immunomodulating activity of NP remains open. The goal of this part of 
work was to study the antimicrobial activity of SNPs against TB and to assess the 
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immune parameters of experimental animals after exposure to these NP (Kalmantaeva 
et al. 2020). SNPs were stabilized by a low molecular weight polymer polyvinylpyr-
rolidone (SNP-PVP). The M. tuberculosis H37rv was obtained from the department 
of collection cultures of the State Research Center for Applied Microbiology and 
Biotechnology (Obolensk, Russia). The bacterial suspension and SNPs were mixed 
in a ratio of 1:9. The SNP concentrations of 0.1, 1.0, 10, 25, and 50 μg/mL were 
tested. The exposure of SNPs with mycobacteria was 1 h at 37 °C. After incubation, 
0.1 mL of each sample was inoculated into Petri dishes with a nutrient medium, 
Middlebrook 7H11 Agar Base, and cultured at 37°С for 20  days. The colony- 
forming units (CFUs) were then counted. The number of mycobacterial cells 
decreased twofold after treatment with SNP-PVP at a concentration of 50  μg/
mL. Experimental animals were divided into three groups (two experimental and 
control), 15 mice of each. The contents and manipulations with animals were car-
ried out in accordance with “Guidelines for the Maintenance and Use of Laboratory 
Animals” (Institute of Laboratory Animals Resources, Commission on Life Science 
1996). Animals of experimental groups were infected with strain M. tuberculosis 
H37Rv by intraperitoneal administration of 0.2 mL of suspension mycobacteria in 
physiologically buffered solution. Experiments were conducted on mice with a 
chronic form of TB.  Ten days after SNP-PVP inhalation, the animals showed a 
sharp decrease in organ contamination by pathogens (Kalmantaeva et al. 2020). The 
course and outcome of TB infection is largely determined by the degree of activa-
tion of Th1 lymphocytes and phagocytes (Rajamanickam et al. 2020). A key role in 
the formation of the cellular immune response in TB infection is assigned to various 
subpopulations of T lymphocytes: CD4 + –helper T lymphocytes, which regulate 
the phagocytic and bactericidal activity of macrophages, and CD8 + cytotoxic T 
lymphocytes, which can have a direct cytotoxic effect on cells infected with myco-
bacteria. In the group of mice with TB, an increase in the relative number of T 
lymphocytes was found due to a subpopulation of T helpers and a decrease in the 
relative number cytotoxic T lymphocytes and B lymphocytes in the spleen. In the 
group of TB mice after the SNP-PVP treatment, the relative number of T lympho-
cytes (including T helpers and cytotoxic T lymphocytes) and B lymphocytes in the 
spleen did not differ from the values of these indicators in the control group. 
Type-1 T lymphocytes predominantly are formed in mycobacterial infections. Their 
characteristic features include the production of interferon gamma (IFNγ) and 
tumor necrosis factor alpha (TNFα) cytokines. Both cytokines can better stimulate 
the antimycobacterial activity of macrophages, which is due to the protective effect 
of T helpers. The experiments showed that the percentage of IFN-γ-producing T 
helpers increased twofold in the TB mice as compared to the control. The inhalation 
of SNP-PVP in TB mice caused a decrease in the relative number of IFN- γ-producing 
lymphocytes in the spleen. It can be assumed that the decrease in the relative amount 
of IFN-γ-producing lymphocytes in the spleen of TB mice after the treatment with 
SNP-PVP was caused by a decrease in the number of M. tuberculosis cells. The 
dynamics of changes in the content of free IFN-γ in the blood serum of TB mice 
showed a significant increase in the amount of this cytokine on day 7 after the intro-
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duction of SNP-PVP. A significant increase in the IFN-β content was also observed 
in the bronchopulmonary lavage (BPL) of TB mice on the seventh day after the 
treatment with SNP-PVP compared with the level of this cytokine in controls. Thirty 
days after the treatment with SNP-PVP, the IFN-γ content was significantly lower 
in comparison with the level of this cytokine in the group of TB mice. There was 
significant increase in the content of cytokine in serum and BPL fluid 7 days after 
the administration of SNP-PVP to TB mice, which coincided in time with a decrease 
in the number of mycobacteria in the lungs and spleen. Although of SNP-PVP inha-
lation in TB mice led to an increase in the relative amount of TNFα-producing T 
helpers in the spleen, the amount of free TNFα in the blood serum and BPL fluid 
decreased, which indicated a decrease in the level of inflammatory reactions of the 
body. To better understand the effects of SNP-PVP on the course of chronic TB, we 
determined the content of the anti-inflammatory cytokine interleukin-4 (IL-4) in the 
serum and BPL fluid of the experimental animals. A significant increase in the con-
tent of free IL-4 in serum and fluid (by six- and 17-fold, respectively) relative to the 
values of these indicators in the control group was found in group of TB mice. 
Thirty days after the administration of SNPs in TB mice, there was a decrease in the 
IL-4 level in the blood serum and the BPL fluid, which did not significantly differ 
from the IL-4 content in the studied biological fluids of the control group.

Neutrophils are one of the first cells that migrate to the site of TB infection, 
where they gradually accumulate with the development of the chronic stage of the 
disease. Human and mouse neutrophils effectively phagocytize mycobacteria and 
participate in the initiation of the T-cell response and in the formation of granuloma. 
One of the neutrophil mechanisms of bactericidal action is the production of reac-
tive oxygen species (ROS, oxidative burst) (Németh et al. 2020), the level of which 
can be measured based on the luminal-dependent chemiluminescence. The study on 
the group of TB mice found a significant decrease in the level of neutrophil produc-
tion of ROS (2.7-fold as compared with the control group). In the group of TB mice 
treated with SNP-PVP, there was a decrease in ROS products relative to the control 
on 1 and 7 days after the treatment with NP. However, after 30 days, this indicator 
showed a significant increase (by 2.5-fold) relative to the group of TB mice untreated 
with SNPs. Inflammation always accompanies an infection and is an essential com-
ponent of the host’s immune defense. However, hyperinflammatory reactions can 
exacerbate the disease. An increase in the protein concentration in BPL is a signal 
of pulmonary inflammation, since it reflects alveolar-capillary permeability. This 
indicator was chosen to assess the level of inflammation in the lungs of experimen-
tal animals. TB mice demonstrated a fourfold increase in the fluid protein content as 
compared to that in the control group. After exposure to SNP-PVP, the amount of 
protein in the BPL fluid decreased twofold which reflects the decrease of pneumonia.

Finally, the antibacterial activity of SNP-PVP against the strain M. tuberculosis 
H37Rv was studied in vitro and in vivo (an experimental murine model of chronic 
tuberculosis). It was shown that the SNP-PVP treatment inhibited M. tuberculosis 
growth twofold in vitro. The inhalation of SNP-PVP by infected mice resulted in a 
twofold decrease in the colonization of the lungs and spleens by M. tuberculosis 
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cells. In infected animals, the quantity of protein in the BPL fluid was reduced by 
twofold, which indicates a decrease in the inflammatory processes in the lungs. The 
level of the production of ROS by neutrophils increased, reflecting their bactericidal 
potential, which was reduced by 2.7-fold before treatment as compared to the con-
trol group of animals. After the introduction of SNP, a recovery in the ratio of lym-
phocyte populations in the spleen and cytokine balance was observed. A decrease in 
the levels of IFN-γ, TNFα, and IL-4 in the blood serum and BPL fluid in TB mice 
was observed. Thus, it was shown for the first time that the inhalation of SNP stabi-
lized with PVP led not only to a noticeable bactericidal effect but also recovered the 
balance of the immune system of mice.

2.2.3  Antifungal Activity

The fungal infections pose a significant health problem with higher mortality from 
systemic infections than that of bacterial sepsis (with latest estimates of mortality at 
10–20%, possibly up to 47%) (Kesarwani et al. 2019). A series of nanomaterials 
have been developed and proven to exhibit prominent antifungal properties (Chen 
et  al. 2020). Recently, it has been found that graphene oxide silver nanoparticle 
nanocomposites can suppress the development of hyphae, showing a significant 
antifungal effect (Chen et al. 2016).

The red bread mold Neurospora crassa has long been established as a model 
system in basic research. It can be very easily genetically manipulated and a wealth 
of molecular tools and mutants are available. In addition, N. crassa is very fast 
growing and nontoxic. All of these features point to a high potential of this fungus 
for different applications (Havlik et al. 2017). More detail analysis of antifungal 
activity has been done for N. crassa. The antifungal activity of samples was studied 
against wild-type strain wt-987 and nit-2 (no nitrite and nitrate reductases) and nit-6 
(no nitrite reductase) mutants of N. crassa (Fungal Genetics Stock Center, USA). 
The concentration of conidial suspension (vegetative spores) stored at −70 °C was 
30 mg/mL. 0.3 mL of N. crassa spore suspension was dripped onto the surface of a 
2% Vogel’s agar medium in sterile Petri dishes. The control and antibiotic-loaded 
UV-sterilized samples were placed face down onto the nutrient medium with a uni-
formly distributed spore suspension and incubated at 28 °C for 24 h. The degree of 
antifungal activity was estimated as the diameter of fungal growth inhibition zone 
around the sample (agar diffusion test) (Sukhorukova et al. 2018). The results of 
agar diffusion tests of samples against wt-987 N. crassa strain and its nit and nit-6 
mutants with impaired nitrogen metabolism are presented in Table 2.2. The results 
indicated that samples with amphotericin B effectively inhibited mycelium growth 
of all N. crassa strains. The fungus is characterized by strong cell walls acting as a 
barrier against metal ions, which makes their use less effective. Thus, these results 
clearly demonstrated that TiCaPCON films with implanted Pt and Fe ions and mod-
ified with amphotericin B provide innovative hybrid bioconstructions that are 
equally effective against bacterial and fungal cells.
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2.3  Immunology Tests

Assessing how engineered NP could interact with the immune system and more 
specifically could promote the development immune-toxic effect is still a matter of 
concern. NP could have an adjuvant effect on the immune system as previously 
demonstrated for particulate air pollution (Feray et al. 2020). Easy surface modifi-
cations of the NPs enable the modulation of the immune system either by evading 
the immune system to prevent allergic reactions or by enhancing the immunogenic 
response. During their delivery of payloads, NPs are also involved in interactions 
with nonspecific biomolecules inside the human body. These interactions are key 
functional properties of NPs. The surface modification of NPs enables their fabrica-
tion with properties that facilitate either their escape from the immune system or 
increase the immune response to a particular infection. The modulation of the 
immune response is a unique area of interest in biomedical research, as it can aid in 
the efficacious treatment of cancer and other immune disorders. However, uncon-
trolled immune-stimulation can lead to the development of allergic reactions, ana-
phylaxis, and thrombosis (Muhammad et al. 2020). Experimental in vitro models 
must be developed to monitor these effects. The challenge is to select the most rel-
evant cells and endpoints using a simple, robust, and representative model. Most of 
the work regarding NP-induced immunomodulation has been focused on the activa-
tion of key immune cells.

Lymphocyte viability was determined using the vital 7-aminoactinomycin D 
(7-AAD) intercalating DNA dye, which penetrates the cell only when the integrity 
of the membrane is broken. 7-AAD solution was added to the mononuclear cell 
suspension (106 cells/mL) selected on the density gradient and incubated for 10 min. 
Samples were analyzed after 15 min staining on a FACSAria III flow cytometer 
using BD FACSDiva software. The 104 cells were analyzed in each sample.

The proliferation of lymphocytes was determined using the carboxyfluorescein 
(CFSE) dye. Each lymphocyte cell stained with CFSE under the influence of a mito-
gen is divided into two cells with approximately twofold lower intensity. The more 
occurred cell divisions (mitoses), the lower the level of luminescence. On the cyto-
metric histogram, CFSE-stained cells are arranged in a series of consecutive peaks 
with decreasing luminescence intensity. Lymphocytes (106 cells/mL) were stained 
with 5 mM CFSE prior to their cultivation. Cells were incubated in an atmosphere 
of 5% CO2 at 37 °C for 10 min. Then 3 mL of cooled RPMI-1640 medium was 

Table 2.2 Zones of inhibition around TiCaPCON samples with implanted Pt and Fe ions after 
agar diffusion tests. Pt, Fe-A  – samples with implanted Pt and Fe ions and modified with 
amphotericin B. Control – TiCaPCON samples without amphotericin B. A, amphotericin B disc

Samples
Diameter of growth inhibition zone, mm
nit-6 N. crassa nit-2 N. crassa wt987 N. crassa

Pt, Fe -A 17–20 15–19 23–24
Control 0 0 0
A 22–23 24 27–28
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added, incubated at 4o C for 5 min, and then washed twice with cooled RPMI-1640 
medium containing 10% fetal bovine serum (FBS). Centrifugation was performed 
at 400xg for 5–7 min and the supernatants were discarded. The cells were resus-
pended in RPMI-1640-based complete nutrient medium to their original concentra-
tion. Then, the cell suspension was introduced into the wells of a 96-well plate and 
incubated in 5% CO2 at 37 °C for 6 days renewing the medium, if necessary. At the 
end of incubation, the cell suspension was transferred into cytometric tubes and 
then 1 mL of PBS was added. After centrifugation at 400xg for 5 min, the superna-
tant was removed, the pellet was resuspended, fixed with 1% formalin solution, and 
finally analyzed using flow cytometry method.

After separation on a density gradient, lymphocytes were incubated in the pres-
ence of Pt- and Fe-implanted TiCaPCON-coated samples in full nutrient medium 
RPMI 1640 and 5% CO2 at 37 °С for 2 days. Then the lymphocytes were pheno-
typed. For this, lymphocyte suspension was stained with monoclonal antibodies: 
CD3 PerCP-Cy 5.5 (to identify T cells), CD19 PE (B-cells), and CD25 APC and CD 
69 FITC (to reveal activation markers on the surface of T and B lymphocytes). 
Staining was carried out in the dark at 20s°C for 20 min. Then the cells were washed 
in PBS, fixed with formalin solution, and subjected to flow cytometric analysis 
within 24 h. Previously, antibacterial and immunomodulating activities of silver NP 
were studied in tuberculosis models on experimental mice (Kalmantaeva et  al. 
2020). To assess the cytotoxicity of Pt- and Fe-implanted NP, the viability and pro-
liferation of lymphocytes, as well as the expression of activation markers CD69 and 
CD25 on the lymphocyte surface, were studied. Heparinized blood, diluted twofold 
with phosphate-buffered saline (PBS) with 2% FBS, was layered on a 
Histopaque-1077 density gradient in a ratio of 1:1 and centrifuged at 400xg for 
30  min at room temperature. The selected opalescent ring was washed twice at 
250xg in 10 ml of PBS with 2% PBS. The pellet was resuspended in RPMI 1640 
complete nutrient medium containing 10% FBS, 2 mM glutamine, 10 mM HEPES, 
and 25 μM 2-mercaptoethanol. Cell viability was determined using a trypan blue 
assay. The concentration of cell suspension was adjusted to 106 cells/ml using an 
automatic TC20 counter.

The Fe, Ag, and Pt NPs did not significantly change the viability of lymphocytes 
relative to cells incubated in the medium during the entire analysis period, except 
for Pt NP, which slightly increased the number of dead cells in the culture after 
7 days of incubation (Fig. 2.1).

A comparative analysis of the influence of NPs on the change in the functional 
activity of lymphocytes showed that in the presence of NPs the level of proliferative 
activity of lymphocytes does not change. In the presence of Fe and AgNPs, there 
was a slight decrease in the proliferative activity of lymphocytes induced by con-
canavalin A (Con A) mitogen. The level of lymphocyte proliferation in the presence 
of Pt NPs did not significantly differ from that when this indicator of lymphocytes 
incubated without Pt NP (Fig. 2.2).

The content of CD3 T lymphocytes and CD19+ B lymphocytes in cell cultures 
incubated in the medium for 48 h was 82.0 ± 1.95% and 8.7 ± 1.16%, respectively. 
The presence of NP in the medium did not affect the content of T and B 
lymphocytes.
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One of the indicators reflecting cell activation is an increase in the expression of 
activation markers, in particular, a CD69 marker of early activation and CD25, a 
subunit of the IL-2 α receptor. A comparative analysis of the number of B lympho-
cytes carrying a CD69 marker on their surface showed that in the presence of Fe and 
Ag NPs, the content of CD19 + CD69 + cells increases by 1.8- and 1.5-fold, respec-
tively, and when Pt nanoparticles are added, by two- and sevenfold. In addition, 
under the influence of all nanoparticles, the expression of the CD25 molecule on the 
surface of B lymphocytes was enhanced (Fig. 2.3).

Fig. 2.1 The viability and proliferation of lymphocytes
A – an example of a cytofluorogram reflecting the percentage of dead cells over a 7-day period: 
control, lymphocytes without the addition of nanoparticles (RPMI); TiCaPCON-Fe, lymphocytes 
in the presence of Fe nanoparticles; TiCaPCON-Ag, lymphocytes in the presence of Ag nanopar-
ticles; TiCaPCON- Pt, lymphocytes in quantities of Pt nanoparticles; M1, percentage of dead cells
B – a diagram reflecting cell viability at different times of observation. Data are presented as mean 
and standard deviation of three conditionally healthy donors
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Fig. 2.2 Proliferation of lymphocytes. Assessment of proliferative activity of peripheral blood 
lymphocytes of donors: RPMI, unstimulated cells; Con A, mitogen-stimulated cells

Fig. 2.3 The expression of activation markers CD69 and CD25 on the lymphocyte surface. The 
effect of Fe, Ag, and Pt nanoparticles on the activation of lymphocytes in vitro reactions. Data are 
presented as mean and standard deviation of three conditionally healthy donors

S. G. Ignatov et al.



33

In the presence of NP, there was an increase in the marker of early activation of 
CD69 on the surface of T lymphocytes. The number of T lymphocytes carrying a 
molecule on the surface of CD25 did not significantly differ between the studied NP.

Thus, all NPs were not toxic to cells (with the exception of Pt NPs, although their 
cytotoxicity appeared only on the 7th day in cell culture). NP did not affect the pro-
liferative activity of lymphocytes, i.e., there was no nonspecific activation of cells in 
the presence of NPs, and NP had virtually no effect on the ability of lymphocytes to 
activate in response to mitogen. Nevertheless, a certain reaction of lymphocytes to 
NPs can be traced, as evidenced by the increased expression of activation markers 
on the surface of both B and T lymphocytes.

2.4  Conclusion and Future Perspectives

The application of nanotechnology methods for pharmacological systems suggests 
that these methods might improve the physicochemical and pharmacological prop-
erties of bioactive substances. Various nanomaterials have been explored to improve 
bactericidal and fungicidal efficiency. Consequently, the search for new antimicro-
bial agents is a major challenge for modern medicine. The development and 
 fabrication of antibacterial and antifungal yet biocompatible surfaces are still a 
challenge. Thus investigations will open up new possibilities for the production of 
cost- effective, scalable, and biologically safe implants with strong bactericidal 
activity for future applications in the orthopedic field and the field for the struggle 
against hospital infections.
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Chapter 3
Enzymatic Tissue Biotests (MAO 
and AChE Biotests) and Bioindicators

Arkadii Yustianovich Budantsev and Victoria Vladimirovna Roshchina

Abstract A review of results in the development of biosensor systems and biotests 
using enzyme tissue preparations is presented. Three types of sensory systems are 
considered:

 1. Tissue sections and homogenates of the rat liver, which have high monoamine 
oxidase activity (MAO, monoamine O2 oxidoreductase, EC 1.4.3.4). The ana-
lytical range for tryptamine, serotonin, tyramine, dopamine, and noradrenaline is 
10−4–10−2 M. The indicator biotests can be used for the determination of bio-
genic monoamines in solutions, inhibitors, and promoters of MAO (e.g., for the 
primary screening of pharmacological compounds affecting the activity of 
MAO).

 2. Tissue samples with high acetylcholinesterase activity (AChE, КФ 3.1.1.7). The 
sensitivity of the AChE test for the tested inhibitors is shown to be for eserin and 
neostigmine ~10−5 M.

 3. Whole plants (apical root meristem, etc). A system for using the Allium test for 
determining cytostatics in pharmacology and ecology is developed. We studied 
blocking mitoses in the S-phase of the cell cycle by amethopterin (methotrex-
ate). The developed biotests may be used in the system of primary screening of 
various natural and artificial compounds in ecology, pharmacology, and 
biosafety.
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Nomenclature

ACh Acetylcholine
AChE Acetylcholine hydrolase
AntiChEs Anticholinesterase activity
BCh Butyrylcholine
BChE Butyrylcholinesterase
ChE Cholinesterase
DTPDD 2,2-Dithio-bis-(p-phenyleneazo)-bis-(1-oxy-8-chlorine-3,6)-

disulfur acid
Fast Red TR 4-Chloro-2-methylbenzenediazonium salt (or 4-chloro-2- 

methylaniline hydrochloride)
MAO Monoamine: oxygen oxidoreductase

3.1  Introduction

In 1978, an article by G.  Rechnitz entitled “Biochemical Electrode using tissue 
slice” was published in the journal Chemical & Engineering News (v. 56, 9 Okt., 
h.16). This article was the first to describe the possibility of using sections of mam-
malian tissue as a biosensor. G. Rechnitz used a system consisting of a thin layer of 
bovine liver and a purified urease preparation immobilized on the membrane of an 
ammonia gas-sensitive electrode to determine arginine. In 1979, G. Rechnitz cre-
ated a “tissue biosensor” using sections of mammalian tissue as a biocatalytic ele-
ment of an electrochemical biosensor. A few years later, reviews about tissue 
biosensors were published (Arnold 1986; Terner et al. 1992).

Biosensor devices (electrodes), in which crude enzymes (enzyme preparations) 
are used in the form of cell populations, tissue sections and immobilized microor-
ganisms, etc., “tissue biosensors,” have a number of advantages and disadvantages.

Among the advantages, the following can be noted: (1) There is no need to carry 
out complex and expensive procedures for the isolation and purification of enzymes 
(commercial pure enzymes are extremely expensive). (2) The enzymes (and cofac-
tors) in tissue preparations are in a natural immobilized state, especially in the case 
of membrane-bound enzymes and in a natural biochemical environment. (3) In the 
case of using living cells (cell culture) and especially microorganisms, biosensor 
electrodes can be regenerated by immersing them in a nutrient medium.

These advantages make it possible to develop inexpensive biosensors with a suf-
ficiently long term of use.

However, tissue biosensors have disadvantages: (1) low selectivity due to the 
presence of a number of impurities in the enzyme preparations that can catalyze side 
reactions, (2) often slowly working tissue biosensors due mainly to the diffusion of 
substrates into cells and products of enzymatic activity from cells, and (3) low rate 
of electrode surface regeneration for the next measurement.
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The noted advantages and disadvantages are not absolute, and in each case, the 
disadvantages do not turn out to be limited when choosing a strategy for developing 
a tissue biosensor, and the advantages may not be so winning.

Another group of bioanalytical systems, “tissue bioindicators,” is small-cell, 
simple animals and lower plants, living cells, and organs of plants and animals that 
have specific reactions to external physicochemical effects (Budantsev 2012a, b).

This chapter presents the results of studies related to the processing of biosen-
sors, test systems based on tissue pre-preparations of monoamine oxidase (MAO; 
monoamine:oxygen oxidoreductase, deamination, KF 1.4. 3.4), and acetylcholines-
terase (AChE, acetylcholine hydrolase KF 3.1.1.7). Also, the results of a study of 
some tissue bioindicators have been summarized.

3.2  Tissue Biotests

3.2.1  Tissue Biotest for Monoamines (MAO Biotest)

In various animal tissues, a high activity of monoamine oxidase (MAO; 
monoamine:oxygen oxidoreductase, deamination, K Ф 1.4. 3.4) was found, that at 
deamination of catecholamines and indolamines in the aqueous medium connected 
with the formation of ammonium ions:

 RCH NH RCHO NH 2 4� � �

 

MAO is a membrane-bound enzyme of the outer mitochondrial membranes. 
Many methods have been described for determining the activity of MAO, among 
which one of the most convenient is associated with determining the concentration 
of ammonium using an ion-selective ammonium electrode (Meyerson et al. 1978). 
Another variant of the electrochemical biosensor using purified MAO preparations 
(and liver mitochondrial homogenate) and a pH electrode allows one to determine 
millimoles of tyramine, serotonin, and benzylamine (Balcere et al. 1989).

It is known that the animal liver contains high MAO activity (Budantsev and 
Guryanova 1975); therefore, to develop the MAO biotest, we used slices, homoge-
nate, and rat liver lyophilizate fractions. Slices of rat liver (Wistar line) were pre-
pared in a cryostat at a temperature of 15–20 ° C. The thickness of the slices is 
20–50 microns. Cellulose matrices (9 mm in diameter) were used to immobilize the 
liver and enzyme section.

The MAO activity level in the biotest was determined by Nessler’s reagent (opti-
cal density of the reaction product was 400 nm). It was shown that in a biotest with 
a diameter of 9 mm, the MAO activity (substrate – tryptamine) is 59 ± 2.9 nmol 
NH3/45 min/biotest or 77 nmol NH3 /mg protein /45 min. The average protein con-
tent in one biotest is about 760 mcg. To analyze the MAO inactivity in the biotest, a 
color reaction (drop analysis) with nitro blue tetrazolium (HCT) was used (Glenner 
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and Burthner 1957; Budantsev and Zharikova 1976). Reflectometric measurements 
were carried out on a special device (Budantsev et al. 1995).

Reflectometry analysis showed that the sensitivity of the biotest for catechol-
amines (cofamine, tyramine, and norepinephrine) is 5 × 10−4 mol/l and for indol-
amines (tryptamine and serotonin) (2–3) × 10−4 mol/l. Histamine is not deaminated 
when using the MAO biotest. Fifty percent MAO activity = test persists for 3 months 
(Budantsev et al. 1997).

MAO inhibitors are widely used in experimental biology and medicine (Gorkin 
1981; Finberg and Yodim 1983; Gorkin and Ovchinnikova 1993). It is known that a 
number of antidepressants are MAO inhibitors (Pare 1976; Mashkovsky et al. 1983). 
Various pharmacological, biochemical, and physiological methods are used for the 
primary pharmacological screening of antidepressants (Mashkovekiy et al. 1983). 
Table 3.1 shows the results of the measurement of the activity of MAO tests with 
placebo and some MAO inhibitors. Lyophilized rat liver homogenate was used as an 
enzyme preparation of MAO.

Figure 3.1 shows the kinetics of the formation of NH4
+ at deamination of tyra-

mine, dopamine, tryptamine, and serotonin. The substrate activity with respect to 
the MAO biotest decreases in the following order: tyramine> dopamine> trypt-
amine> serotonin (Budantsev 1991).

The formation of NH4
+ linearly depends on the thickness of the section of the 

liver (tissue mass) in the range 25–125 μm (5–25 mg of tissue) with a 20-min incu-
bation. The nonlinearity observed in the range of 125–200 μm (25–40 mg of tissue) 

Table 3.1 Results of the reflectometric measurement of the activity of MAO tests

Substance Concentration mM Im Ie R

Buffer 0.80 ± 0.01(6) 0.54 ± 0.04(8) 1.49 ± 0.11
NaCl 3.4 0.83 ± 0.01(6) 0.58 ± 0.03(8) 1.43 ± 0.07
KCl 2.7 0.84 ± 0.05(2) 0.58 ± 0.07(4) 1.45 ± 0.19
CdCl2 5H2O 0.7 0.81 ± 0.01(2) 0.53 ± 0.03(2) 1.51 ± 0.08
H3BO3 3.2 0.86 ± 0.04(2) 0.53 ± 0.02(2) 1.62 ± 0.09
BaCO3 1.0 0.83 ± 0.02(2) 0.44 ± 0.00(2) 1.89 ± 0.04
Ficoll 0.5 0.82 ± 0.01(2) 0.59 ± 0.04(4) 1.40 ± 0.09
Heparin 0.2 0.83 ± 0.02(2) 0.61 ± 0.07(4) 1.37 ± 0.20
Ipranioside 0.7 0.81 ± 0.01(6) 0.77 ± 0.02(10) 1.05 ± 0.03
Chlorhilin 0.6 0.82 ± 0.05(2) 0.76 ± 0.01(4) 1.07 ± 0.06
Pargilin 1.0 0.82 ± 0.03(2) 0.78 ± 0.02(4) 1.05 ± 0.04
Nialamide 0.7 0.81 ± 0.03(2) 0.73 ± 0.03(4) 1.12 ± 0.06
CuSO4 0.8 0.88 ± 0.02(2) 0.78 ± 0.01(2) 1.12 ± 0.04
NH4OH 2.8 0.89 ± 0.02(2) 0.75 ± 0.05(4) 1.19 ± 0.08
Acridine Orange 0.7 0.59 ± 0.01(2) 0.75 ± 0.01(2) 0.79 ± 0.01
Sodium-dodecyl sulfate 0.7 0.90 ± 0.01(2) 0.76 ± 0.03(2) 1.18 ± 0.04
8-Oxydroxy-quinoline 1.4 0.79 ± 0.03(2) 0.43 ± 0.02(2) 1.82 ± 0.09

Abbreviations: R = Im / Ie, Where Ie is the reflection value of the biotest after the color reaction of 
biotest after inhibitors, and Im is the reflection of the pure biotest
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is apparently associated with an increase in the diffusion barrier for substrates and 
the release of NH4 + ions from the tissue.

The data showed that all the tested main specific MAO inhibitors gave positive 
results with the MAO test (K  =  1.05–1.12; for placebo and buffer, the value 
K  =  1.43–1.49). In addition, copper sulfate and sodium dodecyl sulfate had an 
inhibitory effect on MAO activity (K = 1.12 and 1.18), which is consistent with the 
data obtained by modifying the activity of copper ions and solubilization with ionic 
detergents during MAO purification (Gorkin 1976). The inhibitory effect on the 
MAO test of hydroxylamine (K = 1.19) and acridine orange (K = 0.79), with the 
interaction with MAO cofactor, is well known (Gorkin 1981), although the color 
with acridine orange changes the spectral properties of MAO test. It did not give a 
positive result of 8-hydroxyquinoline, the inhibitory effect of which on MAO is well 
known (Gorkin 1981).

3.2.2  Tissue Biotest for Inhibitors of Acetylcholinesterase 
(AChE Biotest)

The diameter of the cellulose matrices for AChE biotest is 8 mm. Acetone powder 
of an electric organ Electrophorus electricus (Sigma, E2384), cryostat sections, and 
lyophilization of the nuc. caudatus (rat brain) were used as a tissue source of ACh 
in biotests (for details of preparation, see Budantsev 2012a).

To determine the AChE activity in the homogenate, the Ellman method was used 
in modification with an alcohol solution of 5,5′-dithiobis-2-nitrobenzoic acid 
(DTNB) (Ellman et al. 1961; Gorun et al. 1978).

The ferry-ferrocyanide reaction (Karnowsky and Roots 1964) was used for pho-
tometric analysis of AChE test (λ = 480 nm) (Budantsev 1999, 2004; Budantsev and 
Budantseva 2005).

Fig. 3.1 Kinetics of the 
formation of NH4

+ as a 
result of deamination of 
tyramine (1), dopamine 
(2), tryptamine (3), and 
serotonin (4)
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Three AChE inhibitors were used: eserin (eserin hemisulfate, Sigma), neostig-
mine (neostigmine methyl sulfate) in a final concentration of 10−6–10−4 M, and san-
guinarine chloride (Sigma, S5890) in a concentration of 10−4–10−3  M.  The test 
results are shown in Table 3.2. The sensitivity of the AChE test for the tested inhibi-
tors is shown to be for eserin and neostigmine 1 × 10−5 M.

The AChE activity in the homogenate of the acetone powder of the tissue of an 
electric eel organ is 118 μmol of thiocholine/min/g of powder. After 3 months of 
storing the biotests at room temperature, the AChE activity in one matrix was 
19.8  μmol thiocholine/min, i.e., 70% of the initial activity (28.3  μmol thiocho-
line/min).

The results of the measurement of AChE activity in microplate photometry are 
shown in Fig. 3.2. Reliably, you can measure the effect of eserin in the range of 
10−4 – 10−6 M, which coincides with the results given above.

A number of bioassays based on the enzymes AChE and butyrylcholinesterase 
(BChE) are known. For example, biotests are based on cellulose matrices and puri-

A

0.5

0.4

0.3

0.2

0.1

10-4 10-5 10-6 10-7

M

norm.

W/S

Fig. 3.2 The optical 
density (A) of AChE tests 
after the action of the 
inhibitor (MicroReader4 
photometer, special tablet). 
Designations: norm, AChE 
activity in control; w/s, 
incubation without 
substrate; 10−4–10−7 M, the 
concentration of eserin; the 
difference between the D 
values is significant with 
P < 0.001 (except for 
10−7 M eserin)

Table 3.2 The results of a study of the action of inhibitors on AChE activity in a biotest

Experience conditions M ± m (n = 9) % activity** Р
Control incubation 0.142 ± 0.004 Dci* 100
Incubation without substrate 0.047 ± 0.002 Dws <0.01
Ezerin 10–4 M 0.060 ± 0.003 Dinh 13.7 <0.01
Ezerin, 1 × 10–5 M 0.095 ± 0.005 50.5 <0.01
Eserin, 1 × 10–6 M 0.151 ± 0.004 109.5 н/д
Neostigmine, 1 × 10–4 M 0.059 ± 0.002 12.63 <0.01
Neostigmine, 1 × 10−5 М 0.066 ± 0.002 20 <0.01
Neostigmine, 1 × 10–6 М 0.104 ± 0.002 60 <0.01

Note: * – reflected coefficient D* = log (S0 / Si), where S0 is the “brightness” of the test before the 
action of the tested compounds and Si is the “brightness” of the tests after incubation with the test 
compound (“brightness” values of biotest images on a scale of 256 gray gradations); ** – % activ-
ity = [(Dinh – Dws) × 100] / ((Dci – Dws)
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fied AChE from erythrocytes of bovine blood (Fleisher et  al. 1955), flounder 
(Badilevsku et al. 1983), and human (Aptukhin et al. 1991). In other embodiments, 
chemical polymer matrices with AChE preparations from the brain and BChE from 
blood plasma and from horse blood serum were used (Halamek and Tusarova 1994, 
etc.). In the above works, various methods of staining the final reaction products 
were used and mainly a visual assessment of the reaction of biotests to test sub-
stances – organophosphorus and carbamate pesticides and medicinal compounds. 
The detection limit of these compounds varied in the range of 10−3 mg/ml–10−8 
(10−9) M of phosphorus-organic pesticides (chlorophos, etc.). Comparative charac-
teristics of AChE active biotests and other biosensor systems for the determination 
of AChE inhibitors, in particular pesticides, are given in several review articles 
(Evtyugin et al. 1999, 2002).

In our experiments, acetone powder of fish electric organs/homogenate of rat 
brain tissue and cryostat sections from brain regions with high AChE activity (nuc. 
caudatus) was used for the development of biotests. According to our data, using the 
developed biotests and the used detection method (ferry-ferrocyanide reaction), it is 
possible to reach the detection limits of AChE inhibitors of the order of 
10−6–10−5 M. (Budantsev 2001). The developed biotest and detection system can be 
used for primary screening of AChE inhibitors and reactivators in pharmacology, 
ecology, biological resource science, etc. It is necessary to note the simplicity of the 
technology and low material costs in the manufacture of AChE biotests based on 
tissue enzyme preparations.

Of interest is the work in which a tablet photometer was used to determine the 
effect of organophosphorus compounds on the activity of AChE. In one case, the 
Ellman reaction was carried out directly in the cells of the tablet, and photometric 
analysis was performed. In other works, in the cells of a standard tablet, “solid solu-
tions” of cholinesterase were prepared using N-phthaloylchitosan, and a tablet test 
was obtained for 96 samples (Prokopov et al. 1992).

The use of 96-cell tablets and tablet photometers is a convenient and fast way for 
quantitative photometric analysis of the reactions of chemical tests and biotests 
made based on paper materials. Proprietary tablet photometers are equipped with 
the necessary software and tablet scanning systems, which allow not only single- 
wave but also multi-wave photometric analysis. This will increase the accuracy of 
the analysis.

3.3  Bioindicator Tests (Plant Tissues)

3.3.1  Bioindicators for Cytostatics (Allium Test)

In 1989, a report by the International Commission for Protection against 
Environmental Mutagens and Carcinogens was published on tests for the detection 
of mutagenic and carcinogenic chemicals (Guide 1989). Among the recommended 
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tests, the report contains an Allium test, which was first recommended for analysis 
of cytostatics in 1985 at the suggestion of the Swedish Academy of Sciences (Fiskesj 
1985, 1995; Fiskesj and Levan 1993). It was known that cytostatics block the pri-
mary growth of Allium cepa roots (Truchaut and Deysson 1964; Deysson 1968).

The Allium test involves an analysis of the effects of chemical compounds and 
physical factors on the growth of the roots of Allium cepa onions. Currently, the test 
is widely used to analyze the effects of many harmful environmental factors: organic 
compounds, heavy metals, radionuclides, etc. (Arambasic et  al. 1995; Liu et  al. 
1995; Sinevits et al. 2009).

 Мethotrexate

Here we cite as an example the use of the Allium test to analyze the effect of metho-
trexate, a well-known cytostatic agent. Methotrexate is used to treat cancer and 
autoimmune diseases (Samuilov 2001; Nasonov 2005; Perevodchikova 2005; 
Nevezhaj et al. 2006).

The experiments were carried on the bulbs of Allium cepa of the first year of 
development (Stuttgart rizen, Holland). Bulbs were germinated for 24 hours in tap 
water, at a temperature of +24 ° C, in the dark, until the appearance of roots 7–10 mm 
long. Then the bulbs were transplanted into a six (or ten) canal installation, where 
the main experiments with methotrexate were carried out.

The inhibitory effect of methotrexate is manifested during the first 30 min (con-
centration 2  ×  10−7  M) and persists for several days after washing methotrexate 
(Table 3.3).

During incubation with roots in the spectra of the incubation solution, changes 
are observed, apparently indicating metabolic destruction of methotrexate in the 
process of interaction with the onion root system. Cytological analysis showed that 
under the influence of methotrexate, the root apex meristem cells undergo strong 
degenerative changes characteristic of programmed cell death (Budantsev 2013a, b; 
Budantsev and Kutyshenko 2014).

Table 3.3 The effect of different concentrations of methotrexate on root growth

Time of 
experiments

Control Methotrexate (M)

1 (n = 5) 2 (n = 5)
2.2·10−6 
(n = 5)

2.2·10−7 
(n = 5)

2.2·10−8 
(n = 5)

2.2·10−9 
(n = 5)

0 hour* 13.2 ± 0.5** 15.1 ± 0.3 13.7 ± 0.7 11.8 ± 0.2 14.1 ± 0.2 16.1 ± 0.6
After 28.5 h 27.9 ± 1.7 27.9 ± 1.4 13.5 ± 0.7 14.1 ± 0.3 16.9 ± 1.2 30.7 ± 1.7
After 52.5 h 37.6 ± 1.0 34.2 ± 0.6 13.6 ± 0.3 13.5 ± 0.6 18.9 ± 1.4 41.3 ± 0.7
After 78 h 52.8 ± 1.3 51.0 ± 0.6 11.6 ± 0.4 13.0 ± 0.5 19.5 ± 1.3 51.8 ± 0.7

Note: * – beginning of the experiment; ** – root length in mm; *** – the growth of roots relative 
to the “zero” time (n is the number of measurements)
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 Heavy Water (D2O)

The root growth curves in H2O and D2O are shown in Fig. 3.3. It is seen that in 
heavy water there is an irreversible halt to root growth. After incubation in heavy 
water, roots transferred to light water did not resume growth. In addition, the incu-
bation in heavy water stopped the growth of the upper green parts of the plant.

There is evidence that the transfer of some algae and bacteria to heavy water by 
70–100% leads to “isotopic suspended animation” with or without growth arrest, 
but is always accompanied by a change in the dynamics of mitoses (Goldovsky 
1961; Roginsky and Shnol 1963). An unambiguous conclusion about the anabiotic 
nature of stopping root growth in heavy water cannot be drawn from our data, but 
analysis of the “crushed” samples revealed a strong weakening of mitotic activity in 
the apex of roots growing in heavy water (Budantsev et  al. 2010; Budantsev 
et al. 2012).

Fig. 3.3 Growth curves of onion roots in “light” and “heavy” water. The ordinate axis is the length 
of the roots, and the abscissa axis is the growth times
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3.3.2  Living Plant Cells as Bioindicators

Many living plant cells are used to test various chemical compounds: for example, 
the famous Tradescantia stamen filament cells (a chain of large single cells with 
high metabolic activity), the epidermis of the succulent onion bulb leaves (cell 
monolayer), and the double layer of cells – the Elodea leaf.

It is known that epidermal cells of succulent bulb leaves are used as a test to 
determine the toxic effect of herbicides (Beuret and Pont 1987), stamen filaments of 
Tradescantia are highly sensitive to ionizing radiation and heavy metals (Osipova 
and Shevchenko 1984; Evseeva and Geraskin 2001), and others. Interesting studies 
were performed in studying the effects of various chemical fixatives on plant hair 
cells, for example, basal cells from tomato petiole hairs (Mersey and McCully 
1978), pumpkin hairs, etc. (Braune et al. 1967).

 Elodea Leaf

In recent years, Elodea has been widely used as a biotest in the environmental moni-
toring of water pollution, mainly by heavy metals and radionuclides (Olette et al. 
2008; Ipatova and Dmitrieva 2009). We performed a detailed quantitative morpho-
logical analysis of both layers of cells and cells of the central vein of the leaf blade 
(Budantsev and Kornilova 2011; Budantsev 2012b).

 Tradescantia Stamen Hair Cells

Tradescantia hair cells have unique properties that respond to various mutagenic 
effects: radiation, chemical mutagens, mignite fields, etc. (Ichikawa et  al. 1969; 
Evseeva and Geraskin 2001). In connection with this, they are widely used as test 
objects in radiobiology and ecology (Osipova and Shevchenko 1984, etc.).

The mutagenic effect on the flowers of Tradescantia leads to a change in the 
color of the flower scaffolds, as well as a change in morphological parameters: the 
appearance of “giant cells”; a change in the direction of hair growth, including 
bifurcation of the hair (normally the hairs will represent linearly connected cells); a 
change in the pigment content; the appearance of unpainted cells; etc. Several types 
of morphological violations of the structure of the hair cells of Tradescantia under 
mutagenic influences were identified (Underbrink et al. 1970) (Fig. 3.4).

Changes in the sequence of arrangement of cells in the hair (bends, branching) 
and cell sizes are considered as morphological anomalies connected not only with 
mutations but also with the physiological state of cells (Evseeva and Geraskin 2001).

We have shown high variability in the morphological parameters of cells in three 
regions of the hair: the basal, middle, and apical parts, which must be taken into 
account when using these cells as biotests for mutagens (Budantsev et  al. 2018; 
Budantsev 2019a, b).
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3.4  Test Bioprobes for Inhibitors of Cholinesterases

Some similar experiments with coloring on cholinesterase activity were demon-
strated on female bract cells of hop Humulus lupulus and alga Chara vulgaris.

Some authors applied azo dye Fast Red TR salt (4-chloro-2- 
methylbenzenediazonium salt (or 4-chloro-2-methylaniline hydrochloride)) for 
determination of spot (band) of ChE reacting with β-naphthyl acetate as substrate in 
gel electrophoresis (Harris et al. 1962) or bacteria analysis (Kakariari et al. 2000).

For the experiments connected with the observation of ChE activity in algae 
cells, we used dye Fast Red TR which in the presence colorless α- or β-naphthyl 
acetate colors in red (Kakariari et al. 2000). All experiments on cholinesterase activ-
ity were performed at temperatures 20–22 °C. Samples of the slide flooded in opti-
mal for hydrolytic reaction substrate concentrations (10−3  M β-naphthyl acetate 
(0.05 ml) dissolved in 0.05 M potassium phosphate buffer pH 7.25–7.5. Enzyme 
activity was estimated by incubation of algae sample with α- or β-naphthyl acetate.

First histochemical research for coloration of ChE in animal cells has been based 
on the color reactions with some azo compounds (Menten et al. 1944; Nachlas and 
Seligman 1949). The histochemical staining was also used for plant cells and iso-
lated organelles (Roshchina 2018). The main mechanisms of the dye Fast Red TR 
salt staining and β-naphthyl acetate as substrate are based on the transfer of the 
colorless object to red color. Some experiments are done with coloring on ChE of 
worm planarians that also release the enzyme from the body to river water 
(Roshchina et al. 2019).

Fig. 3.4 Types of violations in the hairs of stamens of the Tradescantia. 1, normal hair; 2, pink and 
colorless cells; 3, giant cells; 4, dwarf cells; 5, curving hair; 6, branched hair; 7–9, hairs with 
stunted growth; 10–12, some complex combinations of cell types; (a) blue, (b) pink, (c) colorless 
hair
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Pretreatment with ChE inhibitors neostigmine and physostigmine (10 6–10−4 M, 
20–30 min) shows the inhibition of enzyme activity in the sample. The most com-
plete inhibition of coloring was observed at concentrations 10−4 M, as described in 
the work of Fluck and Jaffe (1974). The images of the cells were analyzed under 
transmitted light of luminescence microscope Leica DM 6000 B. The absorbance 
intensity was measured in three to four samples of algae body per one variant. 
Results are shown graphically as upper horizontal lines on the figure histograms, 
P = 0.95.

Staining with dye Fast Red TR salt for the ChE assay demonstrated the red col-
oration of algae cells after the exposure with the colorless substrate (Fig. 3.5). The 
red color is seen in the thick cellular wall and in plasmalemma as well as in excre-
tions in regimes of transmitted light of the microscope. Its appearance was pre-
vented by the cholinesterase inhibitors neostigmine and physostigmine. After the 
preliminary exposure of the samples with the inhibitors, the evidence of the ChE 
activity is confirmed by the decrease or lack of coloration like it is illustrated for 
neostigmine (Fig.  3.5). By spectrophotometer, the changes in the absorbance at 
560 nm have been registered on the algae body (Fig. 3.5). Besides the effects with 
Fast Red TR salt, we stained the samples with DTPDD reagent (named 2,2-dithio-
bis-(p- phenyleneazo)-bis-(1-oxy-8-chlorine-3,6)-disulfur acid in form of sodium 
salt or Red analogue of Ellman reagent) if used acetylthiocholine as a substrate 
(Roshchina et al. 1994, 2019). Unlike the variant with Fast Red, the blue product 
formed on the surface of the cells was lesser noticed by the eye under the micro-
scope due to the intensive bluish-green native color of the algae.

Among the species of Characeae, the cholinesterase activity was found only in 
Nitella (Dettbarn 1962). Earlier location of the cholinesterase in the plasmalemma 
of cells from some terrestrial species has demonstrated with electron microscopy 
(Fluck and Jaffe 1974; Gorska-Brylass and Smolinski 1992) or usual light micros-

Fig. 3.5 The cellular cholinesterase reactions of algae Chara vulgaris and female bract of hop 
Humulus lupulus with Fast Red TR salt. Left, images of the histochemical staining and right – 
spectrophotometric data. (a) Without any treatment; (b) red color in the reaction with β-naphthyl 
acetate; (c) or (d) with preliminary treatment 15 min with inhibitors neostigmine and physostig-
mine 10−4 M
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copy after vital coloration with azo dyes such as DTPDD (Roshchina et al. 1994; 
Roshchina 2001). The presence of ChE as a marker of ACh on the surface and 
excretions of C. vulgaris shows the possibility of the algae communications with 
other water organisms (both animals and plants) which are able to release this neu-
rotransmitter (biomediator).

The recent possible role of plant systems including neurotransmitters such as 
ACh has been discussed for terrestrial allelopathic relation (Sharma and Gupta 
2019). In this way, cells of algae Chara vulgaris may serve as a suitable model in 
ecology for the analysis of contacts between various living inhabitants of water 
biocenosis due to secretions of neurotransmitters contacting with biosensors such as 
cholinoreceptors as well as cholinesterase (Roshchina 2019) that directly relates to 
allelopathic interactions.

We stained the samples with DTPDD reagent (Red analogue of Ellman reagent) 
if used acetylthiocholine as a substrate (Roshchina et al. 1994, 2019). Unlike the 
variant with Fast Red, the blue product formed on the surface of the cells was lesser 
noticed by the eye under the microscope due to the intensive bluish-green native 
color of the algae. Unlike algae, the cells of female bract of hop demonstrated in 
equal degree coloring both by Fast Red TR salt and DTPDD reagent. Cells of Chara 
and hop may serve as suitable models for testing various factors on ChE.

The ChE activity is determined in the presence of various natural organic and 
inorganic compounds, among which are allelochemicals (alkaloids, terpenes, phe-
nols) and reactive oxygen species ozone and peroxides.

Plants release excretions that may influence animal and plant ChE activity. The 
most significant inhibitory effect was observed for steroidal, bisbenzylisoquinoline, 
norditerpenoid, and triterpenoid alkaloids (Atta-Ur-Rahman et al. 2000, 2001, 2002, 
2004a, b). In the experiments with water extract from horsetail (Equisetum arvense) 
microspores and pollen of Hippeastrum hybridum as models having cholinesterase 
activity, known allelochemicals such as alkaloids berberine, glaucine, sanguinarine, 
and others inhibited the acetylthiocholine hydrolysis (Budantsev and Rochchina 
2004, 2007). However, unlike AChE of eel, maximal inhibition was observed at 
concentrations 10−7–10−5 M for variants with glaucine (70–75%), but lesser with 
sanguinarine (30–50%), whereas with berberine, physostigmine, and neostigmine it 
was not higher, 20–30%. About 20–30% rate of the acethylthiocholine hydrolysis 
was inhibited by the animal ChE inhibitors such as physostigmine and neostigmine 
(Augustinsson 1963). Therefore, the activity of microspores with pure ChE was also 
approximately 20–30%. In drastic inhibition, by glaucine and sanguinarine, the 
activity of nonspecific esterase also depressed. The main mechanism of the ChE 
inhibition may be through binding with the anionic center of the enzyme (quarter-
nary nitrogen atom), as shown for protoberberine and benzophenanthridine alka-
loids (Ulrichova et al. 1983). The effects of alkaloids were compared with the action 
of natural inorganic reactive oxygen forms such as ozone and peroxides (Budantsev 
and Roshchina 2007). Ozone and peroxides (as active oxygen species formed in 
living cells at normal and at allelopathic relations (Roshchina and Roshchina 2003) 
decreased the rate of acetylthiocholine hydrolysis by 20–30%.

3 Enzymatic Tissue Biotests (MAO and AChE Biotests) and Bioindicators



50

The sensitivity of the ChE of microspores to allelochemicals analyzed may be 
also estimated from the comparison of I50 (a concentration of the inhibitor, which 
decreases the rate of the enzyme synthesis by 50% of the control). Among the stud-
ied compounds, the highest sensitivity to neostigmine has been observed. The rutin- 
like phenolic compound, flacosid from Phellodendron amurense, also inhibits the 
cholinesterase activity, at higher concentrations. Organic peroxide tert-butyl hydro-
peroxide and alkaloid physostigmine were equally effective in similar concentra-
tions (Budantsev and Roshchina 2007). To compare the cell sensitivity, pollen 
grains of H. hybridum were most sensitive than vegetative microspores of E. arvense, 
because the effect of inhibitor is observed at lower concentrations.

Sharma and Gupta (2019) did experiments and summarized information for sub-
stances with an anticholinesterase activity (antiChEs) in weeds. It has been shown 
that weeds are rich in inhibitors of ChE both plants and animals. Leaves and roots/
tubers of the weeds were tested for the presence of antiChEs. Most weeds tested 
inhibited AChE from both animal (Eel AChE) and plants (tomato and wheat AChE). 
From ethanolic extract of roots of 45 weeds analyzed, 12 showed 100% and 27 
showed 50% inhibition of the enzyme from the animal source, while methanolic 
extract of leaves of 30 weeds showed 50% inhibition and 17 weeds showed 100% 
inhibition of enzyme from the same source. Anticholinesterases from roots of 14 
weeds showed 50% inhibition of AChE from wheat and weeds like Bidens biter-
nata, Coronopus didymus, Prosopis juliflora, Ricinus communis, Verbascum chi-
nense, and Veronica agrestis and completely inhibited the enzyme. Leaf extract of 
75% of these weeds inhibited the wheat AChE by more than 50%, and 15 weeds 
caused complete inhibition of the enzyme. The root extract of the weeds tested 
showed more than 50% inhibition of AChE from tomato leaves. Sharma and Gupta 
(2007) showed that excretions Cyperus rotundus inhibited AChE from animal and 
plant sources and inhibited germination and seedling growth in wheat and tomato. 
Many antiChEs from plants like galanthamine (Turi et al. 2014), juglone (Hejl and 
Koster 2004), pinene, and 1,8-cineole (Savelev et  al. 2003) are established 
allelochemicals.

3.5  Conclusion

Currently, a global problem has been designated under the collective name “bio-
safety,” which includes the following main areas.

 1. Environmental issues. Ecological biomonitoring is a big complex task in identi-
fying, assessing, eliminating, and, most importantly, preventing environmental 
disasters of anthropogenic nature, natural origin, or associated with mismanage-
ment. The biomonitoring of especially dangerous territories in which there is a 
chemical production, storage areas for pesticides, including chemical warfare 
compounds, is of great importance.
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 2. Health problems. Quality control of pharmacological preparations, food prod-
ucts, and physicochemical conditions of work and life of different population 
groups.

 3. Problems of biological resource science. Studying the safety of the animal and 
vegetable raw materials for the production of food additives, perfumes, means of 
disease prevention, etc.

 4. The fight against terrorism, especially in cases where chemical agents are used 
for terrorist acts. The study of the means of forensic analysis of crimes is also of 
great importance in this direction.

To solve these problems, it is necessary to search and study analytical tools that 
allow selectively and with high sensitivity to determine various chemical com-
pounds that pose an increased danger to humans: environmental pollution (pesti-
cides, salts of heavy metals, etc.), cytostatics, psychotropic compounds, drugs and 
narcotic drugs, etc. For these purposes, you can use test methods, whose place in 
chemical analysis has long been formulated (Zolotov 1997).

A new aspect of the influence on cholinesterase activity connects with the chemi-
cal interactions between various organisms  – allelopathy. Many plant excretions 
contain inhibitors of the enzyme, which also are allelochemicals. Weeds enriched in 
most allelochemicals may act on plant growth through the mechanism of the inhibi-
tion of ChE activity.

Biosensor and bioindicator tests represent one of the classes of analytical sys-
tems for solving biosafety problems. Tissue biosensors and bioindicators are the 
simplest tests that can be effectively used for a primary screening system for physi-
cochemical effects that threaten biosafety.
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Chapter 4
Is It Possible to Detect Less Than One 
Bacterial Cell?

Sergei Georgievich Ignatov, A. G. Voloshin, G. P. Bachurina, 
S. Yu. Filippovich, and Ivan Alekseevich Dyatlov

Abstract It is generally accepted that the detection limit of bacterial cells using 
biosensors is one cell. The present chapter describes the specific visualization of 
bacterial nanofragments using atomic force microscopy (AFM). The development 
of new sensitive biosensor methods for the analysis of bacteria is a very important 
area in biotechnology. AFM is a form of scanning probe microscopy where a canti-
lever with a very sharp tip is periodically scanned across special surface with immo-
bilized sample. AFM can also be used to measure forces between the tip and sample. 
The high-resolution imaging of living object is easily possible using AFM. AFM is 
a powerful, multifunctional imaging platform that allows to visualize and manipu-
late with biological samples from single molecules to living cells. An artificial nose 
is unique system for non-contact method for microbial detection. Using this 
approach, it is possible to detect bacterial “footstep,” even after removing bacteria 
from the assay medium. These two approaches can be used for detection of less than 
one bacterial cell.
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Nomenclature

AFM Atomic force microscopy
CFU Colony-forming unit
LB Lysogeny broth
OD Optical density
VOCs Volatile organic components

4.1  Introduction

Recently, a computational live bacterial detection system has been developed based 
on periodical for capturing the coherent microscopy images of bacterial growth 
inside an agar plate and analysis of these time-lapsed holograms using deep neural 
networks for rapid detection of bacterial growth and classification of the corre-
sponding species. This system can be used for the rapid detection of bacteria in 
physiological samples. Using pre-incubation of samples in growth media, this plat-
form achieved a limit of detection of ~1 colony-forming unit (CFU)/L within 9 h of 
total test time (Wang et al. 2020). This automated and cost-effective live bacterial 
detection system can be changed and used for different applications in microbiol-
ogy by significantly reducing the detection time and also automating the identifica-
tion of colonies, without labeling or the need for an expert.

To date, numerous microbiological, chemical, and physical methods are used to 
identify bacteria. The use of light and electron microscopy helps to obtain visual 
images for the analysis of the microbial population (Kommnick et al. 2019), and 
X-ray photoelectron microscopy (Turishchev et al. 2019), infrared microscopy (Shi 
et al. 2019), contact angle (Pan et al. 2020), and electrophoretic mobility measure-
ment (Kaundal et  al. 2020) methods are also commonly used in microbiology. 
However, most of these methods require special preliminary sample preparation and 
cannot be used for native analysis. The artificial nose system is interesting for the 
analysis of pathogenic microorganisms. It avoids direct physical contact with micro-
organisms and explores only their volatile components. Using this method, it is 
possible to detect bacteria in samples without contact with bacterial material. Non- 
contact method for bacteria detection is very important during analysis of the sam-
ples with potentially pathogenic bacteria. The principle of bacterial detection is 
based on the headspace analysis of bacterial volatile organic components (VOCs) 
by an artificial nose system (Tilocca et al. 2020). Two methods for non-contact bac-
teria detection have been developed (Stitzel et al. 2002; Voloshin et al. 2010). First 
includes simple VOC analyzers (thermostatic and for continuous monitoring) devel-
oped for the detection of bacteria and fungi by analysis of the headspace of micro-
bial cultures. Method is based on analysis of optical density (OD) spectra of solvent 
after pumping through the headspace of bacterial and fungal cultures. Principle pos-
sibility of using a simple modification of spectrophotometric method was shown for 
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the fast detection of microorganisms by VOC excreting in or absorbing from sur-
rounding environment. In addition, this method allows to distinguish the Neurospora 
crassa mutants damaged in nitrogen metabolism from wild-type strain. It is obvious 
that nit-2 and nit-6 genes of the fungus are involved in VOC synthesis. The second 
method is connected with an artificial nose system based on high-density optical 
biosensor arrays. Porous silica microspheres with an incorporated environmentally 
sensitive fluorescent dye are employed in high-density sensor arrays to monitor 
fluorescence changes during sample vapor exposure. Classification accuracies and 
confusion matrices for experiment with bacteria and media for bacteria cultivation 
have shown the possibility of using artificial nose system based on fiber-optic sys-
tem for bacteria identification.

In the recent years, new ways for probing bacterial cells have been opened in 
microbiology. Within the past 30 years, atomic force microscopy (AFM) has revo-
lutionized the approach which microbiologists use for the study of the bacterial 
world (Viljoen et al. 2020). AFM is a scanning near-field tool invented in 1986 for 
nanoscale investigation (Binnig et al. 1986). A bacterial cell has a complex physico-
chemical structure of protein, lipid, and carbohydrate components. This organiza-
tion determines its physicochemical interaction with various surfaces in physiological 
conditions or water. The unique ability of AFM to visualize such interactions in 
high resolution will help in understanding many microbiological processes. AFM 
can provide high-resolution images of the bacteria and their tiny organization.

The aim of the present chapter is to discuss the feasibility of determining bacte-
rial traces using an artificial nose system and the possibility of specific determina-
tion of bacterial fragments using AFM.

4.2  Method for VOC Analysis of Bacteria and Fungi

Simple modification in a spectrophotometric method was proposed for the rapid 
detection of microorganisms based on their ability either to excrete or to absorb 
VOC (Voloshin et  al. 2010). This method is based on analysis of OD spectra of 
solvent after pumping through the headspace of microbial cultures. The method 
provides the possibility of contactless control for bacterial growth at a concentration 
above 107 cells/ml.

The Escherichia coli and Bacillus thuringiensis strains were received from the 
museum of the State Scientific Center for Applied Microbiology and Biotechnology 
(Obolensk, Moscow Region), and the strains of N. crassa supplied by the Fungal 
Genetics Stock Center (Kansas City, USA) were used for analysis. Similarly, wild- 
type (wt)-987 N. crassa strain and the nit-2 (defective in both nitrite and nitrate 
reductases) and the nit-6 (lacking nitrite reductase) mutants were also used (Voloshin 
et al. 2010). The bacterial cultures of E. coli and B. thuringiensis were grown at 
37 °С under aerobic conditions on a shaker at 200 rpm. The N. crassa mycelia were 
grown in the darkness at 28 °С with agitation at 200 rpm. In order to analyze VOC, 
the gaseous mixture from the headspace of the growth cultures of microorganisms 
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was pumped through 7.5 ml of water or ethyl alcohol, which was used as the sol-
vent, by a Millipore Vacuum Pump 50 for 5 min at 5 l/min flow rate. Time of pump-
ing was 5 min. The Millipore filters were used at the entrance (prior to air access to 
the flask containing the culture) and at the exit (before the vacuum pump) to prevent 
cross-contamination with a nonspecific microflora. The inoculated culture medium 
(LB and Vogel’s) served as control. Thermostatic and continuous monitoring VOC 
analyzers have been developed for the bacteria and fungi determination by analysis 
of the headspace of microbial cultures (Fig. 4.1). The water or ethyl alcohol extracts 
of the gaseous mixtures collected from the headspaces of the microorganisms were 
placed into a 1  cm cuvette, and the OD of these solutions was measured at 
210–350 nm (with a step of measurements 10 nm) using Genesys 10 UV-Vis spec-
trophotometer. Pure solvents were used as blanks.

Three classes of microorganisms were studied using this approach:

 – Gram-negative bacteria (E. coli)
 – Gram-positive bacteria (B. thuringiensis)
 – Fungus (N. crassa)

For all of these microorganisms, the difference in OD spectra has been received 
in comparison with OD spectra of cultivation media. For bacterial cultivation, LB 
medium was used. For N. crassa cultivation, Vogel medium containing mineral 
salts, 2% sucrose, and biotin was used. Growth medium was modified  – 4  mM 
ammonium chloride was used as the only source of nitrogen. It has been shown that:

 – Minimal bacterial concentration for detection was 108 cells/ml
 – The difference between OD spectra of bacterial VOCs for died bacteria (treated 

with NaN3) and alive bacteria (without NaN3) was revealed at 190 nm
 – E. coli cells produced VOCs, which can be detected by our simple analyzer; 

S. cirsii cells could not produce enough VOCs for registration; B. thuringiensis 
cells can utilize VOCs as sources for their growth

An attempt to find the difference between the strains of ascomycete N. crassa 
with normal (wild type) and damaged nitrogen (nit-2 and nit-6) metabolism using 

Fig. 4.1 Simple system for analysis of microbial VOCs. To increase stability and sensitivity of the 
method, the flask with the sample has been placed to thermostat at 30 °C (1), and for continuous 
analysis of VOCs during cultivation, the flask with the sample has been placed to the shaker (2)
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system for analysis of VOC was performed. nit-2 is a global regulatory gene of 
N. crassa coding nuclear protein positively influencing the expression of more than 
100 genes connecting with the nitrogen metabolism of this fungus. nit-6 is a struc-
tural gene of N. crassa coding nitrite reductase. Water and ethanol extracts of VOC 
after growth of submerged culture of different N. crassa strains were analyzed. The 
comparison of water extracts by system for analysis of VOC revealed the difference 
in OD between N. crassa wt strain and mutants with damaged nitrogen metabolism 
(Fig. 4.2). The OD of VOC water extracts in the range of 210–290 nm from the 
mycelia of the wt N. crassa was significantly higher than that for one of the mutants.

Thus, a significant difference between the wild strain of N. crassa and its mutants 
for nitrogen metabolism using this approach was shown. It can be assumed that this 
is due to a change in the composition of volatile components in cells with altered 
nitrogen metabolism.

4.3  Artificial Nose System for VOC Analysis of Bacteria

The second method for contactless bacterial detection uses an artificial nose system 
based on high-density optical biosensor arrays. An artificial nose is a universal sys-
tem capable of detecting all kinds of volatile compounds. This method is used in 
sensory technology to detect and distinguish different bacterial cultures. The artifi-
cial nose was able to accurately distinguish between different live strains of bacte-
ria; moreover, it also has ability to differentiate living and dead cells of the same 
bacterial strains (Stitzel et al. 2002). The detection of VOCs is the subject of grow-
ing interest in a wide range of applications, from environmental use to the food or 
chemical industries. VOC fiber-optic sensors have new benefits compared to stan-
dard gas analyzers (Elosua et  al. 2006). In the matrices of high-density sensors, 
porous silica microspheres are used to monitor changes in fluorescence during 
exposure to sample vapors. Significant differences in signals from different bacteria 
and culture medium indicate the possibility of using this system to identify micro-
organisms. An artificial nose based on such sensor matrices is used to evaluate 

Fig. 4.2 VOCs OD spectra of wild type wt ( ) and mutants nit-2 ( ) and nit-6 ( ) N. crassa 
(24 h growth, 4 mМ NH4Cl as a nitrogen source)
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numerous volatile compounds. Sensor elements consist of silica and polymer 
spheres (3–5 microns in diameter), which are stained with a special fluorescent dye 
adsorbed on the surface of the microsphere. These sensors respond to changes in the 
local polarity of the environment, shifting their fluorescence characteristics, thereby 
indicating the presence of various VOCs. Arrays of high-density microspheres con-
taining thousands of individual sensor elements and several copies of each type of 
sensor were performed. By monitoring the temporal fluorescence responses of sen-
sors using a charge-coupled camera, unique samples were recorded that identify 
individual analyte or characteristics of a complex mixture (Stitzel et al. 2002).

4.4  AFM Analysis of Bacterial Fragments

AFM is a form of scanning probe microscopy where a cantilever with a very sharp 
tip is periodically scanned across special surface with immobilized sample. AFM 
can also be used to measure forces between the tip and sample. The high-resolution 
imaging of living object is very attractive application of AFM. AFM is a powerful, 
multifunctional imaging platform that allows to visualize and manipulate with bio-
logical samples from single molecules to living cells (Dufrêne et  al. 2017). The 
unique ability of AFM to obtain high-resolution images of bacteria and their struc-
tures under physiological conditions and without any type of labeling has opened 
new capabilities in microbiology. Recently, the single-cell-level AFM techniques 
enabled the quantification of adhesive forces between bacteria and substrate 
(Mittelviefhaus et al. 2019). Such opportunity opens up new possibilities for the 
study of bacterial biofilms too. Novel approaches in the fight against infectious dis-
eases are caused by the understanding that the pathogens are organized in biofilms. 
Bacterial biofilms are structurally organized groups of microorganisms integrated in 
polymeric matrix which get attached to the biotic and abiotic surfaces. Nearly 80% 
of bacterial infections are associated with the existing biofilms. Bacterial biofilms 
are formed by communities that are embedded in a self-produced matrix of extracel-
lular polymeric substances. Importantly, bacteria in biofilms exhibit a set of emer-
gent properties that differ substantially from free-living bacterial cells (Flemming 
et al. 2016). Thus, understanding the mechanisms about the formation of bacterial 
biofilms and strategy of their disruption is very important in the fight against 
pathogens.

Imaging living bacterial cells with AFM is a serious problem. This problem 
arises from the relatively reduced adsorption forces of most living bacteria to the 
standard substrates used for AFM (such as glass or mica). Bacterial cells should be 
immobilized on the special surface before AFM analysis (Allison et al. 2011). Poly- 
L- lysine or gelatin modifications (Benn et al. 2019) or using cross-linking of car-
boxyl groups on the surface (Welch et al. 2017) are the most typical immobilization 
methods used for bacterial cells. There are other methods for immobilization: the 
physical entrapment of bacterial cells into polycarbonate filters (Andre et al. 2010) 
or micro-wells (Chen et al. 2014) or the use of specific substrate coatings (Longo 

S. G. Ignatov et al.



63

et al. 2013) or polyphenolic proteins (Meyer et al. 2010). The latest advances in 
AFM provide us with powerful tools to discriminate various types of different bac-
terial strains on the basis of their size and surface morphology (Soon et al. 2009). 
However, in the presence of a mixture of bacteria of various types, it is difficult to 
analyze images for the identification of bacteria. Surface modification of specific 
antibodies against bacteria leads to stronger binding of bacteria to the substrate and 
an increase in the sensitivity and specificity of studies (Welch et  al. 2017). 
Immunological methods are widely used in microbiology to identify bacteria due to 
the high specificity of binding of antibodies to bacterial antigens. Standard methods 
for immobilizing antibodies to the surface are silanized layers, polymer membranes, 
and self-assembled monolayers (Ahluwalia et al. 1999). AFM imaging of antigen- 
antibody interaction is one of the few promising methods that could provide local 
information in liquids such as molecular conformations and their flexibility and 
their binding domains (Kominami et  al. 2018). Immunoassay methods (radioim-
munoassay, enzyme immunoassay, and surface plasmon resonance) are bioanalyti-
cal methods in which quantitation of analyte depends on its reaction with specific 
antibody. Thus, AFM is a powerful tool to detect in  vitro antibody-antigen 
interactions.

For AFM, Gram-negative bacteria, (E. coli and B. thuringiensis) and their nano- 
sized fragments have been identified with immobilized films of antibodies on the 
surface (Dubrovin et al. 2012). For the investigation of specific binding of bacterial 
fragments with affine surface, the following structure of this surface is proposed: 
activated mica – protein G – antibody (Dubrovin et al. 2012). Activated glow dis-
charge mica improves adsorption of protein G, which in turn increases the degree of 
adhesion of antibodies (due to specific binding). For correct choice of initial con-
centration of protein G, the authors have established experiments for the following 
values of concentration: 0.1, 0.6, and 3 mg/ml (Fig. 4.3). The thickness of formed 
protein G layer increases with the increase of the protein concentration in solution. 
Therefore, author used further the concentration in the range 0.1–0.6 mg/ml, which 
corresponds to the thickness of the layer up to 1.3 nm.

AFM images of mica surface modified with antibodies both in presence and in 
absence of protein G are presented in Fig. 4.4. The thickness of the total layer in the 
second case (Fig. 4.4b) is not the sum of the thicknesses of two layers in control 
images (Figs. 4.3b and 4.4a) but considerably lower. This is most probably con-
nected with both mechanical action of the cantilever on protein surfaces and with 
possible redistribution of the layers during their interaction. The ability of surfaces, 
modified with the antibodies to E. сoli or Salmonella spp., to bind the fragments of 
E. coli cells was visualized using AFM. From the AFM images presented in Fig. 4.5, 
it is clear that the number of nanofragments adsorbed by the “native” antibodies 
(i.e., to E. coli) is hundreds times higher than those adsorbed by the “alien” antibod-
ies (i.e., to Salmonella). During preparation of the samples presented in Fig. 4.5, the 
exposer time of the surface to the bacterial nanofragments containing suspension 
was 3 min, and the volume of antigen solution was 5 μl. The surface ceased effec-
tively adsorbs antigen with concentration 107 cells/ml and lower. In order to detect 
lower concentrations of bacterial cells, the parameters of preparation of the 
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functional surface have to be adjusted. Thus, the procedure of the preparation of the 
functional surface has been modified as follows: at first freshly cleaved mica is 
modified in a glow discharge during 60 s (current 0.2 mA), followed by the exposi-
tion to a droplet (20 μl) of a protein G solution (0.6 mg/ml). After this, a mica plate 
is washed for 1 min in the droplet (50 μl) of distilled water and exposed to the anti-
body solution (0.1–0.2 mg/ml) for 10 min. Then the plate is washed once more for 
1 min in water and is dried with a nitrogen flow.

The experiments were conducted with the E. coli and Salmonella spp. bacterial 
fragments and their antibodies. To perform the control experiments, authors exposed 
a mica surface modified with anti-Salmonella antibodies to suspension containing 
the E. coli fragments and conversely. In these cross-control experiments, the con-
centration of the cells in the suspension was made quite high, i.e., in the range of 
106–108 cells/ml: in this case the absence of bacterial binding would be more con-
vincing than for smaller concentrations of the bacterial cells. This method of prepa-
ration of biofunctional surface allows detecting the fragments of antigens with the 

Fig. 4.3 AFM images of protein G layers deposited from the solution with concentration 0.1 (a), 
0.6 (b), and 1 (с) mg/ml on a glow discharged modified mica surface
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concentration at least 104 cells/ml. The AFM images of the surfaces exposed to the 
antigen solution (104 cells/ml) are presented in Fig. 4.6. As in the previous experi-
ment (Fig. 4.5), a considerable difference in the number of adsorbed bacterial nano-
fragments is observed. Results of the analysis of the AFM images presented in 
Figs. 4.5 and 4.6 are showed in Figs. 4.7 and 4.8, respectively. The height distribu-
tion histograms of those samples, where bacterial fragments were exposed to a 
functional surface modified with “native” antibodies (Figs. 4.7a and 4.8a), showed 
a very broad maximum between 30 and 60 nm, whereas the control samples dem-
onstrate the maximums at 20 nm and lower (Figs. 4.7b and 4.8b). After comparing 
these values with the values of the heights of bacterial fragments on mica, we can 
assume that in the second case (Figs. 4.7b and 4.8b) different impurity particles 
(that may present in the solution) rather than bacterial fragments are observed.

In some experiments, the step of surface modification with a protein G was 
skipped, and the antibodies were deposited directly on an activated mica surface. In 
Fig. 4.9, the AFM images of a mica surface activated in a glow discharge (current 
0.4 mА) during 60 s, modified with the anti-E. coli antibodies, and then exposed 
into suspension containing the Salmonella cell fragments (107 cells/ml) (a) or to 
suspension containing the E. coli cell fragments (106 cells/ml) (b) for 10 min are 
presented. When the substrate was modified with the protein specific to an antigen 
(Fig. 4.9b), the AFM images reveal a large number of objects (several hundred per 

Fig. 4.4 AFM images of a glow discharged modified (0.2 mА, 60 sec) mica surface, (a) exposed 
to the solution (0.1 mg/ml) of monoclonal antibodies to E. coli, (b) exposed successively to the 
protein G solution (0.1 mg/ml), and then (after washing) to the solution (0.1 mg/ml) of monoclonal 
antibodies to E. coli. Image (b) is reproduced from [3] licensed under CC BY 3.0. Rotaviruses 
specifically bound to the film of correspondent antibodies formed on the basis of amphiphilic 
polyelectrolyte. Scan size is 3500 × 3500 nm2
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164 μm scan), whereas, for a nonspecific “antigen-antibody” pair, the surface is 
practically devoid of objects (Fig. 4.9a). The height distribution histogram of the 
E. coli cell fragments obtained from the AFM image in Fig. 4.9b is presented in 
Fig. 4.9c. The example shown in Fig. 4.9 demonstrates the possibility of the forma-
tion of a biofunctional surface without the use of protein G; however, in this case the 
specific adsorption is less effective, as can be seen from the comparison of the data 
presented in Fig. 4.9 and, for example, in Fig. 4.6. Lower specific adsorption for the 

Fig. 4.5 AFM images of the surfaces modified with the antibodies to E. coli (a) and Salmonella 
(b) after their exposition to the suspension containing E. coli fragments (109 cells/ml)

Fig. 4.6 AFM images of the surfaces modified with the antibodies to E. coli (a) and to Salmonella 
(b) after their exposition to suspension containing the E. coli cell fragments (104 cells/ml)
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functional surface prepared without the use of the protein G layer may be connected 
with a spontaneous orientation of the antibodies on a substrate. For the study of the 
possibility of AFM detection of bacteria taken in small concentrations using affine 
surfaces, the decreased concentration of antigen in the analyzed suspension was 

Fig. 4.7 AFM images of protein G layers deposited from the solution with concentration 0.1 (a), 
0.6 (b), and 1 (с) mg/ml on a glow discharged modified mica surface. Statistical analysis of the 
bacterial fragments, presented in Fig.  4.5: the height distribution histograms (bottom) and the 
probabilities plot (top). (a) and (b) are described in the text

Fig. 4.8 Statistical analysis of the bacterial fragments, presented in Fig. 4.6: the height distribu-
tion histograms (bottom) and the probabilities plot (top). (a) and (b) are described in the text

Fig. 4.9 AFM images of a mica surface activated in a glow discharge and modified with the anti-
 E. coli antibodies and then exposed for 10 min to (a) suspension containing the Salmonella cell 
fragments (107 cells/ml) and (b) suspension containing the E. coli cell fragments (106 cells/ml). 
The height distribution of the particles in the image (b) is presented in (c). The sizes of the AFM 
images are (a) 50 × 50 μm2 and (b) 164 × 164 μm2
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taken. Figure 4.10 represents the AFM image of a mica surface, activated in a glow 
discharge, modified with a protein G and the anti-E. coli antibodies, and after that 
exposed for 10 min to the suspension containing the E. coli cell fragments (102 cells/
ml). The AFM image contains particles that may be attributed to the bacterial frag-
ments. Figure 4.10b, c represent the cross sections along the upper and lower dotted 
lines in the AFM image. The upper cross section demonstrates the profile of the 
bacterial nanofragments, and the lower one describes the depth of the protein layer 
on a mica surface (protein G + antibody), whose integrity was disturbed by the AFM 
cantilever during a scratching experiment.

If to proceed decreasing the concentration of an antigen, its quantity becomes so 
small that the probability of even specific binding is very low. Therefore, it is neces-
sary to elaborate an additional modification of the method of preparation of bio-
functional surfaces with a bound antigen for effective detection of ultralow 
concentrations of antigen with AFM. For this purpose, it is necessary to increase the 
efficiency of specific binding and decrease the efficiency of nonspecific binding. To 
solve this issue, the method of an antigen deposition on a biofunctional surface was 
modified. Initially, antigen binding was carried out with a surface at the alkaline pH 
(8.2) and at the temperature 32 °С that favor specific binding. After that, a washing 
was performed by the immersion of the substrate in the buffer followed by the rota-
tion in the shaker for 10 min. This rinsing method should increase the efficiency of 
the removal of nonspecifically bound material from the surface due to additional 
hydrodynamic flows in the surface proximity.

Fig. 4.10 AFM image of a mica surface activated in a glow discharge, modified with a protein G 
and anti-E. coli antibodies, (a) exposed during 10 min to suspension containing the E. coli cell 
fragments (102 cells/ml); (b) the cross section along the upper dotted line in the AFM image dem-
onstrating the profile of the bacterial fragment; (c) the cross section along the lower dotted line in 
the AFM image demonstrating the result of scratching experiment
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We have also studied binding of antibody-modified magnetic nanoparticles with 
bacterial cells. The AFM images of the nanoparticles incubated with cells for 40 min 
are presented in Fig. 4.11. AFM allows the visualization of binding of the nanopar-
ticles with cells.

4.5  Conclusion and Future Perspectives

An attempt to find the difference between the strains of ascomycete N. crassa with 
normal (wild type) and damaged nitrogen (nit-2 and nit-6) metabolism by using 
system for analysis of VOCs) was discussed herewith. nit-2 is a global regulatory 
gene of N. crassa coding nuclear protein positively influencing the expression of 
more than100 genes connecting with nitrogen metabolism of this fungus. nit-6 is a 

Fig. 4.11 AFM images of (a, b) anti-E. coli and (с, d) anti-Salmonella modified nanoparticles, 
incubated for 40 min with (a, b) E. coli and (c, d) Salmonella cells. The size of the AFM images 
in (a–d) is 20, 4, 15, and 6.2 μm, respectively
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structural gene of N. crassa coding nitrite reductase. Water and ethanol extracts of 
VOCs after growth of submerged culture of different N. crassa strains were ana-
lyzed. The comparison of water extracts by system for analysis of VOC revealed the 
difference in OD between N. crassa wt strain and strains with damaged nitrogen 
metabolism. It has been shown that using thermostatic and continuous monitoring 
analyzer, it is possible to distinguish a wild strain and its isogenic mutants in the 
frame of the same microbiological species. It is possible to consider that nitrogen 
genes of microorganism participate in producing VOC. The possibility to use AFM 
to visualize bacterial fragments using specific antibody-antigen (bacterial) immobi-
lization on the surface has been described too. We hope that these approaches will 
be useful for sensitive detection of pathogens.
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Chapter 5
SERS for Bacteria, Viruses, and Protein 
Biosensing

Ilya N. Kurochkin, Arkadiy V. Eremenko, Evgeniy G. Evtushenko, 
Natalia L. Nechaeva, Nikolay N. Durmanov, Rustam R. Guliev, 
Ilya A. Ryzhikov, Irina A. Boginskaya, Andrey K. Sarychev,  
A. V. Ivanov, and Andrey N. Lagarkov

Abstract In this chapter, various techniques are reviewed with focus on the identi-
fication of complex biological agents such as bacteria, viruses, proteins, and 
enzymes using SERS-active silver substrates. Biological targets have multiple pecu-
liarities that add to the challenges of the SERS biosensing. In regards to the direct 
non-labeled sensing of bacteria, it was discovered that all bands in the registered 
SER spectra were generated by metabolites released from bacterial cells. It under-
mined the prior notion of non-labeled detection and identification of bacteria based 
on the presumed spectra of cellular walls. However, it also provides new opportuni-
ties for the SERS analysis of bacteria. The SERS measurements of viruses can be 
performed with SERS-active surfaces or colloidal solutions of silver nanoparticles. 
However, the use of surfaces requires extensive sample preparation and often lacks 
sensitivity, while colloidal SERS substrates have another problem—most types of 
silver nanoparticles are negatively charged and have a poor interaction with likewise 
predominantly negatively charged virions. Thus, a challenge is posed to develop 
SERS-ready positively charged silver nanoparticles or use other methods to enforce 
the non-specific binding of viruses to the silver surfaces. Meanwhile, SER spectra 
of proteins are nearly impossible to acquire at adequate sensitivity. Thus, non-direct 
measurements are the only way. SERS provides the most benefits when working 
with relatively small molecules, so small molecules serving as Raman probes can be 
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used as an intermediary to produce SER spectra. For enzymes like butyrylcholines-
terase, it means measuring SER spectra of substrates and products of the relevant 
reaction, while for other proteins, specialized techniques must be developed.  
It can be concluded that biological targets require a case-by-case approach. Prior 
experiences with direct SERS measurements of highly Raman-active molecules like 
R6G and others often used in fundamental studies might not be relevant in 
bioanalytics.

Keywords SERS · bacteria · viruses · proteins · enzymes · biosensing

Nomenclature

4-mPBA 4-mercaptophenylboronic acid
AChE acetylcholinesterase
AFM atomic force microscopy
AMP adenosine monophosphate
BChE butyrylcholinesterase
CDV canine distemper virus
EB-PVD electron beam physical vapor deposition technique
EF enhancement factor
ELISA enzyme-linked immunosorbent assay
EW excitation wavelength
GA glycated albumin
HSA human serum albumin
LDA linear discriminant analysis
LOD limit of detection
MYXV myxomatosis virus
PCA principal component analysis
PCR polymerase chain reaction
PLS partial least squares regression
PVX potato virus X
SEM scanning electron microscopy
SERS surface enhanced Raman spectroscopy/scattering
SER surface enhanced Raman
TCh thiocholine
TMV tobacco mosaic virus
TNB 5-thio-2-nitrobenzoate ion
UV ultraviolet
VERS volume-enhanced Raman spectroscopy/scattering
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5.1  Introduction

Surface-enhanced Raman scattering (SERS) is a powerful analyzing tool providing 
the high sensitive detection of different types of molecular compounds (Sharma 
et al. 2012; Sarychev et al. 2019). SERS is promising in clinical diagnostics, which 
include the cancer detection and imaging, cancer therapy and drug delivery (Pazos 
et al. 2016; Oseledchyk et al. 2016; Litti et al. 2016; Schurmann and Bald 2016; 
Andreou et al. 2016; Chen et al. 2016b; Chen et al. 2016c; Li et al. 2016a, 2016b; 
Cheng et al. 2017; Kneipp 2017; Harmsen et al. 2017; Rastinehad 2019), quantita-
tive control of glycated proteins for diabetes detection (Xu et al. 1999; Kiran et al. 
2010; Dingari et al. 2012; Barman et al. 2012; Lin et al. 2014), cardiovascular bio-
markers for early diagnosis of acute myocardial infarction (Das et al. 2008; Benford 
et al. 2009; Chon et al. 2014), etc.; in environmental and food safety for real-time 
monitoring of pathogenic bacteria, pesticides, and toxic molecules (Bodelon et al. 
2016; Duan et al. 2016a; Duan et al. 2016b; Yang et al. 2016; Chen et al. 2016a; 
Zhou et al. 2016; Tian et al. 2016; Liu et al. 2017); for detection of ultra-low quanti-
ties of nerve gases, explosive substances, and other hazardous substances (Hakonen 
et al. 2016; Chen et al. 2017). The basis of the SERS sensing is the generation of 
several plasmon modes at a metallic surface and further Raman scattering of the 
plasmons by analyte molecules. The molecules are excited by surface plasmons and 
generate secondary plasmons which can be significantly enhanced. The radiation 
coming from these secondary plasmons produces a SERS signal (Brouers et  al. 
1997). Therefore, in SERS, the dominant contribution to enhancement factor (EF) 
is the electromagnetic mechanism (Ding et al. 2016) allowing it to reach very high 
sensitivity. This EF for SERS is evaluated as the fourth power of the intensity of the 
local electric field (Brouers et al. 1997; Itoh et al. 2017; Ding et al. 2017). Thus, the 
surface morphology of nanostructured SERS substrates is crucial for achieving high 
EFs. It is an important point in context of increasing the sensitivity of the biological 
and chemical sensing. Several groups have already demonstrated EFs from 104 to 
109 for SERS substrates composed of clusters of gold or silver nanoparticles encap-
sulated in a dielectric matrix (McFarland et al. 2005; Perney et al. 2006; Yan et al. 
2009; Fan et al. 2011; Banaee and Crozier 2011; Li et al. 2011; Mattiucci et al. 
2012; Huang et al. 2013; Hu et al. 2014; Lee et al. 2014; Zhang et al. 2015). Modern 
fabrication technologies such as focused ion-beam lithography, electron-beam 
lithography, X-ray, UV, and interference lithographies allow to produce SERS sub-
strates with an accuracy control over the shape and spatial distribution of nanostruc-
tures. However, most of these techniques are still expensive and complicated. A 
large number of nanostructures such as nanodisks, nanoholes, and nanodimers have 
been tested and provided high EFs for SERS (Brolo et al. 2004; Lim et al. 2010; Suh 
and Odom 2013; Barbillon et al. 2019). High EF was also observed in a system of 
silver microplates resulting from the enhancement of the local electric field in gaps 
between plates (Nechaeva et al. 2020).

The chemical enhancement strongly depends on local electronic structures of the 
molecules and the substrate it interacts with as each of their wave functions begins 
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to overlap (Campion et al. 1995; Kambhampati et al. 1998; Otto 2005). Influence of 
chemical enhancement is significantly weaker than electromagnetic enhancement. 
Indeed, the magnitude order of the chemical enhancement is only 102 (Jensen et al. 
2008; Jahn et al. 2016), but it can play a crucial role in SERS. The maximum con-
vergence of the analyzed molecules with the surface is extremely important.

In this chapter, we have reviewed useful techniques for identification of complex 
biological agents such as bacteria, viruses, proteins, and enzymes using SERS- 
active silver substrates.

5.2  Bacteria

Bioanalytical applications of label-free SERS for bacterial cells are fully defined by 
molecular origin of bacterial spectra. Early research papers on this topic (Picorel 
et al. 1990; Efrima and Bronk 1998; Zeiri et al. 2002, 2004) have shown that at 
excitation wavelengths (EWs) of 488 and 514.5 nm, SER spectra of various bacte-
rial species, both Gram-positive and Gram-negative, are almost identical. Moreover, 
they do not differ from spectra of isolated cell membranes. Bands of oxidized or 
reduced forms of riboflavin as common components of cell membranes fully domi-
nate in such spectra due to overlap of their extinction band with mentioned EWs, 
which leads to additional resonant enhancement of riboflavin spectrum. Such 
molecular origin of bacterial spectra at EWs of 488 and 514.5 nm holds the potential 
for their detection, but not discrimination of different species.

Pioneering studies on SERS of bacteria with longer EWs, particularly 785 nm, 
reported (Guzelian et al. 2002; Jarvis and Goodacre 2004; Premasiri et al. 2005) 
significant distinctive features in spectra of different species and sometimes strains. 
It has been hypothesized that label-free SERS of bacteria at EW of 785 nm might be 
used for both detection and identification of bacteria. Unfortunately, for more than 
10 years, many attempts to assign observed bands to particular chemical substances 
were unconvincing as they were focused on single bands, but not the full spectrum 
(Guzelian et al. 2002; Jarvis and Goodacre 2004; Premasiri et al. 2005; Luo and Lin 
2008; Kahraman et al. 2011; Feng et al. 2015; Su et al. 2015; Mosier-Boss 2017). 
However, it should be noted that adenine and guanine bands were identified in spec-
tra (Guzelian et al. 2002; Luo and Lin 2008; Kahraman et al. 2011; Feng et al. 2015; 
Su et  al. 2015), but their assignment to intracellular RNA/DNA raised questions 
about lacking bands of pyrimidines (thymine, uracil, and cytosine). Without solid 
basement of molecular origin, the main aim of the most bioanalytical papers was to 
demonstrate the ability of SERS to discriminate different species or strains using 
formal mathematical approach, based on application of principal component analy-
sis (PCA) or similar procedures of dimensionality reduction to spectra, followed by 
discriminant or cluster analysis (Jarvis and Goodacre 2004; Patel et  al. 2008; 
Sundaram et al. 2013; Mosier-Boss 2017; Witkowska et al. 2018).

Premasiri et al. (2016) decisively demonstrated that SER spectra of 10 various 
bacterial species at EW of 785 nm using “in situ grown, aggregated-Au-nanoparticle- 
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covered SiO2 substrate” originated from 6 purine derivatives (adenine, AMP, gua-
nine, hypoxanthine, xanthine, and uric acid). It has been shown that these molecules 
were not bound to the cell surface, but were secreted by cells into the surrounding 
solution. Later the applicability of such assignment was confirmed for another type 
of SERS substrate, a sol of silver nanoparticles, and two EWs: 532 and 785 nm 
(Durovich et al. 2018). DH5α strain of Escherichia coli was used as a model bacte-
rium; silver nanoparticles were incubated for 1  minute with thoroughly washed 
E. coli suspension followed by sol aggregation with NaCl for SER signal generation 
(Fig. 5.1). Bacterial SER spectra of a cell suspension batch showed high repeatabil-
ity on a timescale of 10–20 min. However, during the course of 4 h of cell  suspension 
storage, the overall intensity of spectra increased together with pronounced changes 
in intensity ratios of some strong bands (e.g., I1325/I655). Even more severe differ-
ences in spectra were observed for independently cultivated and harvested cells. 
Spectrum of the 0.22 mkm filtrate of cell suspension retained all the bands of the 
original suspension. Moreover, the intensities of these bands were substantially 
higher for filtrate. Thermal inactivation of cells at +90 °C for 1 h followed by wash-
ing resulted in almost complete disappearance of the spectra. They contained only 
3 weak bands characteristic of intact bacteria (730, 1325, and 1450 cm−1), the band 
of phenylalanine (1002 cm−1), and two bands of the amide III (1230–1270 cm−1) 
and amide I (1640–1680 cm−1). Despite strong variations in spectra, they contained 
a limited number of bands. All of these bands both for the entire set of spectra or any 
particular spectrum were in a good agreement with positions and relative intensities 
of 4 purines: adenine, guanine, hypoxanthine, and xanthine. These substances were 
gradually released by cells into the surrounding media; their presence was charac-
teristic of viable cells only; the ratio of purines varied both for different batches of 
the same strand and during 4 h storage in starvation conditions.

This newly revealed molecular origin of bacterial SER spectra at EWs of 532 and 
785 nm considerably reshapes the entire bioanalytical area of label-free SERS of 
bacteria. Indeed, from this point of view, the problem of discrimination of bacterial 
species and strains is strongly related to dissimilarities in their purines metabolism. 
On the other hand, the presence of purines might be used as a general bacterial 
marker for their detection. It also starts a whole new field of SERS application for 
purine metabolome profiling in bacteria.

Fig. 5.1 Scheme of SERS acquisition from bacterial suspensions using silver nanoparticles sols 
as SERS substrates
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5.3  Identification of Animal and Plant Viruses

Viruses represent another type of biological object for SERS measurements. There 
is an urgent need to develop new rapid methods of virus detection, only further 
exacerbated by the emergence of new viral diseases, such as novel coronaviruses or 
new influenza strains (Afrough et al. 2019).

Highly sensitive and express techniques are thus in demand. Nowadays, there are 
two mutually exclusive types of solutions: highly sensitive techniques (variations of 
ELISA and PCR) and rapid techniques (such as immune–chromatography strips). 
The methods with sufficient sensitivity lack the necessary speed, which limits their 
applications in epidemics control. The rapid techniques mostly lack required sensi-
tivity and cannot detect viruses without prior concentration.

SERS techniques appear to have almost the same limit of detection as ELISA in 
some cases, such as the SERS detection of porcine circovirus’ intact virions (Luo 
et al. 2013), influenza virus SERS assay (Kukushkin et al. 2019), hepatitis B antigen 
detection (Kamińska et al. 2015), and many others. Thus, SERS is considered to be 
one of the most promising approaches to achieve both rapid and sensitive detection 
of viral pathogens. Non-labeled detection, while harder to achieve, is especially 
alluring, due to the fact that it enables the detection of multiple different targets as 
well as new strains without the need for pre-existing antibodies or other selective 
agents. There are also less requirements for reagents and materials, and no time 
spent on any specific binding or amplification reaction.

There are several peculiarities associated with viruses in general, that must be 
taken into consideration before attempting to develop a SERS-based detection and/
or identification methods. First of all, viral particles are almost always negatively 
charged due to low isoelectric point value, which lies around 4 to 5 for most viruses 
(Michen and Graule 2010). Simultaneously, many viruses are very fragile and stable 
only at specific pH values, which makes it impossible to reliably alter the charge of 
virions by adjusting pH of the solution. Most frequently used methods of silver 
nanoparticles synthesis produce negatively charged particles. Such particles have 
poor compatibility with negatively charged analytes. Another issue is the shape and 
size of virions. Most viruses can not fit entirely into hot spots of normal SERS sub-
strates. That means that only surface components of the virions generate SERS sig-
nals, and the strength of that signal might be greatly reduced. While some viruses 
with thread-like shapes might generate strong SERS signals from both exterior and 
interior components, large spherical viruses might not. Finally, viruses might have 
empty virions (no nucleic acid inside) or destroyed virions’ fragments present in the 
solution, which further complicates data interpretation.

Taking into consideration the above-mentioned challenges, SERS-active sur-
faces remain the main focus for label-free SERS-based virus detection. One of the 
common approaches to solve the problem with the size of various viral particles is 
the application of nanocavities, which can incorporate the entire virion inside, max-
imizing the contacts between the virus and the hot spots (Chang et al. 2011; Yan 
et al. 2017). In fact, the entire internal volume of the nanocavities, depending on 
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their shape and size, might benefit from the electromagnetic signal enhancement, an 
effect which is sometimes called VERS (volume-enhanced Raman scattering) 
(Zhang et  al. 2019), and can be used to acquire scattered light from the internal 
components of the large virions.

In one of our prior works (Durmanov et al. 2018), a SERS substrate with nano-
cavities was utilized for non-labeled SERS analysis of four viral species—two thin, 
thread-like non-enveloped plant viruses, and two large spherical enveloped animal 
viruses. The substrates were fabricated with electron beam physical vapor deposi-
tion technique (EB-PVD), achieving porous interwoven surface by altering tem-
perature of the mica substrate and tuning adatom energy levels by altering EB 
acceleration voltage. EB-PVD, while not exactly precise, is a cheap and readily 
available method of fabrication. The resulting SERS substrates contained a large 
amount of nanocavities, 200–300  nm in diameter, as characterized by SEM and 
AFM methods. The 3-dimensional reconstruction, based on SEM and AFM images, 
can be seen in Fig. 5.2.

The tobacco mosaic virus (TMV) and the Potato virus X (PVX) are RNA con-
taining plant viruses with a thin unenveloped thread-like capsid. Moreover, the two 
animal viruses, viz. Canine Distemper virus (CDV) and the rabbit Myxomatosis 
virus (MYXV), are large, with MYXV being somewhat larger, roughly spherical 
(CDV) or brick-shaped (MYXV), and enveloped, though their respective envelope- 
formation mechanisms are different. Also, one is a DNA-containing virus (MYXV), 
while the other RNA (CDV). The viruses were purified and diluted in the same buf-
fer solution, and then deposited on the SERS-active surface and dried. Raman spec-
tra were collected from the dried spot, containing adsorbed virions. The concentration 
was about 100 viral particles per the detection zone.

Then the preprocessing was applied: the spectra were trimmed to the region 
between 1800 cm−1 and 400 cm−1, and cosmic spikes were removed by straight line 
generation; then baseline was corrected, mean buffer spectrum was subtracted from 
each spectra, and vector normalization was applied. Figure 5.3 represents the aver-
aged spectrum of each virus. For visual contrast, the values are also presented in a 
heat-map style.

Fig. 5.2 Three-dimensional reconstruction of the SERS-active porous surface, based on SEM and 
AFM images
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The expected differences between viruses should be attributed to the variations 
in their structure and components. And indeed, the areas of interest, as indicated by 
the heat-map, correspond to the expected differences in chemical properties. The 
bands of cholesterol and other lipid content, as well as β-sheets typical for mem-
brane proteins (610, 1067–69, 1098, 1302, 1443, 1448, 1491, 1676, and 1734 cm−1), 
are present in the spectra of MYXV and CDV, but absent in TMV and PVX, due to 
their lack of an envelope. Some bands have high influence in all groups: 
770–800  cm−1, 1006–1008  cm−1, 1430–1450  cm−1, and 1650–1700  cm−1. These 
might be related to proteins, nucleic acids, and aromatic amino acids. Some bands, 
like 1103, 1108, 1463  cm−1, and others, are more pronounced in the two plant 
viruses. Presumably, these bands correspond to the nucleic acid components among 
other things. Since plant viruses have thin thread-like structure, their internal com-
ponents, namely, RNA, are closer to the silver surface and thus can contribute more 
to the SERS signal. There are also differences between amino acid composition, 
seen at ~480 cm−1, ~850 cm−1, and 1560 cm−1.

The collation of PCA-LDA values, visually observed differences, and expected 
variation in SERS bands positions points to the conclusion that label-free SERS can 
indeed support the identification of viruses based on their spectra. The overhaul 
accuracy of the classification model, trained with the spectra of the viruses, was no 
less than 99.4%. The main challenge is sensitivity. One of the possible ways to 
increase it is to use SERS colloids, such as silver nanoparticles. The problem with 
the charge of the viruses might be overcome by using positively charged aggrega-

Fig. 5.3 Averaged spectra of each virus (black line). From top to the bottom: CDV, MYXV, TMV, 
and PVX. Each Raman shift is marked by a colored vertical line. The color of the line reflects the 
value of the averaged spectrum at the corresponding Raman shift. The values are colored by a 
gradient from dark red (the highest value within all averaged spectra) to the dark blue (the lowest 
value)
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tion reagents, which would act as intermediaries between negatively charged 
nanoparticles and virions. One example of that approach is the use of spermin, 
which was successfully applied to the nucleic acid SERS measurement (Li et al. 
2018). The results for viruses are unclear so far, which opens a whole new field of 
research.

5.4  Quantitative Enzyme Detection

Since solid SERS-substrate application is limited by diffusion, it is very important 
to attract the analyte to the surface. Special attraction techniques can include 
imprinting in complex-shaped pores (Li et al. 2020; Ren et al. 2020), antibodies 
(Kamińska et  al. 2017; Smolsky et  al. 2017), or labels (e.g., peptides or low- 
molecular- weight targeting ligands (Lee et al. 2010; Li et al. 2016a, 2016b), or just 
utilize covalent bonding to the surface of the substrate (Shan et al. 2018). Here we 
describe two examples of covalent interaction with the view of analyte attraction.

Butyrylcholinesterase (BChE), or pseudocholinesterase, is a serine hydrolase 
closely related to acetylcholinesterase (AChE). This enzyme is of high toxicological 
and pharmacological importance because it hydrolyzes ester-containing drugs and 
scavenges cholinesterase inhibitors including potent organophosphorus nerve 
agents (Masson and Lockridge 2010; Lockridge 2015; Lockridge et  al. 2016). 
Decreased BChE level is a diagnostic and prognostic indicator for organophosphate 
poisoning. BChE activity is associated with obesity (Li et  al. 2008; Lima et  al. 
2013), with insulin resistance and the metabolic syndrome (Valle et  al. 2006; 
Iwasaki et al. 2007), hyperlipidemia (Kálmán et al. 2004), coronary artery disease 
and hypertension (Alcantara et al. 2002), and the arterial pathology of diabetes mel-
litus (Vaisi-Raygani et al. 2010). Thus, plasma level of BChE represents an impor-
tant prognostic marker in the organophosphate exposure biomonitoring and in the 
diagnostic network of various patient clinical conditions.

One of the most widespread techniques for estimation of the cholinesterase 
activity is the detection of thiocholine—the product of enzymatic hydrolysis of 
butyrylthiocholine. Comparing to electrochemical methods (Arduini et  al. 2009; 
Eremenko et al. 2012; Sgobbi et al. 2013; Kurochkin et al. 2014), Raman spectros-
copy detection has a number of advantages: since the sample can be dried, the tech-
nique is suitable for routine measurements, the experiment can be carried out far 
away from the special equipment, and it is not necessary to transport blood or 
plasma samples.

Preparation and characterization of silver SERS-substrate were described by 
Nechaeva et al. (2018). In this study, silver-containing polymeric paste was applied 
to a 5-mm thick aluminum block and dried. The surface represents heterogeneous 
flaked structure with silver particles of various sizes and shapes. Numerous points 
of contact as well as the variation of the angles of incident light make possible the 
local enhancement of electromagnetic field, which causes a gain of Raman signal of 
the analyte.
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The silver SERS substrate was used for thiocholine determination. Thiocholine 
solution was obtained by the enzymatic hydrolysis of butyrylthiocholine chloride 
according to the Scheme (1). The concentration of produced TCh was determined 
by Ellman’s assay (Ellman et al. 1961). The conversion from the substrate reached 
100%. The thiocholine concentration was calculated by the Beer–Lambert–Bouguer 
law (ε412 = 14.15 ml/μmol*cm is the absorption coefficient of 5-thio-2- nitrobenzoate 
ion (TNB) at 412 nm) (Eyer et al. 2003).

The obtained Raman spectra of thiocholine have several characteristic peaks, the 
most intensive 773 cm−1 can be attributed to CH3 rocking vibration modes (Liron 
et al. 2011).

For different concentrations of TCh, the resulting spectra have different intensi-
ties of 773 cm−1 peak (Fig. 5.4). Therefore, it is possible to plot a calibration curve 
based on this peak. Each point at this curve represents the average of 10 replicates 
of TChCl spectra, and zero-point means phosphate buffer. The right axis on this 
figure demonstrates the PLS-calibration curve of thiocholine, the reference was 
Ellman’s method. It is possible to calculate the limit of detection (LOD) for TCh 
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using a calibration curve. For developed technique, LOD (TCh) is 260 nM and sen-
sitivity is 103.92 intensity units/1 μM.

It was shown that BTCh presence does not affect TCh detection on silver SERS 
substrate (Nechaeva et al. 2018). This conclusion is very important because thio-
choline is the product of enzymatic hydrolysis of butyrylthiocholine (Scheme 5.1). 
The resulting curve at the end of the enzymatic reaction enables us thiocholine 
determination (and BChE activity correspondingly) despite the BTCh presence.

Butyrylcholinesterase activity in solution is strongly connected with thiocholine 
concentration and can be evaluated by measuring TCh. The solutions with high 
initial BChE activity give intensive Raman spectra because of high concentration of 
the TCh, and the solutions with low BChE activity contrariwise give low-intensive 
spectra. As for TCh, BChE calibration curve in the buffer and in human plasma can 
be created in two ways—by 773 cm−1 peak and by PLS regression. The offset for 
BChE calibration curve in plasma also takes into account initial BChE contained in 
human plasma. It must be highlighted that the matrix effect does not impact the 
results of measurements.

Silver SERS substrate can be applied for low-molecular substances determina-
tion, for example, thiocholine, for enzymatic activity detection in model systems 
and in spike solutions with plasma. This technique has a number of undeniable 
advantages: it is label-free, inexpensive, and has the possibility to routine measure-
ments of hundreds of samples.

5.5  Glycated Human Albumin Biosensing

The SERS substrate described above can be also used for glycated albumin (GA) 
biosensing. GA level shows the average concentration blood sugars over 2 weeks 
(Koga et al. 2010). Thus, GA can be considered as a marker for glycemic status 
(Kohzuma and Koga 2010). The present techniques of GA determination often 
require antibodies and enzymes and also represent many-step difficult processes. 
We propose to expand the possible methods of analyzing the content of GA in 
plasma by using the SERS effect. There are a number of previous studies available 
which demonstrated the prospective use of SERS method for plasma glucose moni-
toring (Chen et al. 2011; Sun et al. 2014a, 2014b; Usta et al. 2016; Zhao et al. 2017).

The analysis itself includes silver SERS substrate, described above (Fig. 5.5a), 
modified with low-molecular-weight SERS label 4-mercaptophenylboronic acid 
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Scheme 5.1 The enzymatic hydrolysis of butyrylthiocholine chloride by butyrylcholinesterase
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(4-mPBA). This label creates very strong covalent bond Ag–S with silver surface 
and on the other hand has affinity to cis-diols and polyols due to boronic group.

Surface modification of SERS substrate with 4-mPBA helps to produce specific 
substrate for cis-diol and polyols (including glycated proteins). Nechaeva et  al. 
(2020) proposed the use of 4-mPBA-modified silver SERS substrate for one-step 
GA measuring both in the buffer and human plasma. In this work, selective chang-
ings of SERS spectra have been observed due to ionization of 4-mPBA on the sur-
face. The main differences are observed at 416, 470, 999, 1021, 1072, 1572, and 
1589 cm−1 due to symmetry breaking of a 4-mPBA molecule from nearly C2v to Cs 
(Sun et al. 2014a, 2014b; Su et al. 2017). An obvious change of 8a (1586 cm−1) and 
8b (1573 cm−1) modes is observed (Fig. 5.5b). Peaks demonstrate different areas, 
maximum position, different total intensity, and intensity of shoulders. All these 
changes indicate the difference between molecular HS-Ph-B(OH)2 and anionic 
HS-Ph-B(OH)3

− forms of 4-mPBA.
4-mPBA band amplitude is distributed unevenly on the surface due to the hetero-

geneous morphology. Maximal Raman signals correspond to the excitation of gap 
plasmons between silver flakes as it is discussed above.

Silver SERS substrate modified with 4-mPBA was applied for sugars and gly-
cated albumin determination. This technique provides detection of only covalently 
bonded molecules. To explore minor differences appearing due to glycation, statisti-
cal methods were used. Principal component analysis (PCA) was used to distin-
guish sugar spectra. The main differences that help to distinguish sugar spectra from 
the control lay in ranges 400–500 cm-1, 950–1100 cm-1, and 1550–1630 cm-1 and 
correspond to 4-mPBA vibrations including in-plane benzene ring breathing mode 
and totally and non-totally symmetric ring-stretching vibrational modes.

For distinguishing human serum albumin (HSA) and glycated albumin (GA)—
proteins with very similar structure—PLS (partial least square) regression was used. 
First, a model for standard concentrations of mixture HSA + GA was built. GA 
fraction was 24, 48, 60, 90, and 120 μM, and HSA was used as control (0 μM of 
GA). Then, using this model for GA, we can predict the value of GA in unknown 
samples. Plasma from three different healthy donors was examined on the SERS 

Fig. 5.5 (a) SEM image of silver SERS-substrate surface, (b) comparison of Raman spectra of 
anionic and molecular form of 4-mPBA
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substrate modified with 4-mPBA. The most significant loadings represent Raman 
shifts corresponded to 4-mPBA vibrations (ranges 250–450 cm-1, 1000–1100 cm-1, 
and 1600–1650 cm-1) as in case with sugars. Although human plasma contains dif-
ferent sugars, they don’t affect the protein detection. We trained our model on pro-
tein spectra, thus we take into account only bands that play a key role in protein 
distinguishing. Predicted GA values are consistent with independent laboratory val-
ues. Thus silver SERS substrate modified with 4-mPBA allows quantitative bio-
sensing of GA in the buffer and human plasma.

This technique requires an extremely low volume of the sample—about 15 μl—
to measure 4 replicates. The method simplifies the experimental procedure and can 
be automated by computer processing of measurements. It also has an important 
advantage of technical simplicity since our silver-based substrates are easy to manu-
facture and operate.

5.6  Conclusion

Biological targets often differ from expectations. The revelation about the true 
nature of the SER spectra of bacteria came after more than a decade of multiple 
publications in which researchers demonstrated their ability to acquire SER spectra 
of bacterial cells, and used it to form classification models that successfully identi-
fied bacteria down to a strain. However, their results naturally couldn’t be repro-
duced in another lab, since every time the metabolites would be present in slightly 
differing proportions, and the classification model would have to be formed anew. 
That long-lasting confusion stemmed from a rigid approach and treating a complex 
living target like a static chemical reagent. Researchers expected to see the repeat of 
the same logic they observed when working with classical Raman probes like R6G 
and others. Viruses proved to be likewise tricky. It remains unknown what viral 
components actually provide the majority of the SERS signal, and the difficulties 
associated with the sample preparation render that field of biosensing impractical so 
far. Colloidal solutions can be an answer to some of those concerns, but also pose a 
number of new challenges caused by the charge interaction and the presence of vari-
ous impurities. As for the proteins, non-direct measurements seem to be the main 
trend since protein molecules usually do not produce strong-enough SERS signals. 
But non-direct methods cannot be universal and applicable to a large variety of dif-
ferent proteins and have to be developed case-by-case. Thus, in order to create new 
biosensing techniques, more fundamental studies are a necessity.
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Chapter 6
Biosensors for Virus Detection

Olga I. Guliy, Boris D. Zaitsev, and Irina A. Borodina

Abstract Viral infections today remain one of the global problems. Despite the 
significant number of developed methods for the determination and study of viral 
particles, their practical use is difficult due to the complexity and a small number of 
existing measuring instruments. In addition, in a number of devices, there is a high 
proportion of manual operations that require highly qualified staff. Therefore, the 
problem of the development of new rapid methods for diagnosing viruses that allow 
getting accurate results in a short time in automatic mode is urgent. Instrumentation 
implementation of these methods should ensure high accuracy of measurements. 
One of the most sought-after areas is the development of fast and sensitive methods 
for determining viruses based on methods of electrophysical analysis. These meth-
ods can significantly reduce the analysis time and simplify the preparation of the 
investigated materials. The chapter provides a brief overview of modern biosensor 
methods for the virus’s detection.

Keywords Biosensors · Virus detection · Bacteriophages · Electrochemical 
biosensors · Optical sensors · Acoustic biosensors · Microwave resonator · 
Cantilever · Antibodies

Nomenclature

Ab Antibody
Ab-AuNPs Antibody-conjugated gold nanoparticles
Abs Antibodies
DNA Deoxyribonucleic acid
ELISA Enzyme-linked immunosorbent assay
EO Electro-optical
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FITC Fluorescein isothiocyanate conjugated
GM Gas membrane
GNPs Gold nanoparticles
GRS Giant Raman scattering
HEV Hepatitis E virus
HIV Human immunodeficiency viruses
HSV Human herpes simplex virus type 1
IgG Immunoglobulin G
LFIA Lateral flow immunoassay
MMA Micromagnetic array
MNPs Magnetic nanoparticles
NP Nucleoprotein
NS1 Non-structural protein 1
PCR Polymerase chain reaction
PFU Plaque-forming units
RNA Ribonucleic acid
RT-qPCR Real-time quantitative polymerase chain reaction
SPM Superparamagnetic
SPR Surface plasmon resonance
TMBZ Tetramethylbenzidine
TGEV Transmissible gastroenteritis virus

6.1  Introduction

Viral infections occupy one of the leading positions among human and animal dis-
eases. Therefore, the diagnosis of viruses is the main strategy for combating viruses 
and eliminating them.

Various approaches are used to detect and identify viruses, such as microbiologi-
cal and biochemical tests, genetic engineering, and immunological methods. 
Existing methods for identifying viral particles can be divided into the follow-
ing groups:

 1. Detection (identification, determination of concentration, size, and other physi-
cochemical properties) of viral particles (virions) and determination of viral 
infectivity.

 2. Determination of viral antigens.
 3. Determination of viral nucleic acids (Carter and Saunders 2007).

Despite the significant number of developed methods for detecting viral particles, 
their practical use is difficult due to the complexity, high cost, and the small number 
of existing measuring instruments. In addition, in a number of devices, there is a 
high proportion of manual operations that require highly qualified staff.

O. I. Guliy et al.



97

For example, traditional methods for identifying viruses have drawbacks, pri-
marily due to insufficient sensitivity (immunofluorescence methods), long duration 
of analysis, tedious, and lack of the universality of the procedure (culture method). 
The detection of antibodies to viruses in the serum of patients using enzyme-linked 
immunosorbent assay (ELISA) is a retrospective method because it does not detect 
the pathogen itself, but records the body’s response to infection. ELISA detection of 
viral antigens in clinical samples is limited by the lack of sensitivity of the method. 
The use of immunochemical and serological methods also complicates the high 
antigenic diversity of some groups of viruses. Traditional methods, due to the limi-
tations listed above, do not allow simultaneous and highly sensitive detection of the 
main virus groups in clinical samples.

The molecular approaches, including the polymerase chain reaction (PCR) and 
its various modifications, are widely used in the laboratory diagnosis of viral infec-
tions. It should be noted that the real-time PCR is also widely used (Coiras et al. 
2004; Syrmis et al. 2004; Templeton et al. 2004). In recent years, such high-tech 
technology as DNA microarray technology (Lin et al. 2007; Mehlmann et al. 2007; 
Huguenin et al. 2012; del Pilar Martinez Viedma et al. 2019) has been increasingly 
used for diagnostics, for example, acute respiratory viral infections. The advantages 
of molecular methods are high specificity, sensitivity, universality of the procedure, 
short analysis time, process automation, and the ability to identify several pathogens 
at once.

Viruses are dispersed and usually exist in various morphological forms, the size 
of which usually varies from 20 to 900 nm (Passi et al. 2015; Rojek et al. 2017; 
Shawky et al. 2017). Their intact, mature infectious particles usually consist of cer-
tain units of proteins and nucleic acids that self-assemble to form nanoparticle 
structures called virions. Viral proteins are usually located in the surface layer, 
called the capsid, and, sometimes, in the outer shell surrounding the inner nucleic 
acid nucleus. This core of viral nucleic acids can be single or double-stranded (ds), 
DNA or RNA, one or more linear or circular molecules, ranging in size from several 
thousand nucleotides to one million base pairs.

Features of the structure and activity of viruses are taken into account when 
developing methods for their analysis. However, it is important to consider that all 
viruses evolve rapidly, which is facilitated by the world-wide migration processes 
that have intensified in recent years. Under these conditions, humanity is increas-
ingly encountering the emergence of new viruses or strains that are well-known but 
distinguished by increased pathogenicity (e.g., SARS coronavirus, A/H5N1 avian 
influenza virus). Therefore, a very important area is the development of express 
methods for determining viruses. One of the most promising tools for detecting 
viruses is biosensor analysis methods. Instrumentation of these methods should 
ensure high accuracy of measurements, and measurements should be carried out 
automatically by mid-level personnel.

An important criterion in the development of new methods for determining 
viruses is their versatility and the ability to use for various objects. Therefore, the 
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development of methods for the electrophysical analysis of viral particles occupies 
one of the leading positions in this direction. The chapter provides a short overview 
of modern  biosensor virus detection methods. 

6.2  Biosensor Methods for Virus Detection

Initially, methods of electrophysical analysis were used to study the electrophysical 
properties of the cell. A systematic study of these issues began in the 30s of the last 
century, when they began to study one of the electrical characteristics of cells—sur-
face charge. Later, in the 60s, investigations on the study of the dielectric constant 
and electrical conductivity of tissues, cells, and cellular organelles began to carry 
out. Recent years have been characterized by an increased interest in the electrical 
characteristics of not only cells, but also viruses. With the advent of biosensors, the 
traditional approaches to methods for determining viruses are changing signifi-
cantly. The development of biosensor virus detection technologies will be extremely 
useful for the early detection of diseases and the timely provision of medical care 
(Chandra, 2016).

Biosensors are biochemical-physical systems consisting of two components: a 
sensitive biological element and a detection system, allowing to record the concen-
tration or activity of various analytes presenting in the sample. The biological ele-
ment can be catalytic and non-catalytic. Catalytic elements include enzymes and 
tissues. Non-catalytic elements are receptors and nucleic acids. The detection sys-
tem can be optical, calorimetric, acoustic, electrical, etc. There is a possibility of 
combining all these systems, which indicates the possibility of creating a huge num-
ber of various biosensor systems (Turner 1987).

Biosensor methods of analysis began to be used to determine glucose by Clark 
and Lyons in 1960 and have now become an integral part of clinical diagnosis and 
environmental monitoring (Brooks et al. 1988). Biosensors can significantly reduce 
the analysis time, due to the relative simplicity of the procedures, and as the pub-
lished data show, they are quite sensitive and require minimal preliminary process-
ing of the test material. For the detection of viral particles, biosensors with different 
designs and mechanisms of operation are increasingly being used. The key problem 
in the development of a biosensor is the process of introducing and fixing the biore-
ceptor on the surface of the carrier (transducer), that is, an immobilization process 
that allows the development of a selective, reproducible, sensitive, and stable bio-
sensor (Leca-Bouvier 2010; Moreira 2014).

Therefore, one of the main points for the classification of sensors is to use the 
immobilization of analysis components on the surface of the sensor or to conduct 
studies directly in the liquid without immobilizing the analysis components.

Depending on the detection method, the sensors are divided into electrochemi-
cal, optical, acoustic, and cantilever sensors for viruses and bacteriophages.

O. I. Guliy et al.



99

6.2.1  Electrochemical Biosensors

Electrochemical biosensors were created with the aim of combining the sensitivity 
of the electrochemical detector and the specificity of the active layer during anti-
gen–antibody interaction. Electrochemical biosensors include:

 – Potentiometric sensors in which the cell potential is measured at zero current;
 – Voltametric (or amperometric) sensors, in which the oxidation or reduction cur-

rent of electroactive particles is measured at applying a given potential difference 
between the electrodes;

 – Conductometric sensors in which the conductivity of the contents of the con-
tainer is measured using a conductivity bridge (Budnikov 2010; Evtugin 2013).

Combining the principles of voltammetry with immunological reactions allows 
creating inexpensive and selective analytical devices—amperometric immunosen-
sors, which combine high sensitivity of amperometric detection and the specificity 
of immune interactions. The immunosensor operation scheme is presented in 
Fig. 6.1(a).

In biosensors of the electrochemical type, in combination with potentiometric 
electrodes, enzymes, receptors, microorganism cells, plant and animal tissues, and 
antibodies labeled with enzymes are used. In combination with amperometric elec-
trodes, the use of enzymes, microorganisms, plant and animal tissues, and antibod-
ies labeled with enzymes is known.

For example, an amperometric immunosensor was developed without the use of 
labels for the sensitive determination of antibody (Ab) to the Japanese encephalitis 
B virus. In order to obtain a biosensitive part of the sensor, the antiserum was immo-
bilized to an o-phenylenediamine film modified with gold nanoparticles (GNPs) and 
Prussian blue on the surface of a platinum electrode. The formation of the analytical 
signal of the sensor is based on a change in the behavior of the mediator—Prussian 
blue (Fe2+/Fe3+)—during immunochemical interaction, which was recorded using 
the method of cyclic voltammetry. The detection limit was 6 × 109 (Ig particles)/Mn. 
The prospects of using the proposed immunosensor to determine the encephalitis 
virus in biological samples are shown (Budnikov et al. 2013).

Los et al. (2006) proposed the use of an electrochemical biochip to quickly detect 
phage infection and the phenomenon of lysogeny. The principle of the method is to 
capture target molecules (either nucleic acids or proteins) on a chip using a probe 
that is connected to an enzyme that catalyzes the oxidation–reduction reaction. The 
electrical signal resulting from this reaction is measured using a microelectrode. 
Two types of biochips were used in the work: for detecting nucleic acids of bacte-
riophages (using DNA probes) and for detecting virions (using specific Ab). The 
authors demonstrated the ability to detect phages M13, P1, T4, and λ in a short time 
(25–50 min) and in an amount of 104 to 107 particles\ml.

Using the detection of T7 bacteriophage as an example, the use of a colorimetric 
immunosensor made on the basis of gold nanoparticles covalently associated with 
specific antibodies to the T7 bacteriophage was proposed (Lesniewski et al. 2014). 
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Fig. 6.1 (a) The general scheme of the immunosensor. (b) The structure of the gas-sensitive elec-
trochemical sensor: M1 and M2—internal and external metal electrodes; E1 and E2—internal and 
external electrolyte; P—porous septum; GM—gas-permeable membrane. (c) Diagram of the SPR 
biosensor based on a dielectric prism (like Kretschmann scheme)
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The described model of the immunosensor, due to the formation of immune com-
plexes of the bacteriophage with Ab and gold nanoparticles, allows us to detect 
quickly, simply, and selectively the virus. As a result, one can observe a change in 
the color of the solution from red to purple with the naked eye. At that, the authors 
conclude that this method can be used to detect almost any virus.

The study by Grabowska et al. (2014) provides data on the use of an electro-
chemical biosensor (genosensor and immunosensor) for determining the bird 
flu virus.

A barcode lateral flow immunoassay (LFIA) based on magnetic nanoparticles 
with a controllable cut-off level was developed for the first time to detect potato 
virus X in the leaf extracts. To obtain specific conjugates, monoclonal antibodies 
were covalently immobilized on the magnetic nanoparticles’ surface. The applica-
tion of magnetic concentration leads to a six-fold reduction in the first cut-off level 
(0.5 ng/mL) in comparison with magnetic LFIA without the concentration stage 
(Panferov et al. 2017).

The joint use of magnetic nanoparticles (MNPs) and gold nanoparticles (GNPs) 
double enhancement in a LFIA for potato virus X detection was shown in Razo 
et al. (2018). The study realizes two types of enhancement: (1) increasing the con-
centration of analytes in the samples using conjugates of MNPs with specific anti-
bodies and (2) increasing the visibility of the label through MNP aggregation caused 
by GNPs. The double-enhanced LFIA achieved the highest sensitivity, equal to 
0.25 ng/mL and 32 times more sensitivity than the non-enhanced LFIA (detection 
limit: 8 ng/mL).

Although LFIAs have many advantages including speed and ease of use, their 
sensitivity is limited without specific equipment. Furthermore, their response can-
not be enhanced through enzymatic reactions. Owing to these limitations, LFIAs 
have not yet been generally adopted as the standard protocol for in vitro analysis of 
infectious pathogens. Noh et al. (2019) described a novel pipetting-based immuno-
assay using a removable magnetic ring-coupled pipette tip. The “magnetic bead- 
capture antibody-targeted protein complex” was simply purified by pipetting and 
quantified by enzymatic color development or using a lateral flow system. This 
pipetting-based immunoassay was applied to detect the nucleoprotein (NP) of the 
influenza A virus. Using an HP-conjugated monoclonal antibody as a probe, the 
assay allowed for specific and sensitive detection. Khoris et al. (2020) described an 
efficient and quick monitoring system for Hepatitis E virus (HEV) detection. The 
advanced platform for immunoassay has been constructed by a nanozyme that con-
stitutes anti-HEV IgG antibody-conjugated gold nanoparticles (Ab-AuNPs) as core 
and in situ silver deposition on the surface of Ab-AuNPs as outer shell. The virus 
has been entrapped on the nanocomposites while the silver shell has decomposed 
back to the silver ions (Ag+) by adding a tetramethylbenzidine (TMBZ) and hydro-
gen peroxide (H2O2) which indirectly quantifies the target virus concentration. 
Most importantly, the sensor performances have examined in clinically isolated 
HEV from HEV-infected monkey over a period of 45  days which successfully 

6 Biosensors for Virus Detection



102

correlated with their standard RT-qPCR data, showing the applicability of this 
immunoassay as a real-time monitoring on the HEV infection.

By using as an example the bacteriophage PhiX17 and Escherichia coli WG5 
sensitive to this phage, a fast method for detecting viral particles in a sample using 
a whole-cell biosensor was demonstrated. A biofilm of Escherichia coli cells was 
formed on the surface of the metal electrode. The infection of biofilm cells with a 
specific bacteriophage leads to their lysis and a change in impedance on the surface 
of the microelectrode. This change was recorded using impedance spectroscopy. 
The method is simple and allows to detect bacteriophages as long as there are sensi-
tive cells on the chip (Muñoz-Berbel et al. 2008).

Constant outbreaks of infectious diseases have shown that in some cases there 
are no quick non-invasive methods for their diagnosis. In modern realities, a patient 
sometimes cannot detect, for example, the flu virus without assistance. Therefore, in 
most cases, a person has no idea whether he is infected until certain symptoms 
appear, and most often this moment comes too late. One example of a virus defini-
tion is the so-called “gas-sensitive electrodes.” The principle of their operation is 
shown in Fig. 6.1 (b). An important structural element of the potentiometric gas- 
sensitive sensor is the permeable gas membrane (GM), which separates the electro-
lyte of the “external” half cell from the surrounding atmosphere. The membrane is 
impervious to the electrolyte, but permeable to molecules of controlled gases. The 
higher the concentration of such gases in the surrounding atmosphere, the more 
their molecules penetrate through the GM membrane into the electrolyte and dis-
solve in it. They can enter into chemical reactions, and this violates the dynamic 
equilibrium in the near-electrode zone and changes the potential difference between 
the electrodes. For example, Gouma et  al. (2017) created a device resembling a 
breathalyzer and able to detect the influenza virus in the early stages. The main dif-
ference from breathalyzers or household carbon monoxide detectors is the specific-
ity of sensors that detect gas.

The measurement of the amount of heat released during the interaction of the 
analyte with the bioreceptor material is used in biosensors of the calorimetric type. 
In this case, the basis of the bioreceptor can serve as enzymes, cells of microorgan-
isms and animals. For a more detailed acquaintance with various types of biosen-
sors, you can refer to the monographs (Turner 1987; Buerk 1993; Harsanyi 2000).

Electrochemical biosensors have advantages over many alternative approaches, 
in particular, optical sensors, for which the turbidity of the solution or its color can 
significantly limit the scope of potential applications. The current stage of develop-
ment of electrochemical biosensors is characterized by an explosive increase in 
interest in additional factors determining their selectivity and sensitivity. These 
include modification of the surface of the electrode as a primary signal transducer, 
and the substrate for the localization of the biochemical receptor. The disadvantages 
of electrochemical biosensors include sensitivity to radiation, as well as to fluctua-
tions in temperature and pH of the solution.
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6.2.2  Optical Biosensors

In optical biosensors, the analytical signal is caused not by the chemical interaction 
of the component being determined with the sensitive element, but by the measured 
physical parameters—the absorption and reflection of light, the luminescence inten-
sity of the object, etc. The principle of operation of optical biosensors is based on 
recording changes in the optical properties of the medium: optical density (densito-
metric biosensors), color (colorimetric biosensors), turbidity (turbidimetric biosen-
sors), medium refractive index (refractometric biosensors), and other properties as 
a result of the presence of a biological agent. Currently, optical biosensors are most 
developed, based on a change in the direction of propagation of the light flux pass-
ing through an optical fiber or a triangular prism coated with a thin metal film. They 
are based on the effect of surface plasmon resonance (Deisingh 2003).

Optical biosensors, including planar waveguide sensors, were developed simul-
taneously with the first electrochemical devices, but for a long time, they did not 
receive proper attention (Evtugyn 2013). Optical fiber sensors can be divided into 
two large groups: internal and external sensors. Internal sensors include ones in 
which the transit time, intensity, or polarization of light propagating along the fiber 
can be modulated by an external force acting on the fiber. In external sensors, fiber 
is used primarily as a means of transmitting light to the substance being determined, 
where the properties of light (intensity, length, wave polarization) are modified, and 
then the modified light is removed from the measuring element through the fiber 
(Turner 1987).

Most optosensors are optical fibers modified with various auxiliary chemicals 
and biocomponents. The optical fiber is a flexible transparent layer (core) of glass 
(silicon dioxide, plastic) with a refractive index n1, coated by the shell with a refrac-
tive index n2 (n2 < n1). Due to total internal reflection, optical fibers are used as 
waveguides for light. Optical biosensor fibers can be used in combination with vari-
ous spectroscopic methods, for example, with fluorescent ones. Chemically and 
bioluminescent biosensors, as well as electroluminescent sensors, provide very sen-
sitive detection of specific substrates. The only problem existing in the detection of 
luminescence of a biochemical signal is the achievement of the selectivity of the 
system due to the numerous light interferences. Optosensors have several advan-
tages, namely: each type of analyte can be determined using appropriate spectro-
metric methods. At that, there is the possibility of remote monitoring and the 
implementation of non-invasive formats of biomedical sensors. The widespread use 
of optical biosensors is also due to the fact that they allow the analysis of very small 
quantities of substances and can be adapted to the analysis and detection of a large 
range of various biological and chemical objects (Erickson et al. 2008; Fan et al. 
2008). However, some disadvantages make their development difficult. These 
include interference with ambient light, possible photobleaching of dyes and other 
auxiliary components, the high optical density of the background, the fluorescence 
of the fiber, a fairly long measurement time, and the limited availability of 
accessories.
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An optical immunosensor has also been developed to detect the biomarker of 
non-structural protein 1 (NS1) dengue in clinical samples obtained in the early 
stages of infection. The principle of operation is based on the determination of the 
NS1 antigen by immunofluorescence using fluorescein isothiocyanate (FITC) con-
jugated to an IgG antibody. The sensor is characterized by high reproducibility 
(relative standard deviation of 2%) and good stability for 21 days at 4 °C with a 
detection limit of 15 ngmL−1 (Darwish et al. 2018).

The fluorescence method has made great progress in the construction of sensitive 
sensors, but the background fluorescence of the matrix and photobleaching limit its 
broad application in clinical diagnosis. Wu et al. (2019) proposed a digital single 
virus immunoassay for multiplex virus detection by using fluorescent magnetic 
multifunctional nanospheres as both capture carriers and signal labels. The super-
paramagnetism and strong magnetic response ability of nanospheres can realize 
efficient capture and separation of targets without sample pretreatment. Due to their 
distinguishable fluorescence imaging and photostability, the nanospheres enable 
single-particle counting for ultrasensitive multiplexed detection. Based on multi-
functional nanospheres and digital analysis, a digital single virus immunoassay was 
proposed for simultaneous detection of H9N2, H1N1, and H7N9 avian influenza 
virus without complex signal amplification, whose detection limit was 0.02 pg/mL.

The highly efficient detection of the Human herpes simplex virus type 1 (HSV) 
UL27 gene through the programmed assembly of superparamagnetic (SPM) 
nanoparticles based on oligonucleotide hybridization was demonstrated (Li et al. 
2020). The state of assembly of the SPM nanoparticles was determined by optical 
signature of the synchronized motion on the beads on a micromagnetic array 
(MMA). This technique has been used to identify <200 copies of the HSV UL27 
gene without amplification in less than 20 min.

In the late 60s of the twentieth century, E. Kretschmann showed the possibility 
of excitation of surface plasmons by polarized light, which served as an impetus for 
the development of the method of surface plasmon resonance (SPR). After 
10–20 years, using the phenomenon of plasmon resonance, a number of researchers 
have shown the possibility of using the method to study biological objects, includ-
ing viruses. The advantage of this technology is the ability to observe almost any 
intermolecular interactions in real-time, without using special tags (Homola 2006; 
De Mol and Fischer 2010).

SPR is a phenomenon that occurs at the phase boundary, for example, a glass 
prism—a metal film. Part of a light passing through a prism and falling at a certain 
angle on the metal surface propagates in a metal film in the form of a damped elec-
tromagnetic wave, which causes collective oscillatory movements of free electrons. 
The connection of the studied object with the surface of the metal film leads to a 
change in the dielectric constant and, consequently, to a change in the angle of spa-
tial resonance. The change in the angle of spatial resonance can be monitored in 
real-time, obtaining information on the kinetics of interactions that occur on the 
surface of a metal film (Garcia-Aljaro et al. 2008; De Mol and Fischer 2010).

In the majority of biosensor SPRs used today, surface plasmons are excited using 
a prism scheme, which is widespread due to the simple implementation and the 
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possibility of using methods with various types of signal modulation (see Fig. 6.1c) 
(Kretschmann et al. 1968; Kanso et al. 2008; Mamichev et al. 2012).

Biosensors of this type allow the study of a variety of intermolecular ties and 
affinity. In general, SPR can be attributed to express methods. For example, in the 
work (Garcia  – Aljaro et  al. 2008) showed the possibility of detecting bacterio-
phages of Escherichia coli using a two-channel microfluidic SPR sensor in real- 
time. Biotinylated Escherichia coli WG5 cells were applied to a gold film using 
avidin as a ligand. Bacterial cells immobilized in this way were used as targets for 
the selective detection of coliphages. After adding bacteriophages isolated from 
wastewater to this system, their binding to cells was observed. The sensitivity of this 
method was 102 plaque-forming units (PFU/ml), with an incubation time of 120 min.

Biosensors are widely used, the effect of which is based on giant Raman scatter-
ing (GRS) (Monzon-Hernandez and Villatoro 2006; Liu 2007). One of the most 
promising applications of GRS is to study the structural and functional features of 
various biological molecules, since this method is non-destructive and allows you to 
quickly obtain information about the chemical and structural properties of 
biomolecules.

Two methods for detecting biomolecules by means of GRS are most common: 
homogeneous—the target molecule forms a bond with metal nanoparticles in the 
solution, which play the role of cattle “amplifiers” (Fig. 6.2 а), and heterogeneous—
the solution of the analyzed molecules is placed on the surface with GRS active 
centers (Fig. 6.2 b). The advantages of the first method are the high reaction rate and 
the relative ease of implementation, as well as the uniformity and repeatability of 
the obtained amplification of the GRS signal, since nanoparticles can be synthe-
sized with a high degree of repeatability of their parameters. In such GRS systems, 
metal nanoparticles with various types of shells (Jackson et al. 2003) and nanorods 
(Nikoobakht 2003) are often used as GRS-active substrates.

The GRS technique is used for various biochemical analyzes, including immu-
noassay, the purpose of which is to detect a specific interaction between antibodies 
and antigens. In Xu et al. (2004), hepatitis B virus antigen was detected by using 
gold nanoparticles equipped with immunolabels that were adsorbed on a GRS- 
active silver substrate.

Progress in the use of an electro-optical (EO) sensor for transmissible gastroen-
teritis virus (TGEV) detection with help of specific antibodies without their immo-
bilisation on the sensor surface was described in Guliy et al. (2020). The EO signal 
is an information parameter that characterizes the change in the electrical character-
istics of suspended particles (viruses) under the influence of an electric field. During 
the surface interaction of viral particles with antibodies, the surface electrical prop-
erties change, which leads to a change in particle polarization, orientation, and opti-
cal response. In the method used for the optical recording of interaction effects, the 
response is used in the form of a change in the attenuation of monochromatic unpo-
larized light when the virus-specific antibody complexes are oriented. The limit for 
reliable virus detection is 104 virus particles/ml, and the time of analysis is 
10–15 min.
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Rossi et al. (2007) demonstrated the possibility of detecting the bacteriophage 
MS2 using a biosensor based on thin films of nanoporous silicon. Due to the advan-
tages of nanoporous silicon—the simplicity of the technology and extremely high 
surface area—it is an ideal basis for the manufacture of sensors. Antibodies were 
immobilized on porous films by covalent bioconjugation and then dye-labeled 

Fig. 6.2 The principle of action of the biosensor for detecting biomolecules by means of giant 
Raman scattering (GRS). (a) the homogeneous variant (the target molecule forms a bond with 
metal nanoparticles in the solution, which play the role of cattle “amplifiers”) and (b) the inhomo-
geneous variant (the solution of the analyzed molecules is placed on the surface with GRS active 
centers). (c) General scheme of a sensor with an acoustic Love wave
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bacteriophages MS2 were introduced into the system. During the measurement of 
fluorescence, the possibility of detecting viral particles in the amount of 2 × 107 
PFU/ml was established.

6.2.3  Acoustic Biosensors

Recently, piezoelectric resonators or delay lines with a propagating surface or plate 
acoustic wave have been widely used to create biosensors. Such biosensors are sen-
sitive to changes in the mechanical or electrical properties of a biological object 
contacting with the surface of the waveguide. Acoustic biosensors are most often 
made on the basis of piezoelectric crystals such as quartz, lithium niobate, or lith-
ium tantalate, since they are characterized by high chemical resistance. Acoustic 
waves excited in a piezoelectric medium may be used for creating a whole family of 
sensors characterized by high sensitivity, speed of analysis, low cost, and small sizes.

Some methods are based on the use of Abs or membranes as a receptor deposited 
on the surface of a piezoelectric waveguide or resonator (Ballantine et al. 1997). For 
example, using the immobilization of the corresponding antiviral antibodies on the 
surface of a piezoelectric resonator, an immunosensor was developed for the selec-
tive detection of herpes viruses in human blood (Koenig and Graetzel 1994), as well 
as in natural water reservoirs (rivers, sewers, wastewaters) without preliminary pro-
cessing of the analyzed substrate (Bisoffi et al. 2008).

The work (Uttenthaler et al. 2001; Kurosawa et al. 2006) showed the possibility 
of detecting bacteriophages by biosensors representing a piezoelectric resonator 
based on crystalline quartz (SiO2). The surface of the crystal is coated with antibod-
ies (Abs) specific for the bacteriophage, and in the course of a specific reaction on 
the surface of the crystal, the resonant frequency of the vibrations changes, which is 
detected by the biosensor.

Tamarin et al. (2003), using elastic Love waves with horizontal shear polariza-
tion in a layered medium, showed the possibility of detecting the bacteriophage 
M13 in real-time. Initially, irreversible immobilization of Abs specific for bacterio-
phage M13 was performed on a silicon oxide substrate. Then, an immunoreaction 
was carried out between the bacteriophage M13 and the immobilized Abs, and the 
resulting multilayer structure appeared on the surface of the waveguide, leading to 
a change in the velocity, and attenuation of the Love wave was analyzed. The gen-
eral scheme of the sensor based on Love waves is shown in Fig. 6.2c. As a control 
for counting the bacteriophage titer, particles bound to Abs on the surface of the 
sensor were eluted by changing the pH of the solution. In this case, the number of 
PFU was evaluated by microbiological methods.

Matatagui et al. (2014) considered the possibility of using a Love-wave immuno-
sensors in combination with a microfluidic chip to determine the bacteriophage M13.

Along with the use of active layers, the possibility of studying biomolecular 
interactions in solutions in direct contact with the surface of the waveguide was 
shown. This significantly reduces the time required for detecting the test sample. 
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For example, a biosensor for detecting endotoxin in various solutions was created 
on the basis of a resonator with a longitudinal electric field (Muramatsu et al. 1989).

It has been shown that an acoustic sensor with a surface acoustic wave allows to 
detect the Ebola virus (Baca 2004). The absence of an active layer in the sensor led 
also to the possibility of its multiple uses. A biosensor based on a piezoelectric reso-
nator with a longitudinal electric field was developed and successfully tested to 
detect hepatitis B virus (Zhou et al. 2002).

The possibility of using an acoustic biosensor based on lithium tantalate to 
quickly detect human immunodeficiency viruses (HIV) and differentiation between 
two different serotypes of HIV-1 and HIV-2  in complex matrices such as human 
blood has been demonstrated (Bisoffi 2013). This is extremely important for emer-
gency assistance, which requires quick and reliable testing for the presence of 
blood-borne pathogens.

Piezoelectric resonators with a lateral electric field, in which there is no contact 
of the material under study with metal electrodes, are very promising for the study 
of biological objects (Fig. 6.3 а). These resonators are used to study the properties 
of various liquids, including biological ones. Such a resonator is a piezoelectric 
plate with two electrodes deposited on one of its side. The test suspension is in con-
tact with the opposite side of the plate. It is known that a change in the viscosity and 
conductivity of a contacting liquid leads to a change in the characteristics of such a 
resonator (Zaitsev et al. 2015).

This allows the analysis of biological objects directly in the liquid phase without 
applying specific Abs to the surface of the resonator. On this basis, the possibility of 
detecting bacteriophages using specific microbial cells, antibodies, and phage mini- 
antibodies directly in the liquid phase has been shown (Zaitsev et al. 2012; Guliy 
et al. 2016a, b; Guliy et al. 2017a; Guliy et al. 2018; Guliy et al. 2019). It was found 
that the lower limit of detection of bacteriophages was 106 phages/ml with an analy-
sis time of ~10 min. The degree of change in the characteristics of the resonator 
depends on the number of phage particles, which opens up prospects for conducting 
not only a qualitative but also quantitative analysis of bacteriophages. The obtained 
data showed the possibility of using the value of the real or imaginary part of the 
electrical impedance at a fixed frequency near the resonance as an analytical signal. 
Sensor capabilities have been demonstrated for bacteriophages belonging to differ-
ent taxonomic groups.

For example, filamentous bacteriophage of class I M13K07 belongs to the 
Inoviridae family, and the bacteriophages ΦAl-Sp59b and ΦAl-SR65 correspond to 
the Podoviridae family. A criterion for confident registration of a specific interaction 
was developed, which consists in the fact that the change in the module of the elec-
trical impedance of the sensor should be at least ~5% when a certain amount of Abs 
is added to the suspension of bacteriophages. The advantage of a piezoelectric reso-
nator with a lateral electric field is the possibility of its multiple use. This is because 
the resonator is made of a lithium niobate crystal, which is chemically resistant to 
almost all chemical compounds. In addition, the surface of the resonator, processed 
according to the 14th class of purity, does not allow any adsorption. Therefore, after 
washing the resonator, no trace of the suspension remains on its surface, and 
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Fig. 6.3 (а) The scheme of an acoustic sensor based on a piezoelectric resonator with a lateral 
electric field. (b) The general scheme of the cantilever sensor. (c) The scheme of a detecting system 
based on a microwave resonator: 1—segment of the rectangular waveguide; 2—plate of lithium 
niobate; 3—sensitive layer with immobilized cells; 4—coaxial waveguide adapter
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confirmation of this is the complete restoration of all its characteristics after all 
experiments.

Obviously, for reliable determination of viral particles, one should select a spe-
cific receptor in each case. Currently, specific antibodies immobilized on carriers 
are most often used to detect viruses. Improvements in this area of research have 
focused on the development of platforms for immobilizing antibodies, such as 
micro- or nanochips, in which several agents can be identified in various ways. The 
development of virus detection technologies is focused on improving the sensitivity, 
cost-effectiveness, and reusability of the sensor.

Ideally, in order to elicit the most effective response to a virus, a “speed-type” 
biosensor network is needed to quickly receive an initial warning of the presence, 
spread, and virality of an infectious agent. To achieve this, it is desirable to use a 
portable biosensor with high sensitivity and accuracy, which can detect viruses in 
real-time. Continued research to improve probes and platforms should lead to the 
creation of effective biosensors that can be used in real samples. In this context, the 
method of electroacoustic analysis based on a piezoelectric resonator with a lateral 
electric field has shown the promise of its application for solving the problems of 
virus detection. Further standardization and automation of the electro-acoustic anal-
ysis method will expand the range of its application and use in microbiology, bio-
technology, veterinary medicine, medicine, and phage therapy.

6.2.4  Cantilever Biosensors

Compact and autonomous sensors based on microcantilevers integrated into micro-
fluidic chips have prospects for use as personalized diagnostic devices (Vasan et al. 
2013; Kolesov et al. 2016). The main element in such a sensor is the cantilever, that 
is, high-quality mechanical resonator made of a piezoelectric rod of the rectangular 
cross-section. One end of the rod is mechanically fixed, and the other is mechani-
cally free. Since the length of the rod is significantly greater than its shear dimen-
sions, it is able to perform bending vibrations. When the microprobe moves along 
the surface of the sample, the spike tip rises and falls, outlining the surface microre-
lief, similar to the way a gramophone needle slides along a gramophone. At the 
protruding end of the cantilever (above the spike), there is a mirror area onto which 
the laser beam is incident and reflected. When the spike lowers and rises on surface 
irregularities, the reflected beam is deflected, and this deviation is detected by the 
photodetector. Photodetector data is used in a feedback system that provides a con-
stant pressure force of the tip on the sample. Thus, the cantilever is a high-Q resona-
tor, the resonant frequency of which depends on its effective mass and material 
stiffness. Figure 6.3 (b) as an example presents the general scheme of a cantile-
ver sensor.

The dynamic mode of operation of cantilever sensors is based on a change in the 
resonant frequency of the cantilever during a specific interaction of analyte mole-
cules with the receptor layer, which leads to an increase in the mass of the resonator 
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(Chen et al. 1995; Kolesov et al. 2016). To create a biological multifunctional sen-
sor, you can use a system of cantilevers tuned to various microorganisms  and 
viruses.

In the past few years, the development of biosensors for detecting viruses in the 
environment has become popular. For example, Timurdogan et al. (2011) described 
the use of a cantilever biosensor to detect hepatitis A and C viruses in bovine serum. 
In this case, antibodies specific for hepatitis A and C viruses were immobilized on 
cantilevers with different resonant frequencies. The detection limit was shown to be 
0.1 ng/ml (1.6 pM). Gupta (2004) has shown that the sensitivity of a cantilever to a 
change in its mass can be quite sufficient for the detection of a single vaccinia virus 
if a specific sensory layer is not used.

Gorelkin et al. (2015) reported the possibility of detecting duck virus A in a static 
mode using a cantilever modified with a synthetic glycopolymer containing sialic 
acid residues. The authors believe that the polymer layer on the surface of the can-
tilever creates a matrix that increases surface tension due to additional interaction 
with viral particles. The detection limit in this system was 106 virions/ml. The 
resonant- mode piezoelectric cantilever sensor was used to detect hepatitis C virus 
helicase with a concentration of 100  pg/ml (Hwang et  al. 2007). Helicase is an 
enzyme responsible for the deployment of viral RNA, and it is specific for this virus. 
RNA aptamers representing short nucleotide sequences capable of specifically 
binding an antigen (protein) also were used as a receptor. They can be easily synthe-
sized and are more shelf-stable than antibodies.

Thus, cantilever biosensors provide a promising platform for creating highly 
sensitive and selective sensor devices. However, under operation in liquids, the can-
tilever sensor operating in dynamic mode has low sensitivity due to a decrease in the 
quality factor of bending vibrations. As for sensors operating in static mode, they 
are highly susceptible to changes in external influences: changes in the flow rate of 
the analyzed liquid, changes in temperature, etc.

6.2.5  Microwave Resonator for Detecting Bacteriophages

Bacteriophages are an excellent model in developing methods for detecting viruses. 
Some types of bacteriophages have a wide spectrum of lytic activity and infect only 
certain strains of one bacterial species, while others are characterized by multiple 
virulences. Due to receptors located on the cell surface, bacteriophages are recog-
nized and attached only to specific bacterial cells. This principle can be applied to 
the detection of bacteriophages using biosensor methods. Studies in the field of 
biosensors have shown that it is advisable to use microbial cells as a biologically 
sensitive element in sensors. Microorganisms immobilized in various ways on car-
riers, in combination with an electrophysical sensor, can represent simple, sensitive, 
high-speed biosensors.

The study by Guliy et al. (2017b) showed the possibility of determining bacterio-
phages using a detection system based on a microwave resonator operating in the 
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frequency range 5–8.5 GHz. The circuit of such a resonator is shown in Fig. 6.3 (c). 
The electrodynamic resonator is a segment of a rectangular microwave waveguide, 
which is bounded by a short-circuit metal plate on one side. A plate of lithium nio-
bate with a porous polystyrene film containing immobilized cells is set on the other 
side. When a small amount of a suspension containing bacteriophage specific to 
immobilized cells was applied to the polystyrene plate, the reflection coefficient of 
the wave from the resonator changed significantly. The detection limit of such a 
sensor was 106 phages/ml, with an analysis time of about 10 min.

6.3  Conclusion and Future Perspectives

Viral infections still pose a danger to humanity, which stimulates the development 
of new rapid methods for their detection. There is no doubt that the medical mani-
festations of the disease, confirmed by biochemical, microbiological, and animal 
tests, remain the gold standard in clinical diagnostic laboratories. However, the 
number of methods to obtain information on viral danger is steadily growing. At 
that, the main requirements for new methods, in addition to high sensitivity, are the 
ability to analyze a large number of samples in a short time, as well as in “field 
conditions.”

The use of biosensors for the signal indication of viruses will prevent the spread 
of viral infection due to fast and timely pro-anti epidemic measures. In general, the 
biosensor methods for determining viruses can be developing in two directions: 
with the immobilization of the components of the analysis and without their immo-
bilization. Each of these areas has its own advantages and disadvantages. The main 
point for all sensors is that the sensors allow to clearly distinguishing between situ-
ations when viruses interact with specific reagents from control experiments when 
this interaction does not occur. The biosensors considered, being highly sensitive to 
virus detection, allow working with different taxonomic groups. In addition, biosen-
sors allow you to measure in real-time, conduct analysis without the use of markers, 
and reuse one chip for analysis. They also have high-performance stability and 
reproducibility of results. Low cost, small sample requirements, and the possibility 
of miniaturization justify their growing development.

An analysis of the scientific literature on the research and development of tech-
nologies in this direction shows the significant potential of acoustic biosensor sys-
tems for detecting viruses. Despite the fact that acoustic sensors are used to detect 
microbial cells, their use for detecting viruses is described very poorly. Acoustic 
sensors can analyze viruses directly in a liquid without immobilizing analysis com-
ponents on the surface. This advantage allows for avoiding the procedure for opti-
mizing the process of immobilization and selection of the sensor surface. The 
acoustic assay constitutes a specific and sensitive alternative to other methods for 
virus detection. The indisputable advantages of acoustic sensors are simple sample 
preparation, sensitivity, efficiency, and the possibility of multiple uses. Further 
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standardization and automation of the electro-acoustic analysis method will expand 
the range of its application for virus detection.

It should be emphasized that all developed biosensor methods are universal and 
can be adapted to detect viruses belonging to different groups. In the future, with the 
development of methods for the specific treatment of viral diseases, test systems 
developed on the basis of biosensor diagnostics will undoubtedly find application in 
clinical practice for making a diagnosis and prescribing adequate treatment. Thus, 
the development of sensor technology for the analysis of viral particles can be used 
in microbiology, biotechnology, veterinary medicine, medicine, and phage therapy.
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Chapter 7
Specific Immobilization of Rotaviruses 
for Atomic Force Microscopy Using 
Langmuir Antibody Films Based 
on Amphiphilic Polyelectrolytes

Sergei Georgievich Ignatov, S. Yu. Filippovich, and Ivan Alekseevich Dyatlov

Abstract The Langmuir–Blodgett technique is a useful and suitable tool for fabri-
cation of affinity layers. Langmuir antibody films based on amphiphilic polyelectro-
lytes have been used for specific immobilization of rotaviruses for atomic force 
microscopy (AFM) analysis. AFM has been used for structural analysis of virus 
particles and their identification based on specific interactions of antibodies with 
rotaviruses. Virus-containing samples were investigated in the atomic force micro-
scope using contact and tapping mode. Monoclonal mouse antibodies against 
viruses were used for film deposition. Antibodies were deposited on different sub-
strates using Langmuir–Blodgett and Langmuir–Schaeffer techniques. A compari-
son of the size of virus particles obtained by AFM and electron microscopy has 
been done.

Keywords AFM · Specific immobilization · Langmuir films · Viruses · Antibodies
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AFM atomic force microscopy
BSA bovine serum albumin
COVID-19 coronavirus disease 2019
DNA deoxyribonucleic acid
MGEs mobile genetic elements
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MERS-CoV Middle East respiratory syndrome coronavirus
PHE public health emergency
PHEIC public health emergency of international concern external icon
RNA ribonucleic acid
SARS-CoV severe acute respiratory syndrome coronavirus
STM scanning tunneling microscopy

7.1  Introduction

All cellular life-forms, except some intracellular bacterial parasites, host distinct 
repertoires of viruses and other mobile genetic elements (MGEs). Viruses appear to 
be the dominant biological entities on our planet, with the total count of virus par-
ticles in aquatic environments alone at any given point in time reaching the stagger-
ing value of 1031, a number that is at least an order of magnitude greater than the 
corresponding count of cells (Rohwer 2003; Edwards and Rohwer 2005; Suttle 
2005; Rosario and Breitbart 2011; Chow and Suttle 2015). Accordingly, lytic infec-
tions of cellular organisms, primarily bacteria, by viruses play a central role in the 
biological matter turnover in the biosphere (Suttle 2005; Suttle 2007; Rohwer and 
Thurber 2009; Koonin and Dolja 2013; Chow and Suttle 2015; Cobián Güemes 
et  al. 2016; Danovaro et  al. 2016). The genetic diversity of viruses is harder to 
assess, but beyond doubt, the gene pool of viruses is, in the least, comparable to that 
of hosts. The estimates of the number of distinct prokaryotes on earth differ widely, 
in the range of 107 to 1012 (Curtis et  al. 2002; Amann and Rosselló-Móra 2016; 
Locey and Lennon 2016; Vinatzer et al. 2017), and accordingly, estimation of the 
number of distinct viruses infecting prokaryotes at 108 to 1013 is reasonable. Even 
assuming the lowest number in this range and without attempting to count viruses 
of eukaryotes, these estimates represent vast diversity. Furthermore, the genomes of 
most viruses accumulate mutations much faster than genomes of cellular organisms 
due to both the typically low fidelity of the virus replication machinery that stems, 
in part, from the absence of proofreading activity in many viruses and the strong 
selection pressure on virus populations (Holland et  al. 1982; Drake et  al. 1998; 
Sanjuán et al. 2010; Sanjuán and Domingo-Calap 2016; Geoghegan and Holmes 
2018; Domingo and Perales 2019). Thus, viruses encompass an enormous pool of 
rapidly evolving genes that appears to continuously contribute to the emergence of 
new genes in cellular life-forms through the exchange of genetic material between 
cells and viruses. However, despite the rapid short-term evolution of viruses, the key 
genes responsible for virion formation and virus genome replication are conserved 
over the long term due to selective constraints (Szathmáry and Maynard Smith 
1997; Takeuchi and Hogeweg 2007; Takeuchi and Hogeweg 2012; Iranzo et  al. 
2016; Koonin et al. 2017; Berezovskaya et al. 2018).

Generally, viruses are very small living objects with the size from 0.02 to 0.3 μm, 
although several very large viruses with a length of up to 1  μm (megavirus, 
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pandoravirus) have recently been detected (Schulz et al. 2020). Living and multipli-
cation of viruses are completely dependent on the host cells (bacterial, plant, or 
animal). Viruses consist of protein, and sometimes lipid, envelope, RNA or DNA 
core, and sometimes enzymes necessary for the first stages of virus replication. 
Viruses are molecular parasites or symbionts that coevolve with nearly all forms of 
cellular life. The route of virus replication and protein expression is determined by 
the viral genome type. The single-stranded DNA (ssDNA) viruses are a polyphy-
letic class, with different groups evolving by recombination between rolling-circle-
replicating plasmids, which contributed to the replication protein, and positive-sense 
RNA viruses, which contributed the capsid protein. The double-stranded DNA 
(dsDNA) viruses are distributed among several large monophyletic groups and 
arose via the combination of distinct structural modules with equally diverse repli-
cation modules. Phylogenomic analyses reveal the finer structure of evolutionary 
connections among RNA viruses and reverse-transcribing viruses, ssDNA viruses, 
and large subsets of dsDNA viruses.

Viruses are classified mainly according to the structure of their genome and the 
type of their replication, and not depending on the diseases that they cause (Siddell 
et al. 2020). All viruses were divided into seven distinct classes, based on the struc-
ture of the virion’s nucleic acid (traditionally called the virus genome) (Baltimore 
1971; Agol 1974; Condit 2013):

 1. Double-stranded DNA (dsDNA) viruses, with the same replication-expression 
strategy as in cellular life-forms

 2. Single-stranded DNA (ssDNA) viruses that replicate mostly via a rolling-circle 
mechanism

 3. dsRNA viruses
 4. Positive-sense RNA [(+)RNA] viruses that have ssRNA genomes with the same 

polarity as the virus mRNA(s)
 5. Negative-sense RNA [(−)RNA] viruses that have ssRNA genomes complemen-

tary to the virus mRNA(s)
 6. RNA reverse-transcribing viruses that have (+)RNA genomes that replicate via 

DNA intermediates synthesized by reverse transcription of the genome
 7. DNA reverse-transcribing viruses replicating via reverse transcription but incor-

porating into virions a dsDNA or an RNA-DNA form of the virus genome

Thus, there are DNA viruses and RNA viruses; each type may have single or double 
chains of genetic material. Single-stranded RNA viruses, in turn, are divided into 
RNAs with positive polarity and RNAs with negative polarity. Typically, DNA 
viruses replicate in the nucleus of the host cell, and RNA viruses typically replicate 
in the cytoplasm. At the same time, some single-stranded RNA viruses of positive 
polarity, called retroviruses, use a completely different replication method (Koonin 
and Dolja 2014). Viruses are the causative agents of such dangerous infections as 
hepatitis C, herpes, and AIDS.  Chronic viral infections are characterized by the 
prolonged, continuous release of the viruses. Viruses are spread through respiratory 
and intestinal secretions. Clear laboratory diagnosis of viruses is based on detection 
of the whole virus or viral main antigens or viral DNAs and RNAs or 
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antigen- specific antibodies, or visualization of viruses and combination of all these 
detections. It is very difficult to detect and identify viruses because of their size and 
because they are very small compared with bacterial pathogens. Currently, the defi-
nition and identification of viruses are based on three main approaches of poly-
merase chain reaction (PCR), hybridization, and immunoassays (Delwart 2007; 
Nicolaisen 2011; Roossinck 2011; Mokili et al. 2012).

However, because these assays depend on the reagents (antibodies, primers, or 
probes) developed from the characterized viruses and viroids, they are ineffective 
when the disease is caused by a new pathogen or a mixture of pathogens that share 
little or no sequence similarity with those described previously. The rapid method 
was offered in the use of next-generation sequencing technologies for the identifica-
tion of viruses and viroids (Wu et al. 2015). Serological identification of viruses 
may be sensitive and specific. Sometimes a histological examination using an elec-
tron microscope can help. Viral genomes are small; the genome of RNA viruses 
ranges from 3.5 up to 27 kb, and the genome of DNA viruses varies from 5 up to 
280 kb. Thus, partial and full genome sequencing will become an important compo-
nent for specific diagnostic for virus detection and identification.

Recently, electron microscopy was used to identify the COVID-19 virus (Kim 
et  al. 2020). As an instrument for nanoscale imaging, atomic force microscopy 
(AFM) has many benefits over scanning electron microscopy (SEM). While SEM 
must be carried out in a vacuum, AFM can be undertaken in several different envi-
ronments, encompassing ambient, liquid, and vacuum. It is ideally suited to the 
analysis of biological samples due to its ability to image in a liquid environment. 
This chapter aims to test using AFM for specific visualization of viruses.

7.2  AFM in Virology

Nanobiotechnology is a discipline in which tools from nanotechnology are devel-
oped and applied to study biological phenomena. The number of virus particles on 
Earth is frequently reported in the scientific literature and in general-interest publi-
cations as being on the order of 1031 (Mushegian 2020). AFM probes surface- 
adsorbed samples at the nanoscale by using a sharp stylus of nanometric size located 
at the end of a micro-cantilever. AFM can be used to explore the topography of 
viruses and protein structures. AFM is not limited to imaging and allows the manip-
ulation of individual viruses with force spectroscopy approaches, such as single 
indentation and mechanical fatigue assays. These pushing experiments deform the 
protein structures to get their mechanical information and can be used to monitor 
the structural changes induced by maturation or the exposure to different biochemi-
cal environments, such as pH variation (de Pablo 2019). A characteristic structural 
element in viruses is the protein capsid, which combines multiple functions, includ-
ing packaging of the viral genome and recognition of the target cell. These protein 
cages or shells can be defined as a structure built out of protein subunits enclosing a 
cavity at the nanometer scale. Although viruses illustrate the definition of a protein 
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cage, non-viral structures, such as bacterial microcompartments (Cheng et al. 2008), 
vault particles (Querol-Audı et  al. 2009), clathrin cages (Fotin et  al. 2004), and 
artificial virus-like structures (Wimmer et al. 2009; Worsdofer et al. 2011; Lai et al. 
2014) are other examples. Virus protein capsids are built up of repeating protein 
subunits (capsomers) that pack the viral genome (Flint et al. 2004). Viral particles 
are endorsed with meta-stable properties that permit fulfilling each task of the viral 
cycle sequentially (Mateu 2013). These capacities have induced using viral capsids 
as protein containers of artificial cargoes (drugs, polymers, enzymes, minerals) 
(Douglas and Young 1998) with applications in materials and biomedical sciences. 
AFM requires the immobilization of the specimen to study on a solid surface (sub-
strate). Viral cages are normally physisorbed on the substrate, using polar, non- 
polar, and van der Waals forces (Muller et  al. 1997). Physisorption traps protein 
cages on the surface without creating chemical bonds that might alter their struc-
ture. Each type of protein shell has individual features such as local charge densities 
and/or hydrophobic patches (Armanious et al. 2016), which can be employed for 
adsorption, via electrostatic and/or hydrophobic interactions, on different substrates, 
such as glass, mica, and HOPG (Highly Oriented Pyrolytic Graphite) (Moreno- 
Madrid et al. 2017).

AFM has opened a new way regarding the investigation of the physical proper-
ties of viruses and virus mechanics. The first imaging attempt regarding viruses was 
performed using scanning probe microscopy. In scanning tunneling microscopy 
(STM), imaging the sample has to be electrically conductive, and the particle was 
covered with a metallic layer that is far from its physiological conditions. This limi-
tation has been overcome using AFM, which does not require electrical conductiv-
ity. AFM has been widely used for the topographic property determination of 
viruses, partially disassembled viruses, viral capsids, nucleic acids, etc. Also, AFM 
can be used to investigate the viral infection in the live-cell process and for the 
determination of the interaction forces between viruses and other molecules. A dif-
ferent approach for the determination of the mechanical properties of viruses is 
based on the consideration of the virus particle and the AFM cantilever. One could 
say that each type of virus has a preferred substrate since each kind of protein struc-
ture exposes different residues (Tetreau et  al. 2020). Virus particles and other 
protein- based supramolecular complexes have vast nanotechnological potential. 
However, protein nanostructures are “soft” materials prone to disruption by force. 
Whereas some non-biological nanoparticles (NPs) may be stronger, for certain 
applications, protein- and virus-based NPs have potential advantages related to their 
structure, self-assembly, production, engineering, and/or inbuilt functions. Thus, it 
may be desirable to acquire the knowledge needed to engineer protein-based nano-
materials with a higher strength against mechanical breakage (Medrano et al. 2019).

The characterization of viral structures has required high-resolution techniques 
such as AFM. AFM has been widely used in the field of biological science. Cells, 
their structures, and molecules have been extensively studied using this method. 
The AFM has also been applied within the field of virology. As the structures of 
many viruses have been determined by electron microscopy and X-ray crystallogra-
phy, the most appropriate role for AFM is the surface topography of viruses under 
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many different conditions (in the air and, for the most important biological applica-
tions, in solution). The AFM has been used in the high-resolution image of many 
viruses. Viruses are not easy to characterize, but the capacity to predict the surface 
charge of viruses opens new possibilities for vaccine purification and making gene 
therapy too (Michigan Technological University, 2020). Before viruses can be 
imaged using AFM, they should be immobilized on the surface. There are two 
methods of immobilization—specific and non-specific. In the non-specific method, 
samples were put on the surfaces and analyzed after drying. In this case, it is diffi-
cult to analyze images, especially in the presence of contaminants. Antibodies are 
usually used to increase the sensitivity of immobilization. The standard formation 
of the antibody monolayers for immobilization of viruses is achieved by direct 
covalent attachment to the surface. It is known that monolayers of pure antibodies 
or enzymes can lose their specificity and activity (Babitskaya et  al. 1997). 
Amphiphilic polyelectrolytes and lipids have been used to protect antibodies and 
enzymes from inactivation during the formation of monolayers. In this study, we 
report on the use of Langmuir films of antibodies based on amphiphilic polyelectro-
lyte for specific immobilization of rotaviruses for visualization by AFM.

It is possible to analyze the virus morphology in high resolution under physio-
logical conditions (in water medium) (Kuznetsov and McPherson 2011). AFM can 
be used for nano-sized manipulation using cantilever (Rief et al. 1997; Muller et al. 
2002; Schaap et al. 2006). Using cantilever, it is possible to analyze the packing of 
the genome(Carrasco et  al. 2006, 2008; Roos et  al. 2009; Hernando- Perez et  al. 
2012; Snijder et al. 2013; Zeng et al. 2017), virus maturation (Carrasco et al. 2011; 
Roos et al. 2012; Ortega-Esteban et al. 2013), site-directed mutagenesis (Carrillo 
et al. 2017), and protein engineering of capsids (Llauro et al. 2016). AFM can be 
used for the study of phage genome translocation into the bacterial cell (Purohit 
et  al. 2003; Gonzalez-Huici et  al. 2004). In addition, protein shells of non- viral 
origin, encapsulin, and the internal pressure of phages can be measured by AFM 
(Smith et  al. 2001; Hernando-Perez et  al. 2012; Llauro et  al. 2014; Snijder 
et al. 2016).

7.3  Specific AFM Visualization

Rotavirus is a very contagious virus that causes diarrhea. It’s the most common 
cause of diarrhea in infants and children worldwide, resulting in over 215,000 
deaths annually. Before the development of a vaccine, most children in the United 
States had been infected with the virus at least once by age 5. Although rotavirus 
infections are unpleasant, you can usually treat this infection at home with extra 
fluids to prevent dehydration. Occasionally, severe dehydration requires intravenous 
fluids in the hospital. Dehydration is a serious complication of rotavirus and a major 
cause of childhood deaths in developing countries. Good hygiene, such as regular 
washing hands, is important, but vaccination is the best way to prevent rotavirus 
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infection https://www.mayoclinic.org/diseases-conditions/rotavirus/symptoms- 
causes/syc-20351300.

Rotaviruses SA 11 (obtained from Chumakov Institute of Poliomyelitis and Viral 
Encephalitides of Russian Academy of Medical Sciences) were grown in rhabdo-
myosarcoma cells in Dulbecco’s modified Eagle’s medium supplemented with 10% 
fetal bovine serum (Sigma-Aldrich, USA). After cultivation, these cells with viruses 
were destroyed by 3-time freezing/thawing cycles for rotaviruses isolation. Then 
the suspension was centrifuged to remove cell fragments. The supernatant was 
transferred with a syringe to clean test-tubes containing 10% sucrose. After the 
centrifugation, the virus particles were suspended in the phosphate buffer contain-
ing NaCl. Formalin was added to the suspension for virus disinfection.

The Langmuir–Blodgett (LB) technique is a way of making ultrathin nanostruc-
tured films with a controlled layer structure and crystal parameter, which have many 
envisioned applications in technology for optical and molecular electronic devices 
as well as in signal processing and transformation. LB films have a unique potential 
for controlling the structure of organized matter on the ultimate scale of miniatur-
ization, and must surely find a niche where this potential is fulfilled. The LB tech-
nique, a unique bottom-up approach, can produce ultrathin films on a monomolecular 
level (Bashar et al. 2019). Glass and gold were used as substrates for films. Before 
deposition, the surfaces were washed by ethyl alcohol and rinsed with distilled 
water. Antibody films were deposited by the following method. On the first stage, 
suspension of antibodies was mixed with Tris-HCl buffer. The buffer solution was 
poured Langmuir–Blodgett trough. Then alkylated polyethyleneimine was added to 
the surface of the air–water interface. It is believed that polyethyleneimine-based 
sorbents containing numerous positively charged amine groups (Vasilieva et  al. 
2018) are electrostatically attracted to the surface structures of the substrate provid-
ing steady attachment of cells. In the first stage, polymer macromolecules form a 
monolayer on the surface of the interface. At the second stage, protein molecules 
come closer to the surface due to electrostatic interactions. Different substance con-
centrations and conditions were tested for polymer monolayer film formation on the 
surface of the air/water interface. The roughness of the resulting films served as 
criteria for the fabrication of the optimum films. In the case of poly-benzyl- histidine, 
it became possible to fabricate films with a 1.5–2 nm thickness and a 0.2 nm rough-
ness, which can increase the affinity of the fabricated polymer/antibodies films. 
This film is formed on the surface of a drying drop due to the self-assembly of 
polymer macromolecules on the surface of the interface. After 15 min, antibody–
polymer complex monolayers were compressed using a compression barrier until 
the pressure reached 40 mN/m. Then the obtained film of antibody–polymer com-
plexes was transferred to the surface of the substrate using Langmuir–Schaeffer 
technique (Lafuente et al. 2019). The value of the surface pressure was tested to 
obtain a maximal density of antibodies. The obtained films of antibodies were 
stored in a refrigerator at +5° С in a phosphate buffer.

Samples of antibody films were deposited on freshly cleaved mica or glass or 
gold. Imaging was performed using a Nanoscope IIIa (Digital Instruments, Santa 
Barbara CA, USA), operating in contact and tapping modes. Commercially 
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available tips (Veeco NanoProbe tips RTESP7 for tapping mode and NP-S20 for 
contact mode) were used. Data were analyzed using soft programs for Digital 
Instruments and NanoScale Explorer program developed in the Institute of 
Theoretical and Experimental Physics (Moscow, Russia).

The adsorption and binding of biomolecules and microorganisms to the surfaces 
is a central problem in fundamental studies, but also in biotechnological applica-
tions. AFM is a useful tool for such type of analysis. In this study, viruses were 
specifically immobilized using Langmuir antibody films based on amphiphilic 
polyelectrolytes for AFM studies. Antibodies on the basis of amphiphilic polymers 
were used to produce films for specific immobilization of rotaviruses. Amphiphilic 
polyelectrolytes were used to stabilize the protein conformation of antibodies to 
improve their affinity. Application of amphiphilic polymers protects the conforma-
tion of a protein globule from inactivating effects on the surface of the air/water 
interface and leads to the magnification of interactions between components of 
Langmuir film. Alkylated polyethyleneimine was used as an amphiphilic 
polyelectrolyte.

Immobilization of antibodies is a crucial step for fabricating high-quality affinity 
surfaces since after immobilization the activity of antibodies should remain high 
and binding of antigen should occur in a manner that reduces interference. The 
conventional methods for immobilization of biocomponents and antibodies include 
physical adsorption, covalent binding, entrapment, etc.; however, they suffer from a 
poor spatially controlled deposition. Comparing to these methods, Langmuir–
Blodgett (LB) technique is considered as a desirable immobilization method owing 
to the following advantages: making uniform, ordered, and ultra-thin organic films; 
controlling the number of bio components by the number of deposited layers; and, 
in addition, preserving the activities and specific recognition properties of biocom-
ponents. The stability of the mixed monolayer is very important because it is related 
to the transfer efficiency and the quality of deposited LB films. The pure amphiphile 
monolayer is unstable because of its partial solubility in the subphase. To prepare 
stable antibody monolayer, we used amphiphilic polyelectrolyte. The electrostatic 
force between antibodies and amphiphile molecules is expected to be an important 
factor for the adsorption process and increasing sensitivity and stability of affine 
surfaces.

The obtained films of antibodies were studied in contact mode AFM using the 
permissible minimal force of tip–sample interaction to avoid possible damage to the 
sample surface. Images of films of antibodies on the surface of gold and glass after 
blocking with bovine serum albumin (BSA) (Fig. 7.1) were obtained. In immuno-
logical detection, blocking is used to inhibit non-specific binding reactions. To 
determine the thickness of the antibody film, a relatively small surface region (1500 
× 1500 nm2) was scanned with a large force of tip–sample interaction several times, 
which resulted in the destruction of the antibodies film in this region (Fig. 7.1). The 
obtained height difference between damaged and undamaged surfaces was inter-
preted as the thickness of the film. It varied from 8 to 12 nm depending on the 
selected region and the substrate material. The obtained films of antibodies were 
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stored in a refrigerator at +5° С in the phosphate buffer for 1 month without change 
of their immune activity.

AFM images of rotaviruses have been received using Langmuir films of antibod-
ies formed on the basis of amphiphilic polymer (Fig. 7.2). The apparent diameter of 
rotaviruses ranged from 100 to 120 nm. These results have been compared with the 
real diameter of virus particles which can be obtained by electron microscopy 
(70 nm). Analysis of the data revealed that the diameter of viral particles received 
by AFM is bigger in comparison with results obtained by electron microscopy. 
Those distortions universally exist in AFM images due to geometrical interaction 
between the sample surface and the limited size tip. The distortions can cause bigger 
images than the real sizes using commercial pyramidal tips. The distortions of the 
images are affected by the shape of the AFM tip and the circumstance of the 

Fig. 7.1 Films of antibodies on the surface of glass (a) and gold (b) after the BSA blocking. On 
the left image, the surface of the film was specially destroyed to evaluate the thickness of the film. 
Scan size is 3000 × 3000 nm2

Fig. 7.2 Rotaviruses 
specifically bound to the 
film of correspondent 
antibodies formed on the 
basis of amphiphilic 
polyelectrolyte. Scan size 
is 3500 × 3500 nm2
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particles. Previously, the ability to analyze specific binding of bacterial fragments 
with the affine surface has been shown (Dubrovin et al. 2012).

7.4  Conclusion and Future Perspectives

In conclusion, a method based on Langmuir antibody films using amphiphilic poly-
electrolytes has been developed to specific immobilization of rotaviruses for AFM 
analysis. AFM is the only method that is presently capable of non-destructive con-
tinuous imaging with nanometric resolution. However, it is often difficult to know 
which object is located on the surface under investigation. From this point of view, 
we used antibodies for specific immobilization of viruses on the surface for AFM 
analysis. The new type of Langmuir antibodies films has been used for specific 
visualization of rotaviruses. The apparent diameters obtained by AFM of these 
viruses were compared with data obtained by electron microscopy.

A novel method of specific visualization of viruses is very important now. 
Recently, the charge-coupled device is responding for an outbreak of respiratory 
disease caused by a new coronavirus that was first detected in China and which has 
now been detected in almost 70 locations internationally, including in the United 
States. The virus has been named “SARS-CoV-2,” and the disease it causes has been 
named “coronavirus disease 2019” (abbreviated “COVID-19”) (www.cdc.gov). On 
January 30, 2020, the International Health Regulations Emergency Committee of 
the World Health Organization declared the outbreak a “public health emergency of 
international concern external icon” (PHEIC). On January 31, 2020, Health and 
Human Services Secretary Alex M.  Azar II declared a public health emergency 
(PHE) for the United States to aid the nation’s healthcare community in responding 
to COVID-19 (www.who.int). In December 2019, a cluster of patients with pneu-
monia of unknown cause was linked to a seafood wholesale market in Wuhan, 
China. A previously unknown betacoronavirus was discovered through the use of 
unbiased sequencing in samples from patients with pneumonia. Human airway epi-
thelial cells were used to isolate a novel coronavirus, named 2019-nCoV, which 
formed a clade within the subgenus sarbecovirus, Orthocoronavirinae subfamily. 
Different from both MERS-CoV and SARS-CoV, 2019-nCoV is the seventh mem-
ber of the family of coronaviruses that infect humans. Enhanced surveillance and 
further investigation are ongoing. Coronaviruses are enveloped non-segmented 
positive-sense RNA viruses belonging to the family Coronaviridae and the order 
Nidovirales and broadly distributed in humans and other mammals. Although most 
human coronavirus infections are mild, the epidemics of the two betacoronaviruses, 
severe acute respiratory syndrome coronavirus (SARS-CoV) and Middle East respi-
ratory syndrome coronavirus (MERS-CoV), have caused more than 10,000 cumula-
tive cases in the past two decades, with mortality rates of 10% for SARS-CoV and 
37% for MERS-CoV. The coronaviruses already identified might only be the tip of 
the iceberg, with potentially more novel and severe zoonotic events to be revealed. 
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In December 2019, a series of pneumonia cases of unknown cause emerged in 
Wuhan, Hubei, China, with clinical presentations greatly resembling viral pneumo-
nia. Deep sequencing analysis from lower respiratory tract samples indicated a 
novel coronavirus, which was named 2019 novel coronavirus (2019-nCoV). Thus 
far, more than 800 confirmed cases, including in health-care workers, have been 
identified in Wuhan, and several exported cases have been confirmed in other prov-
inces in China, and in Thailand, Japan, South Korea, and the USA (Huang 
et al. 2020).

We suppose that method described in this study may be useful to study other 
types of viruses including 2019-nCoV.
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Chapter 8
Fluorometric and SERS Sensor Systems 
for Diagnostics and Monitoring 
of Catecholamine-Dependent Diseases

Irina A. Veselova, Maria I. Makedonskaya, Olga E. Eremina, 
and Tatiana N. Shekhovtsova

Abstract The developing of the point-of-care sensor systems for sensitive, rapid, 
available, selective, and at the same time simple methods for detecting neurotrans-
mitters in various biological samples can potentially improve patient care through 
real-time and remote health monitoring.

The detailed study of literature data and the authors’ own experience have demon-
strated that fluorescence and surface-enhanced Raman spectroscopy (SERS) are the 
most actively developing and universal methods for the creation of sensor systems for 
sensitive, selective, and reproducible determination (including multiplex) of CAs and 
their metabolites as the markers for the diagnosis of a wide range of diseases associated 
with the imbalance of neurotransmitters in the human body. One of the most promising 
approaches to solving the problem of CAs and their metabolites determination consists 
in utilizing solid-phase fluorescent indicator systems in combination with either 
the  enzymatic derivatization of the analytes (using their interaction with aromatic 
diamines – benzylamine or 1,2-diphenylethylenediamine in the presence of horserad-
ish peroxidase as a catalyst, and the application of first- order derivative fluorescence 
spectroscopy for the resolution of their spectra) or the formation of neurotransmitter 
complexes with metal ions (e.g., a triple complex with europium (III) and tetracycline). 
Another modern direction of molecular diagnostics is the development of solid-phase 
nanocomposite fluorescent sensors with a purposefully  selected chemical design of 
both the polymer surface and inorganic nanostructures (e.g., gold and silver nanopar-
ticles, quantum dots), providing ex vivo and in vivo visualization and determination of 
neurotransmitter metabolism markers in living tissue and cell structures.

The rapid development of SERS over the past 20  years has been facilitated, 
firstly, by advances in the targeted synthesis of nanostructured SERS-active materi-
als and, secondly, the elaboration and improvement of Raman spectrometers. SERS 
opens up new unprecedent possibilities for lowering the detection limits of relevant 
analytes and their multiplex determination.
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Thus, a new promising time-stable SERS indicator system has been proposed. 
The quantification of neurotransmitters and their metabolites in biological samples 
at nanomolar and lower-level concentrations was possible due to the formation of 
complexes with copper (II) on  a  metallic nanostructured surface  followed by 
 measurment of inelastically scattered light. Preliminary results point out the mani-
fest benefits of the future implementation of SERS-sensor systems in clinical medi-
cal analysis.

Keywords Fluorescent and SERS sensor systems · Catecholamines and their 
metabolites · Determination · Biological samples · Diagnostics and monitoring of 
catecholamine-dependent diseases

Nomenclature

SERS Surface-enhanced Raman spectroscopy
SERRS Surface-enhanced resonance Raman spectroscopy
CA Catecholamine
DA Dopamine
EP Epinephrine (adrenaline)
NE  Norepinephrine (noradrenaline)
HVA Homovanillic acid
VMA Vanillylmandelic acid
l-DOPA Dihydroxy-L-phenylalanine
5-HIAA 5-Hydroxyindoleacetic acid
NMN Normetanephrine
HPLC High performance liquid chromatography
EC  Electrochemical
MS  Mass spectrometric
FRET Fluorescence resonance energy transfer
BA  Benzylamine
DPE 1,2-Diphenylethylenediamine
LOD  Limit of detection
CL  Chemiluminescence
SPE Solid-phase extraction
OTC Oxytetracycline
4-MPBA 4-Mercaptobenzene boronic acid
RB Rhodamine B
AgNC Silver nanocube
AgNF Silver nanofilm
AuNP Gold nanoparticle
DBA Dopamine-binding aptamers
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8.1  Introduction

Neurotransmitter exchange is one  the most important processes in the nervous 
mediation of both the peripheral and central nervous systems and cardiovascular 
system regulation of a human body. Abnormalities involving metabolism of neu-
rotransmitters underlie the pathogenesis of some socially significant diseases: neu-
rodegenerative dementia (Kovacs 2016) and neuroendocrine tumors (Kaltsas et al. 
2004; Klimstra et al. 2010). Transmission of nerve impulses across synapses hap-
pens due to the chemical interactions between the presynaptic and postsynaptic 
neurons that are, in turn, implemented through special compounds called neu-
rotransmitters (Fig. 8.1). As a rule, neurotransmitters, or neuromediators, are repre-
sented by amino acids, peptides, and monoamines that transmit the impulses from a 
neuron (Vatsadze et al. 2018; Rodan et al. 2015). Currently, more than 100 various 
biomarkers of socially significant diseases associated with impaired neurotransmit-
ter metabolism are known.

Due to the difference in the levels of neurotransmitters and their metabolites in a 
healthy person and a patient with a pathology caused by the neuromediation distur-
bance, these molecules are capable of playing a role of important diagnostic bio-
markers. Nowadays the most studied low-molecular-weight markers of the 
neurotransmitter metabolism are catecholamines (CA), such as dopamine (DA), 
epinephrine (or adrenaline, EP), norepinephrine (or noradrenaline, NE), and their 
metabolites: vanillylmandelic acid  (VMA), homovanillic acid  (HVA), 
5- hydroxyindoleacetic acid  (5-HIAA), metanephrine  (MN), and normetaneph-
rine  (NMN). The metabolism of catecholamines drive the regulation of both the 

Fig. 8.1 Scheme of neurotransmitter metabolism at a chemical synapse
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human mental and physical activity through dopaminergic and adrenergic receptors. 
Catecholamines are involved in the regulation of the body’s response to stress, psy-
chomotor activity, emotional processes, learning, sleep, and memory (Eisenhofer 
et al. 2004; Ugrumov 2009). The CA level in biological samples (blood plasma, 
urine, cerebrospinal fluid, different tissue, cells, etc.) of a healthy adult varies within 
the normal concentrations, thus significant deviations in the concentrations of neu-
romediators indicate impaired functioning of the body (Barnes et al. 2015).

Diseases associated with the serious disorders of neurotransmitter metabolism 
can be classified into two main types: (1) neurodegenerative disorders accompanied 
by a progressive loss of nerve cells and thus a decrease in the concentration of cat-
echolamines and their metabolites (e.g., Alzheimer’s and Parkinson’s diseases) and 
(2) neuroendocrine disorders characterized by an excessive synthesis of catechol-
amines caused by organic lesions or genetic defects in the hypothalamus (such as 
pheochromocytoma, paraganglioma, carcinoid tumors, neuroblastoma, etc.).

Among the analytical techniques used for the determination of CAs and their 
metabolites in biological samples, chromatographic (e.g., high performancee liquid 
chromotography – HPLC) methods coupled with electrochemical (EC) (Barco et al. 
2014) or mass spectrometric (MS) (Tohmola et  al. 2015) detection are the most 
commonly used. However, all the developed procedures require rather complicated 
sample preparation steps for biological liquids, including separation and preconcen-
tration of catecholamines and their metabolites. Unfortunately, these methods are 
time-consuming, expensive and require special bulky equipment and highly quali-
fied personnel. Despite their high selectivity, sensitivity, and availability, electro-
chemical detectors are known for poor reproducibility at the level of nanomolar 
concentration of analytes, sensitivity to fluctuations in the mobile phase flow rate, 
contamination of the electrode, and strict requirements to the nature of the mobile 
phase (Bicker et al. 2013). HPLC-EC is characterized by low signal-to-noise ratio, 
the detection sensitivity is not always sufficient enough for the analysis of real bio-
logical samples, and the efficiency of chromatographic  separation is quite  low 
(Hubbard et al. 2010; Parrot et al. 2011). HPLC-MS/MS is characterized by a sig-
nificantly higher sensitivity for CAs and their metabolites determination. However, 
this technique is not rapid enough, there are significant background signals caused 
by complexity of biological samples which result in ion supression and ion competi-
tion phenomena which drop down the sensitivity (Syslova et al. 2011; Zhu et al. 
2011; Nirogi et al. 2013).

The main drawback of immunochemical methods is that all CAs must be suscep-
tible to methylation to transform them into metanephrine and normetanephrine with 
their subsequent acylation. Moreover, CAs should be pre-extracted from the matrix 
sample with a borate affinity gel, which greatly complicates the procedure (Wassell 
et al. 1999).

Despite the problem having been well addressed apparently and the availability 
of a broad set of methods for CAs determination in plasma and urine, the relatively 
long analysis time (Zhao and Suo 2008; Nirogi et al. 2013), during which the unsta-
ble analytes may degrade, as well as the possibility of errors associated with low 
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reproducibility and poor peak resolution (Kim et al. 2014) frequently cause numer-
ous diagnostic errors leading to ineffective treatment.

Evidently certain difficulties in the determination of catecholamines in biologi-
cal samples are caused by their initially very low reference concentrations at the 
level of 1 nM, with a possible decrease down to 10−14–10−12 M in case of various 
pathological disorders. In addition, catecholamines in blood are rapidly oxidized by 
monoamine oxidase, oxygen, and components of biological matrix. Therefore the 
determination of neurotransmitter metabolism biomarkers circulating  in a body 
(especially in the crisis conditions) should be very rapid (within 15–30 min), sim-
ple, and robust in order  to be executable at the patient’s bedside  with portable 
equipment.

Besides, for the reliable diagnosis of catecholamine-dependent diseases, the pos-
sibility of multiplex simultaneous determination of several biomarkers of the neu-
rotransmitter metabolism in one probe is very topical (Veselova et al. 2016). Thus, 
developing of the point-of-care sensor systems for sensitive, rapid, available, selec-
tive, and simple methods for detecting CAs and their metabolites in various biologi-
cal samples can potentially improve patient care through real-time and remote 
health monitoring.

Based on the detailed study of literature data, and the authors’ own experience, 
fluorescence and surface-enhanced Raman spectroscopy (SERS) are the most prom-
ising and universal methods for the creation of such sensor systems for the determi-
nation (including multiplex) of markers for neurotransmitter metabolism.

In the framework of this chapter, the authors tried to generalize, systematize, and 
present the current state of the development of fluorescent and SERS sensors for 
catecholamines and their metabolite determination, as well as the prospects of their 
application for the diagnostics of a number of neurodegenerative diseases and neu-
roendocrine tumors associated with an imbalance of neurotransmitters in a 
human body.

8.2  Fluorometric Sensor Systems for the Determination 
of Catecholamines in Biological Samples

Among various chemical sensor systems, fluorescent ones have several advantages: 
measurements are usually very sensitive (in some cases it is possible to detect indi-
vidual molecules), the equipment itself is miniaturized and affordable, while the 
results are highly reproducible (Geddes et al. 2005; Rodionov et al. 2014; Veselova 
et al. 2017; Makedonskaya et al. 2018a, b).

The measurement principle of such sensor systems is based either on the fluores-
cence of neurotransmitter metabolism markers themselves or their fluorescent 
derivatives, as well as on the use of luminescent labels, e.g.,  different lumines-
cent dyes.
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8.2.1  Determination of Catecholamines Using Their 
Intrinsic Fluorescence

CA molecules have their own fluorescence with λex = 280 nm and λem = 324 nm and 
fluoresce most intensively in acidic medium, when their amino groups are proton-
ated. The strong intrinsic fluorescence of CAs in the UV region may be used for 
their determination (Hsieh et  al. 2002; Hsieh and Chang 2005; Kuo et  al. 2005; 
Cakal et al. 2011; Altun et al. 2015; Fonseca et al. 2017; Ragab et al. 2000; Huang 
et  al. 2019). Xenon lamps (Wang et  al. 2002) and especially lasers (Hsieh et  al. 
2002; Hsieh and Chang 2005; Kuo et al. 2005) are used as excitation sources. To 
determine CAs, neodymium (Hsieh et  al. 2002; Hsieh and Chang 2005), argon 
(Tong and Yeung 1997), neon (Zhang and Sweedler 2001), and krypton (Paquettea 
et al. 1998) lasers and solid-phase nanolasers (Kuo et al. 2005) are applied. The 
utilization of high-frequency laser sources is one of the ways to increase the sensi-
tivity of fluorescent determination of CAs.

Unfortunately, it is impossible to use those methods in the analysis of real sam-
ples with complicated biological matrixes without a preliminary separation of all 
components by capillary electrophoresis or HPLC. The majority of organic compo-
nents of biosamples matrices possess high background signals at the excita-
tion  wavelengths of CAs and their metabolites fluorescence (200–300  nm). In 
addition, the analytes themselves may cause interfering mutual influence.

To enhance the sensitivity and selectivity of the analytes determination in the 
presence of matrix components, they should be preliminarly separated by capillary 
electrophoresis (Hsieh et  al. 2002; Hsieh and Chang 2005; Kuo et  al. 2005) or 
HPLC (Muzzi et al. 2008; De Benedetto et al. 2014) and additionally preconcen-
trated (Cakal et al. 2011; Altun et al. 2015). The detection limits of CAs vary from 
2.5 nM to 55 μM, depending on the excitation source.

8.2.2  Determination of Catecholamines Using Their 
Fluorescent Derivatives

A promising approach to enhancing the selectivity and sensitivity of CAs and their 
metabolites determination in biological samples consists in their conversion into 
corresponding highly fluorescent derivatives. The excitation wavelengths of such 
derivatives lie in the region of 340–360 nm, depending on the derivatization agent 
and the analyte. In addition, fluorescence signals of the derivatives are observed in 
the long-wave region, which provides. This helps to partially eliminate the interfer-
ing effect of matrix components in biological materials (blood, urine, etc.) 
(Tsunoda 2006).

A wide range of derivatization agents is used for CAs and their metabolites 
derivatization, e.g., aromatic amines such as ethylenediamine (Wang et al. 2003), 
o-phenylenediamine (Jinghe et  al. 1998), 1,2-diphenylethylenediamine (Mitsui 
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et  al. 1985),  9-fluorenylmethyl chloroformate (Descombes and Haerdi 1992), 
naphthalene- 2,3-dicarboxaldehyde (Zhang and Gong 2016), glycylglycine  (Seki 
and Yamaguchi 1984) etc.

It was recently demonstarted that the most efficient agents for the derivatization 
of CAs are benzylamine (BA) and 1,2-diphenylethylenediamine (DPE) in combina-
tion with a catalytic system peroxidase–H2O2 (with the reaction being performed in 
polystyrene 96-well plates). Molecules of CAs are oxidized to the CA-o-quinone, 
which then reacts with the derivatizing agent (BA or DPE) by Michael’s reaction. 
The final derivatization products of the CAs with BA and DPE are 2-phenyl 
(4,5-dihydropyrrolo) [2,3-f] benzoxazole derivatives that are characterized by more 
intense fluorescence than the CAs themselves (Rodionov et al. 2014). The pyrocat-
echol fragment in CA molecules is one of  the substrates of horseradish peroxi-
dase  (HRP) (Myasnikova et  al. 2014). Due to the unique recognizing ability of 
biocatalysts (oxidoreductase enzymes and proteins), their introduction into the ana-
lytical systems significantly improves the selectivity of the CAs determination in 
the presence of other matrix compounds of different real-world samples, including 
biological liquids. Derivatizing agents also contribute to improving the selectivity 
toward the analytes due to the selectivity their interaction (Bratovskaja et al. 2004; 
Puiu et al. 2008). Using the enzyme provides a significant reduction of the reaction 
time (down to 5 min) and at the same time enhances the analyte stability by avoiding 
aggressive organic solvents and heating. Based on the described system, the highly 
sensitive techniques for the enzymatic determination of CAs by measuring the fluo-
rescence intensity of their reaction mixture were developed (Rodionov et al. 2014).

However, it was especially important to determine several CAs in a mixture 
simultaneously as well as to be able to determine one analyte in the presence of oth-
ers in biological samples in order to diagnose a specific tumor disease. To achieve a 
complete resolution of the analytes in the mixtures, such methods as first- and 
higher-order derivative fluorescence spectroscopy were used (Makedonskaya et al. 
2018a, b). Derivation narrows the spectral bandwidths and enhances minor spectral 
features, improving the selectivity of multicomponent spectra. The initial (zero- 
order) fluorescence spectrum of various triple mixtures of CA derivatives, then, the 
first- and second-order derivative fluorescence spectra were obtained as a result of 
mathematical processing (Fig. 8.2). It turned out that the limit of detection (LOD) 
for the techniques using derivative fluorescence spectra was slightly higher than that 
for the procedures with the initial (zero-order) fluorescence spectra (for instance, 
LODs for DA were 0.09, 0.10, and 0.11 μM, respectively). However, this difference 
was insignificant, and the resolution of the first-order derivative spectra was already 
sufficient for quantitative simultaneous multiplex detection of individual catechol-
amines in their mixture.

It was demonstrated that all analytes were stable in both plasma and urine sam-
ples at room temperature during  the analysis and storage at 4  °C within 24  h. 
Notably, the majority of the matrix components of biological samples, such as uric 
and ascorbic acids, amino acids (phenylalanine, tyrosine, tryptophan), and vari-
ous  biochemical compounds (urea, creatinine, glucose), did not interfere with 
the  selective determination of CAs, and the proposed technique could be used 
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without prior sample preparation steps. These results indicated that the developed 
approach exhibits good precision, stability, selectivity, and accuracy (Makedonskaya 
et al. 2018b).

It is expedient to mention here that multiplex analysis is a variant of analysis that 
provides simultaneous determination of several compounds of the same group in 
one portion of a sample during one analytical cycle. To provide multiplex analysis, 
high-throughput techniques based on microchips and sensors, as well as special 
detection systems under computer control, are applied. Microchips are special 
matrices with applied molecules of nuclear acids, proteins, or other biomolecules 
for simultaneous performance of a large number of analyses (Murphy et al. 1992; 
Kim et al. 2008; Melnikov et al. 2008; Laxman et al. 2008; Kim et al. 2009; Lee 
et al. 2018). In clinical practice, the application of multiplex analytical techniques 
improves biochemical examination of patients allowing early diagnosis and con-
trolling of treatment efficiency. In this regard, the above-described method for 
multiplex determination of CAs and their metabolites based on the measurement 
of fluorescence of the analyte derivatives and derivative spectra 

Fig. 8.2 (1–3) The initial (zero-order) fluorescent spectra, (4–6) first-order, and (7–9) second- 
order derivative fluorescent spectra of the mixtures of the CA derivatives – NE/DA/EP in the ratios 
similar to the reference concentrations of CAs in the urine of a healthy human (0.1, 1.0, and 0.05 
μM for NE, DA, and EP, respectively): (1), (4), (7) NE/DA/EP with BA, λex = 330 nm, λem = 455 nm; 
(2), (5), (8) NE/DA/EP with DPE, λex = 340 nm, λem = 460 nm; (3), (6), (9) NE/DA/EP with BA, 
λex = 356 nm, λem = 480 nm
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should  significantly  facilitate clinical analysis. The developed procedures 
(Makedonskaya et al. 2018a, b) were applied successfully for rapid, high- throughput 
(20 samples per 15–30 min) screening of human urine and mice blood plasma. The 
proposed strategy can be used in the analysis of human urine and blood for rapid 
diagnosis of neuroendocrine catecholamine-producing diseases.

Importantly, the sensitivity (down to 1.5  nM) (Rodionov et  al. 2014; 
Makedonskaya et al. 2018a, b) and selectivity of the developed methods are much 
higher than those of electrochemical, immunoassay, fluorescence, and electropho-
retic methods and chromatography with electrochemical, fluorescence, chemilumi-
nescence (CL), and UV detection (Wang et al. 2007; Zheng et al. 2011; Seto et al. 
2012; Elhag et al. 2014) and are comparable with the analytical characteristics of 
HPLC-MS. At the same time, the described approach possesses considerable advan-
tages over other methods, including the rapidity and simplicity of analysis and the 
absence or minimal pretreatment of urine and blood samples (Nichkova et al. 2013).

8.2.3  Determination of Catecholamines Using Fluorescence 
of Their Metal Complexes

The very high sensitivity of CAs and their metabolites determination (at a level of 1 
pM) can be achieved using fluorescence of their complexes with various metal ions, 
such as Cu(II), Fe(II), Eu(III), Tb(III), etc. For example, the determination of DA 
(down to 10 μm) is possible due to its ability to enhance the fluorescence of the 
calcein blue complex with iron (III), where DA modifies the organic ligand (Seto 
et al. 2012). In Alam et al. (2012), a method for the determination of EP, DA, and 
NE with LODs of 0.25, 0.42, and 0.64 nM, respectively, based on fluorescence of 
their complexes with Tb(III) in the presence of colloidal silver particles, is described. 
In a paper (Fotopoulou and Ioannou 2002), the sensitivity of EP, NE, and DA deter-
mination (LOD 10–70 nM) was enhanced using the fluorescence of their complexes 
with Tb(III) after preconcentration by sold-phase extraction (SPE). CAs (DA, EP, 
and NE) could be determined owing to an increase in the fluorescence of their com-
plexes with Tb(III) in micellar medium in the presence of sodium dodecylbenzene-
sulfonate (Kamruzzamana et  al. 2012): fluorescence of the triple complex 
Tb(III)-CA-DDBS is much higher than that of the double complex Tb(III)-CA. LODs 
of DA, EP, and NE are in the range 10–100 nM. This procedure allows selective 
determination of the CAs in blood serum with HPLC without preliminary separa-
tion. In addition, triple complexes of CAs with two metal ions (Eu(III)-La(III) or 
Tb(III)-Gd(III)) were used to enhance the fluorescence intensity of DA (LOD 27 
pM) in the presence of sodium dodecylbenzenesulfonate (Si et al. 2013) or EP at 
pH 10 (LOD 4.5 nM) (Guo et al. 2007).

Recently, a new indicator system based on intensely fluorescing triple 
complexes of CAs and their metabolites with europium (III) and oxytetracycline 
(OTC) (hereinafter, the Eu(III)-OTC-CA/metabolite triple complex) has been 
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proposed (Makedonskaya 2018a). This is a very promising system since it allows 
the fluorescence intensity of CAs and their metabolites to be increased 200–400- 
fold in comparison with their intrinsic fluorescence and the fluorescence maximum 
to be bathochromically shifted, thus minimizing the interfering effect of the biologi-
cal matrices.

The feasibility of the developed technique of CAs and their metabolites determi-
nation in biological samples was priliminarly confirmed by estimating the stability 
of the formed complexes and the calibration curves for their determination in bio-
logical fluids without any competing interactions with the matrix components of 
samples. The investigated complexes were rather stable (stability constants 
were n × 106). The limits of detection for some model compounds were ultralow 
(LODs for NMN, NE, HVA, 5-HIAA, EP, DA, VMA, and l-DOPA were 0.05, 0.2, 
0.3, 0.3, 20.0, 30.0, 40.0 pM, and 0.3  nM, respectively) (Makedonskaya et  al. 
2018a). Different values of LODs occur apparently due to the different stabilities of 
the Eu(III)-OTC-analyte complexes, which stems from the differences in the struc-
tures of the  analyte molecules that affect the strength of their bonding with the 
Eu(III)-OTC complex (Makedonskaya et al. 2018a). The higher the stability con-
stant of CA/metabolite complex with europium (III) and OTC is, the lower the LOD 
of a certain analyte should be. The consequence of decreasing the stability constants 
is: NMN > NE > HVA/5-HIAA > EP > DA/VMA >  l-DOPA. The results of the 
paper (Makedonskaya et  al. 2018a) revealed the stability of Eu(III)-OTC-CA/
metabolite complexes as being one to two orders of magnitude higher than those of 
the copper(II) complexes with creatinine and amino acids (Karaderi et al. 2007) and 
one to three orders of magnitude higher than those of some CA complexes with 
calcium and lanthanum(III) that have long been successfully applied for CA deter-
mination in biosamples (Wu et al. 2001).

8.2.4  Solid-Phase and Metal-Dependent Fluorescent Sensor 
Systems for the Determination of Catecholamines 
and Their Metabolites

One of the modern areas of molecular diagnostics is the development of solid-phase 
fluorescent sensor nanocomposite materials with a directionally selected chemical 
design of the polymer surface and inorganic nanostructures (gold and silver nanopar-
ticles, quantum dots), providing ex vivo and in vivo visualization and determination 
of neurotransmitter metabolism markers in living tissue and cell structures 
(Sancataldo et al. 2019).

Nowadays, the development of such fluorescent sensor systems for the determi-
nation of biomarkers of neurotransmitter metabolism is underway at the intersection 
of materials science, biochemistry, analytical chemistry, optics, and photonics. New 
fluorescent labels for producing the sensitive and selective analytical signal are 
nanoparticles and nanosystems (Yao et al. 2014; Hu et al. 2019; Suzuki Yo 2019).
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Solid-phase fluorescence in gels, films, membranes, and on other solid surfaces 
has advantages in comparison with fluorescence in solution, such as simple sample 
pretreatment, stabilization of analytes in samples, and hence, decrease in analysis 
errors; in addition, there is a possibility to analyze samples with complicated matri-
ces and decrease the time of analysis due to preliminary immobilization of reaction 
components. A solid-phase fluorescent biosensor for the determination of phenolic 
compounds, including CAs, was developed in the paper (Rodionov et al. 2014). The 
analytical signal was measured directly on the surface of biosensitive layer, consist-
ing of polyelectrolyte complex {horseradish peroxidase-chitosan}.

The investigation of the above-described system based on intensively fluorescing 
ternary complexes of CAs and their metabolites with europium(III) and oxytetracy-
cline (Makedonskaya et al. 2018a) was continued in micellar media. To stabilize the 
system, the double complex {Eu(III)-ОТC} was immobilized in films containing 
chitosan, alginate, gelatin, and collagen. LODs of CAs under the optimized condi-
tions varied from 2 to 300 pM. Chitosan seemed to be the most appropriate polymer 
for the immobilization of the double complex (Eremina et al. 2019): it was stable for 
at least one month, and the sensitivity of analysis increased up to 40 times with the 
better reproducibility (RSD ≤ 1.5%). Evidently, the reason for such advantage of 
chitosan is the linearity of its structure and the presence of a large number of amino 
groups in this polymer that  are capable of stabilizing the immobilized complex. 
These highly sensitive methods were applied for the analysis of rat blood plasma.

The same polymers were used for the development of gel matrixes to determine 
CAs and their metabolites in 3D cellular structures that closely resemble the live 
cells and might be applied for solving various biomedical problems. It was found 
that the cell viability and metrological characteristics of DA determination were the 
best while using the combination of alginate and collagen gels: the {Eu(III)-OTC} 
complex was immobilized in alginate gel, and DA (or the neurons producing DA) 
was introduced into the collagen gel. LOD of DA according to this procedure was 
26 pM, RSD = 0.02%. The developed procedure was applied to the determination 
of DA in PC12 cells of rat pheochromocytoma.

Thus, a novel sensor system for the determination of CAs and their metabolites 
based on their fluorescent complexes with Eu(III) and OTC immobilized in polymer 
films and gels have high sensitivity required for the diagnosis of neurodegenerative 
diseases. They are reproducible, selective in the presence of matrix components of 
biological samples, rapid, and might be used for early diagnosis of pathological 
changes in cells and treatment of socially important diseases (Alzheimer’s and 
Parkinson’s diseases, cardiovascular and some oncological diseases).

The most promising type of labels for the development of fluorescent nanosensor 
systems is quantum dots, nanocrystals of inorganic semiconductors, the glow color 
of which depends on the size and nature of the semiconductor. InP, InAs, GaAs, 
GaN, ZnS, CdSe, and ZnSe are primarily used as materials for quantum dots.

The fundamental feature of quantum dots consists in their ability to prompt fluo-
rescence of any emission wave upon excitation by a single source of excitation. This 
capability is the cornerstone for the development of new analytical techniques for 
the simultaneous detection of several analytes. In bioanalytical applications, this 
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has resulted in the development of multiplex detection methods designed for multi-
parameter analysis of the composition and/or functional properties of biological 
samples (Barak et al. 2018).

Due to their optical properties (photostability, high quantum fluorescence yield, 
wide excitation spectrum, and narrow emission band), colloidal quantum dots have 
attracted increasing attention of analytical chemists.

To obtain a selective analytical signal for each individual analyte, the authors of 
the  paper (Ghasemi et  al. 2016) developed fluorescent sensor matrices based on 
CdTe quantum dots coated with thioglycolic acid. The fluorescent derivatives of EP, 
l-DOPA, and DA obtained by oxidation in the presence of transition metal cations 
in an alkaline medium were selected as the target compounds. CAs are first oxidized 
to unstable o-quinone, which can cyclize to form leukoaminochrome. Then leu-
koaminochrome is oxidized to aminochrome, which transforms into a fluorescent 
product. The proposed sensor allows one to effectively distinguish between indi-
vidual catecholamines (DA, EP, and l-DOPA) in the concentration range 0.25–30 μM.

In the determination of DA, the effectiveness of quantum dots was demonstrated 
on the example of CdSe/CdS/ZnS nanoparticles (Mu et al. 2014). The nanoparticles 
and DA bind to nucleotides (containing amino and hydroxy groups) and DA inter-
acts subsequently with the quantum dots without affecting covalent bonds (e.g., by 
electrostatic attraction or hydrogen bonds). In this case, DA is oxidized to dopamine 
ketone, which exhibits electron-acceptor properties concerning NPs leading to fluo-
rescence  quench. The proposed dopamine-dopamine ketone fluorescence sensor 
provides the determination of DA with LOD of 29 nM, demonstrated in the analysis 
of urine samples, including in the presence of a 100-fold amount of coexisting phys-
iological substances such as amino, ascorbic, and uric acids. An interesting example 
of a fluorescent sensor is a sensitized layer based on CdS and Ag nanoparticles sta-
bilized with polyamidoamine and persulfate. The high concentration of active func-
tional groups, structural homogeneity, porosity, and biocompatibility of the polymer 
improve the metrological characteristics of the determination of DA (the LOD of 
DA in the presence of uric acid is 12 nM) (Sun et al. 2012).

High accuracy, sensitivity, selectivity, and rapidity of the method along with the 
possibility of using it ex vivo and in vivo, due to the biocompatibility and low toxic-
ity of the sensor components, are the key features for CAs quantification in practical 
applications. However, significant disadvantages consist in the need to stabilize the 
complex with nanoparticles and prevent its oxidation for the reproducibility of fluo-
rescent signals (Sun et al. 2012).

To stabilize catecholamines, such matrices as collagen gel (Gade 1989; Usha 
et al. 2009), lipid films (Nikolelis et al. 2004), a water-soluble polymer – poly(2,5- 
bis(3-sulfonatopropoxy)-1,4-phenylethylene) (Huang et al. 2012), triple-phase thin 
layer (aluminum film, 5-N,N-dimethylamino-naphthalene-1-sulfonylated cellulose 
film, and silica gel) (Nikolelis et al. 2004), and MoS2 quantum dots functionalized 
by aptamers and MoS2 nanofilms (Chen et al. 2018) were used. Some investigations 
were devoted to CA determination by quenching the fluorescence of quantum dots 
based on polypyrrole with graphene (Zhou et al. 2015), gold nanoclasters (Tao et al. 
2013), CdTe functionalized by thioglycolic acid (Ghasemi et al. 2016), graphene 
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(Baluta et  al. 2017), and CuInS2, functionalized by 3-aminophenylboronic acid 
(Li et al. 2014). Procedures for the CA determination based on the quenching of 
fluorescence of metal nanostructures in the presence of CAs are known. For exam-
ple, the approach to determine CAs in cerebrospinal fluid based on their ability to 
quench fluorescence of gold nanoclusters with bovine serum albumin is described 
(Govindaraju et  al. 2017). For selective determination of DA and EP, fluores-
cence quenching of fluorescein in the presence of TiO2 NPs modified with phos-
phate were used (Wu et  al. 2007). LODs of CAs with the use of solid-phase 
fluorescence varies from 0.05 nM (Chen et al. 2018) to 1 μM (Usha et al. 2009). 
However, quenching in the presence of CAs decreases the accuracy of the analysis.

One of the promising effects for highly sensitive determination of a wide range 
of biologically active substances is the effect of metal-enhanced fluorescence, which 
is not sufficiently studied yet for analytical capabilities. The publications of the last 
decade have shown the prospects of using silver and gold nanoparticles as fluores-
cently active materials, providing an increase in the sensitivity of analyte determina-
tion by two orders of magnitude and an expansion of the range of samples (Jeong 
et al. 2018).

The optical properties of noble metal nanoparticles are characterized by the pres-
ence of a strong resonance band in the visible light region, called the surface plas-
mon resonance (SPR) band, that appears due to the formation of surface plasmons, 
i.e., collective vibrations of metal conduction electrons near the metal/dielectric 
interface. Gold nanoparticles with a narrow range of SPR wavelengths are more fre-
quently used as an effective fluorescence quencher; however, some  examples 
when  gold nanoparticles (AuNPs) enhance the emission of a fluorophore in the 
long-wavelength region of the spectrum  are known. Silver nanoparticles with a 
wider range of SPR wavelengths are more frequently used to enhance the analyti-
cal signal.

A facile aptamer-based sensing strategy was developed for the determination of 
dopamine through the fluorescence resonance energy transfer (FRET) between rho-
damine B (RB) and AuNPs. The different affinities of unbound and bound aptamers 
toward AuNPs were employed to modulate the FRET efficiency for signal transfer. 
Dopamine-binding aptamers (DBAs) could protect AuNPs from salt-induced aggre-
gation, resulting in the fluorescence quenching of RB via FRET. Due to specificity 
of DBA binding, it formed the structured complex with DA, losing the capability to 
stabilize AuNPs; thus the salt-induced aggregation of AuNPs led to the decrease of 
fluorescence quenching ability. Correspondingly, the fluorescence intensity of RB 
recovered along with DA concentration ranging from 26 nM to 2.9 μM with LOD 
2 nM. This method was successfully applied for DA determination in chicken liver 
tissue. Owing to its high sensitivity, excellent selectivity, and convenient procedure, 
this strategy can provide a promising alternative for dopamine screening (Xu 
et al. 2015).

To date, metal-enhanced fluorescence is being intensively studied, although there 
are only a few examples of its application in the analysis of biologically active sub-
stances in general (Jeong et al. 2018). Generally, a colloidal solution of spherical 
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silver nanoparticles (AgNPs) with sizes 20–70 nm stabilized with sodium citrate 
is used.

The method for the determination of EP, NE, and DA at sub-nanomolar levels 
was developed. It was found that the luminescence of the complexes formed between 
the CAs and Tb(III) ion is strongly enhanced in the presence of colloidal AgNPs. 
The AgNPs cause a transfer of the resonance energy to the fluorophores through the 
interaction of the excited-state fluorophores and surface plasmon electrons in the 
AgNPs. Under the optimized conditions, the fluorescence intensity of the system is 
linearly related to the concentration of the CAs. Linearity is observed in the concen-
tration ranges of EP, NE, and DA 2.5–110, 2.8–240, and 2.4–140 nM, with LOD as 
low as 0.25, 0.64, and 0.42 nM, respectively. Relative standard deviations deter-
mined at 10  nM concentrations (for n  =  10) gave values of 0.98%, 1.05%, and 
0.96% for EP, NE, and DA, respectively (Alam et al. 2012).

Despite the obvious advantages of metallic fluorescent sensor systems, the cur-
rent problems include a limited range of analytes, low stability and low specificity 
of nanoparticles, and, accordingly, low accuracy and reproducibility of analyte 
determination results in biological samples (Jeong et al. 2018).

However, purposeful changing the size, position of surface plasmon reso-
nance band, the nature of the stabilizing shell, and the charge of nanoparticles can 
allow one to control the intensity of analytical signal and increase the sensitivity, 
selectivity, and reproducibility of the determination, thereby providing new sim-
ple analytical techniques based on fluorescent sensor systems for the determination 
of markers of neurotransmitter metabolism in vitro, ex vivo, and in vivo for the 
molecular diagnosis of catecholamine-dependent diseases.

8.3  SERS Sensor Systems for the Determination 
of Catecholamines and Their Metabolites 
in Biological Samples

Raman spectroscopy technique does not have many of the limitations of the known 
techniques for the determination of CAs and their metabolites, primarily related to 
the lack of selectivity and rapidity of analysis. However, this technique allows one 
to determine various compounds only at a concentration level of 0.1–0.5 M, which 
is caused by extremely small cross-sectional area of   inelastically scattered light 
(1014 times smaller than the fluorescence cross section and 1010 times smaller than 
the infrared absorption cross section) (Sawa and Snyder 2002). Such low sensitivity 
of Raman spectroscopy does not satisfy the requirements of the determination of 
micro- and ultramicro components in various real samples and limits dramati-
cally the number of its practical application.

The most relevant and promising approach to solving the problem of low Raman 
efficiency is the development of highly sensitive and selective optical sensor sys-
tems, whose principle is based on a strong increase in  the signal intensity (up to 
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106–1012 times) due to the effect of plasmon resonance on the surface of noble met-
als nanostructures. This technique is called SERS: it is promising for nondestructive 
research of various samples, in recent years gaining popularity as a new highly 
sensitive express method of analysis (Lee et  al. 1988; McGlashen et  al. 1990; 
Schulze et  al. 1994; Conway et  al. 2001; Sawa and Snyder 2002; Bloom 2004; 
Dijkstra et al. 2007; Kaya and Volkan 2012; Lim and Kang 2014; Barnes et al. 2015; 
Garcha and Cohen 2015; Soleymani 2015; Tang et  al. 2015; Sergeeva et  al. 
2017; Eremina et al. 2018; Eremina et al. 2020a, b).

8.3.1  Different Approaches for SERS Determination 
of Catecholamines and Their Metabolites

The rapid development of SERS over the past 20 years has been facilitated, firstly, 
by advances in the directed synthesis of nanostructured SERS-active materials 
(Conway et  al. 2001; Sawa and Snyder 2002; Bloom 2004; Barnes et  al. 2015; 
Garcha Cohen 2015; Soleymani 2015; Vatsadze et  al. 2018) and, secondly, the 
development and improvement of Raman spectrometers (Eremina et al. 2018).

SERS spectroscopy opens up new possibilities for reducing the limits of detec-
tion of some target analytes to pico- and femtomolar concentrations. The specificity 
of the analysis is achieved by registering SERS signals in the “fingerprint region” 
(1500–650 cm−1), which are highly informative for the detection of individual com-
pounds in mixtures of complex composition (Schulze et al. 1994). In addition, spec-
tral noise is practically absent in the SERS spectra due to the narrowness of the 
bands. The indisputable advantages of SERS spectroscopy can also be attributed to 
its sensitivity to minor changes in the structure and orientation of molecules. Due to 
all the above characteristics, combined with a weak Raman signal of water, SERS 
spectroscopy seems to be an ideal method for analyzing complex biological sam-
ples without or with minimal sample preparation. Of note, that for applying SERS 
spectroscopy, one may use a wide range of excitation frequencies that provide the 
selection of an excitation source with minimal background autofluorescence and 
photo-destruction of the sample, which is undoubtedly very important for the analy-
sis of real biological samples. Nevertheless, today the use of SERS spectroscopy for 
determination of the neurotransmitters in practice is very limited and it is still at the 
initial stage of evaluating the application possibilities (Eremina et al. 2018). It has 
been reported (Dijkstra et al. 2007) that SERS is already being used in the study of 
neurotransmitter metabolism by excessive secretion of CAs (DA, EP, and NE) in 
living cells (pheochromocytoma of rats).

One of the first works in this direction was a paper (Lee et al. 1988), describing 
the SERS detection of EP, NE, DA, and their metabolites at pH 7.2. The surface of 
a silver electrode was used as a SERS sensor. A 30 mV laser with a wavelength of 
514.5 nm was used for excitation; the accumulation time varied from 10 to 100 s. It 
was shown that under these conditions, ascorbic acid did not interfere with the 
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determination. The detection limit was 0.3 μM for each catecholamine. The interfer-
ing effect of albumin was studied in the same indicator system. The possibility of 
analyzing a specific biological sample, 20 μM DA was added to the cerebrospinal 
fluid, then the sample was analyzed by SERS spectroscopy. The amount of proteins 
in the test liquid was 0.31 mg/mL, where 65% of their amount was represented by 
albumin. It was shown that despite maintaining the frequency positions of the main 
characteristic signals, the signal-to-noise ratio became much lower than that in the 
SERS spectra of the model solutions. In order to eliminate the interfering effect of 
proteins containing in biological samples, the authors (McGlashen et al. 1990) pro-
posed the use of polymer-coated electrodes (cellulose acetate or Nafion, a fluorocar-
bon polymer containing sulfo-groups). It was shown that coating of electrodes 
significantly increased the signal-to-noise ratio. The concentration dependence of 
the intensity of the SERS signal for DA  in the bilogarithmic coordinates was 
obtained. This testified to the nonlinearity of the dependence of the analytical signal 
(at 1479 cm−1) on the concentration of the analyte.

At present, the majority of publications are devoted to attempts to expand the 
dynamic linear  ranges of catecholamines by modifying nanoparticles (Kaya and 
Volkan 2012). The authors used NPs modified with a complex of iron with nitrilo-
triacetic acid to better capture dopamine on the silver surface. Thus, it was possible 
to achieve the  LOD 30 fM.  The standard deviations of the analytical signal for 
concentrations of 10−8 and 10−5 M were not higher than 7%. However, the possibili-
ties for the quantitative determination of CAs by SERS method remain unclear.

Recently, Lim et al. demonstrated the possibility of using SERS spectroscopy to 
determine DA in the concentration range of 1–10 mM in biological fluids (Lim and 
Kang 2014). After the development of more advanced surface amplifiers suitable for 
solving a specific practical problem, the SERS analysis is easy to automate and 
translate to the point-of-care applications. The literature also describes methods for 
determining DA in the range 0.01–0.1 fM (LOD 0.006 fM). In this case, the DA 
concentration was evaluated by a decrease in the intensity of the SERS signal. The 
feasibility of the determination of DA was demonstrated in the presence of ascorbic 
acid, glucose, L-cysteine, tyrosine, catechol, phenylethylamine, and serum albumin 
(Tang et al. 2015).

In another study, a SERS sensor based on a dual molecule recognition for ultra-
sensitive detection of DA was presented, with LOD 40 fM, without any pretreat-
ment of clinical samples. To implement the sensitive and selective detection of DA 
in complex samples, the nanoporous silver film (AgNF) surfaces were functional-
ized with mercaptopropionic acid (MPA) to accurately capture DA, while silver 
nanocubes (AgNCs) were modified with 4-mercaptobenzene boronic acid 
(4-MPBA) as a Raman reporter for the quantitative detection of DA. The nanogaps 
between AgNCs and the AgNF led to the generation of an abundance of hot spots 
for the SERS signal and thus effectively improved the sensitivity of DA detection. 
Measurements of DA concentrations in clinical body fluids such as human serum 
and urine samples are also demonstrated, showing excellent performance for DA 
detection in a complex environment (Lu et al. 2020).
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The advantage of SERS spectroscopy  consists in its easy combinability with 
other analytical techniques. For example, the selectivity of the electrochemical 
determination of neurotransmitters in biological samples is limited by the presence 
of such components as ascorbic acid, whose redox potential practically coincides 
with the potential of DA. In addition, large protein molecules are actively adsorbed 
on the electrode surface. Lee et al. (1988) proposed a combination of the electro-
chemical accumulation of analytes on the surface of a silver electrode with their 
SERS selective determination. Thus, when determining CA at the micromolar lev-
els, it was possible to get rid of the interfering effects of ascorbate (0.4 mM), gluta-
thione (1 mM), acetylcholine (1 mM), and some proteins. When using colloidal 
solutions of silver as a SERS amplifier, the authors were able to decrease the lower 
limit of the determined concentration to 5  nM (Kneipp et  al. 1995;  Barreto 
et al. 2008).

8.3.2  Donor-Acceptor Complexes in SERS Detection 
and Determination of Catecholamines 
and Their Metabolites

CAs and their metabolites absorb light in the UV range (270–330 nm), which is far 
from the plasmon resonance bands of silver (~ 400 nm) and gold (~ 500 nm) nanopar-
ticles, so neurotransmitter molecules give a slight gain in SERS and are almost 
“invisible” on most bare metallic nanostructures (Goodilin et al. 2018; Manciu et al. 
2019). These complexities notwithstanding, a promising approach is the transfor-
mation of colorless solutions of CAs to colored ones, i.e., absorbing light in the 
visible range of the spectrum (Sidorov et al. 2014).

The literature describes examples of the formation of CA donor-acceptor com-
plexes that can contribute to the measurement of a stable and intense SERS signal 
(Kneipp et al. 1999; Volkan et al. 2000). The formation of complexes with metal 
ions is characteristic for catechols (in various metastable redox states, such as cat-
echolate, semiquinone, and quinone) (Dei et al. 2004). Particular attention was paid 
to complexes of catechols with metal cations with variable valency where an intra-
molecular electron transfer between the metal ion and dioxolane ligands (valence 
tautomerism) takes place. When a complex of transition metal with catecholates is 
formed under anaerobic conditions, a band with a high molar coefficient is observed 
in the range 500–700 nm, which characterizes intramolecular charge transfer (Sever 
and Wilker 2004). In Fe3+-catecholate complexes, the electron density shifts from 
the catecholate to the metal ion, and the complex acquires a partially Fe2+-
semichinonate character, which ensures rapid oxidation of these complexes by 
molecular oxygen. At the same time, stabilization of catechols is observed in com-
plexes with Zn2+, Mg2+, and other group II metal cations. M2+-semiquinonates char-
acteristic for Zn2+ and Ca2+ ions usually have stoichiometry 1:1 and 1:2 (Tipikin 
et al. 1997).
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The available literature on the composition and stability of DA-ion complexes 
with d-element ions is scarce and contradictory (Walaas et al. 1963). For the com-
plexes formed by DA with Cu2+, the authors (Tipikin et al. 1997) considered various 
stoichiometric equilibrium schemes, including the formation of the minimum pos-
sible number of complexes. The system implements the following five equilibria:
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When DA interacts with copper(II) ions, at least five different complexes CuxHyDАz 
are formed, where x:y:z may be 1:0:1; 1:0:2; 1:1:1; 1:1:2, and 1: 2: 2. The resulting 
complexes have a chelate structure.

Mohamed et al. (2004) obtained and isolated solid complexes of a certain com-
position, which allowed to investigate their structure and properties in detail. Based 
on the experimental data of the IR and UV-visible spectra and thermal analysis data, 
CAs behave as bidentate mono- or dibasic ligands upon binding to metal ions. 
Measurements of the magnetic moment proved the presence of Fe(III) chelates in 
the octahedral geometry, while Cu(II) chelates are square planar.

Cao et  al. (2018) employed surface-enhanced resonance Raman spectroscopy 
(SERRS) strategy, iron-nitrilotriacetic acid functionalized PVP-AuNPs 
(Au-Fe(NTA)) as Raman label for rapid and sensitive detection of CA containing 
DA, NE or EP in complex serum. The presence of AuNPs results in Raman enhance-
ment, and Fe-NTA label can rapidly trap CA molecules adjoining gold core to form 
NTA-Fe-CA resonant structure, which can amplify the signals of CA. More impor-
tantly, the SERS signals of Au–O band from PVP stabilized AuNPs can be utilized 
as a stable internal calibration standard for quantitative detection of the target ana-
lytes. This SERRS strategy is not only capable to offer exciting opportunities to 
selectively trap the analyte (Sidorov et  al. 2014,  Eremina et  al.  2020b)  but also 
to  strongly amplify the Raman signals of CA as well as achieve quantitative 
measurement.

The reaction of the formation of a complex of CAs with metal ions and addi-
tional ligands was also described in Nour El-Dien et al. (2010). Such a complex was 
used to determine physiologically active CAs in pharmaceutical preparations and 
urine samples of patients with schizophrenia. The method is based on the reaction 
of 4-aminoantipyrine with catecholamines in an alkaline medium (pH = 10–11). 
Importantly, the formed complexes are characterized by absorption maxima at 500, 
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505, and 480 nm for DA, dobutamine, and vanillylmandelic acid (VMA), respec-
tively. The experimental conditions were optimized: the equilibration time, tem-
perature, pH, and the sequence of reagent addition. Moreover, the stoichiometry of 
the complexes was determined by the molar ratio method.

The stability constants of mixed ligand complexes of manganese(II), cobalt(II), 
nickel(II), copper(II), and zinc(II) ions with l-DOPA, DA, EP, and NE as the first 
ligand and l-alanine, l-histidine, glycylglycine, and ATP as the second ligand were 
determined pH-metrically at 25 °С in an aqueous KCl solution (Kiss et al. 1984). 
With UV-vis data, the authors were able to conclude about the binding properties of 
ambidentate ligands in the studied mixed ligand complexes.

For instance, it was shown that the ambivalent nature of DA allows it to coordi-
nate through the side chain of amino acids (N, O) at lower pH and through ortho-
phenolic hydroxy groups (O, O) at higher pH.

The stability of the triple complexes was interpreted by consideration of the dif-
ferences in the stepwise stability constants of the initial complexes, reverse coordi-
nation, charge neutralization, and electrostatic and hydrophobic interactions 
between ligand pairs.

To determine DA, EP, and NE via SERS  spectroscopy, a planar nanostruc-
tured sensor, prepared by ultra-sonic silver rain on a glass plate (Sidorov et al. 2016; 
Goodilin et al. 2018) and further modified by a chitosan layer with copper(II) ions 
and 4-aminoantipyrine immobilized in the polymer film, was developed. The com-
plexes of catecholamines with copper(II) ions and an additional ligand 
4- aminoantipyrine were obtained and characterized.

A planar sensor element was created, consisting of silver nanostructures with 
SPR band at ~420 nm and capable of amplifying the Raman signal (Eremina et al. 
2017). Additionally, AgNPs were coated with an optically transparent chitosan film 
that acts as a matrix for immobilizing the components of the indicator system for 
preconcentration of the analyte and protection of silver from photo-destruction and 
solvent exposure. Methods for the sensitive, multiplex, and rapid determination of 
DA, NE, and EP by the SERS spectroscopy in the form of the corresponding com-
plexes with copper(II) ions and 4-aminoantipyrine in a concentration range 
0.05 nM–100 μM with LODs of 0.01 nM–0.5 μM were developed. The proposed 
methods were successfully tested in determining catecholamines at the reference 
levels in the blood plasma of healthy people and rats (Fig. 8.3).

Thus, SERS spectroscopy has significant prospects as a promising analytical tool 
for samples with complex matrix, since SERS combines high sensitivity and selec-
tivity with minimal sample pretreatment steps, and also it opens up unprecedented 
possibilities for multiplex determination of various analytes. The practical capabili-
ties of SERS spectroscopy are currently demonstrated in different areas of chemical 
analysis, connected to medicine, pharmaceutical industry, ecology, fuel and energy 
industry, etc. However, despite the active development of the theoretical background 
of this rapidly developing method, as well as successful testing on real samples with 
various chemical composition and physicochemical properties, the main problems 
of the SERS spectroscopy include (1) insufficiently wide range of analytes, (2) in 
some cases unsatisfactory metrological characteristics when analyzing specific 
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samples, which limit the possibilities of its further implementation into the practice 
of chemical analysis. In addition, for the further development of the use of SERS-
active nanostructures in biomedical conditions, it is necessary not only to obtain 
amplification from individual biomolecules but also to carry out new comprehen-
sive studies aimed at studying the influence of nanostructures on the biological 
samples under study and assessment of changes in the properties of nanostructures 
in biological fluids and contact with cells.

Of note, and as discussed earlier, a promising solution of the specific practical 
problems is, firstly, a purposeful synthesis and “intellectual” functionalization of the 

Fig. 8.3 SERS spectra for chemically modified nanostructured silver surface and catecholamines 
on the described silver surface: norepinephrine, dopamine, epinephrine, their equimolar mixture 
(1 μM), and blood plasma sample containing 5 nM norepinephrine
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metal nonostructures, taking into account the conditions of the analysis (in the case 
of biological materials in vitro, ex vivo, or in vivo), and the composition of samples, 
such as the state of aggregation and polarity, which can be extended to a wide range 
of relevant analytes and samples. In the future all of these will allow SERS spectros-
copy to take a stable niche among other modern analytical techniques.

8.4  Conclusions

We can conclude that the development of approaches to the creation of fluorescent 
and SERS sensor systems for determining markers of neurotransmitter metabolism 
in biological samples for diagnostics and monitoring of catecholamines-dependent 
diseases is an actively developing scientific area. Preliminary results indicate the 
obvious benefits of the future introduction of such sensor systems into the clinical 
medical analysis.

One of the most promising approaches to solving the problem of CAs and their 
metabolite determination consists in utilization of solid-phase fluorescent indicator 
systems in combination with enzymatic derivatization of the analytes or the forma-
tion of their complexes with metal ions. This strategy is capable of providing the 
stabilization of the sample composition and  multiplex, accurate, reproducible, 
highly sensitive, selective, and rapid determination of CAs and their metabolites 
without or with minimal sample preparation step.

A novel original biosensing system for the simultaneous multiplex determination 
of the main markers of catecholamine-producing diseases – CAs (DA, EP, and NE) – 
and their metabolites (HVA and VMA) in biological liquids without preliminary 
separation of analytes, without the use of specific antibodies and receptors and with 
minimum sample pretreatment has been developed. The outstanding features of 
these  system are due to a unique combination of (1)  highly fluorescent analyte 
derivatives obtained by their interaction with two different amines, benzylamine 
and 1,2-diphenylethylenediamine, in the presence of horseradish peroxidase as a 
catalyst, and (2) the application of first-order derivative fluorescence spectroscopy 
for the resolution of their spectra. The proposed procedures provide sensitive (in the 
range of 3–200 nM), selective, and reproducible (RSDs ≤  1%, n = 5) multiplex 
determination of the CAs and their metabolites in biological liquids and can be suc-
cessfully applied for the rapid simultaneous (20 samples per 15–30 min) screening 
of human urine and mice blood plasma (Veselova et al. 2017).

The developed solid-phase indicator system based on the formation of a triple 
complex of neurotransmitters with europium(III) and tetracycline has unique sensi-
tivity to the same abovementioned markers of neurotransmitter metabolism in bio-
logical samples (in some cases at the level of femtomolar concentrations) 
(Makedonskaya et al. 2018a, b).

A new time-stable SERS-indicator system based on the formation of CA com-
plexes with copper ions with subsequent solid-phase detection using the Raman 
scattering method has been proposed, which allows one to determine 
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neurotransmitter metabolism markers in biological samples at nanomolar and lower 
concentrations (Eremina et al. 2018).

Based on the metal-dependent sensor systems discussed above, nanocomposite 
hybrid materials were created with purposefully selected chemical design of a 
microporous polymer surface for measuring the analytical signal by fluorescence 
and SERS spectroscopic techniques, which provided ex vivo determination 3–7 CAs 
in the PC12 cell line derived from a pheochromocytoma of a rat adrenal medulla.
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Chapter 9
Enhanced Sensitivity Rapid Tests 
for the Detection of Sepsis Marker 
Procalcitonin

Kseniya V. Serebrennikova, Jeanne V. Samsonova, and Alexander P. Osipov

Abstract Lateral flow immunoassay is a widely used method due to its simplicity 
and rapidity. However, insufficient sensitivity in the case of a biomarker detection 
within the clinical ranges when necessary is a limiting factor to implement this 
method for point-of-care testing and other purposes. This chapter is focused on the 
approaches to improve the sensitivity (limit of detection) of rapid lateral flow immu-
noassay on the example of sepsis biomarker procalcitonin. The existing enhance-
ment approaches can be divided into two groups: detectable labels combined with 
sensitive registration devices and additional signal amplification procedures. The 
effect of label shape and size (spherical and hierarchical gold nanoparticles) on the 
detection limit of procalcitonin and additional procedures to enhance the analytical 
signal of the assay are discussed. The potential of combining lateral flow immuno-
assay with highly sensitive surface-enhanced Raman spectroscopy is considered. In 
terms of a simple test for semi-quantitative visual marker detection in several clini-
cally relevant concentration ranges, the one-step gradient lateral flow immunoassay 
is proposed.
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GNPNs Gold nanopopcorns
GNSTs Gold nanostars

9.1  Introduction

One of the most urgent tasks in the field of analytical biotechnology is the develop-
ment of new simple methods and portable devices that allow the rapid determination 
of various compounds in biological fluids, environment, and other objects. The 
main requirements for them are the simplicity of the assay, high sensitivity, repro-
ducibility of results, stability, cheapness and quickness, and allowance in real time, 
i.e., within a few minutes to get an answer. Such tests are known in the literature as 
“rapid tests,” “point-of-care tests” or “POC,” “doctor’s office tests,” or “membrane 
tests.” The mechanism of such bioanalytical devices is focused on the following 
general processes: initial “recognition” of the analyte in solution, usually carried 
out through effective biospecific interaction (e.g., antigen-antibody type), and sub-
sequent signal transformation in the system leading to “visualization” of such spe-
cific interactions. The presence of the resulting complexes with analyte can be 
detected either visually, for example, by staining the solution or solid phase when a 
special colored label is introduced into the immunocomplex, or using appropriate 
equipment, for instance, optical reader device. In recent years, rapid methods have 
been widely used in various fields, such as medical diagnostics, pharmaceutical and 
food industries, ecology, and veterinary medicine (Ewald et al. 2015; He et al. 2018; 
Christodouleas et al. 2018; Samsonova et al. 2018).

One of the most common rapid methods for determining target analytes is lateral 
flow immunoassay (LFIA), which is also called immunochromatographic assay. 
The advantages of this method include the rapidity (usually 10–15 min) and the 
simplicity of the assay, as well as the possibility of visual interpretation of the 
results (Koczula and Gallotta 2016; Sajid et al. 2015). The typical LFIA test strip 
consists of various materials and each of them performs its specific function 
(Fig. 9.1). The membrane components of the test strip overlap with one another and 
are glued to a plastic backing. The principle of LFIA combines immunological and 
chromatographic methods and is based on the specific interaction between the ana-
lyte and recognition element, occurring in different parts of the membrane test strip 
with pre-immobilized specific reagents and initiated by the applying of a liquid 
sample. The result of LFIA is the appearance of a colored line in the test zone of the 
device, the intensity of which corresponds to the analyte level in a sample. The most 
commonly used labels are metal nanoparticles, such as gold nanoparticles (GNPs) 
with intense coloration due to the plasmon resonance effect. Quantification of 
labeled complexes allows the concentration of an analyte in the sample to be calcu-
lated using calibration curves. Immunochromatographic tests are often used for 
diagnostic purposes: confirmation of pregnancy; diagnosing diseases of internal 
organs (coronary heart disease, renal failure, and diabetes mellitus); identifying 
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pathogens of infectious diseases, as well as toxic compounds in foods (Tripathi 
et  al. 2018; Hendrickson et  al. 2020), feed, or environment (Akter et  al. 2019); 
and others.

The list of LFIA labels is very extensive and includes colloidal gold, latex par-
ticles, quantum dots, magnetic particles, liposomes, and others (Edwards et  al. 
2017; Wilkins et al. 2018; Guteneva et al. 2019; Kim et al. 2019, Zhao et al. 2020). 
The unique property of metal nanoparticles (for instance, colloidal gold) to generate 
a recorded signal makes them promising detectable labels for the development of 
highly sensitive LFIA. Nowadays, GNPs are the most widely used label in rapid 
tests due to cheapness, simple preparation, and intense color, which can be detected 
with the naked eye on a test strip. It was postulated that the optimal size of nanopar-
ticles used in LFIA is 30–40  nm since smaller particles do not produce intense 
color, while larger particles are unstable and form aggregates after several days of 
storage at 4 °C (Omidfar et al. 2010). Recently, hierarchical GNPs, which are stable 
due to their complex three-dimensional structure, have been discussed as a promis-
ing label to improve the sensitivity of LFIA (Dykman and Khlebtsov 2011). LFIA 
tests with use of different shaped GNPs were successfully implemented to deter-
mine a number of compounds (Lin and Stanciu 2018; Serebrennikova et al. 2018b, 
2019; Lai et  al. 2019; Hu et  al. 2019). Besides, the size-dependent staining of 
nanoparticles makes it possible to develop a multi-analyte LFIA 
(Venkataramasubramani and Tang 2009).

In particular cases, conventional LFIA is limited by its sensitivity and reproduc-
ibility. In recent years, market trends have led to the development of new materials, 
labels, and detection systems, the combination of which can significantly improve 
the analytical characteristics of LFIA (Drygin et al. 2009; Zherdev and Dzantiev 
2018; Bishop et  al. 2019). Many LFIA signal amplification strategies were 

Fig. 9.1 LFIA scheme with gold nanoparticles as a label: (1) sample pad, (2) conjugate pad, (3) 
test line, (4) control line, (5) absorbent pad
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proposed, and most of them include additional steps. Silver enhancement method is 
widely used in LFIA and carried out by mixing silver salt with a reducing agent 
followed by silver deposition on GNPs. Changing the red color to black as a result 
of the silver layer formation on the surface of the particles allows increasing the 
sensitivity up to 10–15 times (Anfossi et  al. 2013; Panferov et  al. 2018). Other 
approaches include enzymatic signal amplification method (Parolo et  al. 2013; 
Samsonova et al. 2015; Zhang et al. 2019); the use of a new “sensitizer,” which is a 
mixture of labeled primary antibodies and antigen (Nagatani et al. 2006); biotin- 
streptavidin interaction-based systems (Taranova et al. 2017; Serebrennikova et al. 
2018a); modification of LFIA conditions by pre-incubation of the labeled reagent 
with the sample (Razo et al. 2018); centrifugation-assisted flow control (Shen et al. 
2019); and others. These approaches allow achieving up to 100-fold improvement 
in sensitivity. Thus, overcoming the difficulties in interpretation of the conventional 
LFIA results associated with individual color perception (age-related effects, innate 
vision characteristics, psychological factors) by applying new materials, labels, 
amplification strategies, and registration systems is a challenging task in point-of- 
care diagnostics.

9.2  Procalcitonin as a Sepsis Marker and Methods 
of Its Detection

To date, infections and sepsis remain a leading cause of morbidity and mortality in 
the world. High mortality among septic patients is attributable to the late diagnosis 
and ineffective supervision and monitoring of the treatment. The most well-studied 
and common marker in the daily clinical practice for the diagnosis of sepsis and 
bacterial infections is procalcitonin (PCT) – a peptide precursor of the hormone 
calcitonin (Meisner 2014). Normally PCT is synthesized in thyroid С cells, and, in 
the process, the entire PCT turns to calcitonin and practically does not release into 
the bloodstream. Therefore, PCT concentration in healthy individuals is less than 
0.05 ng/ml. When the bacterial infection becomes activated, the PCT level increases 
in 3–6 h, and the degree of the marker level elevation depends on disease severity 
(Creamer et al. 2019). A value of 0.25 ≤ PCT < 0.5 ng/ml indicates the possibility 
of bacterial infection. A value of 0.5 ≤ PCT < 2 ng/ml is pathological and refers to 
systemic infection. High probability of sepsis is associated with 2 ≤ PCT < 10 ng/
ml range, while PCT value above 10 ng/ml indicates severe sepsis or septic shock 
(Meisner 2014). Therefore, monitoring of PCT concentration over clinically rele-
vant ranges provides the disease management and allows predicting the outcome of 
sepsis (Vijayan et al. 2017; Sager et al. 2017).

Methods for PCT detection include quantitative (immunoluminometric and 
enzyme-linked immunofluorescent assays, chemiluminescent, and electrochemilu-
minescent immunoassays) and semi-quantitative (LFIA) assays that differ in proce-
dure time, detection limit, and reproducibility within clinically relevant ranges 

K. V. Serebrennikova et al.



165

(Schuetz et al. 2017). Quantitative methods for PCT detection are time-consuming 
and often require specialized equipment. Unlike quantitative methods, immuno-
chromatographic or LFIA tests are used for quick assessment of the biomarker 
range that is important for early diagnosis of bacteremia and antibiotic use in sepsis. 
However, the implementation of rapid tests into routine clinical practice is limited 
by a lack of sensitivity and increased error rate (Manzano et al. 2009; Singh and 
Anand 2014). Therefore, the integration of new materials and reagents, the develop-
ment of new formats, signal-enhancement systems, and other techniques are prom-
ising approaches for improving LFIA performance.

In this chapter, using PCT as a model system, we consider some ways to improve 
LFIA sensitivity (limit of PCT detection), including the use of structured GNPs, a 
range of amplification strategies, and other approaches. In addition, a new design of 
multi-range gradient LFIA for semi-quantitative visual determination of PCT in 
serum is proposed.

9.3  Approaches to Decrease the PCT Detection 
Limit in LFIA

9.3.1  Spherical and Hierarchical Nanogold Labels and Signal 
Amplification Strategies

The protein nature of PCT requires the sandwich format of LFIA (Fig. 9.1). To real-
ize this principle, the capture-specific antibodies were immobilized in the test zone 
of the analytical membrane, and the conjugate pad was impregnated with paired 
detection antibodies labeled with GNPs (immunoprobe). When a sample was 
applied onto the sample pad, its movement along the strip began under capillary 
forces. Free antigen (PCT) in the sample interacted with immunoprobe, and immu-
nocomplex “antigen-labeled antibody” was formed. In the test zone, specific anti-
bodies bound the immunocomplex, and a triple-colored sandwich complex was 
visualized. The intensity of the colored test line is directly proportional to the PCT 
concentration in the sample. The sensitivity of the developing LFIA test should be 
sufficient to detect the PCT level in the so-called gray area (0.25 ≤ PCT < 0.5 ng/
mL), which corresponds to possible bacterial infection and the initiation of septic 
conditions.

A comparative study of PCT LFIAs with gold nanospheres (GNSs) and hierar-
chically structured nanogold labels (nanopopcorns-GNPs and nanostars-GNSTs) of 
different sizes was performed (Serebrennikova et al. 2018b). The calculated average 
diameters of obtained GNSs were 20.0 ± 1, 35.1 ± 2.3, 50.4 ± 1.6, 70.2 ± 1.8, and 
100.2 ± 2.0 nm; GNPNs – 100.1 ± 5.7 nm; and GNSTs, 64.3 ± 3.0 nm. The color of 
GNPs is heavily dependent on their size and shape. Due to the different sizes and 
shapes of used gold nanolabels, the resulting sandwich complex formed in the test 
line can be seen as a band with color from red to gray. The study revealed that the 
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sensitivity of PCT LFIA improves with increasing the size of GNSs up to 40 nm 
(Serebrennikova et al. 2018b). The use of large GNSs (70 nm and 100 nm) makes 
the visualization of the analytical and test zones difficult due to the formation of 
pale-colored lines on the strip. On the other hand, the use of hierarchical large gold 
nanoparticles (GNPNs and GNSts) in LFIA allowed detecting lower PCT concen-
trations. Hierarchical multibranched GNSTs, which are a promising material for 
bioapplications due to the strong electromagnetic field at the tips, biocompatibility, 
and stability (Pallavicini et al. 2015), were first used in PCT LFIA (Serebrennikova 
et al. 2018b). The results of GNST-based LFIA were comparable with conventional 
GNS-based LFIA that can be attributed to the steric hindrance of large GNSTs pre-
venting interactions between capture antibodies on a strip with “PCT-GNST-labeled 
antibody” immunocomplex in moving solution. Unlike GNSs and GNSTs, hierar-
chical large GNPNs combine quasi-spherical structure and strong enhancement of 
the electromagnetic field near the surface of the particles. GNPNs form a contrast 
visually detected signal, which tends to improve LFIA sensitivity. Moreover, the 
quasi-spherical structure of GNPs promotes uniform distribution of antibodies on 
the surface of gold nanolabels. Thus, the use of GNPNs for PCT LFIA exhibited 
linearity over the range of 0.5–10 ng/ml with the lowest limit of detection of 0.1 ng/
ml which was five times better the sensitivity of 20 nm GNS-based LFIA. Based on 
the findings it could be concluded that the LFIA sensitivity is affected by the shape 
of the nanoparticles rather than the size.

In general, LFIA sensitivity can be improved by signal amplification based on 
different principles. One of the common approaches to improve LFIA sensitivity is 
the silver enhancement method. This method involves the reduction of silver ions on 
the GNPs surface followed by color conversion from red to black. Due to its sim-
plicity and achieved high sensitivity, this signal amplification approach has been 
used in biosensors for over 30 years (Liu et al. 2014). To improve PCT LFIA sensi-
tivity, test strips were immersed in a silver enhancing mixture for 10 min after con-
ventional 20 nm GNS-based LFIA was carried out. The result of the assay was a 
tenfold improvement in sensitivity with a limit of PCT detection down to 0.05 ng/
ml that complies with previous studies (Rodriguez et al. 2016).

The advantage of GNPs is the possibility to use them not merely as a LFIA label 
but also as a carrier of enzyme label. When used as a direct label, GNPs form red 
bands in the test and control zones of the strip. When GNPs are bound to horserad-
ish peroxidase-modified antibodies, they exhibit labeling carrier properties. In 2013, 
Parolo et al. proposed the double GNPs/enzyme label for human IgG LFIA. Thus, 
the visual signal in the test zone, formed due to the formation of a specific immuno-
complex labeled with GNPs, can be further enhanced by the formation of a colored 
product of the enzymatic reaction. To develop PCT LFIA, a double-labeled conju-
gate of antibodies with GNPs and horseradish peroxidase was obtained. After 
applying the sample, two analytical signals were detected, one of which corre-
sponded to the red staining of GNPs and the second to the color of the chromogen 
resulting from the enzymatic activity of horseradish peroxidase. The limit of visual 
detection (red color of GNSs) was 1 ng/ml. After incubation with a substrate solu-
tion containing 3,3`,5,5`-tetramethylbenzidine, a blue color appeared in the 
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analytical and control zones. Therefore, the approach decreased the limit of PCT 
detection to 0.1 ng/ml. However, this double GNPs/enzyme label possesses some 
instability, and the assay time is extended to 30 min due to additional steps to be 
performed.

The biotin-streptavidin complex has good reaction specificity and high affinity, 
which explains the widespread use of the system in immunochemistry and immuno-
assay to enhance specific interactions. A new approach to improve the sensitivity of 
LFIA through the formation of large stabilized GNP agglomerates was proposed 
(Serebrennikova et al. 2018a). When streptavidin is added to GNP-labeled biotinyl-
ated antibodies, stable GNP agglomerates are formed, consisting of several initial 
smaller nanoparticles with specific antibodies on their surface (Fig.  9.2). In this 
case, a streptavidin molecule with four biotin-binding sites plays a role of cross- 
binding reagent and brings together a few GNSs via streptavidin-biotin interaction 
with high binding constant. This agglomerate was impregnated onto the conjugate 
pad and used as the labeled specific anti-PCT reagent. A color change in the test line 
from red to purple was observed with increasing streptavidin concentration used to 
form agglomerate with biotinylated antibodies labeled by GNPs. This may be due 
to the formation of larger complex conjugates, as evidenced by the shift of the plas-
mon resonance peak to the long-wave region. Given the calibration curves for LFIA 
with different biotinylated antibodies labeled by GNPs/streptavidin ratios, an 
increase in streptavidin concentration leads to a slight decrease in the sensitivity of 
PCT LFIA (Serebrennikova et al. 2018a). This is probably the result of steric hin-
drance arising in the event of the complex conjugate-antigen capture by the immo-
bilized antibodies. The ratio of 15 parts of biotinylated antibody/GNS immunoprobe 
to one part of streptavidin was chosen as optimal. The approach allowed five times 
decreasing in the limit of PCT detection without additional steps and any changes in 

Fig. 9.2 Principle of agglomerate preparation for signal enhancement in LFIA
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the strip assembling and assay performance. A similar result was obtained by 
another research group (Taranova et al. 2017), but in that work the resulting agglom-
erate formed in reaction mixture while the sample moved through two separate 
sequential pads with impregnated streptavidin and GNSs/biotinylated antibody con-
jugate, correspondently.

9.3.2  Another Labels and Signal Registration Systems

Modern analytical trends stimulate researches to look for labels with new interest-
ing properties in terms of signal detection and interpretation. Quantum dots or semi-
conductor fluorescent nanocrystals over recent years have found broad application 
in biomedical research (Wagner et al. 2019). They are regarded as a very promising 
label in LFIA due to their unique properties, namely, the excitation in a wide wave-
length range and narrow emission peak increased photostability. However, quantum 
dots are expensive, and the preparation of conjugates with biomolecules is rather 
complicated (Foubert et al. 2016). For PCT LFIA a commercial preparation of red 
quantum dots (CdSe/ZnS) with an emission peak at 655 nm and the carboxylic- 
functionalized surface was used to prepare labeled specific antibodies. Due to some 
difficulties associated with low elution of the labeled antibodies from the conjugate 
pad, an assay was performed by incubating the analytical membrane in a mixture of 
the quantum dot labeled antibodies and a free PCT solution. After a routine LFIA, 
the UV laser (340 nm) was used to observe the fluorescence directly in the analyti-
cal zone of the strip. To get quantitative data of PCT LFIA, the fluorescent images 
were processed by special image software. Quantum dot-based LFIA allowed halv-
ing the detection limit to 0.25 ng/ml.

One of the promising approaches to improve the sensitivity of LFIA and convert-
ing a qualitative “yes/no” result assessment into a quantitative one is the use of 
surface-enhanced Raman spectroscopy (SERS) as a signal detection method. The 
popularity of this method is growing due to the possibility of determining biomol-
ecules with a single-molecule-level sensitivity and high selectivity. The advantages 
of SERS include the capabilities of direct and label-free nondestructive analysis of 
one or more analytes with minimal requirements for sample preparation, as well as 
testing of biological fluids or complex sample systems (Pilot et al. 2019). Besides, 
SERS offers a multiplying amplification of the Raman signal generated by mole-
cules with good stability, convenience, and reproducibility (Jiang et al. 2017; Xiao 
et al. 2017). As a result, controlled manufacturing of nanostructures led to the wide-
spread use of SERS for biomolecule detection in an immunoassay (Kamińska et al. 
2017; Fu et al. 2019).

The principle of the quantitative PCT determination using SERS-based LFIA 
was implemented by measuring the specific Raman scattering intensities of a 
reporter molecule within an immunoprobe with double-labeled GNSs concentrated 
on the test line of the strip after completion of immunorecognition (Fig.  9.3) 
(Serebrennikova et  al. 2017a). The literature indicates that the highest SERS 

K. V. Serebrennikova et al.



169

intensity is observed for 50 nm GNPs with the same total surface area or concentra-
tion of nanoparticles, which is explained by the correlation between amplification 
and the size of GNP surface area (Hong and Li 2013). In this regard, spherical 
50 nm GNPs for the LFIA development were obtained, which ensure the formation 
of a visually detectable signal during the standard LFIA procedure and sufficient 
intensity of SERS signal. After completion of the PCT LFIA, the produced colored 
purple bands (50 nm GNSs) in the test and control zones were first photometrically 
assessed. Then, the SERS intensity at 1074 cm−1 generated from the reporter mol-
ecule – mercaptobenzoic acid – in the test zone of the membrane was measured. The 
limit of PCT detection by SERS and conventional LFIA with GNSs of the same size 
(50 nm) was comparable and reached a value of 0.5 ng/ml. It should also be empha-
sized that the SERS-based LFIA demands a special portable registration device for 
outside laboratory testing.

Summarizing all the abovementioned approaches, it should be concluded that the 
described methods allowed lowering the limit of PCT detection up to an order 
(Table 9.1). However, some of them have drawbacks due to the necessity of addi-
tional steps or the instability of a label because of its modification (e.g., silver 
enhancement method, GNS modification with enzyme molecules). All this leads to 
longer analysis time and is associated with some difficulties of the assay perfor-
mance under field conditions. Thus, the approbation of silver-enhanced LFIA for 
the PCT detection in human serum resulted in a high percentage of false-positive 
results, so this approach is not applicable for the samples of this type (Serebrennikova 
et al. 2017a). On the contrary, GNS agglomerate-based LFIA and hierarchical gold 
nanoparticle (GNPN)-based LFIA are user-friendly, ready-to-use, one-step systems 
(Serebrennikova et al. 2018a, b). Such test strips contain all necessary assay compo-
nents in dried form, and additional reagents or modification of the assay perfor-
mance are not required. Thus, while the conventional format of LFIA has insufficient 

Fig. 9.3 Principle of SERS-based LFIA
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sensitivity in the required concentration range (PCT “gray zone”), one of the 
described approaches can be implemented in line with the objective and tasks of the 
developing method/test. Building upon previous reports, GNPN-based LFIA was 
proposed to develop a rapid, one-step semi-quantitative visual assay for serum PCT 
determination in several clinically relevant ranges (Serebrennikova et  al. 
2018b, 2019).

9.4  Multi-range Gradient PCT LFIA with Semi-quantitative 
Visual Detection

The conventional LFIA test provides a “yes/no” (qualitative) detection of analyte 
above or below the cutoff level (Fig. 9.4a), and for the quantitative signal assess-
ment, special readers can be used to register the signal generated by the label. Visual 

Table 9.1 Approaches to decrease PCT limit of detection in LFIA

Approach Label
Detection 
method

PCT limit 
of 
detection, 
ng/ml Drawbacks References

Conventional 
LFIA

Gold 
nanospheres

Photometric 0.5 Serebrennikova 
et al. (2018b)

Label 
modification

Gold 
nanospheres/
horseradish 
peroxidase

Photometric 0.1 Reagent 
instability, 
additional 
analysis step

Label 
modification

Gold 
nanopopcorns

Photometric 0.1 Serebrennikova 
et al. (2018b)

Label 
modification

Gold 
nanosphere 
agglomerate 
(35 nm)

Photometric 0.1 Serebrennikova 
et al. (2018a)

Conventional 
LFIA with 
signal 
enhancement

Silver 
enhanced gold 
nanospheres

Photometric 0.05 Reagent 
instability, 
additional 
analysis step, 
matrix effect

Serebrennikova 
et al. (2017a)

Another type 
of label

Quantum dots Fluorometric 0.25 Expensive 
label, 
additional 
equipment is 
required

Another 
system of 
signal 
registration

Gold 
nanospheres 
(50 nm)

Surface- 
enhanced 
Raman 
spectroscopy

0.5 Additional 
equipment is 
required, 
longer 
analysis time

Serebrennikova 
et al. (2017a)
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semi-quantitative LFIA is carried out by comparing the test line intensity with the 
reference scale card (Fig. 9.4b). Thus, rapid semi-quantitative detection of PCT in 
blood serum or plasma with a marker detection limit of 0.5  ng/ml is performed 
using a commercial semi-quantitative immunochromatographic test B·R·A·Н·M·S 
PCT-Q based on this principle. However, this method involves difficulties in the 
result interpretation (Singh and Anand 2014). Furthermore, a complex sample 
matrix may result in false-positive or false-negative results due to the high back-
ground color or staining reduction of the test line. Therefore, the improvement in the 
PCT LFIA visual tests remains relevant.

To address the shortcomings of conventional LFIA, a barcode semi-quantitative 
LFIA was proposed. The barcode LFIA is based on the formation of multiple test 
lines by applying capture antibodies at equal concentrations and correlation between 
the number of revealed test lines with analyte range after the sample is passed 
through the strip. Due to its simplicity, the barcode LFIA was realized for determi-
nation of prostate acid phosphatase (Fang et al. 2011), gliadin (Yin et al. 2016), 
potato virus X (Panferov et al. 2016), and C-reactive protein (Leung et al. 2008). 
However, in the barcode LFIA the detected concentration ranges do not always 
match with the diagnostic cutoff level for a particular marker.

Recently we proposed a multi-range gradient LFIA for semi-quantitative visual 
determination of serum PCT in five concentration ranges (Fig. 9.4c) (Serebrennikova 
et al. 2019). The basic difference of multi-range gradient LFIA from barcode LFIA 
is the possibility to adjust the number of determined concentration ranges and the 
corresponding analyte cutoffs by changing the concentration of capture antibodies 
on the particular test line. The gradient distribution of test line staining after assay 
procedure provides an increase in the capture antibodies concentration from line to 

Fig. 9.4 Results assessment in qualitative (a), semi-quantitative, (b) and semi-quantitative multi- 
range gradient LFIA (c)

9 Enhanced Sensitivity Rapid Tests for the Detection of Sepsis Marker Procalcitonin



172

line. As a result, the correlation between the number of colored test lines and the 
range of biomarker concentrations in the sample is observed. The result of gradient 
LFIA is a number of colored test lines, which fits to the biomarker concentration 
range (Fig. 9.4c). By varying the concentration of capture antibodies and the num-
ber of test lines formed on the analytical membrane, the number of the biomarker 
ranges and corresponding cutoffs is regulated depending on the clinical use of a 
biomarker (Serebrennikova et al. 2017b, 2019).

To validate multi-range gradient PCT LFIA, serum samples were analyzed 
across five clinically significant concentration ranges (Serebrennikova et al. 2019). 
A semi-quantitative assessment of the assay results was performed by matching the 
number of purple (GNSs label) or gray-blue (GNPNs label) test lines (1, 2, 3, or 4) 
on the analytical membrane to the PCT concentration range (Fig. 9.4c). The data of 
multi-range gradient visual PCT LFIA and quantitative PCT ELISA showed good 
concordance for PCT concentrations above 2 ng/ml; however, in the “gray area,” 
where the diagnosis of sepsis cannot be confirmed, in a few cases a shift in nearby 
concentration range was observed. According to the PCT guidelines for these doubt-
ful cases, the biomarker measurement should be repeated or monitored after 6–24 h. 
The purpose of the rapid semi-quantitative multi-range gradient LFIA is biomark-
er’s blood profile monitoring, i.e., assessment of disease progression or treatment 
efficacy (in case of antibiotic therapy) over time. The sensitivities of the GNSs- 
based gradient LFIA and GNPNs-based gradient LFIA were 87.5% and 76.6%, 
respectively. Replacing GNSs with large, popcorn-like GNPs in gradient PCT LFIA 
showed comparable assay results. This result can be attributed to the complex shape 
of the label, which in situ creates steric hindrances to bind labeled antibodies with 
analyzed antigen in human sera.

Thus, the rapid semi-quantitative multi-range gradient LFIA determines PCT 
blood level within five clinically significant ranges. The one-step gradient LFIA is 
carried out by counting the number of colored test lines in 15–20 min without time- 
consuming sample preparation procedure and subsequent difficulties in interpreting 
the assay results. To sum up, the proposed multi-range gradient LFIA provides 
prompt diagnostic results to facilitate clinical decision.

9.5  Conclusion

Despite the advantages of LFIA, the investigation of factors affecting the assay 
sensitivity remains a matter of great importance. One of these factors is the choice 
of an effective and easily prepared label for the development of enhanced sensitivity 
LFIA. A new type of hierarchical nanogold particles was considered, proving that 
the shape rather than the size of the label affects the sensitivity of the rapid assay. 
Signal amplification approaches and sensitive systems of the signal registration also 
need to be evaluated for quantitative analyte detection. The study also showed that 
advancing to the simple device-free tests, the multi-range gradient LFIA can pro-
vide simple, rapid, and effective semi-quantitative visual PCT detection in clinically 
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relevant concentration ranges. To sum up, the principle of multi-range gradient 
LFIA can be implemented to develop semi-quantitative immunochromatographic 
systems for point-of-care testing of diagnostically important markers and for other 
purposes. Moreover, the application of structured nanogold labels along with the 
new principles of signal registration opens up new perspectives for the development 
of easy-to-use portable biosensing devices and rapid tests of wide availability.
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Abstract At present, biosensors are actively used for the detection of drugs during 
clinical analyses and medical diagnostics, monitoring of environmental objects, and 
the quality of food products. Research in the field of biosensors over the past 
20  years has been characterized by the study and search for new approaches to 
enhance the analytical signal by changing the properties of the electrode surface by 
nanostructures, trying to achieve low limits of detection, and improving other ana-
lytical characteristics. Changing the properties of the electrode surface with nano-
structured materials in the case of using biosensors (immunosensors) allows 
achieving higher sensitivity, rapidity, and specificity than using other methods of 
analysis. This chapter discusses recent advances in the detection of medicinal sub-
stances by biosensors modified by various nanomaterials, including carbon nano-
materials, metal nanoparticles, quantum dots, and various types of immunosensors 
(electrochemical, optical, and piezoelectric), which are the best alternative to the 
standard analytical methods used.

Keywords Biosensor · Immunosensor · Label · Antigen · Antibody · 
Nanoparticles · Nanostructured materials · Carbon nanotubes

Nomenclature

HPLC High-performance liquid chromatography
MS-HPLC Mass spectrometry with HPLC
Ag Antigen
Ab Antibody
NPs Nanoparticles
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HRP  Horseradish peroxidase
LOD Limit of detection
CV  Cyclic voltammetry
GCE Glass-carbon electrode
SPGE Screen-printed graphite electrode
EIS Electrochemical impedance spectroscopy
MWCNTs Multiwalled carbon nanotubes
EDC 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide
NHS N-Hydrosuccinimide
IL Ionic liquid
PBS Phosphate buffered solution
SPR Surface plasmon resonance
H20-NH2 Amino derivative on the second-generation polyester polyol 

platform

10.1  Introduction

Today, there are a huge number of pharmaceutical drugs that are active at very low 
concentrations and used for the treatment and prevention of diseases. Uncontrolled 
use, the risk of overdose and side effects, and the study of the effectiveness of the 
treatment prescribed by the doctor require monitoring of the patient’s biological 
materials in order to quantify drug compounds and their metabolites. The presence 
of antibiotics in the food of animal origin is possible due to the treatment and feed-
ing of animals with veterinary drugs. Trace amounts of drugs were also found in 
natural objects (water environments) where they enter as a result of excretion and 
have a negative impact on living organisms (Sanvicens et  al. 2011; Balahura 
et al. 2019).

The most commonly used methods for drug analysis are chromatographic meth-
ods (Berm et al. 2015; Asghari et al. 2017), which have certain disadvantages over 
biosensor technologies: the specific requirement of sample preparation and the high 
cost of analysis, as well as a longer analysis time. This uses gas chromatography, 
liquid chromatography, and high-performance liquid chromatography (HPLC). 
Tandem methods, such as combined mass spectrometry with HPLC (MS-HPLC), 
are used to obtain more information about the defined drugs and often to identify it. 
However, such tandem methods have significant disadvantages: higher cost of anal-
ysis compared to HPLC, as well as the requirement of highly qualified staff. If 
biosensors are used, it is possible to perform analysis in the field and there is practi-
cally no sample preparation stage.

A large number of publications have been made on biosensors modified with 
various types of nanomaterials for determination of drugs, including antibiotics 
(Lan et al. 2017), adrenomimetics (Wang et al. 2013), anesthetics (Chen et al. 2013), 
anti-inflammatory (Schirmer et al. 2019), antiviral (Stefan et al. 2003), and antican-
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cer drugs (Radhapyari et  al. 2013). To improve the analytical characteristics of 
 biosensors, various hybrid nanostructured materials are used in their composition 
(Maduraiveeran and Jin 2017), such as carbon nanomaterials (Merum et al. 2017), 
quantum dots (Esteve-Turrillas and Abad-Fuentes 2013), and metal nanoparticles. 
Usually, gold nanoparticles are used among the metal nanoparticles (Wang et al. 
2017), but some reports are also available with the use of cerium oxide (Charbgoo 
et al. 2017) and silicon nanoparticles (Knopp et al. 2009).

The specificity of biosensors allows their use in medical diagnostics, to control 
the content of drugs in food, environmental objects, as well as for quality control in 
order to identify falsified products and quantities drugs used in the treatment of 
diseases, especially depressive disorders. Therefore, biosensors can help to solve a 
wide range of analytical problems of an applied nature. The use of biosensors con-
tributes to technological progress and improving the quality of human life.

The chapter is devoted to the role, significance, and recent developments in the 
field of immunosensors for the detection of drugs. The importance and necessity of 
immunosensors as a special case of biosensors for monitoring the content of drugs 
in biologically significant objects is shown. The main directions of work in this field 
are noted, the principles of immunoassay are described, and attention is paid to the 
nature, structure, and composition of components in immunosensors. The role of 
various nanomaterials and composites based on their mechanism of functioning in 
immunosensors has been explained using numerous examples. The possibility of 
regulating the properties of immunosensors (sensitivity, selectivity) depending on 
the components included in their composition is shown. Moreover, a special atten-
tion has been also given on the analytical capabilities of various immunosensors. In 
addition, some important challenges in the work of biosensors are discussed.

10.2  Basic Principles of Immunoassay and Research Objects

The principle of immunoassay methods is based on the interaction of an antibody 
(Ab) with the corresponding antigen (Ag). Abs are proteins of the immunoglobulin 
class that are produced in the immune system as a result of the manifestation of the 
body’s protective function when a foreign substance – Ag – enters it. Ab has a high 
affinity and specificity in relation to Ag, due to their molecular complementarity.

Combining the molecular specificity of a biologically recognized object with a 
transducer expands the analytical capabilities of immunosensors. Recognition of 
the analyte by an immobilized receptor is accompanied by changes in various prop-
erties (physical or chemical nature), which are recorded by the transducer and con-
verted into a measured signal, the value of which is proportional to the concentration 
of the substance being determined. The most common methods of signal registra-
tion are electrochemical, optical, and piezoelectric (Felix and Angnes 2018).

In Table 10.1, the most frequently mentioned in the literature objects of analysis 
containing various groups of medicinal compounds and immunosensors are given.
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It should be noted that the objects of analysis can be not only biological fluids 
(blood serum, urine) but also water (pure, surface, waste) and food from ani-
mal origin.

10.3  Electrochemical Immunosensors

Electrochemical immunosensors are a good alternative to traditional analytical 
methods for quantifying drugs, due to their high sensitivity and selectivity, and 
inherent miniaturization. Recently, special attention has been devoted to various 
methods of modifying the surface of transducers with modern nanostructured mate-
rials in order to increase the sensitivity and improve the analytical characteristics of 
immunosensors for drug detection. Different types of nanomaterials open up new 
possibilities for electrochemical immunoassay, in terms of improving the electro-
chemical properties of transducers for better conjugation with biomolecules and 
using some of them as electrochemical label (Liu and Lin 2007). The most common 
modifiers are metal nanoparticles (NPs), nanoclusters, nanodendrites, quantum dots 
(QTs), dendrimers, electrically conductive polymers, and carbon nanomaterials.

10.3.1  Amperometric Immunosensors

Currently, existing developments of amperometric immunosensors are successfully 
used to determine a wide range of antibiotics, sulfamide, bronchodilators, and drugs 
against human immunodeficiency. To achieve the required analytical characteris-
tics, modification of the surface of electrodes made of various materials with single- 
walled and multiwalled carbon nanotubes, graphene, NPs, and metal NCs is used. 

Table 10.1 Drugs and medicinal compounds determined by biosensors

Pharmaceutical/drug Type of immunosensors Object of analysis

Agonists Amperometric, 
impedimetric, surface 
plasmon resonance

Meat, urine
Food for swine
Blood serum

Anesthetics Impedimetric Blood serum
Antibiotics: aminoglycoside, amphenicol, 
fluoroquinolone, lactam, nitrofuran, 
penicillin, sulfonamide, tetracycline

Amperometric
Impedimetric
Piezoelectric
Surface plasmon resonance

Animal food
Urine, blood serum
Pharmaceuticals
Pure, surface, and 
wastewater

Antiviral Amperometric Pharmaceuticals
Anticancer Impedimetric

Piezoelectric
Blood serum
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Ionic liquids and electron carriers are used. Examples of such amperometric immu-
nosensors are discussed in this section.

The article by Conzuelo et al. (2013) presents a new integrated amperometric 
immunosensor based on the immobilization of selective Ab on the surface of screen- 
printed dual carbon electrodes modified by protein-G covalently bound to a 
4- aminobenzoic acid film for multiplex determination of sulfonamide and tetracy-
cline antibiotic residues in milk. A direct competitive immunoassay using horserad-
ish peroxidase (HRP)-labeled tracers was carried out. The analytical signal was 
registered by cyclic voltammetry (CV). The developed method showed very low 
limit of detection (LOD) for sulfonamide (0.097 ng/ml) and tetracycline (0.858 ng/
ml) antibiotics with ranges of detectable concentrations of 0.48–113  ng/ml and 
2.84–171 ng/ml, respectively, and good selectivity to other antibiotics found in milk 
and dairy products.

An electrochemical highly sensitive immunosensor (Zhang et al. 2019) based on 
Au nanodots (AuNDs), AgNPs, and carbon nanohorns (CNHs) allows to determine 
sulfonamides of antibacterial effect in water (pure, tap, river, pond, and lake). The 
indirect competitive interaction involves covering the modified glass-carbon elec-
trode (GCE) coating Ag, the analyte, and the primary antibody (Ab1), secondary 
antibody (Ab2). When Ab2@ AgNPs@CNHs were captured by the complex cover-
ing, Ag-Ab1, Ag+ is released from the electrode in the presence of HNO3, which 
significantly amplifies the signal registered by linear sweep voltammetry (LSV). 
The three-dimensional AuNDs can increase the conductivity of the electrode and 
the specific activity of the surface. Under optimal conditions, the immunosensor 
showed a good linear relationship with sulfamethazine in the range of 0.33–63.81 ng/
ml with a LOD of 0.12 ng/ml.

Kim et al. (2013) developed an amperometric immunosensor for determination 
of antibiotic chloramphenicol in meat. Ab against chloramphenicol- acetyltransferases 
are covalently immobilized on a dendrimer modified by cadmium sulfide (CdS) and 
bound to an electrically conductive polymer-poly(5,2′:5′,2″-tertiophene-3′-
carboxylic acid). AuNPs, dendrimer, and CdS were applied to the polymer layer to 
increase the sensitivity of the sensor. Particle sizes were determined using scanning 
and transmission electron microscopy. The immobilization of nanomaterials and the 
bio-identifying element was confirmed by quartz microwave and X-ray photoelec-
tron spectroscopy. The detection of chloramphenicol was based on a competitive 
immune interaction between free and labeled Ag with active Ab centers. Hydrazine 
was used as a label because it catalyzes the electrochemical reduction of H2O2 
observed by CV at a potential of −0.35 V. Under optimized conditions, the proposed 
immunosensor demonstrated a linear response in the range of chloramphenicol con-
centrations of 50–950 pg/ml with a LOD of 45 pg/ml.

An ultrasensitive label-free amperometric immunosensor has been developed 
(El-Moghazy et  al. 2018) for the detection of chloramphenicol residues in milk 
using a SPGE coated with a poly(vinyl alcohol-co-ethylene)nanofiber membrane on 
which anti-chloramphenicol Ab is covalently immobilized. The characteristics of 
the sensors were studied by electrochemical impedance spectroscopy (EIS). The use 
of the nanofiber membrane reduced the electron transfer resistance by about four 
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times compared to a conventional membrane. Cyclic voltammograms were regis-
tered in the range of potentials from −1.2 to 0.6 V with a scanning speed of 25 mV/s. 
Amperometric measurements were performed at −0.66 V. After optimization, the 
immunosensor demonstrated high sensitivity, selectivity, and stability when an anti-
biotic was determined in the range of 0.01–10 ng/ml, with a LOD of 0.0047 ng/ml.

Determination of penicillin G (Li et al. 2015) in milk was performed using a 
double lipid membrane and AuNPs as modifiers. Measurements in the CV method 
were performed on the GCE in a Tris buffer (pH 8.0) in the range of potentials 
from  – 0.4 to 0.6  V, the scanning speed of 100  mV/s. According to EIS, when 
applied to the surface of electrode the Ab against penicillin G, there is a significant 
increase in the electron transfer resistance. When the Ag-Ab complex is formed, the 
resistance increases further. The linear range of detectable concentrations is from 
3.3 × 10−3 ng/l to 3.3 × 103 ng/l, the LOD of 2.7 × 10−4 ng/l.

According to Zang et al. (2013), an amperometric immunosensor based on dou-
ble signal amplification by using a biocompatible matrix of a polypyrrole film with 
AuNCs as a sensor platform and a multi-enzyme-Ab-functionalized Au nanorod as 
a label allows determining the fluoroquinolone antibiotic ofloxacin in animal food 
with high sensitivity. The polypyrrole film and NCs were obtained on the GCE sur-
face by electropolymerization and electrochemical deposition, respectively. The 
ofloxacin-ovalbumin conjugate was immobilized on the modified electrode for sub-
sequent binding to the corresponding Ab. Gold nanorod was synthesized for the 
deposition of HRP and HRP-Ab2. The ordered multilayer structure of the immuno-
sensor is characterized by scanning electron microscopy, EIS, and CV methods. 
Based on the competitive interaction of the corresponding Ab with the captured Ag 
and free ofloxacin in solution, the immunosensor showed high sensitivity in the 
range of concentrations from 0.08 to 410 ng/ml with a LOD of 0.03 ng/ml.

A highly sensitive label-free amperometric immunosensor (Yu et al. 2013) was 
developed to detect an aminoglycoside antibiotic kanamycin in pork using hybrid 
AgNPs@Fe3O4 and graphene mixed with thionine. Thionine was used as an elec-
tron transfer mediator. The electrical signal was significantly improved in the pres-
ence of graphene due to its high electrical conductivity. Because of the large specific 
surface area, the NPs used can immobilize more Ab against kanamycin. CV and 
square-wave voltammetry were used to recognize kanamycin. The proposed immu-
nosensor showed good characteristics, such as LOD of 15  pg/ml, a wide linear 
range of concentrations from 0.05 to 16 ng/ml, and high stability and selectivity.

It is also proposed to carry out hypersensitive detection of kanamycin in animal 
products using an amperometric immunosensor (Wei et al. 2012) based on GCE/
graphene-nafion/thionin/PtNPs. Ab against kanamycin was immobilized on a modi-
fied surface by electrostatic adsorption. The synergistic effect between graphene, 
thionine, and platinum (Pt) has been studied: the electroactivity of thionine was 
significantly improved in the presence of graphene and Pt, due to their good electron 
transferability. The analytical signal was registered by CV. LOD of 5.74 pg/ml, the 
linearity of the response in the range from 0.01 to 12 ng/ml.

Salbutamol is widely used in the treatment of bronchial asthma and other dis-
eases associated with the respiratory tract. A “sandwich” amperometric 
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 immunosensor (Cui et  al. 2012) is described for the detection of salbutamol in 
serum based on sodium dodecylbenzene sulfonate-functionalized graphene, palla-
dium nanoparticles (PdNPs) in mesoporous silicon oxide of the SBA-15 type (Pd@
SBA-15), and ionic liquid (IL). Ab1 is covalently attached to the graphene sulfone 
groups in the presence of acyl chloride as a cross-linking reagent. Pd@SBA-15 was 
obtained by adsorption of H2PdCl4 on the surface of SBA-15; then the adsorbed 
H2PdCl4 was reduced to PdNPs by sodium borohydride. Pd@SBA-15 was conju-
gated with Ab2 using glutaraldehyde. IL was added to a mixture of Pd@SBA-15 and 
Ab2 to stimulate electron transfer. The sensitivity of the immunosensor using Pd@
SBA-15/Ab2/IL to detect salbutamol was significantly higher than those using 
SBA-15/Ab2 or Pd@SBA-15/Ab2. Under optimal conditions, the immunosensor 
showed a wide operating range of concentrations from 0.02 to 15 ng/ml with a LOD 
of 7 pg/ml.

Talib et al. (2016) proposed to determine the selective β2-adrenostimulator clen-
buterol with an amperometric immunosensor based on CNTs and poly(3,4- 
ethylenedioxithiophene). GCE, SPGE, and an electrode based on indium and 
titanium oxide were used. At the same time, the electrode was applied Ab against 
clenbuterol. There was a competition between the Ag-labeled HRP and the 
intended one.

10.3.2  Impedimetric Immunosensors

Now the EIS method is actively used to characterize the resistance of the electrodes 
that form the basis of modern biosensors as part of their comprehensive study. At the 
same time, the corresponding biosensors can be successfully implemented using the 
EIS principles. This section presents the most important development of EIS bio-
sensors (immunosensors). The absolute advantages of EIS biosensors include the 
absence of the need to use special various labels for registering an analytical signal 
and a simple and understandable mechanism of action.

To determine an antitumor agent from the group of anthracycline antibiotics 
(doxorubicin) in the blood serum, an impedimetric immunosensor (Rezaei et  al. 
2011) was developed based on the immobilization of specific monoclonal Ab on the 
surface of the AuNPs attached to a modified gold electrode using the thiol groups of 
1,6-hexanedithiol used as a cross-linking agent. The relative charge transfer resis-
tance of the Ab-coated gold electrode varied linearly with the concentration of 
doxorubicin. Measurements were carried out in PBS (pH 5.0) containing 0.1 M KCl 
and 1 mM a mixture of ferricyanide and ferrocyanide (1:1). For LOD of 0.83 pg/ml, 
the response linearity range was 1–160  pg/ml. The affinity of doxorubicin for 
immobilized Ab was found to be 1.74 × 1011 M−1.

To determine the β-adrenomimetic (bronchodilator) of salbutamol, Lin et  al. 
(2016) suggest using an impedimetric immunosensor based on AuNPs of different 
forms. Initially, spherical NPs are electrochemically applied to the surface in the CV 
mode from −0.5 to 0.5 V at a scanning speed of 50 mV/s for 7 cycles, and then 
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pyramidal AuNPs are applied at a potential of 620 mV for 10 minutes. The pyrami-
dal structure is achieved due to a kinetically controlled potential and a hydrophilic 
pre-oxidized surface and a negative reduction potential for nucleotide formation. 
After applying AuNPs, the surface was treated with mercaptopropionic acid for 
subsequent application of Ab against salbutamol. Electron transfer resistance was 
measured by EIS to quantify salbutamol in PBS (pH 7.4) in the presence of 2.5 mM 
Fe(CN)6

3−/4−. Linear range of detectable concentrations from 0.1 pg/ml to 1 μg/ml, 
the LOD of 4 fg/ml.

To determine the β-adrenergic agonist ractopamine (Wang et al. 2015) using the 
EIS method, it was proposed to use an immunosensor based on a gold electrode 
modified by copper nanoparticles (CuNPs) and Cu2ONPs@ reduced graphene oxide 
(RGO). According to Nyquist diagrams, the electron transfer resistance increases 
with increasing Ag concentration in the Ag-Ab immunocomplex. Measurements 
were performed in a PBS (pH 7.4) in the frequency range from 0.01 to 105 Hz with 
an amplitude of 5  mV.  The linear range of working concentrations from 0.1 to 
10 ng/ml, the LOD of 7.5 pg/ml.

In another study Chen et al. (2013) developed an immunosensor for hypersensi-
tive, and specific detection of the anesthetic ketamine in blood serum by the EIS is 
reported. Preparation of the sensor includes modification of the gold electrode with 
a “self-assembling” layer of 3-mercaptopropionic acid, activation using EDC/NHC, 
and immobilization of the Ab against ketamine to form a sensitive surface. 
Measurements were performed in PBS (pH 7.4) in the presence of 0.1 M NaCl and 
5 M Fe(CN)6

3−/4−. The range of detectable ketamine contents is 1–100 pM with a 
LOD of 0.41 pM.

A new method for modifying the surface of the gold electrode using functional-
ized thiols and diazonium salt was used to develop an immunosensor for detecting 
an antitumor drug methotrexate by EIS (Phal et  al. 2018) in blood serum. 
4-Carboxybenzenediazonium tetrafluoroborate was synthesized by the diazotiza-
tion reaction and characterized by infrared spectroscopy and CV. The modified sur-
face of the electrode was immobilized with Ab against methotrexate, the detection 
of which was carried out with and without the use of a redox marker. EIS analysis 
with singular decomposition in the absence of Fe(CN)6

3−/4− showed the best results, 
since they take into account the dependence on time. A multidimensional regression 
model on a logarithmic scale demonstrated a linear response in the range from 
3 × 10−12 to 3 × 10−4 M with a LOD of 7 × 10−12 M.

10.4  Optical Immunosensors

One of the possible variants to express the quantitative determination of drugs is 
optical immunosensors. The principle of operation is based on the registration of 
changes in the optical properties of the medium as a result of the presence of a bio-
logical component. Recently, researchers have been interested in immunosensors 
based on the effects of surface plasmon resonance (SPR) (Utkin et al. 2009).
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SPR immunosensors: The examples of immunosensors based on the principles 
of SPR show that in this case, it is not necessary to label reagents with any special 
labels or to separate free and bound forms. SPR immunosensors allow to work with 
a small number of reagents and provide a strong binding of Ab with Ag.

A SPR immunosensor (Fernandez et al. 2012) was proposed for detecting the 
fluoroquinolone antibiotic enrofloxacin. The study compares the characteristics of 
sensors that use Ab1 and Ab2 in the composition of bioconjugates (anti-IgG and IgG 
associated with AuNPs). A repeatable procedure was developed for bioconjugation 
to obtain biohybrid containing AuNPs forming on the surface of the gold electrode 
mixed “self-assembling” monolayer of polyethylene glycol, functionalized with 
thiol, with AuNPs, and the subsequent covalent addition of Ab against fluoroquino-
lones. Thus, for anti-IgG-AuNPs LOD was 0.07 μg/l, and for IgG-AuNPs LOD was 
0.11 μg/l.

According to Xia et al. (2017), the determination of gentamicin and chloram-
phenicol antibiotics can be performed using SPR-based immunosensor. 
Immobilization of Ag conjugates (activation of the surface of carboxyl groups) was 
performed using a combination of standard cross-linking reagents (EDC, NHC) on 
a CM5 microchip. LOD was 5.28 ng/ml for chloramphenicol and 2.26 ng/ml for 
gentamicin.

Suherman et al. (2015) investigated the possibility of using a SPR immunosensor 
for determining clenbuterol in urine using an indirect competitive immunoassay 
based on covalent immobilization of clenbuterol on a monolayer of dithiobis suc-
cinimidyl propionate on the surface of the gold electrode. The work used Ab1 against 
clenbuterol and polyclonal Ab2-labeled AuNPs. When removing inhibitors from 
real samples using silicon dioxide functionalized with carboxyl groups and adjust-
ing the pH of the sample solution by adding PBS (pH 7.5), a linear response was 
observed in the range of concentrations from 0.01 ppt to 100 ppb with a LOD of 
100 fg/ml.

10.5  Piezoelectric Immunosensors

The advantage of piezoelectric immunosensors is the combination of high sensitiv-
ity provided by using a quartz resonator as a signal сonverter and the selectivity of 
the immunochemical interaction of Ab with the corresponding Ag. To increase the 
detection sensitivity, surface modification is performed using various substances, 
including polymers and metal NPs. Sometimes it is a combination of several meth-
ods, for example, flow-injection and piezoelectric immunoassay.

The principle of operation of piezoelectric immunosensors is based on the regis-
tration of changes in the electrical signal under the action of the mass of the immu-
nocomplex on the quartz plate of the resonator. Such devices allow direct registration 
of immunochemical interactions without additional labels (fluorescent, enzyme, 
etc.), which is another advantage (Kalnoy et al. 2014).
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Piezoelectric immunosensors (Karaseva and Ermolaeva 2014) based on homolo-
gous and group-specific Ab have been developed to determine penicillin G, ampicil-
lin, and the total content of penicillin in milk and meat. To obtain a biosensitive 
sensor coating, protein conjugates of penicillin G or ampicillin were immobilized 
on a polypyrrole film obtained by electropolymerization and activated by GA. The 
obtained values of the affinity constant for polyclonal Ab show high specificity with 
respect to Ag. Minor cross-reactions have been reported for cephalosporin group 
antibiotics that share structural fragments with penicillin. Monoclonal group- 
specific Ab exhibit high specificity in relation to all penicillin group antibiotics, 
having a β-lactam ring in their structure. Therefore, the use of such Ab provides a 
determination of the total content of penicillin antibiotics. Calibration curves are 
linear in the range of concentrations 2.5–250 ng/ml (penicillin G), 2.5–500 ng/ml 
(ampicillin), and 1–500 ng/ml (penicillin group) with corresponding LOD of 0.8 ng/
ml and 3.9 ng/ml.

A piezoelectric immunosensor (Karaseva and Ermolaeva 2012) based on an 
electro- generated polypyrrole is proposed for detecting residues of the antibiotic 
chloramphenicol in some food products: meat, milk, honey, and egg. The formation 
of the receptor layer included electropolymerization of the monomer on the surface 
of the gold electrode, followed by its activation of GA by amino and carbonyl 
groups, and covalent binding of the chloramphenicol conjugate on the polymer sur-
face. The determination is based on the competitive interaction of Ab with the drug 
and protein conjugate. For LOD of 0.2 ng/ml, the calibration curve is linear in the 
range of concentrations 0.5–100 ng/ml.

Mishra et al. (2015) developed an immunosensor for determination of the antibi-
otic streptomycin in milk using flow-injection immunoassay in combination with 
piezo-quartz micro-weighing. The flow system consisted of a flow cell with a vol-
ume of 50 μl, a peristaltic pump, and a six-way crane. The frequency of the crystal 
was 10 MHz. At the same time, in order to increase the sensitivity, monoclonal Ab 
was used, which was modified with cysteamine, cysteine, and 11- mercaptoundecanoic 
acid. The specificity of the interaction was checked in the presence of other drugs: 
dihydrostreptomycin, kanamycin, and gentamicin. The linear range of detectable 
concentrations is from 0.3 to 50 ng/ml with a LOD of 0.3 ng/ml.

10.6  Hybrid Nanomaterials in the Composition 
of the Biosensors

A complex study about the effect of nanostructured materials on the analytical capa-
bilities of amperometric monoamine oxidase biosensors on the example of determi-
nation drugs with an antidepressant activity is shown in the works of Medyantseva 
et  al. (2015a) and Brusnitcyn et  al. (2016). For the purpose of modification, the 
surface of SPGE, both carbon nanomaterials (CNTs, graphene oxide) and metal 
nanoparticles (AuNPs, AgNPs) were used (Medyantseva et  al. 2014). The 
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 combination of organic and inorganic nanostructures (hybrid nanostructured mate-
rials) as modifiers of the biosensor electrode surface proved to be very promising for 
improving the analytical capabilities of the developed biosensors.

The study carried out by a complex method of voltammetry, EIS, and atomic 
force microscopy allowed in each group of modifiers to determine the most suitable 
nanomaterials for determination antidepressants (imipramine, amitriptyline) with 
the specified analytical characteristics (Medyantseva et al. 2015b, 2017a).

Comparison of properties of different nanomodifiers in the composition mono-
amine oxidase biosensors showed that the best hybrid nanostructured modifiers as 
composites are combinations of MWCNTs in a carboxyl derivative on a second- 
generation polyester polyol platform and AgNPs stabilized in a third-generation 
hyperbranched polyester polyol matrix for the determination of antidepressants 
(tianeptine, moclobemide) (Medyantseva et al. 2017a). This follows from a wider 
range of working concentrations of 1 × 10−4–1 × 10−8 M, reducing the lower limit of 
the detected concentrations (to the level of 3 × 10−9 M) in comparison with other 
biosensors.

When using a combination of MWCNTs and AuNPs (Medyantseva et al. 2017b) 
in chitosan as hybrid nanomaterials as a composite, a linear dependence of the cur-
rent value on the concentration of an antidepressant is observed in the range from 
(1 × 10−4–5 × 10−9 M) at lower values of the lower limit of the determined contents 
at the level of 8 × 10−10 M (for moclobemide) and 7 × 10−10 M (for amitriptyline) in 
comparison with monoamine oxidase biosensors based on electrodes modified only 
by MWCNTs. The results obtained show that the modification of the electrode sur-
face by hybrid nanocomposites has a positive effect on their analytical capabilities. 
The same trend is evident in the development of appropriate immunosensors.

The scheme of obtaining and functioning of the immunosensor can be presented 
as follows (Fig. 10.1). Initially, a hybrid nanocomposite consisting of a combination 

Fig. 10.1 Scheme of obtaining and functioning of the immunosensor
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of carbon nanomaterial RGO, MWCNTs and CoNPs in a superbranched polymer 
(an amino derivative on the second-generation polyester polyol platform-H20-NH2) 
is applied to the SPGE surface. Then polyclonal Ab against tricyclic antidepres-
sants. When an antidepressant (Ag) is added, it interacts with immobilized Ab on 
the surface of the SPGE modified with hybrid nanomaterials. The Ag-Ab immune 
complex is formed, and CoNPs act as a label.

Modification of the biosensor surface by hybrid nanostructures leads to an exten-
sion of the range of working concentrations (1 × 10−4 – 5 × 10−9 M) and a decrease 
in the lower limit of the determined concentrations at the level of n × 10−10 M.

10.7  Conclusion and Future Perspectives

This chapter examines various types of immunosensors for detecting drugs, such as 
antibacterial, anti-inflammatory, antiviral, anticancer, and veterinary, in biological 
fluids, animal products, and natural water objects. The most common methods for 
registering an analytical signal in immunosensory technologies are electrochemical 
(voltammetry, electrochemical impedance spectroscopy), optical (surface plasmon 
resonance), and piezoelectric methods.

The combination of a biosensitive and specific receptor with a primary signal 
converter expands the analytical capabilities of immunosensors. They have a num-
ber of advantages in comparison with other methods of determining pharmaceutical 
products (chromatographic and other physical and chemical methods): high sensi-
tivity and selectivity, fast, miniaturization, minimal pre-processing of the sample, 
mobility, and low-cost equipment.

Modification of the surface of transducers by various compounds (metal nanopar-
ticles and nanoclusters, quantum dots, carbon nanomaterials, dendrimers, and elec-
trically conductive polymers) leads to its stabilization, increased sensitivity, and 
improved analytical characteristics of the immunosensors being developed, which 
makes it possible to determine drugs in residues. Thus, it is promising to use immu-
nosensors as an alternative to the standard analytical methods used.
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Chapter 11
Electrochemical DNA Sensors Based 
on Nanostructured Polymeric Materials 
for Determination of Antitumor Drugs

Anna Porfireva, Tibor Hianik, and Gennady Evtugyn

Abstract In this chapter, recent achievements in the development of electrochemi-
cal DNA sensors intended for the determination of antitumor drugs have been pre-
sented with particular emphasis to the mechanism of signal generation and factors 
influencing the response of the biosensor toward anthracycline drugs. Besides, the 
redox properties of electrochemically active polymers as a platform for DNA immo-
bilization and signal generation have been considered and the protocols for volta-
metric and impedimetric signal recording provided. The possibility to use DNA 
sensor described for the assessment of commercial medications and biological flu-
ids is discussed together with the prospects of enhancement of the polymers applied 
in the biosensor assembly.

Keywords DNA sensor · Electropolymerization · DNA intercalator · 
Anthracycline drugs · Electrochemical impedance spectroscopy
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PEDOT Poly(ethylenedioxythiophene)
PSA Potentiometric stripping amperometry
RNA Ribonucleic acid

11.1  Introduction

DNA sensors are compact analytical devices involving oligonucleotides or their 
synthetic analogs as recognition elements (Asal et al. 2018). Many of them were 
developed for the detection of hybridization of complementary sequences. They are 
also called genosensor events (Lucarelli et al. 2008). In these sensors, oligonucle-
otide sequence (strand) related to a gene or other specific parts of the sequence typi-
cal for hosting organism is attached to the solid support (polymer film or sensor 
transducer), and such a hybridization brings dramatic changes in the properties of 
the reaction area and hence makes the detection of hybridization event more easy. 
Among many physical methods of hybridization detection, electrochemical 
approaches prevail due to many advantages, e.g., simple and cost-effective instru-
mentation, well-elaborated theory, compatibility with commercial equipment, 
applicability for colored and turbid samples, etc. (Palchetti and Mascini 2008). 
Electrochemical genosensors described above are widely used for the diagnostics of 
pathogenic microorganisms and viruses (Simoska and Stevenson 2019), detection 
of some genetic diseases (Falzarano et al. 2018), genetically modified organism’s 
tissues in the foodstuffs (Manzanarez-Palenzuela et al. 2015), for identification of 
meat source in food (Azam et al. 2018), and in many other cases. Being compact 
and easy in production and operation, they offer great opportunities to develop 
effective devices in medicine or preliminary control of the food outside chemical 
laboratory (Quesada-González and Merkoçi 2018).

In comparison with hybridization, target interactions of small molecules result in 
much lower changes in the DNA molecules, which can be hardly detected with 
conventional techniques described for genosensors. Most of the approaches pres-
ently used utilize three strategies: (1) measurements of direct DNA redox activity, 
mainly oxidation of guanine or adenine, both direct and mediated, and its changes 
after the analyte binding (Diculescu et al. 2016); (2) application of the DNA mole-
cules as specific sorbent able to accumulate the analyte molecules in a close proxim-
ity to the electrode surface followed by their redox reaction (Primo et al. 2014); and 
(3) recording changes of the electrode interface characteristics resulting from the 
target interactions with DNA attached to the surface. Besides decreased permeabil-
ity of the surface layer for low-molecular ions mentioned above, the charge distribu-
tion and release of the DNA probes from the surface layer could take place after the 
contact with analyte molecules (Rozenblum et al. 2019).

In this chapter, main attention is focused on the opportunities offered by elec-
tropolymerized materials serving as the DNA carriers and for electric wiring bio-
polymer involved in target interactions. Appropriate DNA sensors have been 
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designed for sensitive determination of antitumor drugs specifically interacting with 
native (double-stranded) DNA and hence influencing the redox properties of the 
DNA-polymer layer.

11.2  Electropolymerized Materials Used in DNA Sensors

11.2.1  General Characteristics of Electropolymerization 
in DNA Sensor Assembling

Electropolymerization is a reaction of the formation of insoluble products initiated 
by electron transfer and resulted in deposition of the insoluble product on the elec-
trode surface (Wallace et al. 2003). Monomers which have the ability to undergo 
electropolymerization include aromatic amines, phenols, and polyheteroaromatic 
systems, e.g., phenazines and phenothiazines. Although in some cases the elec-
tropolymerization reaction starts from reduction of a monomer, the majority of 
reactions initiating electropolymerization belong to oxidation, i.e., subtraction of an 
electron from the monomer molecule (Pauliukaite et al. 2007). Radical formed is 
coupled with the monomer or another radical, and the hydrogen ion is then released 
from the product to stabilize them and form a dimer. The reactions can continue to 
oligomeric (polymeric) sequences until their sedimentation, deposition on elec-
trode, or exhaustion of the monomer solution.

The electropolymerization can be performed in different regimes, i.e., multiple 
cycling of the potential (potentiodynamic regime), at constant polarization potential 
(potentiostatic regime), or at a constant anodic current (galvanostatic regime) 
(Nakano et al. 2016). At the beginning of the potential cycling, most of the mono-
mers undergo polymerization and show one pair of redox peaks attributed to their 
reversible conversion (Topçu and Alanyalıoğlu 2014; Gao et al. 2010). The shape of 
the peaks is affected by adsorption and pH dependency of redox properties that dif-
fer for monomers and polymers. If the potential window is limited by the potentials 
near these peaks, no polymerization takes place, and minor changes on voltammo-
grams are mostly ascribed by adsorption of the reactants. However, at high anodic 
potential, an irreversible peak can be found. It corresponds to the formation of reac-
tive radical that starts the reaction chain described above and resulted in formation 
of the polymeric product. After the first three to five cycles, another pair of peaks 
appear and continue to increase. It is attributed to the polymeric form. Appropriate 
peaks are commonly poorly resolved and look as a current plateau. At this moment, 
the signals of monomers start stabilizing and then decreasing. Changes in the peaks 
on voltammograms become gradually lower until stabilization after 20–30 cycles. 
The neutral red polymerization differs from that described because of the equal 
potentials of redox conversion of polymeric and monomeric dyes (Soltani et  al. 
2018; Pauliukaite et al. 2007).

Electropolymerization is also affected by the nature of counter ions compensat-
ing for the positive charge of the polymer chain (Palma-Cando et  al. 2019), pH 
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(Chen et  al. 2018b; Topçu and Alanyalıoğlu 2014), conductivity of the solution 
(Holla and Selvakumar 2018), surfactant additives (Chen et al. 2018a; Zhou et al. 
2019), etc. Thus, the addition of polyionic species like polystyrene sulfonate (Ji 
et al. 2019) or native DNA (Azadmehr and Zarei 2019) promotes polymerization 
due to formation of polyionic complexes.

The regime of electrolysis, morphology of the film obtained, and surface charge 
distribution affect the properties of the polymer particles and could intensify their 
role in the signal generation (Ćirić-Marjanović 2013a). Besides, other materials are 
easily implemented in the polymer film. Au (Dehghani et  al. 2019; Rahim et al. 
2018; Mo et al. 2018), Ag (Khesuoe et al. 2016), Pt (Zheng et al. 2018), carbon 
nanotubes (Koluaçık et al. 2018; Syugaev et al. 2018; Ates and Sarac 2009), and 
graphene particles (Tang et al. 2020; Sun et al. 2020) are often used for such pur-
poses. They accelerate the electron exchange in the thick polymer films and sim-
plify anchoring of biopolymers and artificial receptors in the close proximity to the 
electrode. Besides, they increase surface area and establish electric wiring of the 
redox active sites in the biomolecules.

11.2.2  Electroconductive Polymers

All the polymers obtained by electropolymerization for (bio)sensor application can 
be devided into electroconductive polymers and electroactive polymers.

Electroconductive polymers are mostly presented by polyaniline (PANI), poly-
thiophene, and polypyrrole as well as their derivatives (Peng et al. 2009). They show 
polaron type of conductivity, in which cation radical is dissociated into vacancies 
that are transferring along the main polymer chain. For PANI, semi-oxidized form 
called as emeraldine salt is involved in the charge transfer and offers electroconduc-
tivity properties. As the formation of emeraldine salt required strong acids, PANI 
exerts electroconductivity at pH<3.0. In other conditions, PANI can exist in the 
forms of leuko-emeraldine, emeraldine, and pernigraniline (Ćirić-Marjanović 
2013b). All the redox equilibria mentioned are pH-dependent.

PANI can form various nanostructures different from each other in size, shape, 
electrocatalytic activity, and conductivity (Stejskal et al. 2003). Polymerization in 
strong mineral acids and electropolymerization result in the formation of granules 
with globular structure. The agglomeration is mostly guided by stacking of the aro-
matic planes in the oligomers formed by homogeneous nucleation. Nanofibers 
(“nanowires”) have a high aspect ratio and diameter of 10 nanometers. The forma-
tion of nanofibers over granules requires either fast dilution of the reaction media 
after formation of first nucleates or a slow growth of the seeds on the solid surface. 
High-current pulse voltammetry can promote preferable formation of the nanofibers 
in electroconductive form. Other forms, e.g., microspheres or PANI nanotubes, are 
mostly synthesized by chemical polymerization in certain conditions (Gangopadhyay 
et al. 2012).
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Polypyrrole and polythiophene are obtained by oxidation of appropriate mono-
mer followed by coupling of the electron transfer products. Granulation of polypyr-
role as well as formation of nanofibers, nanohorns, and other elongated particles can 
be performed by application of pulse regimes of electrolysis. Thus, the use of poten-
tiostatic current pulses resulted in formation of a kind of sponge and brush with 
regularly oriented fibers grown orthogonally to the electrode surface (Karami and 
Nezhad 2013; Daryakenari et al. 2015; Alam et al. 2019). Nano-ordered polythio-
phene derivatives are prepared in a similar manner (Fusco et al. 2018).

For polypyrrole and polythiophene, substituents can be introduced either in the 
monomer molecule or after polymerization by polymer modification. The 3- and 
4-positions of the heterocycles are accessible for such modification. In case of poly-
pyrrole, the nitrogen atom of the ring can be quaternized. Normally, derived mono-
mers are mixed with unsubstituted pyrrole or thiophene molecules to decrease the 
density of the substituents in the polymer structure. This makes it possible to 
decrease spatial limitation of the binding of the reagents or biomolecules to the 
substituent’s groups necessary for biosensor operation. Oxidation of thiophene 
requires potential higher than that required for the formation of sulfones. For this 
reason, the polymer formed is always contaminated with such products. To avoid 
that and to decrease the potential of electropolymerization, terthiophene and its 
derivatives are used instead of unsubstituted thiophene. Among derivatives of poly-
pyrrole and polythiophene, PEDOT (poly(ethylene dioxythiophene)) should be 
mentioned. Its monomer (i.e., EDOT) is water soluble and hence can be easily elec-
tropolymerized with formation of conductive layer applicable for covalent modifi-
cation with biomolecules.

The modification of polypyrrole and polythiophene affects conductivity of the 
polymer but to a lower extent than in the case of polyaniline. For this reason, they 
are mostly used as carriers of biopolymers including DNA, while PANI can respond 
on DNA interactions by changes in its conductivity and redox properties (Tahir 
et al. 2005; Shoaie et al. 2019).

All of the electroconductive polymers mentioned are also obtained by chemical 
synthesis using strong oxidants, e.g., (NH4)2S2O8, FeCl3, or K2Cr2O7. The products 
of chemical synthesis have the structure similar to that of electrosynthesized ana-
logs but can be contaminated with the products of oxidant reaction. For all the 
electroconductive polymers, low solubility in water and most organic solvents com-
plicate their implementation in the sensor assembly. The solubility can be increased 
by addition of strong organic acids insoluble in water and phenol as plasticizer.

11.2.3  Electroactive Polymers

Electrochemically active (“electroactive”) polymers mediate electron exchange 
like heterogeneous modifiers commonly used in the electrochemical biosensors, 
e.g., Prussian blue or Co phthalocyanine. The electroactive polymers can be formed 
by two approaches, i.e., (1) by electropolymerization of appropriate monomers 
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exerting reversible redox conversion in a desired range of the potentials and (2) by 
modification of the polymer with redox active units like ferrocene (Jirimali et al. 
2019) or Os bipyridine complex (Bennett et  al. 2018). Implementation of redox 
centers in the polymer chain increases stability of the mediator on the electrode 
surface and improves even distribution of the redox centers. Besides, polymers of 
this group are quite effective as redox mediators especially due to their possibility 
to establish close contact with biomolecules within the polymerization step. Similar 
effect can be obtained by non-covalent self-assembling of polyelectrolyte com-
plexes containing mediators of electron exchange or redox active components that 
are entrapped in the complex via multiple electrostatic interactions (Liu et al. 2005). 
DNA as polyanionic substance with numerous phosphate groups in the skeleton is 
well compatible with many polycations like poly(l-lysine) (Yabuki et  al. 2006). 
Such assembling protocols are mainly based on electrostatic interactions, which 
offer a simple and repeatable way for the synthesis of biorecognition layers based 
on intrinsic distribution of the charge and hence sensitive to the interactions affect-
ing such distribution.

Regarding DNA sensor design, an alternative based on electropolymerization of 
phenazine or phenoxazine dyes has received higher attention. Among them, poly-
meric forms of methylene blue, methylene green, and neutral red are most often 
mentioned in description of DNA sensor assembling. All these dyes are involved in 
head-to-tail coupling assuming N-demethylation and N-to-ring binding 
(Scheme 11.1).

  
11.1

For methylene blue, the structure of the tetramer obtained was confirmed by 
density functional theory calculation (Ajami et al. 2016) and direct detection with 
the online electrochemistry-electro-spray mass spectrometry (Kertesz and Van 
Berkel 2001). Alternative ring-to-ring coupling and benzidine rearrangement 
(Yogeswaran and Chen 2008) seem less probable because of electrostatic repulsion 
of cationic centers. Reactivity of differently substituted phenothiazine derivatives 
and their redox behavior were compared by Karyakin et al. (1999a, b) in search of 
electrocatalysts for NADH electrooxidation.

Neutral red is polymerized in neutral media to form branched polymer. The 
deposition of the polymerization products can be monitored by electrochemical 
quartz crystal microbalance (EQCM) technique (Barsan et al. 2008; Kuzin et al. 
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2018). Possible structures of neutral red oligomers formed in electropolymerization 
are presented in Fig. 11.1 (Pauliukaite et al. 2007). Besides, neutral red is the only 
polymer for which redox potentials of monomeric and polymeric forms are the 
same (Soltani et al. 2018); hence, no additional pair of peak appears in potential 
cycling; however, it appears in case of methylene blue or methylene green (Kuzin 
et al. 2018).

11.3  DNA-Drug Interaction

DNA is one of the most important targets for anticancer drugs that interact with this 
biomolecule in different manners, e.g., intercalation (implementation in-between 
pairs of complementary nucleobases), non-covalent binding at minor grooves, DNA 
strand cleaving and chemical modification of nucleobases (Rauf et al. 2005), etc. 
Because of such interactions, DNA molecules change their stable conformation and 
functional properties. Among the consequences of DNA-drug binding, the follow-
ing processes are most important for antitumor activity: transcription factors and 
polymerases should be controlled, triple helixes with RNA interfering with tran-
scriptional activity can be formed, and small aromatic ligands should be bind to the 
double-stranded DNA molecules.

Intercalation It is the mechanism of interaction between small molecules includ-
ing drugs and native DNA, which is monitored with appropriate biosensor. The 
antitumor drugs have specific binding site, e.g., certain base pair (commonly 
guanine- cytosine). Intercalators should have planar aromatic core to stack between 
the DNA base pairs and anchoring polar groups with an ability of electrostatic inter-
action with phosphate residues. The DNA intercalation can lengthen and stiffen 
DNA helix but do not disrupt base pairing or form covalent bonds. Phenothiazine, 
acridine dyes, and anthracycline antibiotics belong to the intercalators.

Groove Binding It is mostly guided by electrostatic interactions and is limited by 
the dimensions of guest molecules and minor and major grooves of the DNA helix. 

Fig. 11.1 Possible structures of dimer and tetramer of neutral red formed in 
electropolymerization
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Spatial factors presume higher selectivity of binding against intercalation, even 
though the efficiency of the binding might be insufficient for serious consequences 
for the DNA structure (Ma et al. 2011). Groove binding is also considered as a first 
step and additional stabilization factor for typical DNA intercalators.

Alkylation It is an irreversible addition of alkyl groups to the DNA bases, prefera-
bly guanine (N7) and adenine (N3 atoms) (Sirajuddin et al. 2013). DNA alkylating 
agents are frequently used in cancer chemotherapy (benzimidazoles, pyrrolizidines, 
and pyrrolobenzodiazepines).

DNA Cleavage It is mostly observed in sugar-phosphate bonds and can also involve 
removal of the terminal nucleotide or splitting of double strand of DNA (Hasanzadeh 
and Shadjou 2016). The monitoring of the DNA cleavage as well as other mecha-
nisms of the DNA damage can be performed with biosensors. They record intrinsic 
signals of guanine oxidation (Scheme 11.2) or changes in the redox activity of the 
drugs or redox probes responding to accessibility of the nucleobases for small mol-
ecules. The approaches to the signal recording are considered in more details in the 
following chapters.

  11.2

It should be mentioned that most of the changes in the native DNA structure usu-
ally result from complicated mechanisms, which can be indirectly related to initial 
DNA-drug contact, but also depend on neighboring media and specific processes 
like metabolic oxidation of some drugs, native DNA repair mechanisms, or changes 
in the agglomeration and assembling of biopolymers with proteins and lipids. Being 
common in living beings, such processes are hardly modeled on the biosensor level 
and hence can complicate the transfer of the phenomena observed on the biosensor 
interface to the whole organism of potential patient (Campuzano et al. 2018).

Among many complications, oxidative DNA damage should be considered. The 
reactive oxygen species normally present in the living cells are mostly resulted from 
the biochemical reactions of oxidoreductases yielding hydrogen peroxide and some 
anthropogenic pollutants like NO (Patel et al. 2019) or peroxyacetyl nitrate (Zhang 
et al. 2012; Tang et al. 2014). However, oxidative damage of DNA is enhanced by 
intercalation of the biopolymer with some drugs, e.g., anthracyclines (Mizutani 
et al. 2017). They increase the distance between complementary bases in the double- 
stranded DNA helix and hence allow easy access of radicals to the functional 
groups, which later cause oxidation (Bernalte et al. 2017).

Electrochemical measurements performed with DNA biosensor can provoke 
similar consequences. Thus, reactive oxygen species are generated from dissolved 
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dioxygen present in the cathodic (formation of the anion radical) and anodic reac-
tion solution (formation of OH radical or hydrogen peroxide) (Oliveira and Oliveira- 
Brett 2012). The efficiency of generation of reactive oxygen species is increased by 
addition of iron salts (electro-Fenton reaction (Qiu et al. 2015)). As a result, addi-
tional peaks attributed to the primary products of oxidative damage, e.g., 
8- oxoguanine (Oliveira-Brett et al. 2002), appear on voltammograms even though 
the drugs themselves do not damage DNA in natural conditions (Oliveira-Brett et al. 
2002; Piedade et al. 2002). On one hand, such a behavior can overestimate drug’s 
efficiency tested for cancer cell treatment. On another hand, additional peaks of 
8-oxoguanine improve the reliability of the DNA sensor response where two param-
eters, i.e., peak currents related to guanine and 8-oxoguanine, are changing with the 
intensity of the external factor (drug concentration or incubation period) in opposite 
directions.

11.4  DNA Immobilization

Immobilization of biochemical component is an indispensable part of biosensor 
development, which is necessary to provide essential operational, metrological, and 
analytical performance of biosensor. The term immobilization means transfer of the 
DNA (protein, antibody, nucleic acid) in insoluble form on the solid support that is 
in intimate contact with the sensing part of a transducer. In modern electrochemical 
biosensors, the electrode itself or a thin cover of modifier necessary for signal gen-
eration can serve as such support (Jalit et al. 2013). In immobilization, the recogni-
tion of an analyte mostly takes place in heterogeneous conditions so that maximal 
changes of the environment and DNA are located near the electrode. This increases 
the sensitivity of appropriate signal measurements against homogeneous condi-
tions. However, immobilization is necessary even for preliminary incubation of the 
DNA with drug. It simplifies following steps of the signal recording and improves 
metrological characteristics of the DNA sensor. It should be also noted that immo-
bilization always enhances storage period of biosensor because the biopolymers 
used in biosensors stabilize their structure and recognition abilities by multiple 
interaction with underlying surface.

Three protocols of DNA immobilization are described in the literature (Fig. 11.2):

 – Physical immobilization on the solid support by multiple non-covalent 
interactions.

 – Covalent immobilization of DNA oligonucleotides via formation of covalent 
bond between terminal functional groups of the biopolymer and substituents of 
the carrier (electrode material).

 – Affine immobilization utilizing natural or artificial receptor-substrate pairs. 
Avidin- biotin interactions are mostly mentioned among natural reagents and 
chelate immobilization via nitrilotriacetic acid residues and histidine tags of bio-
polymers amalgamated with central copper cation among artificial systems.
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From the very beginning of the DNA biosensors’ investigations, electrostatic 
accumulation of the DNA molecules on positively charged surface of carbon elec-
trode becomes very popular due to simple protocol and reproducible results (Mascini 
et al. 2001). The carbon electrode was first polarized with a high anodic voltage and 
then put in the DNA solution. The interaction of DNA with the electrode resulted in 
partial unwinding of the helix and changes of native double-stranded DNA configu-
ration so that the nucleobases became more accessible for electron transfer. The 
signals mostly related to the guanine and adenine oxidation were recorded using 
differential pulse voltammetry and potentiometric stripping amperometry (PSA). 
Entrapment of the DNA in the growing polymer film during the electropolymeriza-
tion procedure also refers to the physical immobilization of the DNA molecules. It 
was briefly considered above.

Covalent Immobilization It assumes modification of the DNA molecule that is 
required for the formation of a new covalent bond between the DNA functional 
group and carrier. This protocol became popular when DNA sensors were intended 

Fig. 11.2 Schematic outlines of various immobilization protocols: (a) physical (electrostatic) 
adsorption on the electrode surface; (b) entrapment in the polymer film; (c) inclusion in polyelec-
trolyte complex; (d) covalent attachment with glutaraldehyde; (e) covalent attachment to Au 
nanoparticles via terminal thiol groups; (f) affine immobilization via avidin-biotin binding

A. Porfireva et al.



203

mostly for hybridization of complementary DNA sequences. Comparable size of 
the DNA target and the probe attached to the electrode required a high steric acces-
sibility of the immobilized sequence. For this purpose, amino, carboxylate, or thiol 
groups were introduced at the end of the sequence, and various standard techniques 
of covalent immobilization were used. Thus, carboxylic and amino groups were 
convenient for carbodiimide binding, while SH groups reacted with golden surface 
or Au nanoparticles. In case of small drug molecules, such immobilization seems 
exhausting and complicated as far as signal recording is concerned. Indeed, the 
attachment of the drug to the DNA binding site insignificantly changes the charge 
distribution or DNA configuration in comparison with initial DNA molecule. Thus, 
the sensitivity of the DNA-drug interactions becomes lower than in case of other 
immobilization protocols. Nevertheless, covalent modification of the DNA mole-
cules is used for introduction of labels and auxiliary molecules enhancing the signal 
or increasing sensitivity of its recording. Covalent immobilization is based on the 
use of bifunctional reagents that form one bond with target DNA and another with 
the carrier. Besides carbodiimides mentioned above, glutaraldehyde can also be 
used. It preferably reacts with amino groups present in the nucleobases or proteins 
and forms Schiff bases, which can be then reduced to increase their stability toward 
hydrolysis. The reaction with glutaraldehyde can form a 3D rigid structure of inert 
proteins that entraps the DNA molecules and hence preserves them near the elec-
trode surface.

Affine Immobilization It is mostly based on the use of receptor pairs designed by 
nature and being very effective and specific in binding biopolymers. Thus, avidin- 
biotin interaction is comparable with that of antigen with antibody by binding abil-
ity and can be used for immobilization of biotinylated DNA molecules (Scheme 
11.3), which are now commercially available. Secondly avidin or streptavidin can 
be placed on the electrode and immobilized via glutaraldehyde or carbodiimide 
binding.

 11.3

Each avidin molecule can form up to four bonds with the biotin counterparts, and 
this offers opportunities to assemble 3D structures with predetermined positions of 
the DNA binding sites. In chelate immobilization, specific interaction is performed 
with derivatives of nitrilotriacetic acid that can bind to transient metal cations 
(Scheme 11.4). The complex formed involves histidine residue. It can be imple-
mented as terminal tag in the structure of DNA sequences. As a result, a stable 
complex is formed near the solid support. Cu2+ and Ni2+ ions are mostly used in the 
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assembly of such complexes. They are easily removed by treating with EDTA. This 
makes it possible to substitute biopolymer after analyte binding. Chelate immobili-
zation can be easily combined with electropolymerization as shown for polypyrrole 
derivative (Baur et al. 2010).

 11.4

11.5  Electrochemical DNA Sensors for Drug Determination

Various aspects of drug determination based on principles of biochemical assay and 
biosensor approaches are summarized in recent reviews published by different 
authors (Lima et  al. 2018; Campuzano et  al. 2018; Kurbanoglu et  al. 2016; 
Hasanzadeh and Shadjou 2016). These reviews confirm a high attention is devoted 
to the drug determination and demonstrate recent progress in the above area.

11.5.1  Anthracyclines and PANI-DNA Sensors

Anthracycline antibiotics were introduced as antitumor drugs about 50 years ago 
but are still used as a part of composite medications. The necessity in auxiliary 
components of such forms is related to modest cardiotoxicity of the drugs, limiting 
their dose and efficiency of application. In DNA biosensors, a representative of 
anthracyclines, doxorubicin (known also as Adriamycin), was used as an indicator 
of hybridization of complementary DNA strands and oxidative DNA damage 
because of its ability to intercalate the DNA helix at guanine-cytosine pairs. The 
intercalation promotes oxidation of guanine residues and formation of 8- oxoguanine 
detected by specific peak on voltammograms.

The determination of anthracycline drugs can be performed using the principles 
described above, i.e., using changes in the redox signals of [Fe(CN)6]3-/4- redox 
probe and those of PANI. It is interesting to see how the involvement of native DNA 
in the electropolymerized films affects the analytical characteristics of drug 
determination.
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As mentioned above, electropolymerization of aniline in the presence of strong 
mineral acids can damage native DNA molecules added to the reaction media. To 
smoothen this effect, it was proposed that electropolymerization should be per-
formed in the presence of oxalic acid (Shamagsumova et al. 2015). The atomic force 
microscopy indicated a high granulation of the growing PANI film covered the 
glassy carbon electrode after four cycles of the potential. In the presence of 
0.1–2.0 mg/L DNA from salmon sperm, the peaks of the redox reactions responsi-
ble for the formation of emeraldine salt enormously increased. This indicated stabi-
lization of conductive form of the polymer. Both electrochemical impedance 
spectroscopy (EIS) and direct current (DC) voltammetry indicated suppression of 
the PANI activity in the presence of anthracycline drugs within the concentration 
range from 10 μM to 0.1 nM (semi-logarithmic scale, LOD 10 pM). Selectivity of 
the response was estimated by similar experiments in the presence of sulfonamide 
drugs, which weakly interact with native DNA by minor grooves. The similar effect 
of sulfamethoxazole was observed at concentrations 1000 times higher. Besides, the 
DNA sensor was tested on artificial samples of blood serum (recovery 91–93%).

Indirect evidence of the DNA entrapment in the growing PANI film has been 
obtained using competition effect (Kulikova et al. 2018). In this series of experi-
ments, DNA was saturated with methylene blue, which lost its redox activity in 
intercalation of the DNA helix. Incubation in doxorubicin solution resulted in the 
substitution of intercalated methylene blue and its involvement in the electron trans-
fer chain. The more the number of cycles on the step of electropolymerization, the 
more is the DNA quantities entrapped. Thus, the accumulation of higher amounts of 
doxorubicin decreased its limit of detection (LOD) from 30 nM (9 cycles) to 0.1 nM 
(30 cycles). What is more interesting is that the DNA can be removed from the 
PANI matrix by concentrated HCl and then replaced with a fresh preparation similar 
to that used in molecular imprinting of the polymers, and such a replacement did not 
affect the response toward new portions of doxorubicin.

Alternative assembling of surface layer with the DNA drop casted onto the PANI 
layer did not result in improvement of analytical characteristics of anthracycline 
determination (on the example of doxorubicin). Even the attempts to protect the 
biopolymer molecules from the acidic media required on the stage of signal mea-
surement did not allow improving the sensitivity of the EIS response (Porfir’eva 
et al. 2019). For this reason, the following progress in the biosensor assembling was 
achieved by layered deposition of the surface components based on combination of 
electropolymerization and self-assembling (Kulikova et al. 2019). The assembling 
of the active layers of the DNA sensors mentioned is schematically outlined in 
Fig. 11.3. Both layers of PANI, i.e., underlying and coating ones, have been obtained 
in four cycles of potential cycling with no DNA in reaction media. In between two 
electropolymerization stages, DNA was physically adsorbed on the PANI support 
followed by careful washing of unbounded molecules. The incubation was per-
formed in neutral media to avoid acidic maturation of native DNA. Although the 
second PANI deposition required acidic conditions, DNA adsorbed is protected 
from low pH of the environment due to weak multiple interactions with the underly-
ing polymer film. Voltametric detection of doxorubicin with [Fe(CN)6]3- redox 
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probe showed regular decrease of the cathodic peak current with the thickness of 
PANI layers and DNA quantities applied. In optimal conditions, LOD of 2 nM and 
concentration range from 1  mM to 10  nM were achieved. Impedimetric mode 
allowed decreasing the LOD to 0.6 pM, which is the lowest one for doxorubicin 
determination based on biosensing approaches.

11.5.2  Other DNA Sensors

Other electroactive polymers were also tested in the assembly of DNA sensors for 
drug determination. Thus, electropolymerized methylene green and methylene blue 
were deposited on the glassy carbon electrode in multiple cycling of the potential. 
DNA was drop casted onto the polymer layer, and then the peak potentials of the 
phenothiazine dyes were measured before and after the contact of the biosensor 
with the anthracyclines (Kuzin et al. 2018). The DNA implementation was proved 
by electrochemical quartz crystal microbalance (EQCM) and EIS. Unfortunately, 
the working concentrations of doxorubicin affecting the peak potentials 
exceeded 10 nM.

Polyelectrolyte complexes formed by poly(neutral red) and DNA have been 
assessed in the detection of doxorubicin by DC and EIS experiments (Porfir’eva 
et al. 2019). As in the case of the PANI-based biosensors, target interaction increased 
charge transfer resistance measured in the presence of ferricyanide redox probe. On 
the contrary, capacitance of the electrode interface was quite stable in the whole 
range of the drug concentrations tested. Protection of the DNA layer deposited on 
the polymer with electrochemically inactive polyions (polystyrene sulfonate and 
polyallylamine hydrochloride) decreased sensitivity of doxorubicin determination. 

Fig. 11.3 Schematic outline of layer-by-layer assembling of DNA sensor for anthracycline 
determination
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For a three-layered coating of the above electrolytes, an LOD of 0.2  nM was 
reported. It was interesting that the formation of the molecular complex between the 
DNA adsorbed on the electrode and tetraaminated thiacalix[4]arene decreased the 
LOD twice against naked DNA layer probably due to partial shielding of negative 
charge of phosphates and decreased repulsion of anionic redox probe from the elec-
trode interface.

Similar polyelectrolyte complexes assembled on the electrode preliminary cov-
ered with poly(methylene blue) or poly(methylene green) were used for discrimina-
tion of native, thermally, and chemically damaged DNA that was deposited by 
layer-by-layer assembling together with poly(styrene sulfonate) and poly(allylamine 
hydrochloride) (Evtugyn et al. 2014). Introduction of DNA in the polyelectrolyte 
complex was proved by fluorescence microscopy by adsorption of SYBR Green 
fluorescent dye. The permeability of the surface layer was dependent on the number 
of layers and DNA position. Maximum changes of the redox probe DC signal were 
observed with DNA directly contacted with polyphenothiazine coating.

Azure B (see chemical structure in Fig. 11.1) was immobilized on glassy carbon 
electrode by multiple cycling of the potential in neutral media. The DNA was loaded 
on the surface after incubation in the doxorubicin solution (Porfireva et al. 2019). 
The cathodic peak current of poly(Azure B) layer decreased with the increasing 
concentration of the drug within 1.0 μM and 10 pM. The response was quantified 
using a four-parameter logistic curve. The LOD that corresponded to 20% shift of 
the peak current was equal to 0.25 nM. The DNA sensor was validated using blood 
serum of healthy volunteers, artificial blood plasma, and commercial medications 
Doxorubicin-LANS® and Doxorubicin-TEVA®. The recovery of about 90% was 
reported for serum samples containing 1.0–10 nM doxorubicin and 97–105% for 
artificial plasma.

Poly(proflavine) was obtained in a similar manner, coated with physically 
adsorbed DNA and treated with doxorubicin (Porfireva et al. 2020). The changes in 
the cathodic peak current of immobilized dye made it possible to determine from 
1 nM to 0.1 μM of doxorubicin and 1 pM–10 nM of daunorubicin (LODs 0.3 and 
0.001 nM, respectively). The biosensor was tested on pharmaceutical preparations 
and spiked solution simulating the plasma electrolytes and possible interference of 
serum proteins.

11.6  Conclusion

All the reports available confirmed that electrosynthesis provides simple and cost- 
effective route for the assembling of DNA sensors for small molecule determina-
tion. The success in the DNA sensor assembling is mainly associated with application 
of PANI. Its redox activity and electric conductivity make simpler signal generation 
and allow using traditional DC voltammetry and EIS. The pulse technique and mod-
ification of monomers with hydrophilic substituents that extend the opportunities of 
electrosynthesis have not yet found broad application in DNA sensors. Nevertheless, 
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the collected experience in the area of electropolymerization in the presence of 
DNA allows fabrication of effective and simple in operation biosensors useful for 
point-of-care applications in chemotherapy and pharmacokinetics. Besides PANI, 
phenothiazines and neutral red have been found of particular interest because they 
do not need strong mineral acids for polymerization and respond on the specific 
DNA interactions by appropriate changes of electron exchange equilibria. Though 
the sensitivity of response toward drugs was found lower than that of PANI, the 
LODs achieved were lower for the biosensors utilizing polymeric forms of pheno-
thiazine dyes. Variation in the layer thickness and content by selection of the elec-
trolysis regime and way for DNA implementation allow varying the analytical 
performance of the DNA sensors produced. This offers new opportunities for the 
application of recent achievements of DNA sensor design in medicine and new drug 
screening.
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Chapter 12
Variants of Amperometric Biosensors 
in the Determination of Some Mycotoxins: 
Analytical Capabilities

Elvina Pavlovna Medyantseva, Regina Markovna Beylinson, 
Adelina Ildarovna Khaybullina, and Herman Constantinovich Budnikov

Abstract The chapter is devoted to amperometric biosensors for the determination 
of various mycotoxins that are contaminants of food, animal feed, and grain crops 
having toxic and carcinogenic properties. The analytical capabilities of various bio-
sensors based on cholinesterase, tyrosinase, horseradish peroxidase, and aflatoxin 
oxidase were evaluated. Their advantages and disadvantages over other methods are 
noted. Immunochemical (immunoenzyme) methods of mycotoxin analysis and 
development of immunosensors with horseradish peroxidase and tyrosinase as 
labels are focused. Separate aptasensors for determining mycotoxins are consid-
ered. The influence of nanomaterials and composites based on these nanomaterials 
on the analytical characteristics of biosensors is shown. The advantages of using 
biosensors in comparison with the other methods of analysis, problems, and disad-
vantages of their application in practice are noted.
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CNTs Carbon nanotubes
ELISA Enzyme immunoassay
CE  Cholinesterase
HRP Horseradish peroxidase
LOD Limit of detection
MWCNTs Multiwalled carbon nanotubes
GO Graphene oxide
Au NPs Gold nanoparticles
GCE Glassy-carbon electrodes
MAC Maximum allowable concentration

12.1  Introduction

The mycotoxins encompass a wide group of compounds that are very different in 
their chemical structure and, consequently, in their toxic effects. There are more 
than 250 species of microscopic fungi that can produce several hundred mycotox-
ins. Mycotoxins (from the Greek mykes (mushroom) and toxikon (poison)) are sec-
ondary metabolites of microscopic fungi that have pronounced toxic properties. 
Mycotoxins are produced mainly by fungi of the genera Aspergillus, Fusarium, and 
Penicillium. The most common mycotoxins that are distinguished by their toxic and 
carcinogenic properties, as well as foods that may be infected with mycotoxins, are 
shown in Table 12.1 (Haque et al. 2020).

Biosensors represent technology that can be applied to several sectors of the food 
industry for the storage of grains and raw materials, food production/processing, 
security and protection, and packaging of food. Diverse biosensors have emerged in 
the last decade as an alternative for analyzing microorganisms and toxins in food 
due to the capability for fast analysis, reproducibility, stability, and accuracy. A 
wide variety of transducers can be explored for mycotoxin and spoilage, and fungi 
detection, where optical (surface plasmon resonance  – SPR and fluorescence), 
piezoelectric (quartz crystal microbalance – QCM), and electrochemical (impedi-
metric, potentiometric, and amperometric) spectroscopies stand out as main bio-
sensing method (Oliveira et al. 2019).

Biosensors are one of the most effective tools to identify the fungi and mycotox-
ins. They are extremely sensitive and easy to operate, facilitating quick and repro-
ducible analysis, followed by the advantage of low-cost tools, miniaturization, and 
the development of portable devices. The research work in this direction continues 
in different laboratories (Medyantseva et al. 2014; Varlamova et al. 2016).

Another widely used approach for the detection of mycotoxins is based on 
immunoassays, such as enzyme immunoassay (ELISA), which mainly examines 
the signal produced by chromogenic substrates after the formation of the antigen- 
antibody complex. Immunochemical tests are easy to use due to their simplicity, 
multiple reading of samples, and low cost. Oliveira et  al. (2019) reviewed some 
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types of bio- and immunosensors used for the detection of mycotoxins in detail. The 
aim of this chapter is to discuss the recent achievements in the development of 
amperometric biosensors for the determination of mycotoxins. Moreover, the role 
of modern nanomaterials and composites in changing the analytical capabilities of 
biosensors (immunosensors)  has been also discussed.

Table 12.1 The main representatives of mycotoxins and their brief characteristics

Mycotoxin Fungal species Pathological effects and toxicities Food commodity

Aflatoxins 
(AFB1, AFB2, 
AFG1, AFG2, 
AFM1, AFM2)

Aspergillus flavus, 
Aspergillus 
parasiticus, 

Aspergillus nomius

Carcinogenic, mutagenic, hepatoxic, 
teratogenic, nephrotoxic, 

immunosuppressive

Maize, wheat, 
rice, spices, 

sorghum, ground 
nuts, tree nuts, 

almonds, 
oilseeds, dried 
fruits, cheese, 

spices, milk and 
dairy products, 

eggs, meat
Ochratoxin A 

(OTA)
Aspergillus 
ochraceus, 
Penicillium 
viridicatum

Nephrotoxic, hepatotoxic, neurotoxic, 
mutagenic, teratogenic, 

immunodepressants,carcinogenic, 
inhibition of protein synthesis

Cereals, barley, 
wheat, dried vine 

fruit, wine, 
coffee, oats, 
spices, rye, 

raisins, grape 
juice

Zearalenone 
(ZEN)

Fusarium 
graminearum, 

Fusarium 
culmorum

Carcinogenicity, immunotoxicity, 
genotoxicity, reproductive and 

developmental toxicity

Barley, oats, 
wheat rice, 
sorghum, 
sesame, 

soybeans, 
cereal-based 

products
Patulin (PAT) Penicillium 

expansum, 
Aspergillus 

byssochlamys

Neurotoxicity, embryotoxicity, 
teratogenicity, immunotoxicity, 

convulsions,

Apples, apple 
juice, cherries, 

cereals, apricots, 
grapes, pears, 

peaches, olives, 
bilberries

Trichothecenes 
T2 (T-2)

F. tricinctum, F. 
sporotrichiella, F. 

solani

Cytotoxicity, immunodepressants, 
mutagenic, neurotoxic, anorexia, 

dermatitis, infertility

Corn, peanuts, 
rice

Fumonisins 
(FB1, FB2, FB3)

F. moniliforme, F. 
anthophilum, F. 

dlamini, F. 
globosum, F. 
napiforme, F. 
nygamai, F. 
subglutinans

Hepatotoxic, immunotoxic, 
cytotoxicity, carcinogenic, apoptosis, 

pulmonary edema, 
immunodepressants

Maize, maize 
products, 

corn-based 
products, 
sorghum, 

asparagus, rice, 
milk
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12.1.1  Enzyme Sensors

Biosensors using enzymes, whole cells, and artificial receptors (molecular printed 
polymers, MIP), along with affine biosensors, provide high selectivity for binding 
mycotoxins. Among a sufficiently large number of enzymes known to date, only a 
limited number have found application in the development of biosensors. This is 
due to a number of reasons which mainly include the high cost of purified enzymes, 
as well as the difficulties associated with the choice of systems that record the result 
of biospecific interactions. The need for the electrochemical activity of the products 
of the enzymatic reaction or the substrates themselves is one of the conditions for 
the development of amperometric biosensors. These are the properties of com-
pounds associated with the activity of esterases, hydrolases, and oxidoreductases. 
Therefore, enzymes of these classes are most often used for the development of 
amperometric biosensors.

 Biosensors Based on Cholinesterase

Over the course of 9 years (from 2001 to 2010), as reviewed by Grieshaber et al. 
(2008), more than 100 research papers related to the creation of cholinesterase bio-
sensors (CE biosensors)  were published. At the same time, the possibilities of CE 
biosensors were considered by the example of determining irreversible inhibitors 
(organophosphorus insecticides and nerve poisons), pseudo-irreversible inhibitors 
(carbamic pesticides, insecticides, toxins), and reversible inhibitors, for example, 
aflatoxin B1 (AFB1).

One of the major concerns is the contamination of food products, grains, and 
feed by mycotoxins, which are usually produced by various fungi, has forced 
researchers to turn to CE again. It was shown that cholinesterase BSs based on 
printed graphite electrodes have the necessary sensitivity in determining one of the 
most toxic mycotoxins – AFВ1. The detection of AFB1 is more profitable than the 
detection of insecticides by the CE biosensor, since reversible inhibition usually 
results in a complete recovery of the enzyme activity after measuring the inhibitory 
effect by simply washing the biosensor even with water.

The potentiometric biosensor based on AChE was developed for inhibition deter-
mination of AFB1, and a possibility in principle of the real samples analysis using 
the developed biosensor was shown. The working parameters of AChE biosensors 
for inhibition determination of AFB1 were studied and optimized. The bioselective 
membrane contained 1% AChE, and 4 mM AChCl was chosen as a working sub-
strate concentration. Dynamic range of AFB1 determination was 0.2–40 μg/ml. The 
developed biosensor was characterized by sufficient signal reproducibility over 1 
working day and could be stored for a month. An influence of the sample prepara-
tion on the biosensor operation and the matrix effect were also studied. A possibility 
to measure AFB1 in real samples by the biosensor developed is stated (Stepurska 
et al. 2015)
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 Biosensors Based on Horseradish Peroxidase (HRP)

Immobilized HRP biosensors can be used primarily to determine the peroxidase 
substrate –hydrogen peroxide. This task is very relevant: there is a need for analyses 
of biological fluids and other solutions for determining hydrogen peroxide due to its 
key role in various processes in the human body and in the environment.

Alonso-Lomillo et al. (2011) summarized the process of developing biosensors 
based on HRP for the determination of OTA. Biosensors were manufactured using 
a single screen-printing technology. Ink containing HRP was directly applied to 
carbon electrodes by screen printing, which ensures high speed and simplicity of 
the process of manufacturing biosensors for determining OTA. The change in the 
formal redox potential of the Fe (III)/Fe (II) pair was used to demonstrate the effi-
ciency of the process of loading HRP as a fragment of ink. Chrono-amperometrically 
detected oxidation current associated with the concentration of OTA in various 
beer samples. Under optimal conditions, the range of working concentrations is 
23.85–203.28 nmol/L. Reproducibility, expressed in relative standard deviation, 
was 10%. Regarding stability, the biosensor retained 30% of the initial sensitivity 
even after the third calibration. The LOD was 26.77 ± 3.61 nmol/L.

An amperometric biosensor based on HRP for determining the content of citrine 
mycotoxin in rice samples was described in Zachetti et al. (2013). The biosensor is 
based on the use of a carbon-paste electrode modified with carbon nanotubes 
included in mineral oil, HRP, and ferrocene as a redox mediator. The biosensor is 
coated externally with a dialysis membrane, which is fixed on the electrode. 
Reproducibility was 70%. The linear region of the determined contents is from 1 to 
11.6 nmol/L, LOD 0.75 nmol/L. To confirm the results, a fluorimetric determination 
of citrine was carried out in the same rice samples. A very good correlation was 
obtained between electrochemical and spectrophotometric methods.

The combination of the two enzymes was very successful, which was reported in 
the study by Puiu et al. (2012). A kinetic approach is described for studying the 
interaction of AChE of electric eel and AFB1 or its protein conjugate (e.g., AFB1- 
HRP-) to develop a simple and sensitive method for the detection of these com-
pounds. The dissociation constant Kd of the AChE/AFB1-HRP interaction 
(0.4 mM), obtained using surface plasma resonance, is very close to the inhibition 
constant obtained by amperometry (Ki = 0.35 mM). This proves that the conjuga-
tion of AFB1 with a carrier protein does not significantly affect the affinity of AFB1 
for AChE. Thus, the AChE/AFB1-HRP pair can be used as a system simulating the 
binding of AChE to other AFB1 protein adducts and then can be used to develop 
biosensors for determining AFB1 bound to plasma proteins. The immobilization 
protocol suggested minimizing nonspecific adsorption on a self-organizing mono-
layer of the functionalized surface of the surface plasma resonance chip without 
additional hydrophilic components. At the same time, the immobilization process 
was developed in such a way as to prevent the possible occurrence of mass transfer 
restriction effects during the operation of the biosensor. The LOD was 0.008 mM 
for AFB1-HRP (2.5 ng/ml) and 0.94 ng/ml for AFB1 itself, which is lower than for 
spectrophotometric and amperometric analyses.
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 Biosensors Based on Aflatoxin Oxidase

Li et al. (2011) first developed an amperometric biosensor for determining AFB1 
based on immobilized aflatoxin oxidase incorporated in a sol-gel, which was depos-
ited on a platinum electrode modified by multilayer carbon nanotubes (MLCNs). 
The covalent bond between aflatoxin oxidase and MLCNs made it possible to main-
tain enzyme activity and sensitive response to the oxidation of AFB1. The apparent 
Michaelis-Menten constant for AFB1 is 7.03  mmol/L.  The sensor allowed us to 
obtain a linear dependence in the concentration ranges from 3.2  nmol/L to 
721 nmol/L (from 1 ng/ml to 225 ng/ml) with a LOD of 1.6 nmol/L (signal-to-noise 
ratio is 3), average response time of 44 s (at a concentration of AFB1 greater than 
45  ng/ml  – in less than 30  s.), and a high sensitivity coefficient. The activation 
energy was 18.8 kJ/mol, which indicates a large value of the catalytic effect of afla-
toxin oxidase during the oxidation of AFB1 for this biosensor. Aflatoxin oxidase 
covalently attached to multiwalled CNTs has been successfully used to detect 
AFB1, which turns into an oxidized form with oxygen consumption and the forma-
tion of H2O2.

Thus, amperometric biosensors are a very successful application for the analysis 
of objects infected with mycotoxins. It can be noted that today the process of sensi-
tivity and selectivity of determinations can be controlled using different options for 
immobilizing enzymes on the surfaces of various detectors, including those modi-
fied with various nanomaterials. The combination of the two enzymes also contrib-
utes to the improvement of mycotoxin determination methods. And finally, the use 
of narrowly targeted enzymes (using aflatoxin oxidase as an example) improves the 
selectivity of determinations.

Medyantseva et al. (2012, 2014) proposed new amperometric biosensors for the 
determination of mycotoxins based on modified multiwalled carbon nanotubes 
(MLCNs), planar platinum electrodes, and immobilized enzymes: CE, cysteine 
desulfhydrase, alkaline phosphatase, and tyrosinase. Mycotoxins have shown to 
exhibit the properties of reversible inhibitors: OTA and ZEN-ChE, AFB1, OTA, and 
ZEN-alkaline phosphatase and CDG-patulin- alkaline phosphatase-ZEN- tyrosinase, 
which allows their determination using appropriate modified MLCN biosensors in 
the concentration range from n×10−(5-6) to n×10−(9-12) mol/L. The use of a modifier 
allows you to expand the range of detectable concentrations; reduce LOD, by no 
less than an order of magnitude; increase the sensitivity coefficient; improve the 
correlation coefficient; and obtain more reproducible results compared to the 
unmodified version of biosensors.

The kinetic parameters of the reactions of the enzymatic conversion of substrates 
in the presence of enzyme sensors and mycotoxins in the corresponding concentra-
tion ranges for each case are estimated. It would be necessary to specify. The pro-
posed biosensors were tested in the analysis of grain crops (wheat, barley, corn) and 
animal feed (bran of cereal crops) in Russia and Vietnam, and food products (peanut 
kernels, buckwheat, apples, apple juice) allowed to detect mycotoxins at and below 
maximum allowable concentration (MAC) with relative standard deviation no more 
than 0.076.
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Amperometric biosensors based on planar platinum electrodes modified with 
multilayer carbon nanotubes, gold nanoparticles, and an immobilized enzyme 
(tyrosinases) are designed to detect patulin mycotoxin in the concentration range of 
1×10−6–8×10−12 mol/L with an error of no more than 0.063. The results were used 
to control the content of patulin in foods (Fig. 12.1) (Varlamova et al. 2016).

New amperometric biosensors have been proposed for the determination of 
AFM1 based on modified CNTs, graphene oxide (GO), and gold nanoparticles (Au 
NPs) in chitosan of planar platinum electrodes and an immobilized tyrosinase 
enzyme. It has been established for the first time that AFM1 exhibits the properties 
of a reversible tyrosinase inhibitor, which allows its determination using biosensors 
modified with nanomaterials in the concentration range of 1×10−6 –1×10−11 mol/L, 
with сн 5×10−12 mol/L. The kinetic parameters of the enzymatic conversion of phe-
nol in the presence of a tyrosinase biosensor modified with CNT, GO, AuNPs, and 
mycotoxin M1 were estimated. The proposed enzyme sensors based on tyrosinase 
have been used to test methods for determining AFM1 in food products (Varlamova 
et al. 2019).

12.1.2  Enzyme-Linked Immunosorbent Assay (ELISA) 
for the Determination of Mycotoxins

For the determination of mycotoxins, various variants of the highly sensitive 
enzyme-linked immunosorbent assay (ELISA) are widely used. They allow you to 
get accurate results and use minimally purified and even untreated extracts. It should 
be noted that recently a number of review articles have appeared on the problems of 

Fig. 12.1 Scheme of the action of a biosensor based on immobilized tyrosinase includes graphite 
screen-printed electrode with CNTs and AuNPs (1), with immobilized enzyme (tyrosinase) (2), 
with patulin in solution (3). E enzyme, CNTs carbon nanotubes, AuNPs gold nanoparticles, S sub-
strate, P product of the enzymatic reaction
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mycotoxin ICA, which summarize the relevant literature on this issue (Gogin 2005), 
which is presented in this section.

A new amperometric immunosensor for supersensitive detection of ZEN based 
on mesoporous carbon (MC) and trimetallic nanograys (core/shell particles with 
moving cores enclosed in shells) is proposed. MC improves the sensitivity of the 
immunosensor due to its extremely large specific surface area, corresponding pore 
location, and good conductivity. Rattles are composed of an Au core and an imper-
fect (defective) AgPt-shell structure (Au/AgPt) and are retained in the MC by physi-
cal adsorption. The method of X-ray spectroscopy confirmed the composition of the 
synthesized nanopowders. Compared to monometallic and bimetallic nanoparticles 
(NPs), Au/AgPt nanopowders show a higher electron transfer rate due to the syner-
gistic effect of NPs of Ag and Pt. Ab to ZEN was immobilized on nanorotations 
through Ag-NH2 and Pt-NH2 groups. An immunosensor based on cyclic and square- 
wave voltammetry makes it possible to determine ZEN with a LOD of 1.7 μg/ml 
and has a wide linear range of detectable concentrations from 0.005 to 15 ng/ml, as 
well as good stability, reproducibility, and selectivity of results. It is possible to use 
the sensor in clinical analysis (Liu et al. 2014).

An electrochemical immunosensor consisting of magnetic balls and disposable 
printed electrodes was used to determine the ZEN in baby food samples. The num-
ber of paramagnetic balls is limited by the surface of the modified printed electrode, 
where electrochemical detection is achieved by the participation of the substrate and 
the mediator for HRP LOD is 0.007 μg/L (Hervаs et al. 2010).

Another variant of immunoassay was developed by Mai (2013). Since AFB1 is 
one of the most dangerous toxins causing aflatoxicosis, an enzyme-linked immuno-
sorbent sensor was developed to detect AFB1 using tyrosinase as an enzyme label. 
The range of working concentrations of the developed immunosensor for determin-
ing AFB1 was 1×10−6–1×10−12 mol/L. Low percent cross-reactivity for other myco-
toxins indicates a high selectivity for the determination of AFB1. The binding 
constants of the formed immune complexes Ab-AFB1: Ка1 = (6.9±0.2)×1010 mol/L 
and Кa2 = (2.7 ±0.1)×109  mol/L.  The developed immunosensors were used to 

Fig. 12.2 Scheme of the action of an immunosensor based on immobilized Ab against AFB1 and 
tyrosinase includes co-immobilized enzyme (tyrosinase) and Ab (1), Ag in solution - AFB1 (2), the 
formed immune complex and options for approaching the substrate to the active surface of the 
enzyme (3). T transducer, E enzyme, Ab antibody, Ag antigen, S substrate, P product of the enzy-
matic reaction
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control the content of AFB1 in food (nuts), which made it possible to determine this 
mycotoxin at and below the MAC (Fig. 12.2).

 Immunosensors for Detecting Mycotoxins with Horseradish Peroxidase 
as a Label

Peroxidase is one of the most studied enzymes and is most often used as a label for 
one of the biocomponents in biosensors based on the principles of immunochemical 
recognition. The use of the enzyme significantly increases the sensitivity of the 
method. Due to the relatively low cost of peroxidase in comparison with fluorescent 
or radioactive labels, peroxidase biosensors are widely used.

Istamboulié et al. (2016) reported the development of an electrochemical immu-
nosensor for detecting ultra-trace amounts of AFM1 in food products. The sensor 
was based on competitive immunoassay using HRP as a label. Ab-coated magnetic 
NPs were used to separate bound and unbound fractions. Samples containing AFM1 
were incubated with a certain amount of Ab and HRP conjugate. The resulting mix-
ture was applied to the surface of a planar graphite electrode, and, in the presence of 
an organic mediator [5-methylphenazinium methyl sulfate], the electrochemical 
response was evaluated chronoamperometrically. Such an immunosensor has a 
LOD of 0.01 ppb, which is below the maximum allowable concentration for milk.

To determine OTA in wine samples, an electrochemical immunosensor was 
developed using a printed gold working electrode and the Ag/AgCl system as a 
pseudo-comparison electrode (Heurich et al. 2011). A competitive enzyme-linked 
immunosorbent assay was carried out with an immobilized OTA conjugate, which 
was achieved by passive adsorption or covalent immobilization using an amine 
bond with a carboxymethylated dextran hydrogel onto a gold working electrode. 
Electrochemical detection was carried out using TMB and Н2О2 and HRP as the 
enzyme label. Chronoamperometry at −150 mV was used to register the generated 
signal. As a result, the immunosensor for OTA reached a LOD of 0.5 μg/L with a 
linear range of detectable concentrations of 0.1–10 μg/L for passive adsorption of 
toxin conjugants, while for covalent immobilization on a gold electrode modified 
with a hydrogel of carboxymethylated dextran, the LOD was 0.05  mcg/l with a 
linear range of concentrations of 0.01–100 μg/L. The modified gold immunosensor 
was tested in the analysis and affinity-purified wine samples. LOD in buffer solu-
tions amounted to 0.05 μg/L.

12.1.3  Aptasensors for Detecting Mycotoxins

Aptamers are short oligonucleotide sequences obtained by combinatorial chemistry 
and selected against the target analyte. They offer a wide range of functions, includ-
ing an affinity for mycotoxins and modifications necessary for implementation in 
the assembly of biosensors, also called aptasensors (Evtugyn and Hianik 2020).
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Yang et al. (2020) successfully constructed a novel electrochemical aptasensor 
for sensitive and selective detection of AFB1. The thiolated complementary strand 
(cDNA) of the AFB1 aptamer was immobilized on the surface of the GCE modified 
with AuNPs through Au-S bond. The aptamer was attached on the surface of GCE 
via by specific base pairing. In the presence of AFB1, the aptamer was detached 
from the electrode surface by specific recognition between the AFB1 and aptamer, 
forming aptamer-AFB1 conjugates in solution. The conjugates were digested by 
exonuclease I to trigger AFB1 recycling. DNA-AuNPs-HRP nanoprobes were 
bound with cDNA on the surface of electrode by specific base pairing. HRP could 
catalyze the oxidation of hydroquinone (HQ) to benzoquinone (BQ) by H2O2 for 
producing a strong electrochemical signal. The electrochemical signals increased 
with increasing concentrations of AFB1 in a range from 10−3 ng/ml−1 to 200 ng/ml−1 
with a low detection limit of 3.3×10−4 ng/ml−1. The aptasensor has been applied for 
the determination of AFB1 in peanuts and corn samples and the recoveries were 
88.5%–110.2%.

An electrochemical aptasensor based on competitive immunoassay for the deter-
mination of OTA was described by Bonel et al. (2011). The OTA-specific aptamer 
was functionalized with magnetic beads and competed with mycotoxin conjugated 
to HRP (HRP-OTA) and free OTA. After the separation and purification step for 
magnetic separation, the aptamers modified with paramagnetic beads were immobi-
lized on disposable graphite-printed electrodes in a magnetic field, and the product 
of the enzymatic reaction with the substrate was detected by differential-pulse 
voltammetry. Magnetic separation results were previously tested, optimized, and 
compared with other competitive immunoassay schemes (direct/indirect with the 
aid of an aptasensor immobilized on the surface of disposable printed graphite elec-
trodes or with the participation of an aptamer functionalized using gold nanoparti-
cles). The magnetic immunosensor showed a linear response to OTA in the range of 
0.78–8.74 ng/ml, with LOD of 0.07 ± 0.01 ng/ml, and was accurately applied to 
extracts of certified wheat ears with a relative standard deviation of at least 8%.

Prabhakar et  al. (2011) developed a highly sensitive impedimetric aptasensor 
based on a Langmuir-Blodgett film (polyaniline-stearic acid) containing a DNA 
aptamer specific for OTA supported on the indium-tin-oxide electrode for determin-
ing OTA. It has been proven that the aptasensor operates in a linear concentration 
range from 0.0001 μg/ml (0.1 ng/ml) to 0.01 μg/ml (10 ng/ml) and 1 μg/ml–25 mg/
ml with a LOD of 0.1 ng/ml. Analysis time does not exceed 15 min. The aptasensor 
can be reused about 13 times. The binding constant of the aptamers with OTA, cal-
culated using the Langmuir adsorption isotherm, was 1.21×107 M−1.

For a sensitive determination of OTA, Barthelmebs et al. (2011) formed a new 
electrochemical aptasensor based on disposable printed electrodes. Two strategies 
for determining OTA were investigated: using indirect and direct competitive analy-
sis based on the use of superparamagnetic nanoparticles. The characteristics of 
modified aptasensors, such as reproducibility, stability, sensitivity, and analysis 
time, were studied. The best characteristics were obtained by implementing a direct 
competitive analysis format. In this case, free OTA competed with labeled alkaline 
phosphatase OTA; in this case, magnetic beads were immobilized to bind OTA to 
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the DNA aptamer. For electrochemical detection due to the conversion of the cor-
responding substrate for the alkaline phosphatase enzyme, differential pulse voltam-
metry was used. The developed aptasensor made it possible to achieve LOD of 
0.11 ng/ml. The range of working concentrations is from 0.11 to 0.15 ng/ml.

12.2  Conclusion and Future Perspectives

The chapter is devoted to issues related to the analytical capabilities of some types 
of amperometric biosensors (immunosensors) for the determination of mycotoxins 
in various objects – food, animal feed, and cereals. The prevalence and high toxicity 
have led to the fact that the focus on the development of appropriate biosensors is 
given to the determination of aflatoxins (AFB1 and M1), ZEN, and ОТA. The most 
common transducers (primary converters) in such biosensors (immunosensors)  are 
printed graphite electrodes, although GCE continues to be used successfully in 
these devices (biosensors).

For the development of amperometric biosensors, enzymes of the esterase, 
hydrolase, and oxidoreductase class are most often used, due to the electrochemical 
activity of the products of the enzymatic reaction or the substrates themselves. A 
separate section is devoted to the use of HRP as a label, which helps to reduce the 
LOD of mycotoxins.

Another technique that is currently widely used to improve analytical character-
istics is the modification of the surface of electrodes with various carbon materials, 
metal nanoparticles, and composites based on them in combination with various 
matrix materials. All this contributes to an increase in the working area of the elec-
trodes and, as a result, to an increase in the analytical signal. All this leads to an 
improvement in the sensitivity of determinations and determination of mycotoxins 
at and below the MAC.

Thus, modern analytical needs for the determination of mycotoxins can be suc-
cessfully implemented using amperometric biosensors. The goal is to bring research 
results to consumers, i.e., in the commercialization of related developments. Despite 
the excellent analytical characteristics in many cases, it should be noted that the 
problem remains the preservation of immunological and catalytic properties of bio-
components in the composition of biosensors over time.
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Chapter 13
The New Class of Diagnostic Systems 
Based on Polyelectrolyte Microcapsules 
for Urea Detection

Sergey A. Tikhonenko, Alexey V. Dubrovskii, Aleksandr L. Kim, 
and Egor V. Musin

Abstract The chapter describes new diagnostic systems for analysis of urea con-
centration based on polyelectrolyte microcapsules containing urease. In the first 
case, urea concentration was determined using both loose microcapsules (microdi-
agnosticum) and fixed on a solid surface (diagnostic plate). The multiple uses of the 
microdiagnosticum and the diagnostic plate were shown; the results obtained have 
deviations that do not exceed the threshold value of 9.6%. The concentration of urea 
in blood serum was determined by the modified Berthelot method using a diagnos-
tic plate instead of a free enzyme. We also determined urea in the urine using micro-
diagnostics. The next diagnostic system was a microdiagnostic with an encapsulated 
enzyme, the functioning of which was recorded by the sedimentation method. The 
method consisted in changing the mass of polyelectrolyte microcapsules depending 
on the urea content in the medium. The possibility of multiple use of the created 
microdiagnosticum for the analysis of urea solutions is shown. An ionic precipitant 
is selected, which forms an insoluble carbonate inside the microcapsule, and a 
microcapsule titer is established, which is optimal for the functioning of the micro-
diagnosticum. The third diagnostic system option was a biosensor based on a pH- 
sensitive field-effect transistor (FT). Polyelectrolyte microcapsules with embedded 
paramagnetic Fe3O4 particles and a urease enzyme capable of biotransformation of 
urea were used as bioreceptors. The bioreceptor was formed on the gate surface of 
the transistor using a constant magnetic field. The deposition of microcapsules in 
the gate area was due to the presence of paramagnetic particles in the bioreceptor. 
This method of biosensor formation took several seconds and did not require addi-
tional chemicals to treat the electrode surface before and after the measurement. 
The biosensor has been tested on real milk samples.
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Nomenclature

CDL Clinical diagnostic laboratories
PMC Polyelectrolyte Microcapsules
FET field-effect transistor
EDTA Ethylenediaminetetraacetic Acid
PSS Polystyrenesulfonate
PAH Polyallylamine
PEI Polyethyleneamine
QP Quartz Plate
Ic drain current
Uz gate voltage

13.1  Introduction

Clinical biochemistry is an integral part of modern medicine. The most important 
determined substrates are urea, lactate, creatinine, glucose, and others. The most 
common among substrates is urea, the nitrogen containing the end product of pro-
tein catabolism. An increased level of urea in the blood is associated with hyperuri-
cemia caused, for example, by dehydration, increased protein catabolism, decreased 
renal perfusion, and with other pathologies.

At the moment, the most widespread are enzymatic methods of analysis based on 
the use of free enzymes (Dolgov and Selivanova 2006; Menshikov et  al. 2009). 
Enzymological methods of analysis are based on the use of chemical reactions 
involving enzymes. The content of the component to be determined is detected 
either by the quantity of the end product of the enzymatic reaction (end-point 
method) or by the initial speed of the process (enzymatic kinetics method). However, 
there are a few drawbacks inherent in these methods: the ambiguity of the analysis 
in the presence of high molecular weight compounds that are aggressive to the 
enzyme, the relatively short storage time, a single use of the enzyme, etc.

One way to remedy these deficiencies is to immobilize enzymes (Mohamad et al. 
2015). So, the technology on the inclusion of enzymes in the gel has become widely 
used, since it is quite simple and allows coping with the tasks set. For example, the 
hybrid alginate–gelatin–calcium matrix has high sealability, which allows reducing 
the yield of the enzyme in the analyzed medium and providing a higher degree of 
mechanical stability (Shen et al. 2011). The inclusion of lipase in κ-carrageenan 
increased its thermal stability and resistance to organic solvents (Tümtürk et  al. 
2007; Jegannathan et  al. 2010). Berdnikov with co-authors in 2004 suggested 
immobilizing urease on the surface of a glass electrode with a gelatin membrane or 
an acrylamide gel layer. This electrode can detect ammonium ions, which are 
formed as a result of catalytic decomposition of urea. The electrode determines their 
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level in the thickness of the gel, and as a result, the urea concentration can be calcu-
lated from the measured potential.

In addition, polymer coatings obtained by successive adsorption of oppositely 
charged polyelectrolytes and intended for use as coatings of hard surfaces of arbi-
trary shape are known (Decher and Hong, 1993). The attachment of enzyme mole-
cules having a corresponding electrostatic charge between polyelectrolyte layers is 
described by Lvov and Sukhorukov (1997). The disadvantage of this technology is 
the close contact of the molecules of the immobilized enzyme with the surrounding 
layers of the polyelectrolyte film, which is able to inactivate the enzyme-sensor and 
the relatively low content of molecules of the immobilized enzyme per unit area of 
the coating, which can be increased only by increasing the number of layers of the 
enzyme in the multilayer coating.

Further development of this technology is polyelectrolyte microcapsules (PMC), 
which are used to immobilize enzymes (Bobreshova et al. 1999). Such capsules are 
obtained by alternately adsorbing the oppositely charged polyelectrolytes onto a 
colloidal particle, followed by its removal (Donath et al. 1998). These microcap-
sules have a diameter of 0.5–10 μm, with a semipermeable shell, the composition 
and thickness of which can be controlled (Mayya et al. 2003; Shenoy et al. 2003; 
Sukhorukov et al. 2005).

In the final version, the technology for producing polyelectrolyte microcapsules 
consists of three stages. The first stage is the preparation of CaCO3-core containing 
the enzyme. The second stage is the sequential layering of selectively selected 
oppositely charged polyelectrolytes on the core particles and the formation of a 
multilayer shell. The third stage is the destruction and removal of the core particle. 
Schematically, this technology is presented in Fig. 13.1.

An important property of the PMC shell is its semipermeability—permeability to 
low molecular weight compounds and impermeability to high molecular weight 
substances and large particles. Due to this property of the polyelectrolyte shell, the 
microcapsule containing the enzyme and placed in a multicomponent medium 

Fig. 13.1 Technology to produce polyelectrolyte microcapsules. Stage 1—Formation of CaCO3 
core containing enzyme; stage 2—layering of polyelectrolytes on the core; stage 3—dissolution of 
the core particle
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becomes an analyzer of low molecular weight substances—substrates, inhibitors, or 
activators of the encapsulated enzyme.

The use of encapsulated enzymes in PMC has several advantages over the use of 
native enzyme. Sukhorukov et al. (2007) have shown that the encapsulated urease 
retains its activity for more than six months, while the native enzyme is only a week; 
in addition, the protein was not affected by the negative effects of proteases in 
solution.

Kazakova et al. (2011) used microcapsules containing a pH-sensitive fluorescent 
probe (SNARF-1) and urease, and this system was used to develop a urea sensor 
capable of determining the local pH of the medium. In the works of Reshetilov et al. 
(2015, 2016), a potentiometric sensor based on PMC containing urease was 
described for the determination of urea in milk and blood.

Despite the advantages of diagnostic systems based on polyelectrolyte microcap-
sules, such as protecting encapsulated enzymes from unfavorable external influ-
ences and preserving their enzymatic activity for a long time, there are disadvantages. 
The main disadvantage is the difficulty of conducting the analysis with the help of 
microcapsules, as well as fluorescent recording systems, which are not common in 
the modern clinical diagnosis of low molecular weight compounds. In connection 
with these, there is a need to modify existing clinical and diagnostic analyses with-
out significantly complicating the procedure for their conduct. In this chapter, sev-
eral such modifications are showed, which make it possible to carry out analyses in 
clinical diagnostic laboratories.

In this chapter, a diagnostic system for low molecular weight compounds based 
on enzymes encapsulated in polyelectrolyte microcapsules, microdiagnostics, is 
demonstrated.

One of the main advantages of the proposed microdiagnostics is multiple use by 
extracting microcapsules from the reaction medium and their subsequent practice. 
Encapsulation of enzyme-sensor increases the stability of the enzyme in solution 
and longer storage of diagnostic systems.

So, Kim et al. (2019) suggest using a filtering method to extract microcapsules 
from a reaction medium for reuse.

It was found that measurements carried out using microcapsules recovered by 
the filtration method give reproducible results when they are reused. The spread of 
values between repetitions did not exceed 3%, which fully meets the requirements 
for this type of diagnostic reagents.

Similarly, we studied the possibility of multiple use of PMC containing urease to 
determine the concentration of urea in the analyzed liquid in a wide range of its 
concentrations. We studied the dependence of the microdiagnosticum response on 
the urea concentration in the solution over a wide range of measurements with 
repeated use. It was found that the measurements are linear in nature, and the devia-
tion from linearity is 7%. The measurements were carried out using the same cap-
sules (more than 50 times).
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13.2  Practical Use of Microdiagnosticum as Diagnostic 
System

The possibility of using polyelectrolyte microcapsules with the enzyme included for 
the analysis of biological fluids was demonstrated. For this, the urinary content of 
the urine of two volunteers was determined using a microdiagnosticum with encap-
sulated urease. The urea concentration in the biological fluid of each volunteer was 
measured at least 8 times using the same capsules, removing the capsules by filtra-
tion. The obtained data were compared with the results of measuring the urea con-
centration in the urine of the same subjects using the “Urea EP DDS” kit of 
Diakon-DS (Kit for measuring the urea concentration in the urine).

It can be seen from the Table 13.1 that the data obtained using the microdiagnos-
ticum and the “Urea EP DDS” kit are practically the same; the spread of the data 
does not exceed 3%, which indicates the reliability of the results obtained and the 
possibility of using a microdiagnosticum in clinical and biochemical analysis.

Despite the obvious advantages of the proposed microdiagnosticum, its main 
disadvantage is the laboriousness of use its extraction from the analyzed medium. 
To eliminate this drawback, we propose fixing microcapsules with the included 
 proteins—sensors on a solid surface and the creation on their basis of a diagnos-
tic plate.

Table 13.1 Comparative results of application of microdiagnosticum and a kit of the “Diakon” 
company for determination of urea concentration in biological fluid (urine)

Microdiagnosticum (average of n 
measurements.) “Diakon” kit

Optical density, 
540 nm

Urea 
concentration, 
mM

Optical 
density, 
540 nm

Urea 
concentration, 
mM

Calibrator (Ek) 0.14 8.3 0.065 8.3
1 volunteer (E0) 
(n = 10)

0.093 ± 0.004 540 ± 20 0.043 549

2 volunteer (E0) 
(n = 8)

0.107 ± 0.0045 621 ± 23 0.049 625.7

The concentration of urea (C) in daily urine was determined by the formula:

С (mmol/day) = 
E V

Ek

0 100× ×
 * 8.3

V – the amount of urine collected per day, L;
100 – coefficient of dilution of urine;
8.3 – urea concentration in the calibrator, mmol/L.
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13.2.1  Fixing Polyelectrolyte Microcapsules on a Quartz Plate

To fix the microcapsules on the quartz plate, a method was developed to apply poly-
mer layers to the quartz plate (QP). To make its surface electrostatic properties, the 
polyethylene imine (PEI) mesh polymer was used. Later, using the technology of 
alternate adsorption, polymers were applied to the quartz plate, the fact of fixing of 
which was registered spectrophotometrically using the absorption peak of the PSS 
(wavelength 225 nm).

Subsequently, the polyelectrolyte microcapsules of the composition (PSS/PAH)2 
were fixed on the resulting polymer film, the surface charge of which is the opposite 
of the charge of the capsules. In the last step, the microcapsules were fixed with 
additional layers of polyelectrolytes, and the CaCO3 cortex was removed from the 
PMC using an EDTA solution (the scheme of this technology is shown in Fig. 13.2).

It can be seen from the above that this method allows fixing polyelectrolyte 
microcapsules on the surface of a solid carrier, which opens the possibility for creat-
ing a diagnostic plate based on the encapsulated enzyme, which retains its activity, 
and due to the semipermeability of the coating, the substrate from the solution can 
freely penetrate to the enzyme.

13.2.2  Multiple Uses of the Diagnostic Plate

Multiple uses of the diagnostic plate which happens due to extracting of sensor 
component of it from analyze middle is the main advantage of the diagnostic plate. 
Apportunity of Multiple extraction of the diagnostic plate from analyze middle is 
the main advantage of this diagnostic system.

The spectrophotometric Berthelot method was modified by replacement of ure-
ase to the diagnostic plate, which contained on its surface polyelectrolyte microcap-
sules with encapsulated urease for using.

Fig. 13.2 The technology of fixing PMC on a quartz plate
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The optical densities of different concentration of urea were obtained using the 
only diagnostic plate with fixed PMC with encapsulated urease. When the diagnos-
tic plate is reused, the deviations do not exceed the threshold value of 9.6%.

Similarly, the possibility reusing a diagnostic plate containing urease was studied 
to determine the urea concentration in the analyzed liquid over a wide range of its 
concentrations. Based on these data, a calibration curve has been constructed, which 
allows us to further determine the concentration of urea in solutions with multiple 
use of the diagnostic plate.

13.2.3  Detection of Urea Concentration in Blood Serum

In addition, work was carried out to study the possibility of using diagnostic plates 
for the analysis of biological fluids. To do this, blood serum was taken from five 
volunteers, and the urea concentration was determined according to the standard 
urease method of Berthelot using both a free enzyme and a diagnostic plate, and 
these results are shown in Table 13.2. From Table 13.2, the measurement data with 
free enzyme and diagnostic plate differ by no more than 4.26%.

13.2.4  Development of Polyelectrolyte-Based Enzymatic 
Diagnosticum with Precipitation Detection System 
for Urea Assay in Solution

We have proposed yet another original diagnostic system for the detection and 
quantitative analysis of biologically active substances in various aqueous media 
based on polyelectrolyte microcapsules (Dubrovsky et al. 2017). The essence of this 
technique is to change the sedimentation rate of microcapsules with the enzyme 
included in them, depending on the concentration of an analyte in the diagnosed 
solution.

Polyelectrolyte capsules with urease incorporated in them were prepared on 
CaCO3–urease composite spherulites by sequential adsorption of PSS and PAH. To 
solve this problem, capsules of the form (PSS / PAH)3 / PSS were obtained.

Table 13.2 Comparison of the results of using the standard urease method of Berthelot using a 
free enzyme and a diagnostic plate

Sample Diagnostic plate, mM Standard deviation, % Enzyme, mM Standard deviation, %

1 16.2 3.14 15.9 1.73
2 10.9 4.19 11.3 2.21
3 19.3 2.2 20.1 1.43
4 15.4 1.5 15.9 3.62
5 38.2 3.75 39.9 2.1
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A study of the catalytic ability of urease included in microcapsules showed that 
although its activity is significantly reduced, this does not significantly affect the 
possibility of using these capsules as sensors. The activity of the encapsulated 
enzyme remains almost unchanged for several months.

In aqueous solutions, urease catalyzes degradation of urea to СО3
2− and NH4

+:

 CO(NH CO NH
Urease

2 2 3
2

4) .� � �

 

In the presence of divalent metals (Me2+), for example Ca2+ or Ba2+, carbonic 
acid, arising within capsules with urease, forms an insoluble precipitate of МеСО3:

 Me CO MeCO2
3
2

3
� � � �  

If urease is in polyelectrolyte capsules, then the catalytic decomposition of urea 
and the formation of carbonate will occur directly inside the capsules (Antipov et al. 
2003). The interaction of the resulting carbonate anion with the metal cation from 
the surrounding solution leads to the formation of a MeCO3 precipitate.

Since the polyelectrolyte shells of the capsules are well permeable to low molec-
ular weight compounds, it is necessary that the concentration of metal cations inside 
the capsule be high, which will lead to almost complete binding of the carbonate 
inside the capsule and will not allow it to escape through the shell and form a pre-
cipitate in the solution.

The capsules (2 × 107 titre) were placed in 1 M barium chloride and incubated for 
15 min. After the capsules were saturated with the Ва2+ ions, urea was introduced, 
and the mixture was incubated for another 30 min at 25 °C. Next, the capsules were 
removed from the reaction by centrifugation at 1500 g, the supernatant was decanted, 
and the precipitate was resuspended in a 0.05  M tris-HCl buffer (pH  6.2). 
Furthermore, the precipitated microcapsules saturated with barium carbonate were 
analyzed in this dispersion system to evaluate the dependence of the optical density 
on time. The measurements were carried out at 400 nm. The dependence of the 
suspension optical density on the urea concentration 5 min after the start of precipi-
tation is shown in the Fig. 13.3. The linearity of this dependence made possible to 
use it as a calibration plot for measurements of urea contents in solutions.

13.2.5  Reuse of Microdiagnosticum

One of the advantages of the developed microdiagnosticum is the reutilization of the 
urease polyelectrolyte capsules. The microcapsules used for the calibration plot 
(Fig. 13.3) were centrifuged, suspended in 0.2 M EDTA, and incubated for 12 h 
until all barium carbonate was dissolved. Next, the capsules were washed with 
water three times and used to build another calibration plot.

S. A. Tikhonenko et al.



233

The linear nature of this curve allows us to conclude that it is possible to reuse 
urease-containing polyelectrolyte microcapsules as a microdiagnosticum.

13.2.6  Polyelectrolyte Microcapsules with Urease 
and Paramagnetic Particles as a Basis 
for a Potentiometric Biosensor for Determining Urea

Further, we proposed a potentiometric diagnostic system developed on the basis of 
microcapsules with urease and paramagnetic particles (Reshetilov et al. 2015).

The biosensor for determining urea is a pH-sensitive field-effect transistor, cou-
pled using a constant magnetic field with a bioreceptor, which is a polyelectrolyte 
capsule with encapsulated urease and paramagnetic particles Fe3O4.

The production of polyelectrolyte capsules with an enzyme and magnetic parti-
cles is carried out separately from the field-effect transistor (Fig. 13.4A).

All stages of obtaining polyelectrolyte microcapsules with an enzyme were car-
ried out according to the technology presented in Fig. 13.1. Further, these microcap-
sules were located directly on the surface of the magnet pole. Microcapsules were 
sedimented onto the gate using a constant magnetic field; its strength at the magnet 
poles was 12,000 Oe. This magnetic field did not lead to a change in the chemical 
sensitivity of the field-effect transistor and to a change in the mutual position of the 
current–voltage curves in the coordinates “Ic (drain current) - Uz (gate voltage).” 
According to the test visual assessment, the settling time of the microcapsules on 
the gate of the field-effect transistor in a magnetic field did not exceed 2–3 s. After 
measuring the sample, the magnet was removed from the transistor zone in order to 
eliminate the attraction of microcapsules and not violate the conditions for washing 
the FET.

A schematic representation of the relative position of the FET, a permanent mag-
net, and polyelectrolyte microcapsules with built-in urease and paramagnetic parti-
cles is shown in Fig. 13.4B.

Fig. 13.3 Dependence of 
optical density of the 
microcapsule suspension 
on urea content
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Subsequently, using the developed biosensor, the urea concentration in milk 
samples was measured. The results of this measurement are shown in Table 13.3.

The proposed method for the formation of a bioreceptor element on the trans-
ducer immediately before measurement allows one to significantly reduce and sim-
plify the analysis procedure. The bioreceptor was removed from the electrode 
surface after measurements in the absence of a magnet, without using special 
reagents to restore the surface after analysis. The biosensor described in the work 
allows determining urea in samples in the range 0.03–100 mM and can compete 
with other models of biosensors for determining urea in milk.

13.2.7  Biosensors Based on Polyelectrolyte Microcapsules 
Containing Fluorescent Dyes

Diagnostic systems based on fluorescence of sensor molecules are common and 
easy to measure. The use of these fluorescent labels with enzymes will expand the 
list of diagnosed compounds, the concept base on use of fluorescent markers to 
detect the products of an enzymatic reaction (Kobayashi et al. 2010). Joint encapsu-
lation of enzyme and the fluorescent dye will allow to determine quantitatively and 
qualitatively substances locally, within the same microcapsule. The main advantage 

Fig. 13.4 Schemes of (a) the formation of microcapsules with urease and paramagnetic particles 
and (b) bioreceptor immobilization on the surface of a field-effect transistor under the action of a 
constant magnetic field
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of using these capsules with optical recording is the possibility of building single 
capsule-based sensors.

Fluorescent dyes are mainly used to detect the basic ions of physiological rele-
vance, notably Na+, K+, Cl−, Ca2+, and H+ (Gomez-Hens and Valarcel 1982; Donoso 
et al. 1992; Takahashi et al. 1999), although other metabolites, particularly glucose 
(Pickupa et al. 2005), have also been investigated. Enzymes, which, as a result of 
their activity, change the concentration of these ions in the medium, can be used in 
conjunction with these labels, which will make it possible to determine more com-
plex compounds in solution. For example, in the work of Kazakova et al. (2011), the 
possibility of joint encapsulation of urease and pH-sensitive dye SNARF-1 was 
shown. Encapsulated urease catalyzed urea hydrolysis, which resulted in a change 
in the pH of the analyzed medium. The pH-sensitive label changes its fluorescence 
intensity, which allows estimating the urea concentration in the medium. As a result, 
a diagnostic system was obtained that is able to determine the concentration of urea 
by the intensity of the fluorescence label.

This technology allows you to determine the concentration of low molecular 
weight compounds using one such capsule, containing an enzyme and a fluorescent 
label. This technology was demonstrated in an article by Kazakova et al. (2012). 
The confocal microscopy allows observing the fluorescence from individual cap-
sule on addition of lactate at millimolar concentrations.

The application of sensory nano and microparticles for metabolite control in the 
human body is of growing importance in the biomedical sciences. Packaging of 
sensing elements within micron and submicron structures enables investigation of 
local environmental tissue changes in close proximity to a positioned sensing sur-
face. The micron-sized multicomponent capsules could be further optimized for 
in-situ intracellular sensing and metabolite monitoring on the basis of fluorescence 
reporting (Goldys 2009).

Table 13.3 Measurement of milk samples

Sample
Biosensor readings, 
a ± S.D., mМ

Injected, 
mМ

Found

a ± S.D., mМ
The coefficient of 
variation, %mМ

% of 
injected

1 0.04 ± 0.0019 0.01 0.05 500 0.05 ± 0.00245 4.9
0.05 0.09 180 0.09 ± 0.00405 4.5
0.1 0.12 120 0.12 ± 0.00564 4.7
0.5 0.60 120 0.60 ± 0.0288 4.8
1 1.20 120 1.20 ± 0.054 4.5
5 5.30 106 5.30 ± 0.2226 4.2

2 0.08 ± 0.0035 0.01 0.07 700 0.07 ± 0.0035 5
0.05 0.10 200 0.10 ± 0.0045 4.5
0.1 0.14 140 0.14 ± 0.00658 4.7
0.5 0.60 120 0.60 ± 0.0276 4.6
1 1.10 110 1.10 ± 0.0539 4.9
5 5.20 104 5.20 ± 0.2496 4.8

a – the average value of measurements taken in 3–5 repetitions; S.D. – standard deviation
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13.3  Conclusion and Perspectives

The chapter describes the possibility of using microcapsules with urease loaded in 
them as diagnostic systems for urea. The possibility of their repeated use is shown. 
Comparative characteristics of clinical and biochemical analyses were carried out 
using both free (standard methods) and encapsulated enzyme. From the obtained 
data, it can be seen that the clinical diagnostic methods of analysis based on micro-
capsules with the protein included in them are not inferior in their diagnostic char-
acteristics to the modern analysis methods used in clinical diagnostic laboratories, 
and their advantages, such as repeated use, longer storage, and ease of analysis, talk 
about their competitive advantages and open up prospects not only for the success-
ful implementation of this new class of diagnostic systems, but also about the transi-
tion in the future, all CDLs on microdiagnostics.
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Chapter 14
Bioluminescent Nano- and Micro- biosensing 
Elements for Detection 
of Organophosphorus Compounds

Elena Efremenko, Ilya Lyagin, Olga Senko, Olga Maslova, 
and Nikolay Stepanov

Abstract Organophosphorus compounds (OPC) are capable of interaction with 
various biological targets. At the same time, some enzymes can modify these OPC, 
mainly by hydrolysis. In total, both those and other enzymes can be involved in 
determining the presence and concentration of various OPC. This review presents 
recent scientific developments in the area of enzymatic (nano) and cell (micro) bio-
sensing elements, used for the luminescent analysis of OPC in various environmen-
tal objects. For these purposes, various immobilized forms of enzymes and different 
cells of microorganisms can be used, as well as their various combinations. Modern 
methods of analysis make it possible to detect OPC in pg/l concentrations, which 
opens up enormous prospects for their practical application. Some examples of 
commercially available enzymatic and cell recognition elements for OPC determi-
nation in real environmental samples are performed.

Keywords Bioluminescence · Fluorescence · Biosensor · Biorecognition  
element · Organophosphorus compounds · Cholinesterase · Organophosphate 
hydrolase · Immobilization · Living cells · Enzymes

Nomenclature

2D PSPC Two-dimensional poly(styrene) photonic crystal
AChE Acetylcholinesterase
ADI Allowable daily intake
AgNPs Silver nanoparticles
ALP Alkaline phosphatase
AuNCs Gold nanoclusters
BE Biosensitive elements
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BSPOTPE@MnO2/SiO2 NPs SiO2 nanoparticles covered by 1,2-bis[4-(3- 
sulfonatopropoxyl) phenyl]-1,2-diphenylethene 
and capped by MnO2 nanosheets

BTB Bromothymol blue
BTE Brake thermal efficiency
Ccg2–EPSPS 5-Enolpyruvylshikimate-3-phosphate synthase 

fused to the hydrophobin Ccg2
ChE Cholinesterase
ChOx Choline oxidase
DACM N-(7-Dimethylamino-4-methylcoumarin-3-yl)

maleimide
DCC/HDA N,N′-Dicyclohexylcarbodiimide and 

hexaethylenediamine
DFP O,O-Diisopropyl fluorophosphate
EDC 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide
EST2 Esterase 2 from Alicyclobacillus acidocaldarius
FITC  Fluorescein 5(6)-isothiocyanate
GG/FB Guinea green B and basic fuchsin dyes
GFP Green fluorescent protein
grQD/AuNPs AuNPs capped by graphene QDs
His6-MPH Methylparathion hydrolase containing His6-tag at 

N-terminus
His6-OPH OPH containing His6-tag at N-terminus
HRP Horseradish peroxidase
LOD Limit of detection
Lum-Cu-Cys-AuNPs Composite of luminol with AuNPs covered by Cys 

and Cu2+

MPH-GST Methylparathion hydrolase containing GST-tag
MPT Methylparathion
MRL Maximum residue levels
NTA Nitrilotriacetic acid
OPC Organophosphorus compounds
OPH Organophosphorus hydrolase
OPH-His6 Organophosphorus hydrolase containing His6-tag 

at C-terminus
OPP Organophosphorus pesticides
PAAM Poly(acrylamide)
PAH@PSS/CdTe QDs Multilayer composite of poly(allylamine hydro-

chloride) and poly(styrenesulfonate) on the surface 
of CdTe QDs

PAM Photosynthetic apparatus of microalgae
PT Parathion
PVA Poly(vinyl alcohol)
PVDF  Poly(vinylidene fluoride)
PX Paraoxon
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rGO@AuNPs/GCE  Reduced graphene oxide and Au nanoparticles on the surface 
of glassy carbon electrode

sNHS N-Hydroxysuccinimide
Tb-BTC MOF  Metal-organic framework of Tb and benzene-1,3,5- 

tricarboxylic acid
UiO-66-NH2 Metal-organic framework of Zr and aminoterephthalic acid

14.1  Introduction

The widespread use of organophosphorus pesticides (OPP) is an integral part of 
modern agriculture. This necessitates careful monitoring of their presence in a wide 
variety of objects (in natural water sources, soil extracts, food products, agricultural 
raw materials, etc.) using a variety of detection methods (Amine et  al. 2016; 
Samsidar et al. 2018; Li et al. 2018), which provide a fast, selective, and effective 
(quantitative) determination of pesticides (Van Dyk and Pletschke 2011). The most 
promising methods are those based on the use of biosensitive elements (BE) with 
enzymatic activity, which guarantee a highly sensitive detection of pesticides to be 
analyzed as specific substrates or inhibitors acting under certain conditions (tem-
perature, pH, the chemical composition of media) typical for real objects and pro-
cesses occurring in vivo (Lyagin et al. 2017). The generated analytical signal can be 
reliably detected as a result of the enzymatic process. The creation of BE with cer-
tain characteristics (Yan et al. 2018) that satisfy the existing regulatory requirements 
for the content of determined OPP (Table 14.1) is the main task for science in this 
area. For these purposes, both the BE used and the signal amplification and registra-
tion method can vary. A successful combination of these components (biosensitive, 
amplifying, and recording) of biosensors allows achieving a high level of analysis 
sensitivity (up to ng/l).

The development of biosensors designed to solve specific analytical problems 
associated with the discovery of OPP has become possible owing to the accumu-
lated empirical data and the development of modern physicochemical methods for 
the study of enzymatic biocatalysts while accumulating fundamental knowledge 
about the features of OPP and enzymes effectively interacting (through hydrolysis, 
inhibition, modifications, etc.) with such organophosphorus compounds 
(Varfolomeev and Efremenko 2020).

Today, many variants of cellular biosensor systems for detecting OPP are known. 
The use of living cells as BE allows both the determination of specific concentra-
tions of individual OPP and the assessment of the overall toxicity of analyzed sam-
ples containing several pollutants. Thus, in the case of cell-based BE, it is possible 
to track not only the actual concentration of toxins (Ismailov et al. 2019) but also the 
biosafety of various environments.

Now, various approaches developed for the detection of different target com-
pounds (Hicks et al. 2020) are currently under applied investigation in the area of 
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OPP analysis. In this regard, the new genetically modified cells of various microor-
ganisms are tested as BE for the application in OPC detection.

According to recent publications, the general sum of modern BE based on differ-
ent enzymes or various cells taken in a free (soluble/suspended) or immobilized 
forms is presented in Figs. 14.1 and 14.2. It is obvious that all the developed variants 
of the BE can be characterized by some advantages and limitations for their practi-
cal use. However, the information about recent achievements in the development of 
BE for OPP analysis testified to a high popularity of the optical (luminescent) meth-

Table 14.1 Examples of some OPP and their norms in various foodstuffsa

Pesticideb

MRL; ADI/PTDI Structure
Pesticideb

MRL; ADI/PTDI Structure

Cadusafos
0.01 mg/kg
0–0.5 μg/d/kg

Glyphosate
0.05–15 mg/kg
0–1000 μg/d/kg

Chlorpyrifos
0.01–20 mg/kg
0–10 μg/d/kg

Glufosinate
0.02–3 mg/kg
0–10 μg/d/kg

Diazinon
0.01–2 mg/kg
0–5 μg/d/kg

Fenamiphos
0.005–0.05 mg/kg
0–0.8 μg/d/kg

Ethephon
0.01–7 mg/kg
0–50 μg/d/kg

Malathion
0.01–13 mg/kg
0–300 μg/d/kg

Ethoprophos
0.01–0.2 mg/kg
0–0.4 μg/d/kg

Methylparathion
0.05–5 mg/kg
3 μg/d/kg

aThe maximum residue levels (MRL) and allowable daily intake (ADI) (or provisional tolerable 
daily intake, PTDI) are revealed for various eatable foods according to Codex Alimentarius of FAO 
WHO (http://www.fao.org/fao-who-codexalimentarius/)
bGlyphosate (N-(phosphonomethyl)-glycine), glufosinate (2-amino-4-[hydroxy(methyl)phospho-
noyl]butanoic acid), diazinon (O,O-diethyl-O-(4-methyl-6-(propan-2-yl)pyrimidin-2-yl) phospho-
rothioate), cadusafos (O-ethyl S,S-bis(1-methylpropyl) phosphorodithioate), malathion 
(O,O-dimethyl-S-(1,2-dicarbetoxyethyl) phosphorodithioate), methylparathion (O,O-dimethyl-O-
(4-nitrophenyl) phosphorothioate), fenamiphos (N-[ethoxy-(3-methyl-4-methyl sulfanyl phenoxy)
phosphoryl]propan-2-amine), chlorpyrifos (O,O-diethyl-O-(3,5,6-trichloropyridine-2-yl) phos-
phorothioate), ethephon (2-chloroethylphosphonic acid), ethoprophos (O-ethyl S,S-diisopropyl 
phosphorodithioate)

E. Efremenko et al.
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ods of signal registration since exactly these analytical methods are supported with 
equipment accessible to the most consumers.

The aim of the chapter is the analysis of the main recent scientific achievements 
in the development of various bioanalytical systems capable of determining the 
widely used OPP.  Particular attention has been paid on new interdisciplinary 
researches and luminescent methods for their practical implementation. It should be 
noted that this chapter did not specifically address the enzyme-linked immunosor-
bent assay methods of OPP, as well as analytical systems based on aptamers (Duan 
et  al. 2016, Che Sulaiman et  al. 2020) and molecularly imprinted polymers 
(Boulanouar et al. 2018) since such reviews are already published.

Fig. 14.1 The main approaches used to obtain enzyme BE for OPP detection, the key features of 
which are represented on the outer edge
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14.2  Enzyme Biosensors for Organophosphorous 
Compounds (ОРС)

The mechanism of action of many OPC is the inactivation of various enzymes from 
different biological sources (Lyagin et al. 2017, Mangas et al. 2017), which forms 
the basis for their use as pesticides. Based on this, appropriate enzymes are used to 
determine the presence of OPP. An analysis of the structure of these enzymes allows 
using the rational design of biosensitive elements for specific tasks, for example, by 
site-directed chemical modifications of protein molecules, due to their additional 
stabilization, etc. All OPC to one degree or another inhibit acetyl- and butyrylcho-
linesterase (Eldufani and Blaise 2019). These enzymes belong to serine hydrolases 
and contain in their active center the amino acid residue of serine, the phosphoryla-
tion of which in reactions with OPC leads to practically irreversible inhibition of the 
enzymes. The high affinity of binding of cholinesterase (ChE) to OPC, coupled with 

Fig. 14.2 Generalized scheme of approaches used in the development of BE for the detection of 
OPP based on the use of whole living cells of various microorganisms. The typical features of the 
BE are represented on the outer edge
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the highly sensitive methods used to determine its enzymatic activity, makes it pos-
sible to determine extremely low concentrations of inhibitors, which made this 
enzyme an excellent object for research and development of a large number of dif-
ferent biosensors based on it (Table 14.2).

Other examples of enzymes being inhibited by OPP are acidic and alkaline phos-
phatases (Ghosh et al. 2013). Monoesters of phosphates are natural substrates for 
these enzymes; therefore, di- and tri-esters of phosphates are often playing the role 
of competitive phosphatase inhibitors. Like ChE, phosphatases act simultaneously 
as a BE and signal enhancer, but since reversible inhibition of enzymes occurs in 
this case, the sensitivity of OPC determination using phosphatases in biosensing 
systems will always be significantly lower than in the ChE variants.

In addition, the enzymes (Lyagin et al. 2017) hydrolyzing OPC are widely 
used in the development of various BE. The OPC decomposition products are 
determined, forming a signal of a certain magnitude. For example, the hydro-
lysis products of methylparathion (4-nitrophenol) or chlorpyrifos (3,5,6-tri-
chloropyridine-2-ol) can be determined using optical methods. However, 
there are very few substances with such absorption among the hydrolysis 
products of various OPC, or it is difficult to discriminate the products in the 
analyzed media containing other compounds that interfere with the target 
determination analyte. In this regard, other methods for recording the analyti-
cal signal are often involved. Enzymatic hydrolysis of OPC is typically 
accompanied by the formation of charged molecules and a change in the pH 
of the reaction medium, which can be detected directly or using a pH-sensi-
tive probe or tracer. In order to further improve the analytical characteristics, 
such hydrolases can be used in combination with other enzymes, for example, 
ChEs (Lyagin et al. 2017).

A wide variety of optical methods can be used today to convert the analytical 
signal of enzyme BE into a result accessible for registration and interpretation: 
classical – spectrophotometric, fluorescent, and chemiluminescent – as well as 
more modern ones, fluorescent quantum dots and surface plasmon resonance. 
By combining various enzymes and recording systems, it is possible to create 
biosensors with the required sensitivity, performance, and cost. Among the opti-
cal methods, the most sensitive are fluorescent ones (Table  14.2). To realize 
this, fluorescent substrates are widely used, or substrates that, under the action 
of enzymes, turn into fluorescent products or enzymes containing specially 
introduced fluorescent labels. Recently, the use of nano-objects and, in particu-
lar, quantum dots (Chungchai et al. 2020; Hu et al. 2019; Korram et al. 2019; 
Wang et al. 2019; Zhang et al. 2019) has become increasingly popular for such 
bioanalytical systems, which can interact with the substrate or product, giving 
an analytical signal. This significantly increases the sensitivity of OPC determi-
nation in real samples by two to three orders of magnitude (up to ng/l) (Hu et al. 
2019; Wang et  al. 2019; Yang et  al. 2019) as compared with similar systems 
without quantum dots.
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Table 14.2 Examples of enzyme biosensors used to determine OPC

Enzymea Method of detection Limits of detectionb, c (References)

Soluble enzymes

AChE Absorbance/fluorescence 
of rhodamine B probe

0.1 μg/l diazinon, 0.3 mg/l malathion, 
1 μg/l phorate (Liu et al. 2012)

» Absorbance of reaction 
product (indophenol)

0.8 mg/l chlorpyrifos, 0.4 mg/l 
phoxim, 1.3 mg/l triazophos, 1.4 mg/l 
methamidophos (in real samples: from 
0.8 mg/kg, recovery 75–108%) (Jin 
et al. 2020)

» Absorbance of grQD/
AuNPs

0.7 μg/l chlorpyrifos (in real samples: 
from 30 μg/l, recovery 93–105%) 
(Chungchai et al. 2020)

» Absorbance of PtNPs 20 μg/l dichlorvos (in real samples, 
recovery 85–97%) (Cao et al. 2019)

» Fluorescence of 
tetraphenylethene probe

8 μg/l dimethoate (in real samples: 
from 50 μg/l, recovery 98–112%) (Cai 
et al. 2019)

» Fluorescence of DACM 
probe

1.5 ng/l PX (in real samples: from 
4 ng/l, recovery 94–110%) (Wang 
et al. 2011)

» Fluorescence of FITC label 0.6 μg/l chlorpyrifos (in real samples, 
(recovery – n/a) (Silletti et al. 2015)

» Fluorescence of fluorescein 
label

1.4 μg/l omethoate, 1 μg/l dichlorvos 
(in real samples: from 5 μg/l, recovery 
100–102%) (Huang et al. 2019a)

» Fluorescence of 
NaGdF4:Yb,Tm NPs

50 ng/l diazinon (in real samples: from 
0.5 μg/l, recovery 84–107%) (Wang 
et al. 2019)

» Fluorescence of 
NaYF4:Yb,Er NPs

2 ng/l MPT (in real samples: from 
30 ng/l, recovery 96–110%) (Long 
et al. 2015)

» Fluorescence of carbon 
QDs

14 μg/l PX, 33 μg/l malathion, 17 μg/l 
methamidophos (in real samples: from 
0.3 μg/l, recovery 93–110%) (Korram 
et al. 2019)

» Fluorescence of N,Cl- 
doped carbon QDs

30 ng/l PX (in real samples: from 
1 μg/l, recovery 92–109%) (Yang et al. 
2019)

» Fluorescence of 
BSPOTPE@MnO2/SiO2 
NPs

1 μg/l paraoxon (10 μg/l on paper with 
naked eye) (in real samples: from 
5 μg/l, recovery 98–104%) (Wu et al. 
2019)

ALP Fluorescence of reaction 
product (2-naphthol)

1.34 mg/l fenitrothion (in real 
samples: from 10 mg/l, recovery 
96–100%) (Diaz et al. 2015)

EST2 Fluorescence of reaction 
product 
(4-methylumbelliferol)

6 μg/l PX (in real samples: from 
72 μg/l, recovery – n/a) (Cetrangolo 
et al. 2019)

(continued)
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Table 14.2 (continued)

Enzymea Method of detection Limits of detectionb, c (References)

HRP Absorbance/fluorescence 
of reaction product

2 mg/l (UV/Vis) and 4 μg/l (FL) 
glyphosate (Ibarra Bouzada et al. 
2019)

OPH Fluorescence of CdTe QDs 18 μg/l MPT (in real samples: from 
50 mg/kg, recovery 96–117%) (Yan 
et al. 2015a)

» Fluorescence of CuInS2 
QDs

15.8 μg/l MPT (in real samples: from 
100 μg/kg, recovery 90–105%) (Yan 
et al. 2015b)

» Fluorescence of Mn-ZnS 
QDs

5 μg/l MPT (in real samples: from 
50 μg/l, recovery 81–99%) (Zhang 
et al. 2019)

» Absorbance of F-sensitive 
film

18.4 μg/l DFP (Ramanathan et al. 
2010)

OPH-His6 Fluorescence of pyranine 
label

2 μg/l PX, 10 μg/l MPT (Thakur et al. 
2013)

» Fluorescence of pyranine 
label

20 μg/l PX, 50 μg/l MPT, 50 μg/l 
coumaphos (in real samples: from 
50 μg/l, recovery 90–125%) (Thakur 
et al. 2012)

Trypsin Fluorescence of CdTe QDs 40 ng/l MPT (in real samples: from 
0.2 μg/kg, recovery 95–110%) (Yan 
et al. 2015c)

AChE with ChOx Fluorescence of CdTe QDs 1 μg/l dichlorvos (in real samples: 
from 170 mg/l, recovery 97–101%) 
(Meng et al. 2013)

» Fluorescence of graphene 
QDs

172 μg/l dichlorvos, 84 μg/l MPX (in 
real samples: 2 mg/l, recovery 
101–112%) (Sahub et al. 2018)

AChE with HRP Fluorescence of N-doped 
carbon QDs with 
2,3-diaminophenazine

3.2 μg/l dichlorvos, 13 μg/l MPT (in 
real samples: from 0.1 mg/kg 
dichlorvos, recovery 93–106%; and 
from 0.1 mg/kg MPT, recovery 
93–106%) (Huang et al. 2019c)

Physical immobilization

AChE included between 
layers of PAH in 
composite PAH@PSS/
CdTe QDs on glass or 
quartz substrate

Fluorescence of CdTe QDs 2.9 ng/l PX, 1.3 ng/l PT, 0.24 μg/l 
dichlorvos, 12.6 ng/l omethoate (in 
real samples: from 2.3 μg/l, recovery 
105–115%) (Zheng et al. 2011)

AChE included in 
cryostructurate of CdTe 
QDs

Fluorescence of CdTe QDs 0.33 ng/l PX, 0.27 ng/l PT, 2.6 ng/l 
dichlorvos (in real samples: from 
1.1 μg/l, recovery 99–109%) (Hu et al. 
2019)

ChE adsorbed on 
cellulose or glass 
nanofiber paper

Absorbance of GG/FB 
probe

0.1 mg/l diethylchlorophosphate 
(Matějovský and Pitschmann 2019)

(continued)
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Table 14.2 (continued)

Enzymea Method of detection Limits of detectionb, c (References)

AChE and ChOx included 
into Cu3(PO4)2 
nanoflowers

Absorbance of reaction 
end-product

10 ng/l PX or 0.5 mg/l by naked eye 
(in real samples: from 5 μg/l, recovery 
83–112%) (Jin et al. 2019)

EST2 adsorbed on 
nitrocellulose membrane

Absorbance of reaction 
end-product

2.75 mg/l PX (in real samples with 
soluble enzyme: from 2.75 mg/l, 
recovery – n/a) (Febbraio et al. 2011)

MPH-GSTb adsorbed on 
PVDF membrane 
(Immobilon™-PSQ)

Absorbance of BTB probe 1 mg/l MPT (by naked eye, in real 
samples: from 10 mg/l, recovery 
75–93%) (Anh et al. 2011)

OPH adsorbed on AgNPs 
coated by silica

Fluorescence of pyranine 
label

1 μg/l PX (Tuteja et al. 2014)

Chemical immobilization

AChE attached by 
epicholorohydrin to 
chitosan on cellulose 
paper

Absorbance of fast blue B 
probe

200 mg/l chlorpyrifos, 10 mg/l 
diazinon, 4 mg/l fenamiphos, 500 mg/l 
malathion, 25 mg/l profenofos, 
50 mg/l temephos (Badawy and Taktak 
2018)

AChE attached by EDC to 
PAAM on 2D PSPC

Light scattering on 2D 
PSPC

0.02 pg/l dipterex (Qi et al. 2018)

» Light scattering on 2D 
PSPC

0.01 pg/l sarin (Qi et al. 2019)

AChE and ChOx attached 
by glutaraldehyde to 
rGO@AuNPs/GCE with 
Lum-Cu-Cys-AuNPs

Electro-chemiluminescence 
of Lum-Cu-Cys-AuNPs

85 ng/l glyphosate (in real samples: 
from 1 μg/l, recovery 99–105%) (Liu 
et al. 2020)

His6-OPH attached by 
DCC/HDA to 
UiO-66-NH2

Fluorescence of coumarin 
1 probe

10 μg/l MPT (in real samples: from 
1 mg/l, recovery 95–105%) (Mehta 
et al. 2019a)

His6-OPH attached by 
EDC/sNHS to BTC of 
Tb-BTC MOF

Absorbance of reaction 
product (4-nitrophenol)

0.6 μg/l MPT (Mehta et al. 2019b)

Affine immobilization

His6-MPH on agarose 
modified by NTA and 
loaded with Ni2+

Absorbance of reaction 
product (4-nitrophenol)

1 mg/l MPT (Lan et al. 2012)

Ccg2–EPSPS on 
polystyrene or SiO2 glass

Absorbance of reaction 
end-product

8.5 μg/l glyphosate (Döring et al. 
2019)

aAbbreviations: AChE acetylcholinesterase, grQD/AuNPs AuNPs capped by graphene QDs, 
DACM N-(7-dimethylamino-4-methylcoumarin-3-yl))maleimide, FITC fluorescein 5(6)-isothio-
cyanate, BSPOTPE@MnO2/SiO2 NPs SiO2 nanoparticles covered by 1,2-bis[4-(3- 
sulfonatopropoxyl) phenyl]-1,2-diphenylethene and capped by MnO2 nanosheets, ALP alkaline 
phosphatase, EST2 esterase 2 from Alicyclobacillus acidocaldarius, HRP horseradish peroxidase, 
OPH organophosphorus hydrolase, OPH-His6 organophosphorus hydrolase containing His6-tag at 
C-terminus, pyranine  – trisodium 8-hydroxypyrene-1,3,6-trisulfonate, ChOx choline oxidase, 

(continued)
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The typical analysis sensitivity in model systems (up to ng/l) is better than in real 
systems (up to μg/l). However, such sensitivity is already completely consistent 
with the requirements for OPC control in compliance with their maximum permis-
sible content in the tested environmental objects (Table 14.1) and various commer-
cial products (Ibarra Bouzada et al. 2019).

Today, the trend toward the development of “reagentless” optical biosensors for 
OPC detection, for example, in the form of microfluidic chips or strips (Chungchai 
et al. 2020; Hu et al. 2019; Matějovský and Pitschmann 2019), is popular. For this, 
a substrate with a tracer is often immobilized together with the enzyme. Under the 
influence of microfluidic forces from the solvent in the applied sample, they are set 
in motion and mixed with the immobilized enzyme, giving an analytical signal vis-
ible to the naked eye. This approach has composed the basis for a large number of 
commercially available strips for the rapid and simple determination of OPC with 
limits of detection down to μg/l (Lyagin et al. 2017).

Table 14.2 (continued)
MPH-GST methylparathion hydrolase containing GST-tag, PVDF poly(vinylidene fluoride), BTB 
bromothymol blue, AgNPs nanoparticles of Ag, PAH@PSS/CdTe QDs multilayer composite of 
poly(allylamine hydrochloride) and poly(styrenesulfonate) on the surface of CdTe QDs, GG/FB 
guinea green B and basic fuchsin dyes, His6-OPH OPH containing His6-tag at N-terminus, DCC/
HDA N,N′-dicyclohexylcarbodiimide and hexaethylenediamine, UiO-66-NH2 metal-organic 
framework of Zr and aminoterephthalic acid, EDC 1-ethyl-3-(3-dimethylaminopropyl)carbodi-
imide, sNHS N-hydroxysuccinimide, Tb-BTC MOF metal-organic framework of Tb and benzene- 
1,3,5-tricarboxylic acid, PAAM poly(acrylamide), 2D PSPC two-dimensional poly(styrene) 
photonic crystal, rGO@AuNPs/GCE reduced graphene oxide and Au nanoparticles on the surface 
of glassy carbon electrode, Lum-Cu-Cys-AuNPs composite of luminol with AuNPs covered by Cys 
and Cu2+, His6-MPH MPH containing His6-tag at N-terminus, NTA nitrilotriacetic acid, Ccg2–
EPSPS 5-enolpyruvylshikimate-3-phosphate synthase fused to the hydrophobin Ccg2
bIn the case of real samples, limit of detection or minimal concentration used during analysis are 
presented together with their recovery as compared to one determined by reference method of 
analysis (HPLC, GC/MS, etc.) or to a spiked quality. n/a – not available
cDetected compounds: chlorpyrifos (O,O-diethyl-O-(3,5,6-trichloropyridine-2-yl) phosphorothio-
ate), coumaphos (O,O-diethyl-O-(3-chloro-4-methyl-2-oxo-2H-chromen-7-yl) phosphorothioate), 
diazinon (O,O-diethyl-O-(4-methyl-6-(propan-2-yl)pyrimidin-2-yl) phosphorothioate), dichlorvos 
(O,O-dimethyl-O-(2,2-dichlorovinyl) phosphate), DFP (O,O-diisopropyl fluorophosphate), 
dimethoate (O,O-dimethyl S-methylcarbamoylmethyl phosphorodithioate), fenitrothion (O,O- 
dimethyl- O-(3-methyl-4-nitrophenyl) phosphorothioate), glyphosate (N-(phosphonomethyl)-
glycine), malathion (O,O-dimethyl-S-(1,2-dicarbetoxyethyl) phosphorodithioate), methamidophos 
(O,S-dimethyl phosphoramidothioate), MPT methylparathion (O,O-dimethyl-O-(4-nitrophenyl) 
phosphorothioate), omethoate (O,O-dimethyl S-methylcarbamoylmethyl phosphorothioate), PT 
parathion (O,O-diethyl-O-(4-nitrophenyl) phosphorothioate), PX paraoxon (O,O-diethyl-O-(4- 
nitrophenyl) phosphate), phorate (O,O-diethyl-S-[(ethylsulfanyl)methyl] phosphorodithioate), 
profenofos (O-(4-bromo-2-chlorophenyl) O-ethyl S-propyl phosphorothioate), temephos 
(O,O,O′,O′-tetramethyl O,O′-sulfanediylbis(1,4-phenylene) diphosphorothioate), triazophos 
(O,O-diethyl O-(1-phenyl-1H-1,2,4-triazol-3-yl) phosphorothioate)
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14.3  Microbial Sensing Elements in the Detection of OPC

14.3.1  Biosensors Based on Whole Cells of Photoluminescent 
Bacteria for OPC Detection

It has been shown that it is possible to simply, quickly, and efficiently detect OPP in 
water, air, soil, and other media in a discrete or flow mode using optical whole-cell 
biosensors (Ma et al. 2014; Zhang et al. 2014). Among them, those options in which 
cellular BE are used to record changes in luminescence and fluorescence are of 
particular interest and practical importance.

Luminescent microbial photobiosensors often include photobacterial cells 
(Photobacterium phosphoreum, Vibrio fischeri, Vibrio harveyi, etc.) which are sen-
sitive to a wide range of OPP and provide a simple technical implementation of the 
method of analysis and recording of the analytical signal using existing equipment 
(luminometer), which is widely available today including the portable version 
(Lopez-Roldan et al. 2012; Ismailov and Aleskerova 2015). Such photobiosensors 
are based on two successive energy converters: chemical, transforming chemical 
energy into light, and photoelectronic, converting light into an electrical signal 
(Ismailov and Aleskerova 2015; Efremenko 2018). Examples of commercial imple-
mentation of such test systems are known: Microtox (Azur Environmental, USA), 
Toxalert (Merck, Darmstadt, Germany), BioFixLumi (Macherey-Nagel, Duren, 
Germany), ToxTracer (Skalar, Breda, Netherlands), LUMIStox (Hach-Lange, 
Düsseldorf, Germany), DeltaTox (SDI, Newark DE, USA), Mutatox (USA), Vitotox 
(GENTAUR Molecular Products, Belgium), BioTox (Aboatox Oy, Helsinki, 
Finland), and others (Halmi 2016; Bilal and Iqbal 2019; Gheorghe et al. 2019). In 
particular, using Microtox®, the photodegradation process of dichlorvos 
(2,2- dichlorovinyl dimethyl phosphate) by simulated sunlight and UV-254 irradia-
tion (Bustos et al. 2019) was studied, and the presence of OPP in apple juice was 
determined (Mossa et al. 2017) (Table 14.3).

The mechanism of toxicity and inhibition in light emitted from bacteria is a 
result of the interaction of the luciferase, reduced flavin, and a long-chain aldehyde 
in the presence of oxygen. The metabolic energy produced in this pathway changes 
to chemical energy, through the electron transport system, into visible light 
(Efremenko et al. 2014; Mossa et al. 2017).

To assess the presence of OPP using luminescent bacteria based on quenching of 
luminescence in the presence of a toxicant, a median effective concentration (EC50) 
is used, which causes a decrease in the level of the initial bioluminescence signal by 
50% (Zhang et al. 2008). Limit of detection (LOD) can be determined from calibra-
tion curves as the ecotoxicant concentration resulting in the drop of baseline biolu-
minescence by three standard deviations, i.e., by 15%, to 85%: (I/I0) min = 100% 
− 3σ = 85% (Efremenko et al. 2016).

Widely and narrowly specific biotests are being developed with the expression of 
the bacterial luciferase gene induced in the presence of the OPP analyzed in various 
cells: Vibrio sp., Escherichia coli, Pseudomonas aeruginosa, Ralstonia eutropha, 
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Table 14.3 Examples of microbial luminescent sensing systems used for OPC detection

Biosensing element OPC LOD Analysis [References]

Luminescent whole-cell photobiosensing elements

Vibrio fischeri
Microtox™

Chlorpyrifos – Discrete mode of luminescent 
analysis of water samples (Mossa 
et al. 2017; Bustos et al. 2019)

Dichlorvos –

Fenitrothion 1.2 mg/l

Vibrio qinghaiensis sp. Q67 Fenitrothion 1 μM Discrete mode of luminescent 
analysis of water samples (Zhang 
et al. 2008)

Malathion

Dicapthon

Chlormephos

Methylparathion

Famphur

Monocrothophos 1.92 mM Discrete mode of luminescent 
analysis of water samples (Zhou 
et al. 2010)

Phosphamidon 0.13 mM

P. phosphoreum 
Immobilized in poly(vinyl 
alcohol) (PVA) cryogel

Coumaphos 91 mg/l Discrete mode of luminescent 
analysis of water samples 
(Efremenko 2018)

Parathion 15 mg/l

Malathion 18 mg/l

Coumaphos 18 μg/l Flow mode of luminescent analysis 
of water samples (Efremenko et al. 
2016)

Parathion 11 μg/l

Malathion 3.3 μg/l

Methylparathion 12 μg/kg Discrete mode of luminescent 
analysis of soil extracts (Efremenko 
2018)

Malathion 320 μg/kg

Dimethon-S- methyl 29 μg/kg

Coumaphos 0.32 mg/
kg

Methylparathion 0.45 mg/
kg

Flow mode of luminescent analysis 
of soil extracts (Efremenko 2018)

Malathion 0.012 mg/
kg

Dimethon-S- methyl 1.4 μg/kg

Coumaphos 0.011 mg/
kg

Chlorpyrifos 2.1 mg/kg Discrete mode of luminescent 
analysis of soil extracts (Senko et al. 
2017)

Microalgae whole-cell biosensing elements

Chlorella vulgaris Quinalphos, 
chlorfenvinphos, 
dimethoate, phorate

1–500 μM Control of PAM in detection of OPP 
in rice growing (Jena et al. 2012)

(continued)
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Staphylococcus aureus, Bacillus subtilis, etc. (Axelrod et  al. 2016). It has been 
shown that such cells can be used to estimate the toxicity of media containing some 
individual OPC (fenitrothion, malathion, dicapthon, chlormephos, methylparathion, 
and famphur) or their mixture (Zhang et al. 2008) (Table 14.3).

The use of cells as BE in an immobilized form, when different gel matrices 
(agar, agarose, Ca2 + and Sr2 + alginate gels, and cryogels of polyvinyl alcohol 
(PVA)) are applied, turned out to be more effective as compared to using suspen-
sion cells of photobacteria. The BE based on immobilized cells have a long shelf 
life (more than 60 weeks), increased stability of the analytical signal, and the abil-
ity to determine OPP in the analysis of flow mode at a rate of 180 ml/h (Efremenko 
et al. 2016). These characteristics open up the possibility and prospects for the use 
of this BE in monitoring OPC in aquatic environments. The successive OPC deter-
mining in soil extracts during flow analysis using immobilized photobacterial cells 

Table 14.3 (continued)

Biosensing element OPC LOD Analysis [References]

Spirulina (Arthrospira) 
platensis

Chlorpyrifos 0–40 mg/l Control of PAM (Bhuvaneswari et al. 
2018)

Fluorescence

E. coli XL1-Blue was used 
as a host for co-displaying 
of OPH, MPH, and GFP

Parathion,
Methylparathion

0.6 mg/l
0.5 mg/l

Fluorescence (50 mM PBS buffers 
with pH 4−8), very sensitive analysis 
to natural pH change (Liu et al. 
2013)

E. coli cells carrying a chpR 
expression vector and a 
chpA promoter–atsBA 
transcriptional fusion 
plasmid encoding sulfatase 
(atsA) and formylglycine 
generating enzyme (atsB) 
from Klebsiella sp.

Chlorpyrifos 87.7 μg/l Fluorescent biosensor was used for 
analysis of real water samples from a 
pond (Whangsuk et al. 2016)

AuNCs/yeast-AChE-E69Y/
F330L (AChE wild-type 
and mutants (E69Y and 
E69Y/F330L) from 
Drosophila were displayed 
on the surface of yeast 
(Saccharomyces cerevisiae 
EBY100) through 
a-agglutinin-mediated 
microbial surface display 
system)

Paraoxon 9.1 pg/l Fluorescence (50 mM PBS buffer 
(pH 7.4), low matrix effect on the 
signal (Liang and Han 2020)

Hydrogel beads containing 
E. coli (plasmid pJK33)  
(40% (w/w) Poly(ethylene 
glycol) diacrylate  
and 0.4% (w/w) 
2-hydroxy-2- 
methylpropiophenone

Paraoxon 0.83 mg/l Fluorescent E. coli-containing beads 
and 1.3 μM of SNAFL dye were 
used at 40 °C. The sensor can not be 
reused. (Fleischauer and Heo 2014)
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also was shown (Efremenko 2018) (Table 14.3). It has been established that immo-
bilized cells of photobacteria quantitatively react with many ecotoxicants. This 
allows the use of BE developed for the determination of low OPC concentrations 
in natural systems. However, today the number of studies on OPC monitoring in 
soils using bioluminescent cells is significantly less than the number of similar 
studies related to the environmental monitoring of water bodies. Most likely, ana-
lytical studies of soil samples, the process of creating BE, and methods for assess-
ing ecotoxicity are more difficult tasks than for water sources. Yet, the development 
of new ecomonitoring systems based on immobilized cells of luminous bacteria 
useful for OPP detection in a variety of natural and commercial objects remains 
relevant. The systems should provide effective OPC detection at concentrations 
lower or at the level of MRL values (Table 14.1).

14.3.2  Microalgae and Cyanobacteria as Biosensing Elements 
in OPC Fluorescent Detection

The active use of microalgae and cyanobacteria cells as BE to detect the presence of 
OPC exists because they are the first in the trophic chains responding to the pres-
ence of ecotoxicants without accumulating OPC in significant concentrations 
(Ettajani et al. 2001; Correa-Reyes et al. 2007). Portable biosensors using fluores-
cence of microalgae cells were developed to detect various xenobiotics in natural 
environments (Gosset et al. 2018; Zamora-Sequeira et al. 2019).

The fluorimetric methods used to estimate the functional activity of the photo-
synthetic apparatus of microalgae (PAM) (Nikolaou et al. 2014), fluorescence tran-
sient type, PSII quantum yields, the photochemical quenching (qP(REL)), and the 
electron transport rate per reaction center (ET0/RC) (Sun et al. 2015) make it pos-
sible to obtain data on presence or absence of OPP and interpret them as revealed 
concentrations of these xenobiotics. These methods enable rapid analysis of the 
state and process dynamics of aquatic ecosystems and have a relatively high sensi-
tivity (Brayner et al. 2011; Nikolaou et al. 2014).

The OPC has different effects on PAM of phototrophic microorganisms; 
some inhibit and some, on the contrary, cause an increase in the level of fluores-
cence (Jena et al. 2012). This is probably because some OPC in small concen-
trations can be used by microalgae and cyanobacteria cells as sources of 
nutrients, in particular phosphorus (Chen et  al. 2016). For cyanobacteria 
Microcystis wesenbergii, for example, the different concentrations of OPC can 
cause both a decrease and an increase in fluorescence, and this dependence 
changes with increasing cell cultivation time (Sun et al. 2015). Similar trends 
were observed with the use of freshwater green microalgae Pseudokirchneriella 
subcapitata and Nannochloris oculata (Martinez et al. 2015). That is why, in 
the process of creating BE, it is important to regulate such parameters as the age 
and concentration of the cells. Based on this, it is especially advisable to use 
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immobilized cells as a base of such BE (Jena et al. 2012). According to Jena 
et al. (2012) and Bhuvaneswari et al. (2018), the effect of OPP on microalgae 
and cyanobacteria using chlorophyll fluorescence analysis of the tested micro-
organisms can be most effectively studied with Chlorella vulgaris and Spirulina 
platensis cells as BE (Table 14.3).

14.3.3  Other Cell-Based Approaches to OPC Fluorescent 
Detection

Among the optical biosensors that determine OPP (Yan et al. 2018) and use cells as 
BE, the most promising ones due to the simplicity of their creation, use, high sensi-
tivity, selectivity, and fast response (Gui et al. 2017) are those based on the use of 
fluorescent protein (Rajkumar et al. 2017), which can emit a detectable signal in 
cells of genetically modified microorganism when OPP appears as an inducer of the 
protein synthesis. As a result of the metabolic activity of the microorganism, a 
change in the environment occurs, which causes electronic excitation in the exoge-
nous element and the emission of fluorescence. So, many OPC were detected using 
similar microbial fluorescent BE (Table 14.3).

“Artificial” BE based on yeast cells (Saccharomyces cerevisiae) with surface- 
displayed AChE mutants were constructed for the ultra-trace paraoxon assay with 
aggregation-caused fluorescence quenching of gold nanoclusters (AuNCs) (Liang 
and Han 2020). The electropositive thiocholine can not only bind with AuNCs by 
Au-S bond but also absorb AuNCs by the electrostatic interaction, leading to the 
aggregation of AuNCs and corresponding fluorescence quenching. Fluorescence 
analysis using such BE showed hypersensitivity to the detection of paraoxon in 
concentration 9.1 pg/l (Table 14.3). In addition, this BE was used to detect pesti-
cides in tap and seawater, sewage, and cucumber juice with recoveries in the range 
of 96.4–106.8%.

Another BE was obtained by co-displaying of organophosphorus hydrolase 
(OPH) and methylparathion hydrolase (MPH)-green fluorescent protein (GFP) 
fusion on the cell surface of Escherichia coli using the truncated ice nucleation 
protein (INPNC) and Lpp-OmpA as the anchoring motifs (Liu et  al. 2013). The 
resulting recombinant strain was capable of determining the OPP in concentrations 
up to 2 μM (0.5–0.6 mg/l). However, this BE was highly sensitive to pH change. 
Fluorescence at pH 6 decreased by 45% from the level that was determined at pH 
7.5 and almost completely disappeared at pH 4.

The BE for the detection of chlorpyrifos is known (Whangsuk et al. 2016). It 
contains Escherichia coli cells carrying a chpR expression vector and a chpA 
promoter- atsBA transcriptional fusion plasmid encoding sulfatase (atsA) and 
formylglycine- generating enzyme (atsB) from Klebsiella sp. The sulfatase is acti-
vated by formylglycine-generating enzyme and then converts 4-methylumbelliferyl 
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to the fluorescent 4-methylumbelliferone. Chlorpyrifos detection by genetic-based 
cell BE has low LOD of the pesticide 87.7 μg/l (Table 14.3).

Interesting BE was obtained by immobilization of E. coli (OPH)-expressed cells 
in photocross-linked hydrogel beads containing 40% (w/w) poly(ethylene glycol) 
diacrylate and 0.4% (w/w) 2-hydroxy-2-methylpropiophenone (Fleischauer and 
Heo 2014). The detection of paraoxon with the BE was carried out using pH- 
sensitive fluorescence dye (SNAFL, Life Technologies Co., Eugene, OR) that 
responds to photons produced from the intracellular OPH reaction with the para-
oxon. This sensor could detect the paraoxon with LOD=0.83 mg/l (Table 14.3). A 
long analysis time (more than 0.5 h) is the main disadvantage of this BE. The activ-
ity of the used entrapped cells decreased by 80% of their native OPH activity, and 
this BE cannot be reused.

Thus, it was shown that the use of fluorescent cellular BE allows the determina-
tion of various OPC with high enough sensitivity. However, these BE show serious 
flaws that limit their use in OPP detecting. In this regard, the development of new 
effective BE allowing a quick determination of OPC presence is still relevant.

14.4  Conclusion and Future Perspectives

BE for OPC analysis has come a long way from its first appearance to modern com-
mercial products. They can be combined with different methods of signal registra-
tion and contain various enzymes and cells in an immobilized and non-immobilized 
form. The most existing developments completely satisfy the requirements for sen-
sitivity in determining the OPC content in various objects (Table 14.1) and are also 
extremely easy to use for consumers. However, many researchers are striving to 
further improve OPC detection limits with the new BE. Thus, the transition to dif-
ferent nano-objects and modern nanomechanical detectors and signal converters 
(Muenchen et al. 2018, Pundir et al. 2019) can provide breakthrough achievements, 
as it was 8 years ago with the development of “reagentless” optical detection of 
AChE enzyme activity inhibitors (Febbraio et al. 2011), which became the basis for 
a large number of commercially available “strips” (test strips) for the rapid and 
simple determination of OPC (Lyagin et al. 2017). Combining enzymatic BE with 
aptasensors (Huang et al. 2019a) may be also very interesting.

Another promising approach is surface-enhanced Raman spectroscopy 
(Schlücker 2014), which can be more sensitive than other surface plasmon reso-
nance options, due to the possibility of recognizing different compounds directly 
in the test sample (without preliminary sample preparation), and which uses 
gold or silver nanoparticles (El Alami et  al. 2016). In addition, other optical 
methods that have found so far limited use, such as the Rayleigh scattering tech-
nique (Huang et al. 2019b), may find a wider application. Flow and microfluidic 
enzyme biosensors have significant potential for further development. Sure, 
they can be successfully adapted to classical chromatographic determination 
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methods, for example, with a calorimetric detector (Yuan et al. 2016), which can 
be easily replaced by some optical (luminescent) variant.

The most important among the objects for continuous monitoring of OPP are 
raw materials and products of agriculture and/or food industry, light industry 
products, water, and soil resources since OPC are widely used in many fields of 
our life and are highly toxic compounds for animals and humans (Sidhu et  al. 
2019 ) Today, biomedicine (Li et al. 2019), including strip biosensors (Bagheri 
et al. 2019) and minimally invasive transdermal detection (Mishra et al. 2017), is 
showing great interest in such BE, but so far the introduction of BE for daily OPC 
monitoring in environmental objects in practice is absent. Further development of 
the  achievements of science in this area and the cheapening of BE will make it 
possible to change the situation by spreading practical analysis of OPC.
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Biosensors for Determining Blood Glucose
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Abstract Blood glucose analysis is currently an important issue both for ordinary 
people wishing to monitor their health and for patients suffering from various dis-
eases, especially diabetes mellitus. This chapter considers nano- and microsized 
devices based on biological receptors for glucose level measurements. As attention 
is largely paid to non-invasive techniques, we also touch upon the existing glucose 
assays for other fluids of the organism that require no skin-cover integrity to be 
disturbed. We present data on the development of continuous blood glucose level 
monitoring to provide a true picture of glycemic changes over large periods of time. 
The advantages and limitations of using enzyme electrochemical biosensors for glu-
cose detection are discussed. A part of the work deals with specific features of using 
carbon and metal nanoparticles in biosensors to improve their properties. The cur-
rent fundamental research in the development of biosensors and available commer-
cial devices is also discussed.
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GOx glucose oxidase
LOD limit of detection
MPtNT one-dimensional platinum nanotubes
MWCNTs multiwalled carbon nanotubes
PQQ pyrroloquinoline quinone
PtNPs platinum nanoparticles
TTF-TCNQ tetrathiafulvalene tetracyanoquinodimethane

15.1  Introduction

According to the data by the World Health Organization, an estimated 422 million 
people in the world suffer from diabetes, and by 2030, the disease will become the 
cause of each seventh death on the planet (Global report on diabetes 2018). The 
global level of the disease has doubled over the last 35 years, from 4.7 up to 8.5%. 
In Russia, 4,498,955 patients with this diagnosis have been registered by 2018 
(Dedov et al. 2018). The causes of the disease have not been yet fully understood, 
which requires the fast and efficient quantitative determination of glucose.

There are three different types of diabetes:

 1. Type 1 diabetes usually affects the young and is a disease characterized by the 
loss of β-pancreatic cell ability to produce and secrete insulin. Approximately 
10% of diabetics have Type 1 (Rodriguez et al. 2020).

 2. Type 2 diabetes commonly affects older patients and occurs when the pancreas 
does not produce enough insulin or when the body does not use the produced 
insulin effectively. Type 2 diabetes makes up more than 90% of all cases of dia-
betes in adults, according to the Centers for Disease Control and Prevention 
(Kim et al. 2019).

 3. Sometimes gestational diabetes is singled out as the third type. It is a temporary 
condition that occurs during pregnancy and affects 2–4% of all pregnancies with 
a further increased risk of developing diabetes (Stewart 2020).

Excess of glucose in blood plasma causes a hyperglycemic state that leads to numer-
ous complications such as blindness, cardiovascular diseases, and renal failure (Lee 
et al. 2018). Due to severe medical consequences of diabetic complications, patients 
critically require continuous personal monitoring and control of blood glucose level.

Most personal sensors developed to date are based on electrochemical devices 
with an enzyme as a receptor element and are associated with invasive blood taking 
techniques. Biosensor models are developed in several major directions. As invasive 
techniques are inconvenient for the user and may cause a discomfort, patients may 
fail to observe the control of glucose level. For this reason, one of the directions of 
glucose biosensor research is associated with the development of non-invasive diag-
nostic monitoring methods (Sadana and Sadana 2015). There are numerous papers 
that are investigating a relation between the level of glucose in human blood and 
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other physiological fluids (sweat, tears, saliva) and the possibility of developing 
wearable non-invasive devices for glucose measurements. Another direction of 
research aims to improve the parameters of biosensors themselves—to enhance the 
accuracy of the assay, to preserve the activity of the receptor elements at a high level 
for a prolonged period of time. Yet another important direction is related to the 
research and development of totally autonomous self-powered devices that require 
no external power supply sources and are capable of transmitting information to the 
user wirelessly.

The chapter briefly reviews the general state of the art in electrochemical biosen-
sors for blood glucose determination. A brief history of the development of glucose 
biosensors is given, and they are compared with other standard glucose assay tech-
niques. Emphasis is made on the assessment of the possibility of continuous and 
non-invasive glucose measurements in blood and other biological fluids, as well as 
on the use of various nanomaterials as glucose biosensors’ elements.

15.2  Standard Methods of Glucose Determination 
in Clinical Laboratories

There are numerous methods that enable quantitative determination of glucose in 
the model and the organism (Galant et al. 2015; Wang and Lee 2015). The following 
trends of assay are singled out: optical (spectrophotometric, spectrofluorimetric, 
diffraction), electrochemical (amperometric, potentiometric, conductometric), 
chromatographic, titrimetric, and calorimetric. Clinical diagnostic laboratories 
mainly use enzymatic spectrophotometric and amperometric glucose determination 
methods. Outside clinical laboratories, photometric techniques with test strips are 
additionally used. Chromato-mass spectrometric procedures are frequently used to 
certify standard blood serum samples. Spectrofluorimetric, diffraction, and chro-
matographic methods are widespread in biomedical research. Such methods as non- 
enzymatic spectrophotometry and electrochemistry, titrimetric and calorimetric 
procedures, as well as a number of enzymatic spectrophotometric procedures are 
not used in most cases in modern clinical and diagnostic practice (Buzanovskii 2015).

The earliest methods of glucose detection are titrimetric. They are based on the 
ability of glucose to reduce copper salts or potassium ferricyanide at one of the 
stages of its detection. The method is not applicable for assaying glucose in biologi-
cal objects due to a high error of manual measurement (Simon et al. 1968).

More modern chromatographic methods include gas chromatography–mass 
spectrometry, which enables analyses of complex–composition mixtures 
(Gladilovich and Podolskaya 2010). This method is highly sensitive; however, the 
assays of glucose and other sugars require preliminary stages of sample preparation 
(Andreis et al. 2014) due to the extraction of initial samples and their transfer to 
sublimable forms mainly by ester formation.

A more widespread method is high-performance liquid chromatography using 
UV, fluorescence, or refraction-index detectors (Yuh et  al. 1998). The main 
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advantage of this method is the simplicity of sample preparation, because the com-
ponents to be determined are separated in an aqueous medium. For glucose detec-
tion processes, the method also requires preionization of sugars in solution by 
increasing pH of the medium.

A highly popular group of glucose detection techniques in aqueous media are 
colorimetric methods. They can be divided into non-enzymatic and enzymatic. 
Spectrophotometric enzymatic methods of glucose determination that possess an 
exceptional selectivity, fast assay rate, and sufficient accuracy are a good alternative 
for assays of manufactured foods but are insufficiently effective for blood assays 
(Moodley et al. 2015).

In recent years, most clinical measurements have been based on electrochemical 
biosensors. They contain a specific enzyme glucose oxidase (GOx) immobilized on 
the surfaces of various types of electrodes. Glucose breaks down as the result of the 
operation of the enzyme, and the amount of the formed hydrogen peroxide or con-
sumed oxygen is registered. New-generation biosensors have also emerged, which 
register the direct transfer of electrons from the active site of the enzyme, which 
catalyzes the glucose breakdown reaction, to the electrode (Yu et al. 2014).

15.3  History of the Research and Development 
of Glucose Biosensors

Over 15,000 original articles, reviews, and monographs on the development of 
enzymatic glucose biosensors have been published since 1962 up to the present. 
Initially, 40 years ago, about one article per year was published on the subject of 
biosensors; to date, their number reaches 4500 articles (Turner 2013; Olson and Bae 
2019), and the world market of (bio)sensors has grown from 5 million to 17 billion 
US dollars (Biosensors Market Report 2019–2026). These rapid growth rates are 
largely due to the colossal demand in personal analyzers, for example, glucometers. 
By the data of the World Health Organization, about 4.5 million diabetes patients in 
Russia and more than 200 thousand in Moscow need constant (no less than twice a 
day) blood glucose assays. On the other hand, interest in personified medicine as 
well as in various smart diagnostic personal devices based on biosensors is high 
today as never before. The milestones achieved in the development of commercially 
available glucose biosensors are presented in Table 15.1.

The idea of the glucose enzymatic electrode, the first-generation biosensor, was 
proposed in 1962 (Clark and Lyons 1962). The first device was based on a thin layer 
of GOx, trapped on the surface of an oxygen electrode (by means of a semi- 
transparent dialysis membrane), and monitoring the oxygen consumed in the reac-
tion presented in Fig. 15.1.

The Clark technology was subsequently passed on to Yellow Spring Instrument 
Company, which in 1975 launched the first special biosensor for glucose (the YSI 
23 analyzer) for direct measurement of glucose in 25-ml blood samples. Though it 
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Table 15.1 History of commercially available electrochemical glucose biosensors

Year Device name Company

Sample 
volume, 
μL

Measurement 
time, s Features

1973 
(re-launched 
in 1975)

YSI 23 
analyzer

Yellow 
spring 
instrument 
company, 
USA

25 Glucose enzyme 
electrode that monitors 
hydrogen peroxide, 
which occurs during 
the oxidation of 
glucose in the body 
GOx;
Fast glucose assay in 
blood samples;
High price of Pt 
electrode could be used 
exclusively in clinical 
laboratories

1987 ExacTech MediSense, 
USA

10–50 30 Second-generation 
biosensor using 
mediator electron 
transfer to the 
electrode;
The first pocket-sized 
home glucose meter

1991 Glucocard 
GT-1610

Arkray, 
Japan

5 60 Second-generation 
biosensor using 
mediator electron 
transfer to the 
electrode;
Compact, small sample 
size;
Ascorbic and uric acid 
are interfering with the 
measurements

1992 i-STAT 
portable 
clinical 
analyzer

i-STAT 
Corp., USA

65 120 Glucose is measured 
amperometrically via 
the product (H2O2) of 
the glucose oxidase 
reaction;
Measures the level Na+, 
K+, cl− и NH4

+ ions and 
glucose simultaneously

1997 Precision 
QID

Abbott, 
USA

3,5 20 Based on ExacTech 
technology, has built-in 
memory, remembers 
the last 10 patient 
results

(continued)
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Table 15.1 (continued)

Year Device name Company

Sample 
volume, 
μL

Measurement 
time, s Features

1998 OneTouch 
FastTake

LifeScan, 
Switzerland

1,5 15 LifeScan’s first 
electrochemical sensor;
Automatically drags 
the blood drop into the 
tip of the test strip on 
contact; 150 results in 
memory, automatic 
average results from 
14 days

2000 FreeStyle 
blood 
glucose 
monitoring 
system

Therasense, 
USA

0,3 15 Glucose 
dehydrogenase is used 
instead of glucose 
oxidase;
The system allows 
samples to be taken 
from multiple sites 
including the 
fingertips, forearm, 
upper arm, thigh, calf, 
and fleshy part of the 
hand;
Has PC connectivity

2001 Sof-tact MediSense, 
USA

2–3 20 Based on ExacTech 
technology;
First instrument with 
automated testing, ease 
of operation, 450 
results in memory, an 
average of 7.14 or 
28 days;
High price ($ 200 for 
the device and $ 50 for 
a set of test strips);
Limitations of this 
device include a poorer 
than predicted uptake 
of alternate site testing, 
the considerable size of 
the instrument, and the 
restriction to a single 
measurement

2001 Precision 
Xtra

Abbott, 
USA

0.6
(1.5 for 
ketones)

5
(10 for 
ketones)

First device for 
measuring glucose and 
ketones simultaneously

(continued)
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Table 15.1 (continued)

Year Device name Company

Sample 
volume, 
μL

Measurement 
time, s Features

2001 GlucoWatch Cygnus Inc., 
USA

– Up to 3 
measurements 
per hour for 
12 hours

The first wearable 
continuous glucose 
meter to measure 
extracellular fluid 
glucose;
Takes up to 3 hours to 
warm up, false alarm, 
inaccuracy, skin 
irritation and sweating, 
discontinued in 2008

2002 MiniMed Sylmar, 
USA

– Measurements 
once a minute

First commercial 
in vivo glucose 
biosensor contains an 
automated insulin 
pump;
1–2 years of work until 
replacement

2002 Accu-Chek 
advantage

Roche, 
Switzerland

3–3.5 15 Glucose 
dehydrogenase is used 
instead of glucose 
oxidase;
Features 17 test strips 
in a single drum that is 
fully integrated into the 
meter, which avoids 
the need for handling 
of individual strips;
Automatic selection 
and removal of test 
strips at the touch of a 
button

2003 Ascensia 
contour

Bayer, 
Germany

0.6 5 Glucose 
dehydrogenase is used 
instead of glucose 
oxidase;
Needs no coding;
Device was calibrated 
by plasma, in which 
the concentration of 
sugar is 11% higher 
than in blood

2006 STS 
continuous 
glucose 
monitoring 
system

Dexcom, 
USA

– – Second FDA-approved 
continuous glucose 
monitoring system;
Can be used within 
3 days before 
replacement

(continued)
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was not the first commercial device for glucose measurement. Slightly earlier, in the 
late 1960s, the Ames Reflectance Meter (ARM) was developed, which combined 
Dextrostix dry test strips with photometry for measuring glucose in blood. Several 
more devices based on reflectance measurements and standard test strips, such as 
Reflomat (Boehringer Mannheim, Germany) and Eyetone (Arkray, Japan), were 
launched on the market in the early 1970s (Clarke and Foster 2012). These devices 
were successfully used in hospitals for a decade; still, most commercial devices for 
personified measurements of blood glucose levels are based on the ideas of Clark 
and Lyons. In 1973, Guilbault and Lubrano (1973) described an enzyme electrode 

Table 15.1 (continued)

Year Device name Company

Sample 
volume, 
μL

Measurement 
time, s Features

2009 Countour 
USB

Bayer, 
Germany

– – The first and only 
blood glucose monitor 
that plugs directly into 
a computer, providing 
instant access to 
software that can help 
optimize diabetes 
management by 
analyzing blood 
glucose readings

2009 DIDGET Bayer, 
Germany

– – The first device for 
children with diabetes, 
integrated with a game 
console

2011 AgaMatrix 
nugget + 
iBGStar app

Sanofi 
Aventis, 
France

– – The first meter 
combined with a 
mobile application for 
the iPhone

2015 G4 platinum 
CGM system

Dexcom, 
USA

– – First FDA-approved 
glucose monitoring 
mobile app

2016 – For 
use in clinics 
(2017 – For 
personal use)

FreeStyle 
libre

Abbott, 
USA

– – First CGM that does 
not require calibration 
with fingerstick 
measurement;
Can be worn up to 
10 days without 
replacement (up to 
14 days with the pro 
version);
12 hours of warm-up 
before measurements 
in the first version of 
the device (then 
reduced to 1 h)
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for determination of glucose in blood based on the amperometric monitoring of 
oxygen peroxide released in the glucose oxidase-catalyzed reaction:

 H O O H e2 2 2 2 2→ + ++ −

 

Updike and Higgs, in 1967, first successfully immobilized GOx in polyacrylamide 
gel, which enabled stabilizing the enzyme and simplifying measurements by the 
biosensor in biological fluids (Updike and Hicks 1967a, b). Since then, numerous 
variants of enzyme-based electrochemical sensors, differing by the design of the 
electrode, material of the membrane, or method of immobilization, have been 
described in the literature. It is also worth noting that not only GOx but also other 

Fig. 15.1 The biochemical reaction underlying the first-, second-, and third-generation electro-
chemical glucose biosensors
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enzymes, for example, glucose dehydrogenase (GDH), can be used as a biological 
element:

 
glucose NAD P glucono lactone NAD P H H

GDH

+ ( ) → − − + ( ) +
+ +1 5,

 

Further improvements were related to the replacement of oxygen as a natural elec-
tron acceptor for a synthetic mediator. They laid the foundation of second- generation 
biosensors (Liu and Wang 2001). GOx is not capable of directly transferring elec-
trons to the surface of traditional electrodes, because the FAD redox center is 
enclosed by a thick protein layer, and this blocks the direct transfer of electrons. 
Therefore, the use of a non-physiological electron acceptor for electron transfer and 
for solving the problem of oxygen deficit is the main approach in this generation of 
sensors. Mediators in these biosensors should oxidize the enzyme complex faster 
than oxygen, be insoluble and non-toxic. First- and second-generation biosensors 
have a number of drawbacks. Their commercial implementations are invasive or 
semi-invasive and require reference calibration; also, they are not able to serve as a 
part of an autonomous glucose-concentration regulation system (Hovorka 2006).

Third-generation biosensors are reagentless and are based on the direct transfer 
between the enzyme and the electrode without mediators. To provide for the direct 
transfer of electrons to the electrode, organic conducting materials can be used 
instead of mediators with high toxicity (Guo and Li 2010). Nevertheless, only a few 
enzymes, including peroxidases, demonstrate the direct transfer of electrons on the 
surface of standard electrodes (Teng et al. 2009). Providing for the direct transfer 
from other enzymes requires additional modification of electrodes (e.g., by nano-
materials, conducting gels). In particular, conducting organic compounds, such as 
tetrathiafulvalene tetracyanoquinodimethane (TTF-TCNQ), are capable of being 
carriers both for PQQ-dependent GDH and for GOx (Yoo and Lee 2010). For this 
reason, third-generation glucose biosensors possess a greater potential for creating 
needle-type implantable devices for continuous monitoring of blood glucose level.

Today, biosensor devices successfully compete with traditional methods rou-
tinely used in clinical diagnostics and assuming the use of expensive equipment, 
special premises, and qualified personnel. The development strategy of bioanalyti-
cal assay methods is shifted toward conducting the initial examination outside the 
healthcare facility within the framework of personified medicine approach. Research 
is aimed at the development and fabrication of inexpensive, sensitive, selective, and 
handy devices, convenient for an unsophisticated user.

15.4  Application of nanomaterials in Glucose Biosensors

The characteristics of glucose biosensors are often improved by nanomaterials 
(Fig. 15.2). They can be used to enhance the catalytic properties of electrodes by 
increasing the sensor surface area, to change the physical parameters of the 
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electrode (flexibility, elasticity, strength, etc.), and to enable the development of 
nanosized sensors (Cash and Clark 2010). Such nanomaterials as carbon nanotubes 
(Cosnier et al. 2014; Reshetilov et al. 2019), graphene (Karimi et al. 2015), electro-
formed nanofibers (Sapountzi et al. 2017), gold nanoparticles (Zhou et al. 2020), 
and quantum dots (Wang et al. 2018) are included into biosensors to increase their 
sensitivity, response time, and limit of detection (LOD) (Noah and Ndangili 2019). 
Such biosensors can be used to measure glucose both in vitro and in vivo (Taguchi 
et al. 2014).

Graphene and carbon nanotubes are used the most often among carbon nanoma-
terials (Zhu et al. 2012). Application of carbon nanomaterials enables reducing the 
resistance of charge transfer from enzyme’s active site to the electrode surface, 
owing to which the biosensor signal, its sensitivity, and operation speed increase.

Valentini et al. (2013) used the one-stage application of polypyrrole film with 
GOx by electrophoresis to a gold microelectrode coated with single-walled carbon 
nanotubes. The linear range of concentrations was 4 up to 100 M, which covers the 
range of hypo- and hyperglycemia.

Tang et al. (2014) applied multiwalled carbon nanotubes (MWCNTs) in a com-
posite with chitosan and polythionine. Owing to the use of conductive wires from 
MWCNTs, the authors achieved a higher amperometric signal and an LOD of 
5 μM. The biosensor response time was a mere 15 s; the linear detection range, 0.04 
to 2.5 mM.

Kang et al. (2009) were the first to develop in their work a glucose biosensor 
based on graphene and chitosan by fixing the mixture on a glassy carbon electrode. 
Their biosensor had an LOD of 20  μM and a linear range from 80  μM up to 
12 mM. Alwarappan et al. (2010) used polypyrrole instead of chitosan; polypyrrole 
incapsulated nanolayers of graphene and GOx and was sedimented on the glassy 
carbon electrode. Their biosensor was capable of detecting glucose with an LOD of 
3 μM and detection linear range of 3 to 40 μM. Sometimes investigators do not use 
pure graphene but the one modified with additional nanoparticles. In particular, 

Fig. 15.2 Changes in the characteristics of electrochemical glucose biosensors when using 
nanomaterials
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Norouzi et al. (2011) in their work used a nanographene support alloyed with zinc 
oxide nanoparticles immobilized in GOx. Their biosensors showed a high sensitiv-
ity to glucose with an LOD of 0.02 μM and linear range of 0.1 to 20 μM. Another 
biosensor based on graphene and metal nanoparticles was developed by Rafighi 
et al. (2016). They sedimented a thin layer of GOx on the surface of a composite 
from graphene, polyethyleneimine, and gold particles (GNS-PEI-AuNPs). Their 
biosensor was found to have a lower LOD (0.32 μM) and a broader linear range 
(1–100 μM) than biosensors without nanoparticle modification (Alwarappan et al. 
2010). In another study, Gupta et al. (2017) used graphene quantum dots, which are 
zero-dimensional materials with quantum confinement and edge site effects. The 
developed GOx–GQD biosensor responded efficiently and linearly to the presence 
of glucose over concentrations ranging between 10 μM and 3 mM with an LOD of 
1.35 μM.

Metal nanoparticles, as we mentioned above, are also used to improve biosen-
sors’ parameters (Nenkova et  al. 2017; Lee et  al. 2019). For instance, dissolved 
suspensions of nanoparticles are applied to detect glucose by electrochemical and 
optical methods (Taguchi et al. 2014).

In a study, Rassas et  al. (2019) used gold nanoparticles as glucose biosensor 
components. A polyelectrolyte complex from chitosan–kappa-carrageenan coated 
with AuNP was used to immobilize GOx on the surface of a gold electrode. The 
obtained biosensor possessed a good reproducibility and stability with an LOD of 
5 μM and a linear detection range of 10 μM to 7 mM. Silver nanoparticles were used 
by Hsu et al. (2011) as a matrix for immobilization of GOx. A graphite electrode 
coated with a complex of nanoparticles, GOx, nafion, and chitosan provided for a 
linear detection range of 0.5 to 6 mM. Zhang et al. (2015) reported the use of mag-
netic Fe3O4 nanoparticles for the purpose of enhanced enzyme immobilization, 
electrochemical activity, and additional magnetic properties. The LOD of glucose 
for the biosensor was 16 μM; the linear range, from 16 μM up to 26 mM.

One more form of nanoparticles used as a component of biosensors for glucose 
assays includes platinum nanoparticles (PtNPs). Liu et al. (2013) developed a bio-
sensor based on PtNPs synthesized on the surface of the eggshell membrane and 
GOx; the biosensor was capable of detecting glucose within the linear range of 
10–225 μM in blood serum samples with recoveries between 93.6 and 102.8%. 
Yang et al. (2017) also developed an amperometric biosensor from one-dimensional 
platinum nanotubes (MPtNT) for glucose assays. The LOD of the MPtNT-based 
biosensor is calculated to be 0.2 μM; the linear range, from 0.025 to 2.20 mM.

As can be seen from the above discussion, in recent years investigators have 
frequently combined various types of nanomaterials to obtain the best possible bio-
sensor parameters. On the whole, nanotechnologies contributed to improving the 
sensitivity and linear ranges of detection of various glucose biosensors to sufficient 
levels for continuous monitoring of glucose in blood both in healthcare facilities 
and under conditions of home use.
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15.5  Continuous Monitoring of Glucose

Continuous monitoring of glucose is based on the measurement of glucose concen-
tration not less than each 5 min for a prolonged period of time (more than 24 h). 
Continuous monitoring provides a more detailed information on the character and 
tendencies of glucose-level change and makes it possible to identify periods of noc-
turnal hypoglycemias and postprandial hyperglycemias, to adjust sugar-reducing 
therapy, and to introduce changes to the diet and physical-activity schedule. 
Continuous monitoring of the glucose level in blood ex  vivo was proposed by 
Albisser et al. in 1974, and in 1982, a system for in vivo monitoring was developed 
(Shichiri et al. 1982). At present, two types of continuous glucose monitoring sys-
tems are used: continuous subcutaneous glucose monitoring and continuous moni-
toring of glucose in blood. Still, due to a possible contamination of the electrode 
with proteins, a risk of thromboembolism, and coagulation factors, most of these 
systems do not measure blood glucose directly. For this reason, subcutaneously 
implantable needle-type electrodes were developed to measure the concentration of 
glucose in extracellular fluid (Yoo and Lee 2010). Extracellular fluid contains glu-
cose at a concentration similar to that in blood (McGarraugh 2009). Sensors for 
glucose concentration measurements in extracellular fluid use either subcutaneous 
microdialysis probes or microneedles (Lucarelli et  al. 2012; Corrie et  al. 2015); 
microneedles are more popular and are used on the market more often. These 
devices continuously monitor glucose levels, and using the trackable glucose pro-
file, automatically inject insulin at hyperglycemic peaks and glucagon at hypogly-
cemic troughs. A low concentration of O2 (required for operation of GOx) in 
extracellular fluid causes problems with long-time stability of the biosensor. The 
problems were overcome by using a special membrane for modulating the inflow of 
glucose and uptake of O2. Based on this technology, a device named GlucoWatch 
was developed (Cygnus, Inc., USA). Its operation, however, was fraught with some 
problems: application of an electric field caused skin irritations, and additional cali-
brations were necessary using blood tests with fingerprick, and the measurement 
accuracy was disturbed by patient sweating (Vashist 2012). On top of that, 
GlucoWatch could not monitor glucose in short periods of time, because glucose 
was extracted and measured at different times. For this reason, the device was dis-
continued soon after its launch in 2002, and in 3  years after that the company 
closed down.

The first needle-type enzyme electrode for subcutaneous implantation was 
described by Shichiri et al. (1982). The first commercial needle-type glucose bio-
sensor began to be sold by Minimed (Sylmar, CA, USA). Nevertheless, it did not 
provide real-time data, and the results of every 72-h monitoring should be obtained 
via a technician (Gross et al. 2000). Later, its analogues appeared: SEVEN and G4 
Platinum of Dexcom (San-Diego, CA, USA), iPro2 of Medtronic MiniMed (Dublin, 
Ireland), Freestyle Navigator and Libre of Abbott (Abbott Peak, Illinois, USA). 
These devices display updated concentrations of glucose in real-time mode 
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approximately each 3–5 min. The sensor is disposable and can be used from 3 to 14 
days (Boscari et al. 2018; Dungan and Verma 2018).

Thus, the continuous glucose monitoring systems are convenient for outpatient, 
inpatient, and home use. At present, investigators test novel types of continuous 
glucose monitoring systems and try to overcome the shortcomings of the existing 
devices (Sola-Gazagnes et al. 2019). This technology is a step forward on the way 
to creating implantable devices for automated human health monitoring, for exam-
ple, artificial pancreas, which can simulate the natural insulin control process in the 
organism.

15.6  Non-invasive Methods of Glucose Analysis

As we mentioned above, invasive methods of research are inconvenient for the end 
user; for this reason, many investigators have focused on the development of non- 
invasive glucose monitoring sensors. The first developed non-invasive sensors were 
based on optical methods of analysis (Oliver et al. 2009) and measured the change 
of the physical properties of light in extracellular fluid or in the ocular anterior 
chamber. Nevertheless, to date those developments have not found broad commer-
cial application.

Many investigations focus on the search for a relation between glucose levels in 
blood and in other biological fluids that require no invasive sampling, such as tears, 
saliva, and sweat (Corrie et al. 2015). Glucose sensors in the form of contact lenses 
were developed for monitoring glucose levels in lacrimal fluid (Chu et al. 2011; Yao 
et al. 2011). The essence of the method is that an electrochemical sensor with immo-
bilized GOx is screen-printed on the plastic surface of the lens. The sensors demon-
strated a high signal speed, high sensitivity to glucose, and a good reproducibility 
within the range of low concentrations of glucose. However, it is necessary still to 
overcome such problems as a more efficient suppression of interference, total bio-
compatibility for wearable contact lenses, and integration of sensors with readout 
and communication chains.

Saliva is yet another attractive object of research, because its samples are easy to 
obtain. Besides, simultaneously with glucose level measurements, one can have 
information on other significant compounds, such as lactate or cholesterol. Still, 
accurate measurement of glucose concentration can be prevented by the occurrence 
of various postprandial impurities in saliva. As a rule, the assessment of glucose in 
saliva requires it to be filtered to discard large biomolecules. Such sensors can be 
incorporated into, for example, mouthguards (Kim et al. 2014). In Arakawa et al. 
(2016), a system of a platinum electrode coated with a GOx membrane and an Ag/
AgCl electrode was incorporated into plastic mouthguards to measure the level of 
glucose in artificial saliva for 5 h. However, contact lenses and mouthguards are 
inconvenient for long-term use due to their unfavorable impact on the eyes and 
mouth cavity. Besides, the volume of these biological fluids is limited, which does 
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not make it possible to use them for continuous monitoring of glucose levels in the 
organism.

The use of sweat is promising in this respect. Sweat glands are distributed all 
over the body, and the level of glucose in sweat changes rapidly enough to reflect 
the physiological conditions in the main part of the body (Sakaguchi et al. 2013). 
Various sorts of sensors have been developed for convenient glucose-level monitor-
ing in sweat during training. Wearable wristbands (Gao et al. 2016) and disposable 
sensors (Lee et al. 2017) can continuously monitor glucose level changes in sweat, 
remaining attached to the skin for long periods of time. Such devices offer a simple 
monitoring of the level of glucose in sweat, because the fluid’s capillary channel in 
the sensing strip efficiently adsorbs sweat. Devices in the form of plasters have also 
been developed (Cho et  al. 2017); they include not only a biosensor but also an 
enzyme fuel cell to feed the entire device at the expense of the endogenous sub-
strates of the organism. The fully integrated and self-powered smartwatch for con-
tinuous sweat glucose monitoring is an even more complex device (Zhao et  al. 
2019). It includes a GOx-based biosensor, a signal processor, and a display to output 
information about the level of glucose.

Depending on the sweat generation conditions, its parameters, such as tempera-
ture and acidity, may vary, which has a negative effect on measurement accuracy. 
For instance, during physical exercises, the pH of sweat drops down from 6.3 to 4–5 
depending on the amount of lactic acid released, and the temperature of sweat 
directly depends on ambient temperature (Jadoon et al. 2015). To eliminate distor-
tions, temperature and pH sensors are integrated with glucose sensors, which 
increases the accuracy of glucose monitoring by providing corrections based on 
precalibrated data. A temperature increase leads to enhance bioreceptor’s enzymatic 
activity and to overrate the readings of the device. For a more accurate assessment 
of glucose in blood via sweat, it is necessary to introduce individual correlation 
coefficients for glucose concentrations for each person under different measurement 
conditions (Lee et al. 2017). Besides, under ordinary conditions sweat is not released 
by itself in amounts required for measurements. Its release should be stimulated by 
either physical exercises or by additional chemical agents, which can be inconve-
nient or unrealizable for many potential users. Also, the section of skin in the vicin-
ity of the biosensor requires to be cleaned periodically, because residual glucose and 
exogenous contaminants may negatively affect the measurement accuracy.

15.7  Conclusion

Over the almost 60 recent years since the development of the first glucose-assay 
biosensor, significant changes have occurred both in the requirements to these 
devices and the technology of their production. The newest achievements in the 
fields of medicine, biotechnology, chemistry, physics, and cybernetics are used to 
create modern glucose monitoring devices. Various sorts of nanomaterials and 
nanoparticles that enable increasing the sensors’ sensitivity and enhancing their 

15 Nano- and Microelectrochemical Biosensors for Determining Blood Glucose



280

long-term stability are combined in the receptor element of the biosensor. Biosensor 
supports from flexible polymer materials enable continuous monitoring of glucose 
by means of wearable devices with wireless data transfer. Non-invasive methods are 
potentially more in demand but are still less accurate as compared with direct blood 
glucose monitoring methods and often require individual adjustments for each 
patient. As the number of diabetics constantly increases, and there is no efficient 
treatment yet, the demand for glucose monitoring systems shall remain invariably 
high. The most important tasks for investigators in the near future are to increase the 
biosensor’s lifetime and to overcome the physical/physiological factors that affect 
the accurate registration of glucose concentration in the human organism.
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Chapter 16
Microstructured Electrochemical SMBG 
Biosensor Chip Design Development 
for Sustainable Mass Production Based 
on the Strategic Platform Patent Map

Hideaki Nakamura

Abstract An environmentally and user-friendly biosensor chip design for self- 
monitoring of blood glucose (SMBG) is a basic need. Moreover, the biosensor chip 
design is required for sustainable mass production. In order to satisfy this require-
ment, the streamlined manufacturing of biosensor chips is required. This chapter 
presents representative examples of the platform patents registered for future sus-
tainable mass production of the electrochemical SMBG biosensor chips which were 
designed to satisfy the abovementioned requirements. Furthermore, for user- 
friendly, several examples of needle-integrated biosensor chip designs are explained 
as parts of distinctive platform designs. As new analytical tools applying unique 
capillary actions, examples of biosensor array chips are also explained.

Keywords Platform patent map · Sustainable designs · Electrochemical SMBG 
biosensor chip · Minimally invasive · Array chip · Environmentally-friendly · 
User-friendly
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16.1  Introduction

The demand for biosensor chips is increasing year after year (Bahadır and Sezginturk 
2015), especially widespread are self-monitoring of blood glucose (SMBG) biosen-
sors for clinical use in diabetes (Yoo and Lee 2010). The World Health Organization 
(WHO) reported that the number of people with diabetes has risen from 108 million 
in 1980 to 422 million in 2014 (WHO 2018). WHO projects that diabetes will be the 
seventh leading cause of death in 2030 (Mathers and Loncar 2006). Such a demand 
for biosensor chips will further increase toward the realization of personalized med-
icine (Turner 2017) and healthcare (Sekretaryova et al. 2016; Nakamura 2018).

Since the first biosensor was invented by Updike and Hicks (1967), development 
for SMBG biosensors has spread worldwide (Nakamura and Karube 2003). The 
development of SMBG biosensor chips for practical use has been divided into two 
types, i.e., optical systems and electrochemical systems. In this chapter, the history 
of the development of the electrochemical biosensor chip is described as follows.

In 2003, various types of SMBG biosensors were already on the market in Japan. 
Table  16.1 shows the characteristics of the practical SMBG biosensors which 
included two types as electrochemical and optical systems. In the electrochemical 
SMBG biosensor, glucose oxidase (GOD) or glucose dehydrogenase (GDH) was 
used. Most of these SMBG biosensors require three steps, setting up a biosensor 
chip to a measurement device, blood sampling using a lancet (needle), and auto-
matic measurement by the introduction of a blood sample to the biosensor chip. 
Only GlucoWatch, produced by Cygnus Co. (USA), had a different system that 
applied reverse iontophoresis for sampling through intact skin. The electrochemical 
SMBG biosensors that should be noted here are rationally designed biosensor chip 
which was manufactured by Matsushita Kotobuki Co. (Japan) and minimally inva-
sive designed biosensor chip which was manufactured by Therasense Co. (USA). 
By this product, the sample volume was drastically reduced from 30 to 0.3 μL. The 
reduction techniques of sample volume are described later.

Each company must carefully handle whether it will obtain a patent for intellec-
tual property (IP) associated with the product (Sherkow 2016). At that time, various 
types of SMBG biosensors as described above were already commercialized. Some 
of these technologies were publicized by patent applications, and these are intro-
duced as notable inventions in the next section.

16.2  Technological Backgrounds in Notable Inventions

In the present section, the technological backgrounds that led to the mass produc-
tion of electrochemical SMBG biosensor chips are described. Table 16.2 shows the 
features of the first literature about the biosensor and subsequent notable patents for 
the production of electrochemical sensor chips.
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16.2.1  Inventions of the First Biosensor

The first biosensor known as an enzyme electrode was invented for the measure-
ment of glucose by Updike and Hicks (1967). The enzyme electrode was fabricated 
using a Clark-type dissolved oxygen (DO) electrode. A gel immobilized enzyme, 
GOD was put onto the surface of the DO electrode. By utilizing the specificity of 
GOD catalysis reaction to glucose, the glucose concentration in biological solutions 
and in the tissues in vitro was successfully determined. This technique became the 
basis for the development of electrochemical SMBG biosensor chips. The technolo-
gies required for mass production of sensors are shown below.

Realization of

• Disposable sensor chip and storage stability of loading reagents.
• Glucose measurement that does not rely on blood oxygen.

Table 16.1 Practical SMBG biosensors in 2003 (Nakamura and Karube 2003)

Sold in 
Japan Product Maker Country Principle

Biosensor 
chip Centesis

Sample 
volume 
(μL)

Measurment

time 
(sec)

range 
(mg 
dL−1)

1997.3 Medisafe 
reader

Terumo Japan CM GOD- 
POD, color 
coupler

Finger 4 18 20–600

1998.1 Precision 
QID

Abbott lab USA EM GOD, 
mediator

Finger 3.5 20 20–600

1998.5 NovoAssist 
plus

Lifescan USA CM GOD- 
POD, color 
coupler

Finger 10 30 0–500

2000.4 Dexter Z II Bayer USA EM GOD, 
mediator

Finger 3 30 10–600

2000.4 Glucocard 
diameter α

Matsushita 
Kotobuki

Japan EM GOD, 
mediator

Finger 2 15 20–600

2001.4 Sof-tact Abbott lab USA EM GDH, 
mediator

Arm etc 3 20 30–450

2002.3 Free style Therasense USA EM Enzyme Arm etc 0.3 ca.15 20–500

2002.4 
(USA)

GlucoWatch 
biographer

Cygnus USA EM GOD Arm Slight – 40–400

2002.6 Medisafe 
EZ Voice

Terumo Japan CM GOD- 
POD, color 
coupler

Finger 4 18 20–600

2002.7 Accucheck 
active

Roche 
diagnostic

Germany CM GDH, 
mediator, 
color 
coupler

Arm etc 2 5 10–600

2003.1 OneTouch 
ultra

Lifescan USA CM Enzyme Arm etc 1 5 20–600

CM Colorimetriy, EM Electrochemical method
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Table 16.2 Features of notable inventions that led to the mass-production technology of 
electrochemical SMBG biosensor chips

Publication
Inventor 
(Author)

Assignee 
(Affiliation) Title of invention Feature

Year Number
1967 Nature (Updike SJ, 

Hicks GP)
(University 
of 
Wisconsin)

The enzyme 
electrode

DO electrode, 
glucose 
sensor

1972 JPS47500 Rogers RW Miles Detector of 
specific chemical 
substance

Disposable 
sensor, dry 
reagent

1973 JPS4837187 
(US3838033A)a

Mindt W, 
Racine P, 
Schlapfer P

Roche Enzyme electrode Enzyme, 
mediator

1977 JPS52142584 
(US4053381A)

Bata Greer 
CJ, Chilian 
J, Daniel DS 
et al.

Kodak Ion selective 
electrode

Disposable 
sensor

1979 JPS5450396 
(US4224125A)

Nakamura 
K, Nankai 
S, Iijima T, 
Fukuda M

Matsushita Enzyme electrode Enzyme, 
mediator

1981 JPS5679242 
(US4301412A)

Hill JR, 
Meyer AE

United Liquid 
conductivity 
measurement 
system and its 
sample card

Capillary

1986 JPS61502419 
(US4810658A)

Shanks IA, 
Smith AM, 
Nylander CI

Unilever Specific reactive 
sample collection 
and test device and 
method for 
producing the 
same

Capillary, 
spacer

1989 JPH01291153 
(US5120420A)

Nankai S, 
Kawaguri 
M, Fujita M, 
Iijima T

Matsushita Biosensor Basic 
structure, 
sample inlet 
port, 
multi- 
detection 
sensor

1991 JPH03202764 Kawaguri 
M, Ohtani 
M, Nankai S

Matsushita Biosensor and 
manufacturing 
method thereof

Basic 
structure, 
blood cell and 
protain 
filtration 
membrane

(continued)
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• Sample uptake at less volume.
• Elimination of interfering substances.
• Effective electrochemical reaction.
• Reduction of sample volume.
• Calibration-free biosensor chip.

They were required for mass production of the electrochemical SMBG biosensor 
chips. The present section describes how these requirements by any technological 
backgrounds as notable inventions were being met.

16.2.2  Inventions of Disposable Sensor Chips and Dry 
Reagents

In 1972 (JPS47500), ideas for a detector of specific chemical substances using a 
disposable sensor chip and dry reagents were publicized by Miles Co. As an exam-
ple, a pattern of the two-electrode system was made by the printing of metal thin 
film onto the surface of a ceramic substrate. A terminal of the small electrode chip 
to a connector was formed at the opposite of the electrochemical detector part. The 

Table 16.2 (continued)

Publication
Inventor 
(Author)

Assignee 
(Affiliation) Title of invention Feature

1995 JPH07248306 Toyama T, 
Karube I

Casio, 
Karube I

Biosensor Porous 
spacer, 
face-to-face 
electrode 
(FFE) 
structure

1996 JPH08285814 Toyama T Casio Biosensor FFE structure, 
sample-inlet 
port, bead 
spacer

1997 JPH09264870 Toyama T Casio Biosensor FFE structure, 
sample-inlet 
port, bead 
spacer

2000 (US6071391A) Gotoh M, 
Mure H, 
Shirakawa 
H

NOK Enzyme electrode 
structure

FFE structure, 
sample-inlet 
port, adhesive 
spacer

2001 WO2001033216 Liamos CT, 
Feldman BJ, 
Krishnan R, 
et al.

Therasense Small volume 
in vitro analyte 
sensor and related

FFE structure, 
sample-inlet 
port, thin 
spacer

aUSP registration number
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electrode chip was easy to make, remove from the measurement device, and discard 
after use.

As another feature, the biosensor chip was coated with semipermeable mem-
brane immobilized reagents which were able to detect specific chemical substances. 
By the invention, the biosensor chip was enabled to stock under the dry condition 
and use it without any preparation for the measurement. This small electrode chip 
employed metal as the electrode material. For biosensor, GOD can be immobilized 
on the chip as a dry reagent, and hydrogen peroxide (H2O2) generated by catalyzing 
glucose can be measured through the metal electrodes.

Another disposable sensor chip, Kodak Co. also publicized an ion-selective elec-
trode in 1977 (JPS52142584); therefore, the ion-selective electrode was used not 
only as a chemical sensor but also as a biosensor by immobilization of enzyme.

16.2.3  Limitation of Glucose Biosensor Chip Based on H2O2 
Detection

The concentration of oxygen containing in the whole blood is around 20 mL dL−1 
(WHO 2002). However, oxygen containing in the blood plasma is used for the glu-
cose measurement and the concentration is only 0.3 mL dL−1 (as a value of oxygen 
partial pressure: pO2). In addition, this oxygen concentration is calculated as 
0.13 mmol L−1 for molar concentration and 4.3 mg O2 L−1 for mass concentration. 
For reference, the oxygen concentration in pure water is 8.84 mg O2 L−1 (1 atm at 
20 °C) for mass concentration. It can be seen that the oxygen in the plasma contains 
only about half of the pure water.

On the other hand, blood glucose levels of a healthy person change before and 
after meals, and the blood glucose levels are approximately 70–100 mg dL−1 with-
out taking a meal (fasting blood sugar) (WHO 1999). Diabetes is diagnosed when 
the fasting blood glucose concentration is above 126 mg dL−1 (7 mmol L−1) or blood 
glucose concentration after eating (blood glucose at any time) is above 200  mg 
dL−1. Blood glucose concentrations for preventing disease complications are based 
on fasting blood glucose concentrations of less than 130 mg dL−1 and blood glucose 
concentrations less than 180 mg dL−1 at 2 hours after meals. On the other hand, 
warning symptom appears due to autonomic nerve reaction (attempts to increase 
blood glucose levels) when blood glucose concentrations fall below 70 mg dL−1. 
The hypoglycemic symptom occurs when the brain is in a glucose-deficient state 
and appears when the blood glucose concentration is less than 50 mg dL−1. Therefore, 
the SMBG biosensor chip is required to determine the wide linear range of glucose 
concentration.

When hydrogen peroxide is employed as an indication for electrochemical glu-
cose measurement, the same molar DO with glucose is required. For example, to 
determine 180 mg dL−1 blood glucose accurately, over 10 mmol L−1 DO is suitable 
for the measurement. However, oxygen in whole blood is only enabled to dissolve 
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0.13 mmol L−1 in the plasma as mentioned above. This was the technological limita-
tion in the electrochemical SMBG biosensor chip development basing on the hydro-
gen peroxide detection. As a result, the response to glucose tends to saturate on the 
high concentration side, so that the linear range of the calibration curve tends to 
narrow. In addition, for the practical development of the electrochemical SMBG 
biosensor chip, responses to blood glucose must be in a safety zone (zone A) of the 
Clarke Error Grid Analysis (Clarke et al. 1987).

16.2.4  Inventions of Electrochemical Mediator Methods 
for Biosensor Chip

Under such technological backgrounds, there has been a strong demand for glucose 
measurement that does not rely on blood oxygen. Then, Roche Co. publicized an 
enzyme electrode employing an electrochemical mediator in 1973 (JPS4837187). 
The enzyme electrode chip was fixed enzyme and electrochemical mediator into the 
semipermeable membrane. Subsequently, in 1979 (JPS5450396), Matsushita Co. 
publicized an enzyme electrode which was co-immobilized both enzyme and medi-
ator to the polymer to prevent leakage of a mediator.

In general, electrochemical mediator enables to make a calibration curve at a 
wide-linear range of analyte concentration due to its high solubility to the water- 
soluble sample. For example, potassium ferricyanide is widely used in the glucose 
biosensor as an electrochemical mediator and the solubility to water is 46 g dL−1 
(140 mmol L−1). The solubility of the electrochemical mediator to water is much 
higher than that of DO. Thus, the electrochemical mediator method has become one 
of the indispensable technologies for the practical application of the electrochemi-
cal SMBG biosensor.

On the other hand, these enzyme electrode chips had to be dipped in the sample 
solution at the measurement. However, blood collection is required every time for 
blood glucose measurement. Therefore, to reduce the sample volume was one of the 
issues to be solved for practical use of the electrochemical SMBG biosensor.

16.2.5  Inventions of Chip Designs Employing Capillary Action

To reduce the sample volume, United Co. publicized a groundbreaking idea apply-
ing capillary action in 1981 (JPS5679242). They developed a liquid conductivity 
measurement system and its sensor chip. The sensor chip equipped an electrochemi-
cal reaction cell with electrodes placed in a semicircular narrow channel as a 
sample- feeding pass, and the sample solution was spontaneously pulling from a 
sample-inlet port into the cell by the capillary action. To realize the capillary action 
in the sensor chip, an air-discharge port was also made. As a result, this sensor chip 

16 Microstructured Electrochemical SMBG Biosensor Chip Design Development…



292

did not need to dip the detection part into the sample solution. In addition, the 
sample volume requiring the measurement was spontaneously and accurately taken 
into the electrochemical reaction cell by the capillary action and was drastically 
reduced.

On the other hand, Unilever Co. in 1986 publicized different sensor chip designs 
employing capillary action which act by walls in only three directions (JPS61502419). 
To realize the sensor chip design, they employed for the first time a spacer plate to 
sandwich between the electrode substrate and the cover plate. In general, the capil-
lary action has a strong impression that the liquid is drawn into the narrow tube so 
that the entire inner wall surface of the capillary is swollen. However, if there are 
plural or curved wall surfaces on which the surface tension of the liquid acts, the 
liquid has a property of being drawn into the inside. Thus, they employed the physi-
cal property of the liquid sample to the sensor chip design.

Subsequently, Matsushita Co. in 1989 publicized the rational design of a biosen-
sor chip applying the capillary action for mass production (JPH01291153). The 
biosensor chip is fabricated by stacking three plates, i.e., a cover plate, a spacer 
plate, and an electrode substrate, and had a sample-inlet port, a sample-feeding 
path, and an air-discharge port. The electrochemical reaction cell was formed in a 
part of the sample-feeding path. A similar design was commercialized (Table 16.1). 
In this chip design, to apply a multi-detection system was also claimed.

16.2.6  Inventions of Chip Designs Eliminating Interference 
Substances

Matsushita Co. further developed an electrochemical SMBG biosensor chip employ-
ing blood cell and protein filtration membranes (JPH03202764, 1991). The mem-
brane coated on the electrode surfaces. In electrochemical measurement, the 
influences of both blood cells and protein containing in whole blood on the signal 
were one of the problems in the development of the electrochemical SMBG biosen-
sor chips. To solve the problem, Casio Co. also developed several types of electro-
chemical biosensor chips (JPH07248306, 1995). They employed a porous spacer to 
eliminate both blood cells and proteins contained in the whole blood. Thus, it can be 
considered that these biosensor chips applied capillary action to remove blood 
components.

16.2.7  Inventions of Chip Designs Enhancing Electrochemical 
Reaction

In addition, Casio Co. carried out the impressive invention in the electrochemical 
SMBG biosensor chip design which was a face-to-face electrode (FFE) structure. 
The FFE structure enabled to enhance the efficiency of the electrochemical reaction 
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and to reduce sample volume by reducing the thickness of the spacer. In the case of 
Matsushita Co., they employed a plate and two adhesive layers as the spacer 
(JPH01291153). However, the adhesive layers could cause the thickness of the 
spacer to vary.

On the other hand, Casio Co. in 1996 employed uniform insulating beads as the 
spacer, the uniform insulating beads dispersed in the FFE structure (JPH08285814). 
Then, the electrochemical reaction cell was located in the structure, and the thick-
ness was accurately fixed with the diameter of the beads. However, the electrode 
responses had a possibility that varied depending on the arrangement of the beads 
for each chip. To solve the problem, the beads were included in the ink used as the 
adhesive layer (JPH09264870, 1997).

16.2.8  Inventions of Chip Designs Reducing Sample Volume

In 2000, NOK Co. publicized an electrochemical SMBG biosensor chip which had 
the FFE structure (US6071391A). The sample was pulling into the electrochemical 
reaction cell by the capillary action which acts by walls in only three directions, i.e., 
there was no air-discharge port. The spacer was just made by an adhesive layer. By 
this invention, the sample volume was drastically reduced.

In addition, they applied screen-printing techniques to form conductive carbon 
ink electrodes on the insulating substrate. Namely, the electrode was formed from 
carbon instead of a noble metal to achieve low production costs. The screen-printed 
electrode does not require polishing of the electrode surfaces like metal electrodes 
which were formed by such as plating or vacuum vapor deposition (JPH01291153). 
Therefore, the application of the screen-printing techniques to make the electro-
chemical SMBG biosensor chip became one of the indispensable technologies for 
subsequent mass production.

In 2001, Therasense Co. publicized an electrochemical SMBG biosensor chip to 
reduce the sample volume by reducing the thickness of the spacer as much as pos-
sible (WO/2001/033216). This biosensor chip had also the FFE structure; therefore, 
the volume of the electrical reaction cell was effectively reduced. In addition, the 
biosensor chip had an air-discharge port as a different point with the chip publicized 
from NOK Co.

16.2.9  Calibration-Free Biosensor Chip

For practical use of the electrochemical or optical SMBG biosensor chip, the devel-
opment of the calibration-free biosensor chip was required to simplify measurement 
operations. In other words, the mass production of the biosensor chips with a high 
yield that does not require calibration was required. However, in general, this tech-
nique is not disclosed and has become the know-how of each manufacturer. In this 
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way, each company should carefully consider whether to obtain IP patents related to 
the product as described above (Sherkow 2016). Thus, in the next section, I will 
partially introduce what we have made public about the mass production of the 
calibration-free biosensor chips.

In the present section, the technological backgrounds relating to the mass pro-
duction of the electrochemical SMBG biosensor chips are described based on the 
invention history.

16.3  Our Chip Designs for Sustainable Mass Production

Because of technical limitations, at that time, I considered the challenges to be 
addressed to achieve future sustainable mass production of the electrochemical 
SMBG biosensor chips. The solutions to the challenges are described in this section. 
A part of the solutions was evolved in the joint research (including me) of Sumitomo 
Electric Industries, Ltd. (SEI) and the National Institute of Advanced Industrial 
Science and Technology (AIST), which was conducted in parallel with my own 
project at that time. Therefore, it is not directly related to the contents of this chap-
ter. The solutions obtained by the joint research are clearly shown in the relevant 
literature. Thus, the most of ideas presented here were independently invented by 
me (I wrote most parts of each patent specification applied and drew the figures 
myself) and patented by us (a total of 59 applications and publications in 45 patents 
registered in Japan). As the evidence, even though the contents of an individual pat-
ent could be understood by the co-inventors, however the whole flow of these sus-
tainable developments based on the platform patent map shown in this chapter was 
created only in my thoughts, and, no one would have been able to expect it until 
today unless it was presented in this way. For reference, all of the patents I was 
involved in had 173 applications, of which 63 were registered in Japan (Appendix 
Tables 1 and 2). Of these patents, the ideas of the platform that will lead to future 
sustainable mass production are presented here.

16.3.1  What Is Sustainable Mass Production and What Is 
Required of Chip Design?

For future practical use, the sustainable mass production of the electrochemical 
SMBG biosensor chips is ideal when considered comprehensively. Here,

What is the sustainable mass production for the electrochemical SMBG biosen-
sor chips?

It is to be streamlined manufacturing,: i.e.

• Saving costs by reduction of materials and fabrication processes.
• Keeping high yield and reducing defective chips.
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• Reducing variation between lots.

What is required of chip design to realize such sustainable mass production?
It is the “chip design” in pursuit of accuracy that can be reached because it 

is simple.
Further, designing sustainable chips is also necessary to realize sustainable mass 

production in the future. For this purpose, what is required of chip designs?

• Chip designs for simple and accurate assembly, i.e., realizing 3D assembling 
with few parts and without positioning between the parts and calibration-free 
measurement.

• Environmentally-friendly chip designs, i.e., other than the above, employing bio-
degradable materials and simple packaging or no packaging and enabling long- 
term storing.

• User-friendly chip designs, i.e., being disposable, realizing highly visible sample 
introduction by transparent chip (as a universal design), minimally invasive mea-
surement by highly precise detection, few step measurement by needle integra-
tion, and multi-sensing, etc.

• New development of chip design as analytical tools, i.e., improving chip utility, 
employing the advanced application of capillary action, or new sample introduc-
tions instead of the capillary action (vacuum and electrowetting), non-conductive 
lancet, self-sterilizing lancet, and array chips, etc.

Thus, the requirements for the chip design for sustainable mass production are 
described. From the next section, the details of the requirements for the chip designs 
are explained according to the patents and other literature which we publicized. 
Appendix Table 1 shows a patent list that our patents registered in Japan.

16.3.2  Chip Designs for Simple and Accurate Assembly

In 2003, the biosensor chip was mainly assembled by stacking multiple plates as 
described in the Sect. 16.2 (Fig. 16.1a). However, I thought such a stacking method 
would be a disadvantage for assembling a small-sample biosensor chip in the case 
of mass production. The reasons were as follows:

• Difficulty in increasing the accuracy of positioning multiple plates.
• Difficulty to reduce a small-sample volume by using a plate as a spacer.

To solve these two issues, I sought a way to easily assemble a biosensor chip with 
a small number of parts and a 3D structure without positioning between parts. Then, 
I inspired a biosensor chip design for sustainable mass production in 2003. From the 
inspiration, I invented two platform methods which were the simplest 3D assembly 
methods I could think of. These were the mass production methods of biosensor 
chips by:

• Deforming a single substrate (JP4036384 and JP4038575, registered in 2007).
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• Continuously bonding two long substrates together (JP4277104, 2009).

The former platform idea was finally divided into two patents, and the original 
idea was a 3D structured biosensor chip formation by deforming a single substrate. 
The difference was in the way of deformation. In other words, one method was to 
bend the single substrate, and the other was to fold the single substrate. In both 
methods, the 3D chip structure was assembled by deforming the substrate so that 
the surface-formed electrodes were on the inside (Fig. 16.1b-i). Of these methods, 
the most suitable method for mass production was the folding method.

Fig. 16.2 shows an example of the process of the folding method. The biosensor 
chip could be assembled without positioning by folding the corners of the substrate 
so that they overlap. By employing the adhesive layer as a spacer, the 3D structure 
of the biosensor chip could assemble without a spacer plate and reduce the sample 
volume by reducing the thickness of the spacer. However, when trying to reduce the 
sample volume by reducing the thickness of the adhesive layer, a slight variation in 
the thickness of the adhesive layer caused a large variation in the measured value. 
The factors that caused the variation in the thickness of the adhesive layer include 
warping of the folded substrate, the type of adhesive, and the temperature and 
humidity during assembly. To avoid the warping of the folded substrate, various 
folding ways to fix the 3D structure of the biosensor chip were considered (Fig. 16.3). 
As the other way of mass production, the continuous bonding method was able to 

Fig. 16.1 Comparison between conventional stacking method and our platform methods for mass 
production of electrochemical SMBG biosensor chip. All these drawings were diverted from Japan 
Patent Office (JPO) Public Relations
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adhere to two long substrates together accurately without the need for special align-
ment (Fig. 16.1b-ii). About the type of adhesive and the assemble conditions were 
also investigated by the joint research of SEI and AIST in detail (Kaimori et al. 2006).

Further accurate assembly of the biosensor chip, the resist layer was employed 
and covered on the carbon ink to form the electrode surface (Fig. 16.4). Originally, 
in the case of measuring an analyte in a sample solution, only the electrochemically 
active substance existing at the interface between the electrode surface and the sam-
ple solution can be measured. Therefore, if there is an amount of sample solution 
necessary to cover the electrode surface, the measurement can be performed. In 
other words, the volume of the sample solution away from the electrode surface is 
wasted for measurement, and it can be seen that the thinner the spacer, the better. In 
addition, the resist layer was able to define the electrode area more accurately than 
the adhesive layer, thereby suppressing variation in measured values and increasing 
the possibility of mass production of highly precise biosensor chips that do not 
require calibration. As a result, we realized the world’s smallest blood sample vol-
ume as small as 200 nL in the joint research of SEI and AIST (Kaimori et al. 2006).

Fig. 16.2 Detail process of sustainable mass production by employing folding method. (a) 
Substrate, (b) printing of adhesive layer as a spacer and carbon ink as an electrode pattern on a 
substrate, formation of perforation, (c) folding of the cover side, (d) cutting to each electrochemi-
cal biochip, (e) electrochemical biochip and A-A’ cross section, (f) cross-sectional view from 
arrow in the overview of (e), and example of clinical use. For biochip production, biochemical 
reagents are printed on the substrate or carbon ink surface between the adhesive layers. Diverted 
from JPO Public Relations
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Thus we were able to make the platform designs that could meet the requirement 
of the simple and accurate biosensor chip assembly for sustainable mass produc-
tion. Based on these chip designs to lead the sustainable mass production, I have 
further designed the biosensor chips and we have studied to meet further 
requirements.

Fig. 16.3 Examples in folding methods. (a) Substrate and A-A’ cross section, (b) cross-sectional 
view from arrow in the overview of (a), and folding line, (i) perforation, (ii) triangular grooves, and 
(iii) fan-shaped grooves, (c) various folding ways (i1) hardening of folding point, (i2) hardening of 
substrate (JP4649594, 2010), (i3) fixing by using a folder, (i4) cutting of folding point, (ii) folding 
of triangular grooves, and (iii) folding of fan-shaped grooves. Diverted from JPO Public Relations

Fig. 16.4 Example of folding method employing resist layer. (a) Substrate and A-A’ cross section, 
(b) cross-sectional view from arrow in the overview of a. Diverted from JPO Public Relations
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16.3.3  Environmentally-Friendly Chip Designs

As the second requirement for sustainable mass production, I invented several types 
of environmentally-friendly chip designs that solve two issues like plastic waste and 
waste reduction.

At that time, the problem of plastic waste was taken up by scientists, but it was 
not so seriously accepted by society (Barnes et al. 2009). However, it was necessary 
to pay attention to the use of plastic as a material for mass production. Thus, for the 
substrate, I thought to employ biodegradable materials such as polylactic acid. 
Eventually, this idea was mentioned in the patent specifications but not implemented.

Like the other issues, waste reduction was required especially in the industry 
involved in mass production. For sustainable mass production of the electrochemi-
cal SMBG biosensor chips, it was considered to reduce the materials relating to the 
products and to prolong the service life after production. The latter case could 
reduce overall production.

To solve these issues, I focused on the packaging of biosensor chips. For practi-
cal use, the issue related to the packaging of the electrochemical SMBG biosensor 
chips concerned not only in the environmental aspects but also in both aspects of 
manufacturing cost and keeping storage stability. To reduce the manufacturing cost, 
the biosensor chips should not be individually packaged. Rather, a plurality of bio-
sensor chips can be put together and sold in one bottle containing a desiccant. 
However, in this case, the storage stability of the biosensor chip might be a problem 
especially in humid countries like Japan.

Because of the above problems, I proposed several ideas about the packaging 
designs for biosensor chips to reduce the waste, and some of them were assembled 
and examined to their utility. All of these ideas were finally granted as the patents as 
follows:

• Biosensor chip design of simple packaging (JP3890417, 2006).
• Biosensor chip design of package-free (Nakamura et  al. 2007c, JP4399581, 

2009, and JP4469983, 2010).
• Biosensor chip design enabling long-term storing (Nakamura et  al. 2007c, 

JP4399581, 2009, and JP4469983, 2010).

Fig. 16.5 shows several examples of package designs for the biosensor chip. 
Figure 16.5a shows an example of the simple packaging biosensor chip. By employ-
ing a desorption film, both a sample-inlet port and an air-discharge port were simul-
taneously sealed. Thereby, this biosensor chip was able to prevent blood leakage by 
reapplying desorption film after use. For this reason, the biosensor chip after use 
could be sanitized, including the prevention of infectious diseases. In other words, 
this biosensor chip also met as the user-friendly described in the next section. In 
addition, for this type of the biosensor chip, a design that allows preservatives such 
as desiccants to be loaded into the chip, as well as the reagent layer, was also 
considered.
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Figures 16.5b and 16.6 show two examples of the package-free biosensor chips. 
These biosensor chips were designed so that the sample-feeding path, which had 
been closed up to that time, was released by deforming the chip structure and the 
sample inlet port and the air-discharge port appeared at the same time. The biosen-
sor chip was also designed to allow the loading of preservatives into the chip and to 
measure multiple constituents simultaneously. Further, this biosensor chip design 
was assembled by screen printing and examined its storage stability (Nakamura 
et al. 2007c). As a result, the storage stability as the electrochemical SMBG biosen-
sor signals of the chip has kept the biosensor signals for 6 months. Figure 16.6a 
shows a cap type of the package-free biosensor chip. The sample volume was 
550  nL.  Figure  16.6b shows a holding type of the simultaneous two-biosensing 
chip, and the sample volume was 900 nL each. The sample volumes obtained with 
these designs were comparable to those of SMBG biosensors that were commer-
cially available at that time. Such a reduction of the sample volume was achieved by 
applying surfactant into the sample-feeding pass. Thus, these package-free biosen-
sor chips could show excellent characteristics in terms of environmentally-friendly 
and user-friendly.

Introduction of Other Developmental Studies
At that time, biosensor chips were designed not only for medical use but also for 
environmental use. In the development of the environmentally-friendly biosensor 
chips, a simple packaging disposable microbial biosensor chip for environmental 

Fig. 16.5 Examples of environmentally-friendly biosensor chip designs. Diverted from JPO 
Public Relations. Reprinted from (Nakamura 2007c), Copyright (2020), with permission from 
Elsevier
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monitoring has also been designed (Nakamura et al. 2007a, Nakamura 2010). This 
biosensor chip had a lot of ideas that I had thought about so far. For example, the 
biosensor chip had a stirrer reactor, had long-term storage of viable microbe cells, 
and was ready to use when needed. Further, the down-facing electrode was designed 
to prevent microbial cell deposition, and desorption film was employed to prevent 
microbial contamination after in situ measurements.

As described above, I designed the environmentally-friendly biosensor chips to 
realize sustainable mass production. These biosensor chips also had the other prop-
erties requiring user-friendly designs, which are explained in the next section.

16.3.4  User-Friendly Chip Designs

As the third requirement for sustainable mass production, I considered that the user- 
friendly biosensor chip designs should be realized. In the user-friendly biosensor 
chip designs, universal design is also included. The universal design here refers to 
the design of a product to make it available to everyone, regardless of age, disability, 
or other factors (Story et al. 1998). For example, because vision decreases as diabe-
tes progresses, biosensor chip designs need to be easy to use (i.e., user-friendly), to 
prevent a reduction in quality of life (QOL).

What is the user-friendly biosensor chip designs for diabetics?
It is to be:

• Disposable.
• Transparent.
• Hygienic.
• Minimally invasive.
• Multi-measurable.

Fig. 16.6 Photographs of package-free biosensor chips. (a) Cap type and (b) folding type with 
simultaneous two-biosensing chip. (i) Before use, (ii) electrochemical measurement, and (iii) after 
measurement. Diverted from JPO Public Relations
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• Simple operation.
• Able to store and manage.

Disposable, Transparent, Hygienic
In the case of a specification in which the biosensor is repeatedly used, a user needs 
a procedure related to regeneration such as washing every time a blood glucose level 
is measured. This is not only problematic in terms of ease of use but can also be a 
burden for diabetics with reduced vision. On the other hand, when the biosensor is 
disposable, the inconvenience associated with use is eliminated. As an example of 
the disposable biosensor chip, the simple packaging design was already shown in 
the previous section (Fig. 16.5a). This was not only disposable, but after use, the 
blood collection could be sealed inside the biosensor chip and hygienically dis-
carded to prevent infection. At the time, there were products on the market where 
individually packaged biosensor chips could not be opened easily by the grip of 
elderly users. In that sense, the package design was one of the important issues in 
putting user-friendly chips into practical use. Further, by assembling with a trans-
parent substrate such as polyethylene terephthalate (PET), it was highly visible and 
user-friendly as shown in the practical example in Fig. 16.6.

In terms of hygiene, another point of view was considered. It was a lancet used 
for blood sampling. The lancet must be sterilized before use and hygienically dis-
carded to prevent infection after use. If the lancet has a self-sterilization property, 
these issues might be improved. Thus, I designed a photocatalytic lancet of which 
surface was coated with titanium dioxide (TiO2) nano-layer by vacuum evaporation 
(JP4469950, 2010). By observation with a field emission scanning electron micro-
scope (FE-SEM; JSM-7700F, JEOL Co., Japan), secondary electron images (SEI) 
of the TiO2 layer on the surface of the lancets were obtained, and the TiO2 layer was 
crystallized with around 300  nm in thickness. In addition, by observation with 
energy-dispersive X-ray spectroscopy (EDS), the surface layer of the lancets con-
sisted of TiO2. To estimate the self-sterilization property of the TiO2 nano-layer, 
Sinohara et al. were developed a device for activating photocatalyst and a method 
for activating photocatalyst (JP4590586, 2010). Applying the knowledge patented, 
we estimated the antibacterial properties of the photocatalytic lancet employing 
E. coli K-12. Then, lancing resistances were also estimated (Naemura and Saito 
2005). As a result, the practical properties of this lancet were shown (Nakamura 
et al. 2007b).

Minimally Invasive
To be minimally invasive was one of the important requirements to realize the user- 
friendly biosensor chip. As mentioned earlier, this requirement was more successful 
in joint research of SEI and AIST (realized a measurement at 200 nL sample) than 
in the efforts of my laboratory side (550 nL sample).

In addition, minimally invasive blood sampling was also important for the user. 
When blood sampling is difficult to bleed from the finger, it is better to shake the 
arm before puncturing and collect blood at the tip of the finger with centrifugal 
force or warm the puncturing finger. However, the user-friendly lancet had to be 
developed as an engineer. Therefore, in addition to the photocatalytic lancet, I also 
designed a non-conductive lancet for this aim that can be used for the needle- 
integrated sensor described below (JP4873536, 2011).
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Multi-Measurable
In order to reduce the burden on the user, it is desirable to be able to perform mul-
tiple measurements with a single blood collection. As an example to satisfy the 
requirement, the simultaneous two-biosensing chip design is already shown in 
Fig.  16.5b and 16.6b. In this case, multiple measurements could be performed 
simultaneously. As an example of the multiple measurements, it is also possible in 
principle to measure the blood glucose level and hematocrit simultaneously employ-
ing a three-electrode system (Fig. 16.7). The hematocrit value can be assumed from 
blood movement speed by capillary action through conductivity measurement 
between two electrodes. In this principle, salinity value can also be measured. As a 
practical example, we simultaneously measured glucose and lactate concentration 
(Nakamura et al. 2007c). In this case, further precise measurement of blood glucose 
concentration can be performed by duplicate measurements using two sets of the 
electrode systems.

Applying the folding method, another type of a simultaneous two-biosensing 
chip was also designed to simplify the chip assembly of the holding type (Fig. 16.8; 
JP4807493, 2011). By employing two sets of electrode systems, these conducto-
metric measurements can be performed simultaneously with a blood glucose 
measurement.

Simple Operation
For diabetics, the blood glucose measurement operation should be as simple as pos-
sible. To realize the simple procedure, a needle-integrated biosensor chip design 
should be developed. For this aim, I proposed 11 platform designs of the needle- 
integrated biosensor chips, and a total of 27 patents were registered in Japan. These 
platform designs were classified with the positional relationship between the needle 
and the biosensor chip or electrode and the presence or absence of the suction mech-
anism so on. Unfortunately, due to space limitations, only the first platform design 
is introduced here (JP4576624, 2010). As the references, the other two platform 
designs are introduced in the next section as needle-integrated biosensor chips with 
distinctive-electrochemical detector designs.

The measurement procedure consists of only two steps: cartridge installation and 
subsequent measurement after puncturing. This cartridge employs a backflow pre-
vention valve to draw blood into the biosensor when the air in the cartridge is 
exhausted (Fig. 16.9). Also, the breathable film is fixed to the end of the air- discharge 
port to prevent unnecessary blood sampling by suction. As a user-friendly property, 
the cartridge is simply packaged with a desorption film, and after measurement, the 

Fig. 16.7 Application examples of conductivity measurements using a three-electrode system 
(JP4448940, paragraph 0012)
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desorption film is reapplied and the cartridge is discarded. As further user-friendly 
property, the spotlight guiding system is also adapted to be used in the dark.

In the development of the needle-integrated biosensor chip, the needle placed in 
the vicinity of the biosensor detection unit must be kept hygienic until it is used, 
preventing contamination with measurement reagents. As a countermeasure, in 
addition to the adoption of the photocatalytic needle (JP4469950, 2010) and the 
non-conductive needle (JP4873536, 2011), it was considered the adoption of a soft 
material (published as JP2007–014646 and rejected) or a bulkhead (JP4576628, 
2010) to protect the needle tip from the reagent layer. However, the example of the 
first design (Fig. 16.9) had required complicated assembly processes and was far 
from sustainable mass production and the environmentally-friendly design. To solve 
the problem, I designed the remaining ten platforms.

Able to Store and Manage
Storage and management of the biosensor chips or needle-integrated biosensor 
chips are some of the important issues to obtain accurate results. Therefore, several 
patents that were registered also proposed biosensor chip storage. However, until 
then, the IP about the management of biosensor chips was not held down in our 
developmental study, so we devised a management method for biosensor chips 
equipped with IC tags (JP4631027, 2010). In this patent, the biosensor chip is 
equipped with an IC tag that stores information about manufacturing conditions, 
expiration date, storage conditions, and analytes. As shown in Fig. 16.10, the bio-
sensor chip, a chip stocker, and a measurement device can be connected by radio 
waves, etc., and the sound for guiding the user can be played from the measurement 
machine.

As described above, I designed the user-friendly biosensor chips to realize both 
the sustainable mass production (except for the example of the needle-integrated 
biosensor chip) and the enhancement of QOL for diabetics. Based on the know-how 
cultivated in biosensor research and development, the next section describes the 
challenges of new chip design as analytical tools.

Fig. 16.8 Application of the folding method to a simultaneous two-biosensing chip. This is the 
result of joint research of SEI and AIST (JP4807493, 2011). Diverted from JPO Public Relations

H. Nakamura



305

Fig. 16.9 An example of the first platform design of a needle-integrated biosensor chip 
(JP4576624, 2010). Diverted from JPO Public Relations

Fig. 16.9 (continued)
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16.3.5  New Development of Chip Designs as Analytical Tools

In this section, of the content that has not yet been described biosensor chip devel-
opment, it describes the contents that should be noted. Here, two new concept elec-
trochemical detector designs applying the capillary action, a sample transfer system 
applying the capillary action and the electrowetting technique, and biosensor array 
chips designed based on various platform techniques are explained.

New Concept for Electrochemical Detector Design I (A Two-Hollow Cone 
Structure)
The capillary actions can be observed that the diameter of the tube is sufficiently 
small. Then, the combination of surface tension and adhesive forces between the 
liquid and container wall acts to propel the liquid without the need for external 
force. Then, the surface tension is caused by cohesion within the liquid. This action 
can also be observed in narrow spaces.

Fig. 16.10 An example of storage and management for the biosensor chips equipped with IC tags 
(JP4631027, 2010). Diverted from JPO Public Relations
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For example, the liquid can be propelled in a narrow space between two plates. 
Similarly, the liquid can be filled in a narrow space between two hollow cones lack-
ing the top. According to this principle, I came up with the design of a biosensor 
chip with a unique sample-inlet port. The biosensor chip design is as follows. These 
two hollow cones lacking the top are electrically conductive, a non-conductive 
spacer is installed between them, and each is connected to an electrochemical mea-
surement device. Thus, one of the new concept chip structures was designed 
(JP4631028, 2010). Several examples of this idea are shown in Fig. 16.11.

Because there is no upper part of the two hollow cones in this design, the central 
portion of the electrode system is hollow (Fig. 16.11a). Therefore, the puncture 
needle can be penetrated through the central portion. As a result, a needle-integrated 
biosensor chip that can be easily assembled was designed. Further, the sample vol-
ume can be reduced as much as possible by narrowing the distance between the 
electrodes and reducing the diameter of the electrode tip to the limit of the puncture 
needle. Based on this distinctive electrode design, a multi-detection system could 
easily be assembled as shown in Fig. 16.11b and c. In Fig. 16.11d, another design 
of the needle- integrated biosensor chip was shown in Fig. 16.11a. The design is too 
elaborate for a disposable chip and it is not easy to assemble, but it can also be 
equipped with an IC tag, an LED light, and a puncture depth adjustment mechanism.

Fig. 16.11 Examples of new concept electrochemical detector design I (a) two hollow cone struc-
tures lacking the top; JP4650314, 2010). Diverted from JPO Public Relations
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Fig. 16.11 (continued)

Depth

ii) Internal structure II

Fig. 16.11 (continued)
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New Concept of Electrochemical Detector Design II (Multiple Columnar 
Structures)
Thatched roof prevents leaking of the rain by gathering vegetation such as stems or 
branches. The reason why rain does not leak from the thatched roof is because of the 
capillary action that works between the columnar structures such as the stems and 
branches. By applying this principle, an electrochemical detection unit comprising 
a plurality of columnar structures was designed as a new concept chip structure 
(JP4650314, 2010). Several examples are shown in Fig. 16.12.

Figure 16.12a shows the basic design of a three-electrode system. By the capillary 
action, the sample solution can come into contact with the surface of three electrodes. 
Figure  16.12b shows a two-electrode system. An electrochemical detector design 
shown in Fig. 16.12c can reduce the sample volume by reducing the areas of each 
electrode. Figure 16.12d shows an example of the needle-integrated biosensor chip. 
The puncture needle moves to penetrate the center of the three electrodes. After punc-
turing the skin, the tip of the needle moves to a higher position than the electrode, so 
that the conductive puncture needle does not affect the electrochemical reaction. The 
invention of non-conductive needles was born from this background (JP4873536, 
2011). This type of needle-integrated biosensor chip was designed to be that the dis-
posable needle and the biosensor chip can fit in the same simple packaging. The sim-
ple package can hygienically be discarded by reapplying the desorption film after use.

On the other hand, the multiple columnar electrode structure can also be applied 
as a new liquid transfer technique by employing electrowetting (JP2005199231, 

Fig. 16.12 Examples of new concept electrochemical detector design II (a) multiple columnar 
structure; JP4650314, 2010). Diverted from JPO Public Relations
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2005; Tsukuba Technology Seed Co.). In this technique, the liquid can be moved 
smoothly by causing a potential difference between the electrodes without the use 
of any surfactants. This electrowetting technique is an epoch-making liquid delivery 
technique that does not use tubes, capillaries, or pumps and can be applied as a new 
analytical tool (Fig. 16.12e).

Biosensor Array Chip Designs
Many of the platform chip designs introduced so far have applied to biosensor array 
chips. Here, distinctive biosensor array chips that can be applied as new analytical 
tools are described. Figure 16.13 shows examples of the biosensor array chips, and 
these employed the capillary action for sample feeding to the electrochemical reac-
tion cells. Figure 16.13a shows simple packaging biosensor array chips (JP3890417, 
2006). These three chips are provided with sample-inlet port(s) and air-discharge 
port(s) on the same plane plate so that simple packaging with desorption film. The 
array chip after use can be hygienically discarded after reapplying the desorption 
film. Figure 16.13a-i shows single-sample inlet port array chips which can measure 
multiple measurements simultaneously from one drop of the sample solution. 
Figure 16.13a-ii shows a multiple-sample inlet port array chip which can measure 
multiple samples simultaneously using a spotter.

Figure 16.13b shows an example of a holding-type package-free biosensor array 
chip (JP4469983, 2010). Both sample-inlet ports and air-discharge ports are opened 
after holding the array chip. Therefore, reagents in each electrochemical reaction 
cell can be stored until use.

Figure 16.13c shows an example of a FFE structured biosensor array chip 
(JP4635258, 2010). This biosensor array chip has two key points: the assembly 
method and the electrode structure. In fact, this array chip is designed to be able to 
assemble a simple and accurate chip structure. For this aim, buttons are employed 
instead of position holes which are used for stacking plates. In the electrode struc-
ture, there are two major points. (1) By the thickness of each electrode, the sample 
solution is difficult to move outside the space between the two facing electrodes. (2) 
The distance between electrodes can be reduced as much as possible without using 

Fig. 16.12 (continued)
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a spacer such as a plate. By these effects, this array chip can perform the electro-
chemical measurement efficiently with a small sample.

Figure 16.13d shows examples of the multiple columnar biosensor array chips 
(JP4650314, 2010). When this array chip system is used, the number and volume of 
samples, the number of electrodes in each reaction cell, electrode materials, etc. can 

Fig. 16.13 Examples of biosensor array chip designs. Diverted from JPO Public Relations

Fig. 16.13 (continued)
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Fig. 16.13 (continued)

d) Examples of multiple columnar biosensor array chips (JP4650314, 2010)

A A’

A’A

Electrode Columnar support

B B’

Electrode Columnar support

B’B

i) Two electrode system (10 x 10  detectors) ii) Three electrode system (75 detectors) 

Three 
electrode 
system Two electrode system 
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be freely combined according to the purpose. As shown here, the possibilities of 
capillary action to biosensor chips or biosensor array chips are infinite.

At that time, I was working on biosensor chip designs from the widest possi-
ble perspective. The present section described strategic approaches to achieve 
future sustainable mass production of the electrochemical SMBG biosensor chips 
based on my original patent map. In these approaches, the biosensor chips were 
simply and accurately assembled and designed. Based on the chip assembly 
method, both the environmentally and user-friendly biosensor chips were 
designed for practical use. In the environmentally-friendly section, the microbial 
biosensor chip for  environmental monitoring also introduced an example of other 
developmental chip studies. Finally, new concept biosensor chips and biosensor 
array chips were designed employing a new application method of the capil-
lary action.

The current status of both the biosensor chips and the biosensor array chips are 
drastically changed by the advent of new printing techniques such as 3D printers 
and by the advance of nanotechnologies compared with about one decade ago (Loo 
et  al. 2019). In addition, the United Nations raised the sustainable development 
goals (SDGs) in 2015 (United Nations, 2015). For people to reach these goals, I 
hope that our efforts will be applied to such new technology areas.

16.4  Conclusion

In the present chapter, I presented new designs for the electrochemical SMBG bio-
sensor chips because of user QOL, environment, and economic efficiency. These 
designs are based on my strategic patent map for technological platform construc-
tions. Finally, I sincerely hope there will be an opportunity to explain in detail the 
developmental strategy trajectory based on my platform patent map.
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16 Microstructured Electrochemical SMBG Biosensor Chip Design Development…
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Chapter 17
Biological Fuel Cells: Applications 
in Health and Ecology

Ivan Alexeevich Kazarinov and Mariia Olegovna Meshcheryakova

Abstract Biological fuel cells (BFCs) in the long term are a promising form of 
genuine fuel cells. Unlike conventional fuel cells that use hydrogen, ethanol, and 
methanol as fuel, biofuel cells use organic products of metabolic processes or 
organic electron donors as a fuel to generate current. In BFCs, biological redox 
reactions are controlled enzymatically, while in chemical fuel cells, the catalyst 
kinetics are determined by noble metals, most often by platinum.

A fuel cell is an electrochemical device that continuously converts chemical 
energy into electrical energy, as long as there are fuel and an oxidizing agent. 
Despite their high efficiency, the advantages of chemical fuel cells are partially 
offset by the high cost of the catalysts, high operating temperatures, and the corro-
siveness of the electrolytes used in them. In this regard, biofuel elements are attrac-
tive and promising. They work in moderate conditions, that is, at ambient temperature 
and pressure. They also use neutral electrolyte and low-cost platinum-free catalysts. 
In biofuel elements, the catalyst is either microorganisms or enzymes.

This chapter discusses the principles of operation of microbial and enzymatic 
fuel cells and some of their applications in healthcare and in the conversion of 
wastewater organic substances into electrical energy using microbial fuel cells.

Keywords Biological fuel cells · Microbial fuel cells · Enzyme fuel cells  
· Microbial electrochemical technology · Bioanode · Biocathode · Mediator  
· Conversion of organic waste into bioenergy · Implantable biofuel cell

Nomenclature

BFCs biological fuel cells
EFCs enzyme fuel cells
MFCs microbial fuel cells
DTA ethylenediaminetetraacetic acid
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NAD+  nicotinamide adenine dinucleotide
NADP+  nicotinamide adenine dinucleotide phosphate
FAD  flavin adenine dinucleotide
PQQ pyrroloquinoline quinone
LDH lactate dehydrogenase
Cytc cytochrome c
MP-11  microperoxidase-11
DMRB dissimilative metal-reducing bacterium
IMD implantable medical devices
EBFC enzymatic biofuel cell
BAC blood alcohol content

17.1  Introduction

Biological fuel cells (BFCs) are devices that use biological components as catalysts 
to generate electricity (Tanisho and Kamiya 1985; Katz 2003; Shukla et al. 2004; 
Davila et  al. 2008; Kazarinov 2012). In BFC, either whole microorganisms or 
enzyme preparations are used as catalysts. In this regard, BFCs are divided into 
enzyme fuel cells (EFCs) and microbial fuel cells (MFCs). In addition, unlike 
chemical fuel cells that use hydrogen, ethanol, and methanol as fuel, very expensive 
catalysts that usually work in corrosive electrolytes, BFCs can use energy-intensive, 
but electrochemically passive substances (carbohydrates, organic acids, alcohols, as 
well as many organic wastes). This opens up the possibility of simultaneously solv-
ing environmental and energy problems. BFCs operate in moderate conditions such 
as at ambient temperature and pressure.

Currently, research in the field of BFCs is being intensively developed in many 
world scientific centers. A large number of original works have been published on 
various problems of MFCs and EFCs. Among several reviews devoted to this issue, 
some of the important reviews include Katz (2003), Shukla et  al. (2004), and 
Kazarinov (2012).

Given the close symbiotic relationship between humans and microorganisms, 
MFCs can be a continuous, long-lasting, and safe power source for implantable 
medical devices (IMD). Implantable medical devices (IMD) can be divided into two 
categories: devices to support functional operations of a body and devices for in vivo 
measurements. The first category includes pacemakers, cochlear implants, drug 
pumps, and biochips, and the second includes blood meters, blood glucose meters, 
and temperature sensors. A common feature of IMD is that they require a stable and 
efficient power source that can be obtained using biofuel elements.

Huge economic and environmental prospects for microbial fuel cells come from 
the conversion of industrial wastewater containing high levels of easily degradable 
organic material into electrical energy. Recovery of energy and valuable products 
could partially offset the cost of wastewater treatment and somewhat reduce our 
dependence on fossil fuels.
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In this chapter, we aimed to discuss the principles of operation of MFCs and 
EFCs and some of their applications in healthcare and in the conversion of waste-
water organic substances into electrical energy using bioelectrochemical 
technologies.

17.2  MFCs

17.2.1  The Anodes of MFCs

The use of microorganisms in biofuel elements eliminates the need to isolate indi-
vidual enzymes, thereby providing cheaper catalysts for biofuel elements. The main 
problem of MFC is the transfer of a charge from a cell of the microorganism to an 
electrode. Therefore, microorganisms for generating electricity can be used in four 
types of MFCs (Kazarinov 2012):

 1. For the purpose of generating energy, fuels are produced in individual reactors 
and transported to the anode of a conventional fuel cell. In them, the microbial 
bioreactor is separated from the actual fuel cell. These are indirect MFCs.

 2. In MFC, the process of microbiological fermentation proceeds directly in the 
anode compartment of the fuel cell. These are direct-acting MFCs.

 3. Mediator MFCs are also type of direct-acting MCFs. In them, electron transfer 
mediators transfer electrons between the microbial biocatalytic system and the 
electrode. The mediator molecules take electrons from the biological transfer 
chain of electrons of microorganisms and transfer them to the anode of the bio-
fuel element.

 4. Mediator-free MFCs: In these, metal-reducing bacteria having cytochromes in 
the outer membrane and capable of electrically contacting the electrode surface 
directly ensure the operation of the MFCs.

 Indirect MFCs

As an example of indirect type of MFCs, a microbial system that produces hydrogen 
as a fuel for chemical fuel cells has been discussed. Various bacteria and algae, such 
as Escherichia coli, Enterobacter aerogenes, Clostridium butyricum, Clostridium 
acetobutylicum, and Clostridium perfringens, are known to produce hydrogen under 
anaerobic conditions (Lewis 1966; Raeburn and Rabinowitz 1971; Thauer et  al. 
1972, 1977; Jungermann et al. 1973).

The conversion of carbohydrate to hydrogen is achieved through a multi-
enzyme system. In practice, however, the yield of H2 is only ~25% of theoretical 
(Suzuki et al. 1983).

In microbial systems producing electrochemically active metabolites in the 
anode compartment of a biofuel cell, the fermentation process takes place directly 
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on the electrode surface, delivering fuel (H2) to the anode. Additional by-products 
of the fermentation process (formic, acetic, and lactic acids) are also used as fuels 
(Karube et al. 1977; Liu et al. 1978).

 Mediator MFCs

Since the reduced particles resulting from metabolic processes inside microbial 
cells are isolated by a microbial membrane, the contact of the microbial cells with 
the electrode is poor and usually leads only to poor electron transfer through the 
membrane, with the exception of some special cases described below. The electro-
active groups responsible for the redox activity of enzymes in microbial cells are 
located in the depths of their prosthetic groups, which leads to poor electrical con-
tact between the cells and the electrode surface. Low molecular weight redox par-
ticles can help electron transfer between the intracellular bacterial space and the 
electrode, and they are called mediators.

The mediator molecules must satisfy the following requirements 
(Kazarinov 2012):

 1. the oxidized mediator should easily penetrate through the bacterial membrane to 
the reduced particles inside the bacteria;

 2. the redox potential of the mediator should correspond to the potential of the 
recovered metabolite;

 3. the mediator in no degree of oxidation should not interfere with other metabolic 
processes;

 4. the restored mediator should easily leave the cell through the bacterial 
membrane;

 5. mediators in both oxidized and reduced states must be chemically stable in an 
electrolyte solution, readily soluble, and should not be adsorbed on bacterial 
cells and electrode surfaces;

 6. the electrochemical kinetics of the oxidation process of the restored state of the 
mediator on the electrode should be fast.

A number of organic compounds were studied in combination with bacteria to 
test the efficiency of electron transfer by a mediator between microorganisms and 
the anode surface. Neutral red, methylene blue, gallocyanin (Kazarinov et al. 2011), 
and some organic dyes were often used as mediators in biofuel elements. The redox 
potentials and structures of some of the electronic mediators are presented in 
Table 17.1.

However, exogenous mediators are too expensive for practical use, toxic to the 
biocatalyst at the concentrations that are required to obtain good MFC characteris-
tics, and are destroyed during prolonged operation. Under certain conditions, elec-
trochemically active microorganisms in MFCs are capable of producing their own 
mediator compounds that are involved in extracellular electron transfer processes 
(Rabaey and Verstraete 2005). This can happen in two ways: through the production 
of secondary and primary metabolites (Schröder 2007).
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Secondary metabolites (endogenous mediators) are redox-active substances and 
serve as reversible terminal electron acceptors transporting electrons from a bacte-
rial cell to a solid oxidizer (MFC anode) or to aerobic layers of a biofilm where they 
are oxidized and can again participate in redox processes. Examples of endogenous 
redox mediators are presented in Table 17.2.

Table 17.2 The structure and 
redox potentials of 
endogenous mediators

Redoxmediator Structure E, V

Phenazine-1-carboxamide −0,115

Pyocyanin −0,03

2-amino-3-carboxy-1,4- 
naphthoquinone

−0,071

Table 17.1 The structure and redox potentials of some exogenous mediators

Class Structure Redox-mediator E, V (n.a.)

Substances Neutral red −0.32
Safranin −0.29
Phenazine ethosulfate 0.06

Phenazines New methylene blue −0.02
Toluidine Blue Oh 0.03
Thionine 0.06
Phenothiazinone 0.13

Phenothiazines Resorfin −0.05
Gallocyanin 0.02

Phenoxazines 2-hydroxy-1,4-naphthoquinone −0.14
Anthraquinone-2,6-disulfonate −0.18
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The overall efficiency of electron transfer mediators depends on many parame-
ters, especially the rate constant of the electrochemical reoxidation of the mediator, 
which depends on the electrode material (Davis and Yarbrough 1962; Kano and 
Ikeda 2000). The effectiveness of exogenous redox mediators in the bioelectro-
chemical system “substrate-bacterial cell-mediator” can be estimated only by 
 studying the kinetics of biocatalytic processes in similar systems, as proposed in 
many previous reports (Gradskov et al. 2001; Kuz’micheva et al. 2007; Kazarinov 
et al. 2011, 2014; Naumova et al. 2015).

A mixture of two mediators may be useful for optimizing effectiveness. Two 
mediators—thionine and Fe (III)-EDTA—are used with the Escherichia coli bio-
catalyst for the oxidation of glucose (Tanaka et al. 1983). The electrodes should be 
designed to facilitate electrical contact between the biocatalytic system and the 
anode. Mediators can be connected with microorganisms in three ways (Sell et al. 
1989; Park et al. 2000):

 1. a diffusion mediator mediating between the microbial suspension and the anode 
surface;

 2. a diffusion mediator mediating between the anode and microbial cells covalently 
connected to the electrode. For the connection of microbial cells with the sur-
face, standard organic reagents (cyanamide and acetyl chloride) are used;

 3. a mediator adsorbed on microbial cells and providing electronic transfer from 
them to the anode.

 Mediator-Free MFCs

Some types of microorganisms in MFCs can directly transfer electrons to the anode. 
These include metal-reducing bacteria, such as Geobacter sulfurreducens (Methe 
2003; Bulter 2004), Rhodoferax ferrireducens (Rabaey 2007), and Shewanella 
putrefaciens (Myers 1992, 2001; Kim 1999, 2002; Lovley 2006), which are found 
in sediments where they use insoluble electron acceptors, for example, iron oxide 
(III) or manganese oxide (IV). The direct transfer of electrons is due to the presence 
of cytochromes in their outer membrane or due to the ability to develop electron- 
conducting molecular pills (nanowires).

Thus, the work of MFC depends on the maximum cell density in the first mono-
layer on the anode surface. Nanowires can provide structural support for the forma-
tion of thick electroactive biofilms and, thus, increase the performance of MFCs. 
The development of mediator-free microbial fuel cells using Shewanella putrefa-
ciens IR-1 is described in the article by Kim (2002). Table 17.3 shows the charac-
teristics of the mediator and mediator-free MFCs that are currently achieved.

Thus, a comparison of the data presented shows that, in terms of power charac-
teristics, mediator-free fuel cells do not yet surpass mediator systems. However, due 
to their advantage over mediator fuel cells in cost, the absence of toxic mediators is 
obvious. In non-mediator fuel cells, there are also many possibilities for increasing 
the efficiency of electronic transfer.
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17.2.2  Cathodes for MFCs

The operation of the cathode significantly affects the generation of electricity in the 
MFCs. Cathodic reactions can be both chemical and biochemical. Oxygen is the 
most suitable electronic acceptor for MFC, due to its high redox potential, low 
price, availability, sustainability, and the absence of chemical waste (water is the 
only final product). However, the low rate of oxygen reduction on the surface of 
graphite electrodes is one of the limiting factors for optimal MFC operation. 
Therefore, platinum is usually used as a catalyst for dissolved oxygen or air cath-
odes. However, its use is limited due to the high cost and possible poisoning by 
components present in the solution (Liu et al. 2004).

Efficient cathode operation requires catalysts or electronic picks, which are 
expensive to use. In this regard, biocathodes that use microorganisms as catalysts to 
promote cathodic reactions are a very promising alternative (He and Largus 2006). 
Biocathodes can be aerobic and anaerobic depending on the final electron acceptor 
at the cathode. For aerobic biocathodes with oxygen as the final electron acceptor, 
electronic mediators, such as iron or manganese, are first reduced at the cathode and 
then re-oxidized by microorganisms. Anaerobic biocathodes directly restore final 
electron acceptors, such as nitrate and sulfate ions. Significant difficulties are the 
choice and service life of the ion-exchange membrane separating the anode and 
cathode spaces.

The Nafion membrane is widely used as a proton exchange membrane for MFCs 
(Bond et al. 2002, Logan et al. 2005). This membrane is highly selective for protons, 
but low in stability since it is sensitive to contamination (for example, ammonium). 

Table 17.3 Power densities of some mediator and mediator-free microbial fuel cells (Vega 1987; 
Zhang 1995; Kim 1999; Tender 2002; Choi 2003; Park 2003; Bond 2003)

Electronic transfer 
mechanism Microorganisms Substrate Electrode P, mW/m2

Mediator Electronic 
Transfer

Proteus vulgaris Glucose Glassy carbon 4.5
Proteus vulgaris Glucose Glassy carbon 85
Escherichia coli Lactate Graphite fabric 1.2

Lactate Smooth 
graphite

91

Pseudomonas aeruginosa Glucose Smooth 
graphite

88

Mixed culture Sulfide/acetate Graphite 32
Direct electronic 
transfer

Shewanella putrefaciens Lactate Graphite fabric 0.19
Geobacter sulfurreducens Acetate Smooth 

graphite
13

Rhodoferax ferrireducens Glucose Smooth 
graphite

8

Glucose Graphite fabric 17.4
Glucose Porous 

graphite
33
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The best results were obtained using the Ultrex cation exchange membrane. This 
membrane is less selective but more stable and able to work for 3 months (Rabaey 
et al. 2003). The proton exchange membrane increases the internal resistance of the 
system, so in some studies, it is removed to increase the power of the MFC; how-
ever, due to the diffusion of oxygen into the anode chamber, the Coulomb efficiency 
of the element decreases.

17.3  EFCs

Enzymes have a complex structure, including proteins. An electron-carrying enzyme 
block (an apoenzyme or a cofactor) is deeply hidden inside its complex structure. 
Therefore, an effective electrical connection between the electrode substrate and the 
enzyme biocatalyst is difficult. Mediated bioelectrocatalysis is useful for studying 
the kinetics of electronic transfer of enzymes and is a key reaction in the use of 
enzymes in biofuel cells (Turner et  al. 1987). In the case of quinogemoproteins, 
direct and mediated electron transfer between the enzyme and the electrode is pos-
sible, where the heme in the protein functions as a built-in mediator in the enzy-
matic electrochemical reaction.

17.3.1  Enzymes for Anodic Reactions of Biofuel Elements

Coenzyme forms of vitamins are pyridine nucleotides. In accordance with the rec-
ommendations of the International Biochemical Union Enzyme Commission, coen-
zyme- 1 is called NAD+ (nicotinamide adenine dinucleotide), and coenzyme-2 is 
called NADP+ (nicotinamide adenine dinucleotide phosphate). Pyridine nucleo-
tides are coenzymes for the dehydrogenase group of enzymes responsible for the 
catalysis of some biological redox reactions. As examples of some redox reactions 
involving pyridine nucleotides, we can consider the action of the enzyme dehydro-
genase ethyl alcohol, which oxidizes ethanol to acetaldehyde. In alcohol biofuel 
cells, this reaction serves as the basis for electron generation.

Flavoproteins are enzymes that catalyze redox reactions in biological systems. 
The enzyme contains FAD (flavin adenine dinucleotide) as a prosthetic group. 
Flavoprotein enzymes are also commonly found in redox systems, including pyri-
dine nucleotides. Figure 17.1 explains the participation of these coenzymes in bio-
logical redox processes. It shows a number of redox reactions used to oxidize 
nucleotides of flavin and pyridine again. Molecular oxygen is the ultimate electron 
acceptor. Such electron transfer chains are associated with the respiratory processes 
of microorganisms. In the case of biofuel cells, the electrode acts as the final elec-
tron acceptor, and the electrons are sent to the anode to generate current.
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 Anodes Based on NADH Bioelectrocatalysis

The process of electrochemical oxidation of NADH/NAD+ is deeply irreversible 
and proceeds with great overvoltage. Strong adsorption of NAD+ and NADH poi-
sons the electrode surface and inhibits the oxidation process. Therefore, the non- 
catalyzed electrochemical oxidation of NAD(F)H is not suitable for use in practical 
fuel cells; mediated bioelectrocatalysis is required. Mediated bioelectrocatalysis 
proceeds through the mediator of pyrroloquinoline quinone (PQQ), covalently con-
nected to a gold electrode via a self-assembled cystamine monolayer in the presence 
of Ca2+ ions as promoters:

 NADH PQQ H NAD PQQH+ + → ++ +
2  (17.1)

 
PQQH PQQ H e to the anode2 2 2→ + + ( )+ −

 
(17.2)

The assembly of the gold electrode modified with PQQ is shown schematically 
in Fig. 17.2. The covalent bond of the redox mediator with self-assembled cysta-
mine monolayers on the surface of the gold electrode is important in the preparation 
of multi-component organized systems (Willner and Riklin 1994). The resulting 
electrode shows good electrocatalytic activity in the oxidation reaction of NAD(F)
H, especially in the presence of Ca2+ cations as promoters (Katz et al. 1994). The 
electrocatalytic anode current and quasi-reversible redox wave in the presence of 
NADH observed by the researchers indicate the effective electrocatalytic oxidation 
of the cofactor by reactions (17.1) and (17.2).

Based on these observations, two anode reactions of the fuel cell were standard-
ized, including electrocatalytic regeneration of NAD.  In the first case, methanol 
electrooxidation occurs via NAD+-dependent dehydrogenase. Diaphorase catalyzes 

L-malate

Oxalacetate

NAD+

NAD-H
+H+

FAD-H2

FAD

Fe3+

Cytochrome

Fe2+

+2H+

Fe2+

Cytochrome-
oxidase

Fe3+

1/2O2

H2O

Fig. 17.1 A simplified chain of electron transport for the oxidation of pyridine and flavin nucleo-
tides with molecular oxygen

Fig. 17.2 The configuration of the gold electrode modified by PQQ (pyrroloquinoline quinine)
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the oxidation of NADH to NAD+ using benzylviologen as an electron acceptor on a 
graphite anode (Fig. 17.3) (Palmore et al. 1998). The graphite anode thus releases 
electrons to reduce oxygen at the platinum cathode. An effective electrode acting as 
an anode in the presence of NAD(F)-dependent enzyme should include three inte-
grated, electrically contacting components: the NAD (F)+ cofactor associated with 
the corresponding enzyme, and a catalyst that allows efficient cofactor regeneration.

The biocatalytic anode was connected to the oxygen cathode to form a biofuel 
cell. The complete reaction in a biofuel cell is the oxidation of methanol with oxy-
gen. The biofuel cell produced a voltage of 0.8 V and a maximum power density of 
0.68 mW/cm2 at 0.49 V. However, this multi-enzyme system was used in an unorga-
nized configuration where all biocatalysts exist as diffusion components in the cell.

In the second case, the electrooxidation of lactate was carried out by assembling 
an integrated lactate dehydrogenase (LDH) monolayer electrode made by affinity 
crosslinking of components (Bardef et al. 1997; Katz et al. 1998; Kharitonov et al. 
2000). These complexes at the interface can be further crosslinked to form inte-
grated bioelectrocatalytic matrices consisting of electronic relay blocks, cofactor, 
and enzyme molecules (Fig. 17.4).

The resulting monolayer-functionalized electrode binds NAD-dependent 
enzymes (e.g., L-lactate dehydrase (LDH)) with affinity interactions between the 
cofactor and the biocatalyst (Fig. 17.4). These enzyme electrodes electrocatalyze 
the oxidation of the corresponding substrates (e.g., lactate) (Davis et  al. 2002). 
Crosslinking the enzyme layer using glutaraldehyde provides a stable, electrically 
contacting electrode.

This system illustrates a fully integrated, rigid biocatalytic matrix consisting of 
an enzyme, cofactor, and catalyst. The complex between the cofactor NAD+ and 
LDH levels the enzyme on the electrode substrate, thereby providing an effective 
electrical connection between the enzyme and the electrode, and at the same time, 
PQQ is involved in the regeneration of NAD+.

Fig. 17.3 The anode configuration of the methanol-dioxygen biofuel cell: NAD-dependent dehy-
drogenases oxidize CH3OH to CO2; diaphorase catalyzes the oxidation of NADH to NAD+ using 
N, N'-dibenzyl-4,4-bipyridine (benzylviologen, BV2+) as an electron acceptor. BV+ oxidizes to 
BV2+ on the graphite anode and releases electrons to reduce oxygen at the platinum cathode. ADH 
alcohol dehydrogenase, AldDH aldehyde dehydrogenase, FDH formate dehydrogenase
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 Anodes Based on Bioelectrocatalysis of FAD Blocks

Bioelectrocatalysis of flavoenzymes can also be used as an anode reaction in a bio-
fuel cell. Recently, a new method for establishing electrical contact between the 
redox center of flavoenzymes and their environment has been demonstrated, based 
on the reconstruction of the surface layer when PQQ is connected covalently with 
the main cystamine monolayer on the Au electrode, and then N6-(2aminoethyl)-
FAD is attached to the PQQ blocks (Fig. 17.5). Subsequently, apoglucose oxidase 
was reconstituted on the FAD blocks of the PQQ/FAD monolayer architecture, giv-
ing a structurally aligned, immobilized biocatalyst on the electrode surface, leading 
to a high current density of glucose oxidation (Riklin et al. 1995; Willner et al. 1996; 
Katz et al. 1999a):

 FAD glucose H e FADH gluconic acid+ + + → ++ −2 2 2  (17.3)

Fig. 17.4 Configuration of the lactate dehydrogenase (LDH) monolayer gold electrode by cross-
linking the affinity complex formed between LDH and the gold electrode functionalized with the 
PQQ/NAD+ monolayer

Fig. 17.5 The configuration of the glucose oxidase enzyme electrode (apo-GOx) on a PQQ-FAD 
monolayer on a gold electrode. (Willner et al. 1996)
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 FADH PQQ FAD PQQH2 2+ → +  (17.4)

 
PQQH PQQ H e to the anode2 2 2→ + + ( )+ −

 
(17.5)

The electrode constantly oxidizes the PQQ sites located on the periphery of the 
protein, and the PQQ-mediated oxidation of the FAD centers includes bioelectro-
catalytic oxidation of glucose (Eqs. (17.3), (17.4), and (17.5)). The resulting electric 
current is controlled by the recycling rate of the restored FAD substrate.

Control experiments showed that without the PQQ component, the system does 
not detect electronic communication with the electrode surface, that is, the PQQ 
electronic relay block is indeed a key component in the electrooxidation of glucose 
(Bardef et al. 1997; Katz et al. 1998).

17.3.2  Enzyme Cathodes in Biofuel Cells

The biocatalytic reduction of oxidizing agents (e.g., oxygen, hydrogen peroxide) 
has attracted much less attention than the biocatalytic oxidation of fuels. However, 
in order to create an element of a biofuel cell, it is important to design a functional 
cathode for reducing an oxidizing agent, which is connected to the anode and 
ensures the flow of an electrically balanced current. Conventional O2 reducing cath-
odes used in chemical fuel cells are not compatible with biocatalytic anodes due to 
the high temperatures and pressures used to operate them. Thus, biocatalytic reduc-
tion processes at the cathode should be considered as a design strategy for all func-
tional fuel cells based on biomaterials. As an example, consider an enzymatic 
oxygen electrode as a cathode for a biofuel cell.

 Bioelectrocatalytic Cathodes Based on Oxygen

Direct electrochemical reduction of oxygen proceeds with a very high overvoltage 
(approximately −0.3 V on a pure Au electrode at pH 7). Thus, in order to utilize 
oxygen reduction in fuel cells, catalysts are required. The reduction of O2 with the 
transfer of four electrons to water, with or without the formation of peroxide, is a 
big problem for the future development of biofuel cells, since such reactive interme-
diates would lead to the degradation of biocatalysts in the system.

Biocatalytic systems composed of enzymes and corresponding electron transfer 
mediators (e.g., bilirubin oxidase (Tsujimura et  al. 2001) or mushroom laccase 
(Tayhas et  al. 1999) with 2,2′-azino-bis- (3-ethylbenzothiazolin-6-sulfonate as a 
mediator)) are able to efficiently biocatalyze the electroreduction of O2 to H2O at 
~0.4 V (relative to BCE), significantly reducing overvoltage. These systems, how-
ever, are composed of dissolved enzymes and mediators working diffusely, which is 
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unacceptable for technological applications. Organized layered enzyme systems are 
much more promising for use in biocatalytic cathodes.

Cytochrome c (Cytc), which includes the only thiol group in the 102-cysteine 
residue (iso-2-cytochrome c yeast from Saccharomyces cerevisiae), was deposited 
as a monolayer on an Au electrode by covalent bonding of thiol groups to an elec-
trode modified with a maleimide monolayer (Fig. 17.6) (Katz et al. 1999b; Pardo- 
Yissar et al. 2000). A monolayer Cytc– electrode interacted with COx to form an 
affinity complex on the surface, which was then cross-linked with glutaraldehyde. 
A similar structure of Cytc/COx was organized on the surface of crystalline 
Au-quartz microbalances. Microgravimetric studies show that the surface coating of 
COx based on the Cytc monolayer with – ~2 ∙ 10−12mol/cm2. This surface density 
corresponds to an almost tightly packed COx monolayer.

On the cyclic voltammogram of a pure Au electrode in the presence of O2 (the 
background electrolyte is in equilibrium with air), a cathode wave of electroreduc-
tion of O2 is observed at ~ −0.3 V relative to n.c. This recovery wave shifts to the 
negative region in the presence of a monolayer Cytc electrode. This implies that the 
heme/protein layer is inactive as a biocatalyst for O2 reduction. In fact, the Cytc 
monolayer increases the overvoltage of oxygen reduction due to hydrophobic block-
ing of the electrode surface.

On the cyclic voltammogram of a layered Cytc/COx crosslinked electrode in the 
presence of O2, an electrocatalytic wave was observed at ~ −0.07 V, indicating that 
the Cytc/COx layer works as a biocatalytic interface during oxygen reduction. Thus, 
the effective bioelectrocatalizable reduction of O2 by the Cytc/COx interface is due 
to the direct electrical connection between Cyt and the electrode and the electrical 
contact in the crosslinked Cytc/COx structure. The electron transfer to Cytc is 
accompanied by the electron transfer to COx, which acts as an electron storage 
biocatalyst for the joint four-electron reduction of O2 according to Eqs. (17.6), 
(17.7), and (17.8) (two-electron reduction of O2 gives H2O2, and the joint four- 
electron reduction of O2– H2O):

Fig. 17.6 Assembly of the integrated bioelectrocatalytic electrode Cytc/COx. (Pardo-Yissar et al. 
2000)
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Cyt e from the cathode CytOx Redc c+ ( ) →−

 
(17.6)

 4 4Cyt COx Cyt COxRed Ox Ox Redc c+ → +  (17.7)

 COx O H COx H ORed Ox+ + → ++
2 24 2  (17.8)

To estimate the electron transfer rate constant for the complete bioelectrocata-
lytic process corresponding to the reduction of O2, experiments were performed 
with a rotating disk electrode (Katz et  al. 1999a). From the construction of 
Koutetskii–Levich, the calculated number of electrons involved in O2 reduction 
(n  =  3.9  ±  0.2) and the electrochemical rate constant (k  =  5.3∙10−4  cm/s) were 
obtained. The total electron transfer rate constant was calculated 
(Kfull = 6.6∙105 M−1 s−1), taking into account the surface density of the bioelectro-
catalyst 2∙10−12  mol/cm2. Since, it is only slightly higher than the experimental 
value, it can be accepted that the primary process of electron transfer from the elec-
trode to the Cytc monolayer is a limiting stage of the complete bioelectrocatalytic 
reduction of O2.

17.3.3  Biofuel Cells Based on Layered Enzyme Electrodes

Previous sections covered electrode development and the assembly of separate bio-
catalytic anodes and cathodes. When designing biofuel cells, it is important to con-
nect the cathode and anode blocks into integrated devices. Block integration is not 
free of restrictions. The oxidizing agent should not interact with the biocatalyst 
relay, nor with the cofactor blocks on the anode interface, since this would reduce 
or inhibit the biocatalyzed oxidation of the fuel substrate. In addition, for the syn-
chronous operation of the biofuel cell, it is necessary to achieve charge compensa-
tion between these two electrodes, and the electron flux in the external circuit must 
be compensated by the transfer of cations in the electrolyte solution. To overcome 
these limitations, solutions of catholyte and anolyte can be placed in separate 
compartments.

 Biofuel Cell Based on PQQ and MP-11 Monolayer Functionalized 
Electrodes

Figure 17.7 is a diagram of a biofuel cell in which bioelectrocatalizable reduction of 
H2O2 is carried out using microperoxidase-11 (MP-11), and NADH is oxidized 
using PQQ (Willner et al. 1998). In this biofuel cell, H2O2 and NADH were used by 
cathode and anode substrates, respectively.

The electrode potentials exhibit Nernst behavior, reaching a limiting value at 
high substrate concentrations (~1∙10−3 M). From the limit values of the potentials of 
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the PQQ and MP-11 functionalized electrodes, the open-circuit voltage of the cell 
was estimated to be ~0.3 V. The cell gives a short circuit current (Isc) and an open- 
circuit voltage (Voc): ~100 μA and 310 mV, respectively. The power received from 
the biofuel cell (P = V∙I) reaches a maximum of 8 μW with an external load of 3 kΩ.

17.4  Conversion of Organic Waste into Electrical Energy 
Using MFCs

Reducing dependence on fossil fuels and reducing pollution are the main trends that 
are forcing humanity to seek new sources of energy. Wastewater treatment is an area 
in which these two goals can be combined.

The problem of wastewater treatment, starting from the second half of the twen-
tieth century, is relevant for all countries of the world. In the United States, about 
15 gW of electric power (3% of all electricity produced in the country) is spent on 
the treatment of organic-rich wastewater, while the wastewater itself contains 17 gW 
of electric power (Logan and Rabaey 2012). From a colloidal chemical point of 
view, wastewater is a heterogeneous mixture of organic, inorganic, dissolved, col-
loidal, and suspended in water impurities. Organic matter, which is now wasted or 
lost in wastewater processes, is rich in energy. The utilization of part of this energy 
would provide a new source of electricity. Or we could release this hidden energy in 
production processes to get other useful chemicals, such as biofuels or industrial 

Vcell

Icell

Rcell

V

RloadA

e- e-NADH

NAD+

Anode Electrolyte Electrolyte
Cathode

M
em

b
ran

e

H2O2

H2O

PQQ MP-11

–

–
–

–

–

–

+

+

+

+

+ +

Fig. 17.7 A configuration diagram of a biofuel cell using NADH and H2O2 as substrates of fuel 
and an oxidizing agent, and electrodes functionalized by PQQ and MP-11 as a catalytic anode and 
cathode, respectively. (Willner et al. 1998)
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chemicals, which currently require energy or organic substrates. Industrial waste-
water, for example, from food and brewing factories, sugar industries, agricultural 
wastewater from livestock farms, and wastewater from the pulp and paper industries 
are ideal raw materials for bioprocessing because they contain high levels of easily 
degradable organic material, which leads to economic benefit even when fluid heat-
ing is required.

In addition, they already have a high water content, which eliminates the need to 
add it. Such wastewater is a potential processing facility from which bioenergy and 
biochemicals can be obtained. Recovery of energy and valuable products could par-
tially offset the cost of wastewater treatment and somewhat reduce our dependence 
on fossil fuels. There are several biological strategies for treating industrial and 
agricultural wastewater (Largus et al. 2004):

 1. Wastewater treatment using MFCs
 2. Methanogenic anaerobic enzymatic degradation of organic matter in the 

wastewater
 3. Enzymatic production of hydrogen from wastewater
 4. Biological chemical production

Three of these strategies lead to the production of bioenergy (electricity, meth-
ane, hydrogen), and the fourth to the enzymatic production of biochemicals.

Consider the current scientific and technical conditions and problems of bioelec-
trochemical technologies for the treatment of wastewater using MFCs.

Figure 17.8 shows the general scheme of MFC operation in the case of wastewa-
ter treatment. Anaerobic microorganisms oxidize the organic material in the anode 
chamber and transfer the resulting reduced equivalents (electrons) to the cathode. 
For example, the dissimilative metal-reducing bacterium (DMRB) Geobacter spp. 
establishes direct physical contact with solid electron acceptors and uses the peri-
plasmic proteins of c-type cytochrome as a metal reductase (Nevin and Lovley 
2000; Magnuson et al. 2001); therefore, these organisms must grow as a biofilm on 
the surface of the electrode (Bond  2003). Other types of DMRB, such as Shewanella 

Fig. 17.8 Diagram of a two-chamber microbial fuel cell (MTE) used in wastewater treatment
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spp., can transfer electrons to solid acceptors either through direct contact or by 
generating soluble quinones acting as electron shuttles (Nevin and Lovley 2002; 
Newman and Kolter 2000). For organisms of this type, direct contact with the elec-
trode surface is not required. In addition to microorganisms transferring electrons to 
the anode, the presence of other organisms may be conducive to MFC. Park and 
Zeikus (2002) demonstrated that a mixed culture produced current that was six 
times higher than that produced by a pure culture.

Consequently, microbial communities developing in the anode chamber may 
have a function similar to that found in methanogenic anaerobic boilers, except that 
microorganisms, those can transfer electrons to the electrode surface, replace meth-
anogens. Rabaey (2007) called such microbial communities adapted anodophilic 
consortia.

Typical maximum power densities in MFCs are from ~2 to 3 W/m2 of the design 
electrode (usually the cathode) under optimal conditions of ~30 °C, solution con-
ductivity of ~20 mS/cm, and well-buffered solutions at neutral or slightly alkaline 
pH. The power densities of MFCs are much lower than in hydrogen fuel cells, which 
yield about 1 W/cm2, but these power densities are due to chemical fluxes in bio-
films based on a similar flux in terms of equivalent electrons (e.g., 24 mol electrons 
per glucose molecule) (Logan 2008). The upper limits of 17–19 W/m2 were pre-
dicted for MFCs based on estimates, assuming minimal internal resistance or taking 
first-order kinetics typical of microorganisms in biofilms (Logan 2009; Fan et al. 
2008). An increase in the electrode packing density (electrode area per reactor vol-
ume) gives up to 1.55 kW per 1 m3 of reactor volume (2.77 W/m2) under optimal 
conditions (Fan et al. 2007), which is much higher than, as a rule, obtained from 
wastewater (<0.5 W/m2) (Hays et al. 2011; Ahn and Logan 2010). The lower power 
densities obtained from wastewater are explained by the slower biodegradation 
kinetics of complex substrates, lower solution conductivity, and lower buffer 
capacity.

The complex nature of many sources of biomass waste requires that a diverse 
microbial community degrade the various components of the organic matter. 
Although many bacteria can generate an electric current, high power densities from 
complex sources of organic matter are usually associated with the presence of mem-
ber of Geobacteraceae family in the anode community (Logan 2009; Kiely et al. 
2011). These microbes use a limited number of substrates with acetate, which is the 
most common among various strains, although lactate and others are also possible 
substrates (Call and Logan 2011; Speers and Reguera 2012). Therefore, syntrophic 
interactions may be required to convert complex organic matter into simpler sub-
strates, which can then be used by exoelectrogens (Kiely et al. 2011).

The nature of syntrophic associations is very similar to anaerobic digestion, 
where a variety of substrates are decomposed into simple molecules that are used to 
produce methane by members of the genus Methanosarcinales (Lettinga 1995). 
Associations in communities in MFC with certain microbes are not well under-
stood, and they affect the power disproportionately to individual contributions 
(Rabaey et  al. 2004). For example, power was increased by 30–70% by adding 
gram-positive Enterococcus faecium to gram-negative cultures of Pseudomonas 
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aeruginosa, even though pure E. faecium cultures produced little power (Read et al. 
2010). Further studies have shown that Enterococcus aerogenes can produce 
2,3-butanediol, resulting in increased production of the electronic shuttle (phen-
azine) by P. aeruginosa microbes (Venkataraman et al. 2011).

The ability to directly convert organic material from wastewater to bioelectricity 
is exciting but requires a fundamental understanding of microbiology and the fur-
ther development of technology (Kazarinov et  al. 2016; Meshcheryakova et  al. 
2018). Low specific characteristics (specific energy, specific power) of MFCs are 
the main constraint in the implementation of this microbial electrochemical technol-
ogy. So, the maximum power densities produced in MFC using domestic wastewa-
ter alone (without other energy sources) reached 12 W/m3 (Reshetilov et al. 2005), 
which is equivalent to 0.07 kW/m3 produced within 6 h (comparable to the times of 
activated treatment sludge). This energy recovery is low, given that domestic waste-
water contains ~2 kW/m3 (Heidrich et al. 2011).

17.5  The Use of Biofuel Elements in the Field of Medicine

In recent years, studies of fuel cells have intensified in areas other than energy, 
including in the field of medicine (Calabrese et al. 2004). In accordance with vari-
ous aspects in the field of medicine, fuel cell applications are divided into implant-
able medical devices and non-implantable medical devices.

17.5.1  The Use of Fuel Cells in Implantable Medical Devices

Implantable medical devices (IMD) can be divided into two categories: devices with 
functional support (Fernández et al. 2004) and in vivo measurement devices (Chen 
et al. 2006). The first includes pacemakers (Wessels 2002), cochlear implants (Dong 
et al. 2004), drug pumps (Cao et al. 2000), and biochips (Guiseppi-Elie 2011), and 
the second includes a blood meter, glucometers (Yuhashi et al. 2005), and tempera-
ture sensors. A common feature of IMD is that they require a stable and efficient 
power supply (Jia 2012). Traditional implantable medical devices are powered by 
lithium-ion batteries, which require replacement from time to time. This replace-
ment process leads to high medical costs and causes an unbearable pain to patients.

The biofuel element demonstrates high energy conversion efficiency, mild oper-
ating conditions, simple structure, and, most importantly, excellent biocompatibility 
and long service life without periodic refueling, since organic compounds and oxy-
gen in the human body can be used as fuel and oxidizing agent. Integrating fuel cells 
into in vivo implantable devices (as the implantable power of a medical device or an 
implantable medical sensor) will significantly reduce medical costs and alleviate the 
suffering of patients.
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Modern studies of biofuel elements used in implantable medical devices are 
mainly focused on the use of microorganisms and biological enzymes as catalysts. 
The use of the microbial layer in the human body as a catalyst is the most attractive 
prospect for a fuel cell supplying implantable medical devices because of its simple 
setup and low cost. At the same time, the high selectivity of microorganisms and the 
low power output of MFCs limit their wide application possibilities. On the other 
hand, the use of the enzyme as a catalyst demonstrates excellent compatibility and 
significant power, but it suffers from a short duration of the enzyme, which leads to 
a rapid deterioration of the characteristics of the fuel cell. Therefore, the develop-
ment of biofuel elements with stable performance, as well as its low cost, used in 
implantable medical devices, is still ongoing.

 The Use of Microorganisms as Catalysts

The earliest use of a fuel cell in the medical field is a microbial fuel cell received 
electrical energy using MFC containing E. coli and human leukocytes (Cooney 
et al. 1996; Justin et al. 2004, 2011; Sun et al. 2006). The results showed that voltage 
and current were associated with the ability to oxidize glucose by E. coli. In another 
experiment using human leukocytes as a catalyst, the generated current was less 
than the recorded value for the E. coli catalyst. Their research shows the possibility 
of using human cells and fluids to generate energy for implantable medical devices 
in the future.

Given the symbiotic relationship between humans and microorganisms, Liu 
et al. (2010) reported the creation of a microbial fuel cell in the transverse colon of 
the body. An anode made of biocompatible material was spirally attached to the 
intestinal wall. The cathode was located in the middle of the intestine, where oxy-
gen was present in high concentration. Due to this arrangement, the cell can con-
tinuously and stably generate electricity as a result of mobility in the intestines of 
microorganisms and intestinal contents. This system revolutionized the concept and 
prospects of implantable medical devices, demonstrating a fundamentally new 
approach to providing them with electricity.

The use of MFCs implanted in the human colon has been proposed. Due to a 
large number of anaerobic microorganisms naturally present in the intestinal 
mucosa, and at the same time, many aerobic microorganisms in the lumen flowing 
with the fecal mass, the proposed idea is exciting, and the risk of infection will not 
cause serious concern. In particular, a tubular MFC design with a microbial anode 
designed to adhere to the colon mucosa was developed. The low output power was 
limited by the cathode, due to the small electrode surface area and low O2 concen-
tration (Han et al. 2010).

As an alternative to using whole cells in an MFC construct, some of the authors 
studied the possibility of using mitochondria as biocatalysts (Arechederra and 
Minteer 2008; Bhatnagar et al. 2011). Mitochondria offer a compromise between 
high MFCs efficiency and high volume catalytic activity. Without any pre- treatment, 
the use of the microbial layer as a catalyst for a fuel cell demonstrates excellent 
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biocompatibility and also reduces the capital cost of implantable medical devices. 
However, the high selectivity of microorganisms prevents the widespread use of this 
technology. Some reviews of this technology can be found in the literature (Yang 
et al. 2011; Ren et al. 2012; Katz and MacVittie 2013).

 The Use of Enzymes as Catalysts

An enzymatic biofuel cell (EBFC) for medical applications can use glucose oxi-
dase, bilirubin oxidase, laccase, and other enzymes extracted from a living organ-
ism as catalysts (Karyakin et  al. 2002). With its small size and good 
biocompatibility, EBFC has an attractive prospect for implantation or microde-
vices in vivo (Kang et al. 2005).

Mano et al. (2002, 2003a, b) studied the generation of electricity by high- pressure 
biofuel cells using body fluids and subcutaneously actuated medical sensors on 
implants. The fuel cell consisted of two carbon fiber electrodes with a diameter of 
7 μm, which protruded from the inside. The entire fuel cell was packaged in com-
posite resin. Glucose was oxidized by an enzyme deposited on the anode, while 
oxygen molecules decomposed at the cathode and additionally formed water upon 
enzymatic coating of Coriolus hirsutus. It was found that the fuel cell generates a 
power of 0.6 μW. When the battery is operated at human body temperature with an 
output voltage of 0.78  V, it can power the implanted silicon chip. Researchers 
expected biofuel cells to supply electricity to a subcutaneous implant glucometer, 
where changes in blood glucose concentration can be monitored.

Sato et al. (2005) developed a fuel cell for generating electricity using glucose in 
the blood. The fuel cell was attached to a vitamin K3 polymer acting as an electronic 
conductor, bovine serum was used as the electrolyte, and carbon on which glucose 
oxidase was applied was used as the electrode. The EBFC during glucose decompo-
sition had a maximum power of 12.8 μW/cm2.

Recently, the same group reported a microfuel cell with a needle anode and gas 
diffusion cathode as direct energy generation with natural organisms in the epider-
mis (Miyake et al. 2011). They inserted it into fresh grapes and received a maximum 
power of 26.5 mW, which can be used as an indicator of glucose levels. At the same 
time, a needle anode was inserted into the blood vessel of the rabbit ear, where the 
output was stabilized. In the near future, thanks to the development of micro/nano-
technology, it is expected that an even thinner anode of a microneedle matrix will be 
implemented in biofuel cell systems for minimally invasive repairs.

In addition, Lin et al. (2009) have recently developed a prototype implantable 
biofuel cell (BFC) using physiological fluid. The fuel cell used carbon materials like 
electrodes and contained anode and cathode surface modified with glucose oxidase 
and bilirubin oxidase, respectively. In vitro experiments on bovine serum to simu-
late the human physiological environment confirmed the effect of glucose concen-
tration, temperature, and pH of the reaction solution on the output current of the 
biofuel cell.
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In studies of Zebda et al. (2011) and Cinquin et al. (2010), glucose EBFC was 
implanted inside two mice. The battery consisted of a graphite disk containing glu-
cose oxidase and polyphenol oxidase and was wrapped in a dialysis bag. In vivo 
enzymes in the mice oxidized glucose and produced a power of 6.5 μW, which 
lasted for 4 h, suggesting that such an element is based on glucose can provide cur-
rent for implantable medical devices (Cinquin et al. 2010).

Katz et al. successfully introduced biofuel cells into snails, which were much 
smaller than rats (Halámková et al. 2012). Enzyme-coated electrodes were intro-
duced through the sheath into the cochlea’s body. When the cochlea crawled, the 
fuel cell generated electric power of 7.45 μW as a result of the oxidation of glucose 
in the cochlea’s body. The authors also implanted an enzymatic biofuel element into 
a lobster (MacVittie et  al. 2013), and they received a constant output voltage of 
1.2 V, which can support the operation of an electronic clock. The same authors 
focused on biomedical studies of biological fuel cells used in rats and laid the foun-
dation for the development of a fuel cell system for implantable medical devices 
(Castorena-Gonzalez et al. 2013).

In another experiment, five enzyme biofuel elements were sequentially con-
nected and placed them in a human serum solution to simulate human blood circula-
tion (MacVittie et al. 2013). A battery pack with enzymatic bioelements can produce 
a voltage of 3  V, sufficient to power a pacemaker. Rasmussen et  al. (2012) and 
Schwefel et al. (2015) successfully implanted a similar fuel cell in cockroaches and 
mushrooms. More recently, the concept of biological intelligence has been expanded 
by a Japanese research team (Shoji et al. 2014a, b), which installed a fuel cell in a 
living cockroach.

 Membrane-Free Biofuel Cell Based on GOx and Cytc/COx Monolayer 
Electrodes

The next generation of biofuel cells can use a complex ordered enzyme or multi- 
enzyme system immobilized on both electrodes, which can eliminate the need to 
compartmentalize the anode and cathode. The use of effective electron transfer in 
enzyme-modified electrodes can provide specific biocatalytic transformations that 
kinetically compete with any chemical reaction of the electrode, and exclude the 
reactions of biocatalysts with interfering substrates transferred from the back of the 
compartment, including oxygen. This would allow the development of biofuel cells 
without compartments, where the biocatalytic anode and cathode are immersed in 
the same phase without separation by a membrane.

In the considered example (Fig. 17.9), an anode consisting of GOx reduced to a 
PQQ-FAD monolayer (see Fig. 17.5) for biocatalyzed glucose oxidation was con-
nected to a cathode composed of an aligned Cytc/COx pair that catalyzes the reduc-
tion of O2 to water (see Fig. 17.6) (Park and Zeikus 2002).

Since reduced GOx provides an extremely effective biocatalytic oxidation of 
glucose that is not affected by oxygen, the anode can function in the presence of 
oxygen. Thus, a biofuel cell uses O2 as an oxidizing agent and glucose as a fuel 

17 Biological Fuel Cells: Applications in Health and Ecology



348

without the need to separate the compartments by a membrane. The operation of 
such a cell was studied at various external loads (Park and Zeikus 2002), and a coef-
ficient of efficiency of ~40% was achieved with a maximum output power of 4 μW 
and an external load of 0.9 kOhm. The relatively low power removed from the cell 
is mainly due to the small potential difference between the anode and cathode. 
Bioelectrocatalyzed oxidation of glucose occurs at the redox potential PQQ- 
electronic mediator E° = −0.125 V (at pH 7), while the redox potential of Cytc is E° 
′  =  0.03  V.  This gives a potential difference between the anode and cathode of 
only 155 mV.

Using electronic picks with more negative potentials, the power diverted from 
the cell can be increased. The main advantage of this system is its operation in a 
non-cutoff configuration. This suggests that the electrodes can be used as in vivo 
power generation devices using glucose and O2 from the blood as fuel and oxidizing 
agents. Such power generation devices can power implantable devices, such as elec-
trical stimulators or insulin pumps.

17.5.2  The Use of Fuel Cells in Medical Equipment In Vitro

Fuel cells have attractive prospects not only in implanted medical devices but also 
in a wide range of non-implantable medical applications. Currently, various tech-
nologies of fuel cells used in medical equipment are constantly used.

At the beginning of this century, Heller and co-workers developed an accurate 
and painless glucometer that can continuously monitor blood glucose levels using 

Fig. 17.9 Schematic configuration of a cell-less biofuel cell using glucose as fuel and oxygen as 
an oxidizing agent, and gold electrodes functionalized with PQQ-FAD/GOx and Cytc/COx as a 
biocatalytic anode and cathode, respectively
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fuel cell technology (Feldman et al. 2000; Heller 2005, 2006; Heller and Feldman 
2008). The main element of the glucometer is a fast and accurate microtone coulo-
meter. The results were accurately measured due to the short diffusion distance of 
the reagent, the fast oxidation time, and the independence of the kinetic parameters 
of coulometry (such as temperature, viscosity, and activity). More importantly, the 
instrument requires only 300 nl of blood (less than a blood-sucking mosquito sam-
ple), eliminating the pain caused by a puncture of the skin. TheraSense is planning 
to build fuel cells for a one-time surface-mounted sensor with a volume of less than 
1 mm3. Sensor electrodes were inserted into subcutaneous users, and because of 
their thin and flexible design, pain was not felt. Battery life was limited to a few 
days, after which people can replace it with a new one.

Li et al. (2004) developed a glucose oxidase electrode, combining a stable blue 
film electrode with a modified sol-gel-immobilized enzyme technology. The glu-
cose concentration is in the range of 0.05–4.75 mmol/L and varies linearly with the 
reaction current. The enzyme electrode does not interact with ascorbic and uric 
acids present in the system, or with other electrically active fungi, exhibiting stable 
behavior. The proposed cell is simple and convenient to use, and also does not 
require much time, and on its basis, it is possible to implement a reliable method for 
determining the level of glucose in the blood to meet clinical needs.

In addition, a fuel cell was used to test alcohol in expired air (Workman 2014). 
The main elements of the fuel cell sensor consist of two platinum electrodes and 
intermediate layers of a porous acidic electrolyte. Alcohol in the exhaled air is oxi-
dized to acetic acid and water through the fuel cell, creating a voltage proportional 
to the concentration of alcohol. A commercial alcohol tester called BAC track 
(blood alcohol content (BAC)) should appear on the market with technologically 
compatible functions since it can be combined with smartphones via Bluetooth. 
This product can not only check whether it is safe to drive a car, but also indicate 
how long it will take to get rid of alcohol. Therefore, it is expected that it will have 
great market prospects.

Currently, fuel cells can also be used to measure the concentration of oxygen in 
a mixed gas from a clinic respirator. Thus, they became known as medical oxygen 
batteries or oxygen sensors (Feng 2009). At constant temperature and pressure, the 
voltage of the fuel cell is directly proportional to the concentration of oxygen. There 
are currently alternative oxygen fuel cells for fans on the market. Ruo-Ming Hu 
et al. (2012, 2013a, b) developed a portable micro-oxygen generator using direct 
and reverse fuel cell technology. The principle of reverse fuel cell technology 
involves the use of oxygen in the air with an increased concentration ( >98% of pure 
oxygen).

Hu’s group developed a portable tool for treating chronic wounds that is the same 
size as a mobile phone. The device gave a microstream of pure oxygen at a rate of 
3 ml/h, continuously supplied to the wound surface, and obtained promising results 
in clinical trials. The purpose of this device is chronic wound healing. The group’s 
recent goal is also to use a wound healing tool for treating psoriasis. Scherson et al. 
(2014) have developed a similar oxygen microgenerator showing the same 
characteristics.
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17.6  Conclusion

Biofuel cells for generating electricity from energy-intensive organic substrates can 
be created with various approaches. One of them involves using microorganisms as 
bioreactors to ferment raw materials into fuel, for example, hydrogen, which is then 
fed to the anode of a conventional fuel cell. The second approach to the use of 
microorganisms in biofuel cells involves an in situ electrical connection of 
 metabolites generated in microbial cells with the electrode substrate using diffusion 
electron mediators. A further methodology for the development of biofuel cells 
includes the use of redox enzymes for the targeted oxidation and reduction of sub-
strates of a specific fuel and oxidizer on electrode substrates and the generation of 
electricity.

To achieve this, it is important to create integrated enzyme electrodes that pro-
vide electrical contact between the enzyme system and the conductive substrate. A 
detailed study of the electron transfer rates through the interface, biocatalytic rate 
constants, and cell resistance is important for the development of biofuel cells. The 
identification of the limiting stage will then allow the development of a strategy for 
improving and increasing cell yield. Chemical modification of redox enzymes with 
synthetic blocks that improve electrical contact with electrodes provides a general 
way to improve the electrical output of biofuel cells. Site-specific modification of 
redox enzymes and reconstruction of the surface of enzymes represent a new prom-
ising tool for aligning and orienting biocatalysts on electrode surfaces. The effective 
electrical contact of aligned proteins with electrodes suggests that future efforts 
should focus on the development of structural mutants of redox proteins to improve 
their electrical contact with electrodes. Step-by-step nanoengineering of electrode 
surfaces with relay-cofactor-biocatalyst blocks through organic synthesis allows 
controlling electron transfer cascades in structures. By “tuning” the redox potentials 
of synthetic relays or biocatalytic mutants, it is possible to improve the energy per-
formance of biofuel cells.

The configurations of the biofuel cells described in this chapter can theoretically 
be extended to other redox enzymes and fuel substrates with numerous technologi-
cal applications. Generating electricity from biomass substrates using biofuels 
could supplement energy sources from chemical fuel cells. An important potential 
use of biofuel cells is in situ assembly in human body fluids, such as blood. The 
generated electricity can be used to power implanted devices such as electrical stim-
ulators, pumps (e.g., insulin pumps), sensors, and prosthetic modules.

Further research in this direction should be focused on the development of com-
pact in vivo medical devices with high safety, durability, ease of replacement, and 
low cost. As soon as the use of a fuel cell in the human body is successful, humanity 
will face a new medical revolution.
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Chapter 18
Recent Trends in Fabrication 
and Applications of Wearable 
Bioelectronics for Early-Stage Disease 
Monitoring and Diagnosis

Ramila D. Nagarajan and Ashok K. Sundramoorthy

Abstract Modern technology has offered many ways to use chemical and biosen-
sors effectively in detecting various analytes in environmental, medical, and food 
samples. Recently, people have started to use wearable devices to track various 
kinds of information about their health and fitness level. The market of wearable 
devices in 2015 was $5 billion which showed 25% enhancement over 2014, and it 
is further expected to grow for the next 5 years. The primary focus of this chapter is 
to bring the  latest developments on nanofabricated wearable devices which inte-
grated on the epidermis, thereby analyzing by a non-invasive and non-obtrusive 
fashion. We have given more emphasis on the recent developments in the fabrica-
tion methodologies toward the chemical and biosensor for physical parameter mea-
surements of heart rate, glucose, temperature, and pressure levels. To prepare 
wearable devices, nanomaterials such as 2D graphene, 1D carbon nanotubes, con-
ducting polymers, and noble metal nanoparticles have been used as transducers. 
There are various challenges in  recording  the real-time measurements on human 
body during physical movements when there are drastic changes in the temperature, 
pressure, and humidity of the device, so these parameters have to be taken into 
account during flexible sensor device manufacturing. There are further develop-
ments on wearable devices which can track the health of patients, and also depend-
ing on the need, it can release drug into the body in a controlled manner for a timely 
diagnosis. We have also discussed the need of wearable devices and their use as 
temperature/motion sensor, respiration rate analyzer, heart rate and blood pressure 
monitoring, detecting the level of glucose, lactate, pH, etc. In addition, therapeutic 
applications and future hopes of wearable sensors have been discussed.
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Nomenclature

SERS Surface Enhanced Raman Spectroscopy
PEDOT:PSS Poly(3,4-ethylenedioxythiophene):polystyrene sulfonate
PDMS Polydimethylsiloxane
CNTs Carbon nanotubes
GO Graphene oxide
rGO Reduced graphene oxide
BN Boron nitride
MoS2 Molybdenum disulfide
WS2  Tungsten disulfide
RFID Radio-frequency identification
PTC Positive temperature coefficient
NTC Negative temperature coefficient
Ag NWs Silver nanowires
Ag NPs Silver nanoparticles
PET Polyethylene terephthalate
SEBS Styrene-ethylene-butadiene-styrene
SWCNTs Single-walled carbon nanotubes
PU Polyurethane
FSSF Free-standing stretchable fiber
b.p.m Beats per minute
HR Heart rate
ECG Electrocardiography
PVDF Poly(vinylidene fluoride)
PVDF-TrFE poly(vinylidene fluoride-co-trifluoroethylene)
PEIE Ethoxylatedpolyethylenimine
MWCNTs multiwalled carbon nanotubes
VS vinylsiloxane
PFTs Pulmonary function tests
wPt Wrinkled platinum
IC Inspiratory capacity
ESMF Etched single mode fiber
CB Carbon black
MLGs Multilayer graphene platelets
Au NW Gold nanowire
ROA Reflectance oximeter array
H2O2  Hydrogen peroxide
LED Light emitting diode
OCET Organic electrochemical transistor
Na+ ion Sodium ion
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18.1  Introduction

The word “sensor” is derived from the Latin word Sentire, which means the recog-
nition of particular molecules/analyte/compound. Initially, the sensing process 
arises from the human body by reflecting various forms of signals. In humans, the 
sensing mechanisms are based on touch, hearing, taste, and pain. These functions 
are mainly depending on the input signal and the transformation to the final receptor 
through where the output signal will be assessed. Chemical and biosensors which 
are the devices used to generate the electrical signal from the chemical or biomole-
cules transformation processes (Yogeswaran and Chen 2008). Briefly, chemical sen-
sor is a device that converts concentration of target analyte into a measurable 
analytical signal through transducers. The analytical signal can be correlated to the 
quantity of the material/compound/molecule (Compagnone et al. 2017) present in 
the sample. The measurable signal may be in the form of electric current or poten-
tial, thermal resistance, thermal conductivity, and optical properties (Hulanicki 
et al. 1991). In the electrochemical sensor, the measured output signal should be in 
the form of current, voltage, resistance, or capacitance. The electrochemical sensors 
are broadly classified into two categories namely chemical sensors and biosensors. 
If the active element of the sensor is a biomolecule, converting or catalyzing the 
(bio) chemical reactions into a measurable signal is known as an electrochemical 
biosensor (Mehrotra 2016). Electrochemical sensors are more suitable for health 
care monitoring than the other sensors (e.g. Chemosensors, Surface Enhanced 
Raman Spectroscopy (SERS), etc.) because it offers high selectivity, sensitivity, 
good repeatability, reproducibility, and stability at relatively low cost. Additionally, 
the preparation of electrochemical sensors is simple, provides easy handling, and the 
catalyst material can be reused multiple times (Coelho et al. 2016).

However, the biosensor may not give accurate results in the complex samples. 
For example, when applied to the target nucleotides and tissues interaction, the 
electrode surface modified with biocatalyst may get damaged or adsorbed by other 
biomolecules (fouling) or unbounded molecules could further affect or change the 
electrode response. To overcome the above problems, biosensors can be applied 
specifically to the target area of human body, so it may avoid unnecessary complex-
ity associated with the sample matrix (Bizzotto et al. 2018).

In this chapter, we have highlighted the recent trends on developing wearable 
bio(chemical) sensors for direct monitoring of human activity and corresponding 
changes in their body such as temperature, heart rate, blood pressure, and biomarkers 
levels (glucose, lactate, pH, etc.) in body fluids (sweat, tears, etc.). Specifically, wear-
able sensors made of using 2D graphene, 1D carbon nanotubes (CNTs), and conduct-
ing polymers poly(3,4-ethylenedixythiophene) polystyrene sulfonate (PEDOT:PSS) 
with flexible Polydimethylsiloxane (PDMS) substrate are highlighted. The advantages 
of wearable sensors and associated challenges in maintaining sensitivity, repeatability, 
reliability, and stability of the devices are discussed under normal and flexible condi-
tions. Also, wearable devices can do monitoring of glucose levels in hyperglycemia 
patients, and at the same time, it was designed to deliver the drug activated by thermally 
actuated needles present on the same fabricated device. Further challenges and the 
future scope of wearable devices are described.
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18.1.1  Development of Wearable Devices 
for Various Applications

Electronic sensor devices are mainly developed with more portability options to 
integrate with wireless communication to enable easy health monitoring, environ-
mental monitoring, weather forecast, food analysis, etc. (Heikenfeld et al. 2018). 
Wearable devices have gained more attention in the past few years to use in com-
mercial products (e.g. barcode scanners). Nowadays, the use of barcode scanner is 
more attractive and simple compared to the manual entry. As we can see, many 
advertisements have been showcased to encourage the use of wearable devices to 
improve the habit of eating healthy and medical diagnosis of labors and the athletes 
(Aroganam et al. 2019; Mardonova and Choi 2018). In recent years, scientists have 
developed devices to control the operation process of mining industry and carefully 
monitor the environmental condition in underground of the deep mines. Wearable 
safety helmets are also produced to detect methane and carbon monoxide gases 
when working in deep underground at a particular region (Hazarika 2016). Similarly, 
the children activities are monitored in the class room while studying the case 
reports through the wearable devices (Geršak et al. 2020).

18.1.2  Advantage of Wearable Devices

Applications of chemical and biosensors are playing important role in health care 
monitoring. Wearable electronic devices can be used as an alternative tool to do 
health monitoring (through a mobile device) without using expensive analytical 
instruments. These devices are based on non-invasive methodology to analyze the 
individual’s pathophysiology (Godfrey et al. 2018). The common laboratory ana-
lytical instruments are not flexible, and more steps are involved in the sample 
extraction and analysis. Wearable sensors can be prepared by using interdisciplinary 
knowledge from chemistry, biology, and micromechanical engineering systems to 
do selective and sensitive detection of target analytes in environmental, biomedical, 
and food samples. The main advantage of these devices is that they can be easily 
miniatured as simple body attachable tools for medical diagnosis and treatment.

18.1.3  Challenges in Wearable Devices

Wearable devices such as sweat sensors can be used for a variety of applications. 
However, there are challenges that remain to overcome during the usage on the 
surface of the epidermis. The device performance can be altered by various param-
eters. For example, the device can give wrong results due to problems associated 
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with the improper adherence on the skin, handling of fluid (sweat, tears, etc.), incu-
bation time, and concentration levels of target analyte that may pose challenges to 
accurately detect and report. Another important hurdle is the point of stretchability 
of wearable devices. Because of human activity or body movements, the wearable 
sensor may produce more noise and changes in the temperature, humidity, and pH 
level of sweat. This problem of the wearable devices can be improved by fabricating 
the device with a strain-dependent material with high flexibility. If the wearable 
devices are made with more accurate measurements under mechanical stress and 
strain (tactile sensor) (Wu et al. 2020), they may be more suitable for commercial 
applications. Different kinds of wearable devices are available in the market for 
regular usage in the form of smart watches (Lee et al. 2013), smart contact lens 
(Rodger et  al. 2006), smart bandages (Long et  al. 2018), clothing (Lin et  al. 
2018), etc.

18.2  Materials Used to Prepare Flexible Devices

Previously, organic and inorganic materials have been used to prepare the substrate 
for flexible devices. For example, inorganic material silicon was used, but it is rigid 
and easily breakable under stress. To improve the flexibility of the device, flexible 
carbon nanomaterials such as 2D graphene (Sundramoorthy et al. 2015b) and 1D 
CNTs have been used (Sundramoorthy et al. 2015a). They had shown outstanding 
chemical and physical properties with superior intrinsic flexibility compared to the 
conducting polymers. Although organic electroluminescence molecules had excel-
lent intrinsic flexibility, it shows poor conductivity which is several orders of mag-
nitude lower than the inorganic semiconducting material (Forrest 2004; Zou et al. 
2018). 2D graphene-based flexible devices showed outstanding mechanical prop-
erty with good optical transmittance of 97.7% which is suitable for the optoelec-
tronics. Graphene could be used as good thermos-resistive and piezoelectric 
material, which makes them suitable for healthcare point of observation using 
paper-based graphene electrodes (Mohanraj et al. 2020). The large-scale production 
of graphene film is also possible with the role-to-role printing process and ultra- 
high vacuum chemical vapor deposition process to produce the flexible wearable 
devices (Kim and Ahn 2017). Similarly, graphene derivatives (graphene oxide, GO 
(Choo et al. 2019) and reduced graphene oxide, rGO) (Zhou et al. 2019) and the 
other 2D materials like boron nitride (BN) (Siddiqui et  al. 2017), molybdenum 
disulfide (MoS2) (Singh et al. 2019), and tungsten disulfide (WS2) (Rehman et al. 
2017) had also been used to produce flexible wearable devices. In the case of organic 
molecules, PDMS was used as a substrate to prepare the flexible electronic device. 
The conducting polymer PEDOT:PSS was also used to prepare a flexible super- 
capacitor device (Li et al. 2016). The inkjet-printed PEDOT:PSS film was used to 
fabricate stretchable circuits in the electronics (Kraft et al. 2020).
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18.3  Wearable Devices

18.3.1  Fabrication Technique for Wearable Devices

Flexible devices were fabricated based on chip integration at the micro- and nano-
levels. Such fabrication techniques improved the functionality of stretching, adhe-
sion, and decreased the production cost (Li et al. 2019). The wearable devices made 
by different lithography techniques such as photon-based lithography, charged 
particle- based lithography, printing-based lithography, tip-based lithography, and 
thermal tip lithography. Due to user-friendly nature, printing-based lithography was 
used to print various patterned structures. To have better interaction between human 
skin and the monitoring (wearable) device, the sensing component has to be flexible 
and stretchable with good sensitivity when attached. For example, Fig. 18.1 shows 
a demonstration of graphene-based device in the analysis of humidity level and 
respiration rate on the skin during breathing and speaking. The response time was 
20 ms, and it transformed the signal wirelessly (He et al. 2018; Wang et al. 2016). 
The requirement for electrode fabrication by conventional technology is expensive. 
But printing process is scalable for the production of flexible device for different 
applications. It includes screen printing technology, inkjet printing technology, and 
roll-to-roll printing technology for large-scale production with low cost (Li 
et al. 2019).

18.3.2  Flexible Wearable Device for Health Monitoring

Generally, the medical professionals monitor the bio-signals on different parts of 
the body. Bio-signals are observed on the arm, wrist, chest, and fluids secreted in the 
body (Khan et al. 2016). Figure 18.2 represents the various monitoring tools used 

Fig. 18.1 shows graphene-based wearable device for health care monitoring through non-invasive 
methods and the wireless transmission of data. (Reproduced with permission from He et al. 2018)
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for  recording the  changes during physical activity and bio-signals which were 
recorded in the human body by various wearable devices. These body attachable 
devices recorded  and transmitted the  signals wirelessly through the Bluetooth, 
and Radio-frequency identification (RFID) technology for the point of care applica-
tions (Ha et al. 2018).

18.3.3  Wearable Thermal Sensor

To monitor the physiological state of a person, the temperature measurement is 
required, and if it exceeds the elevated body temperature, it is the symptoms of 
fever. The internal temperature is about 37° C in the human body, and the core tem-
perature is constant which is related to the heat produced by the body and heat loss 
to the environment (Olesen 1982). When an organic field-effect transistor prepared 
using gold or platinum was used as a temperature sensing material for epidermal 
electronics, it showed poor performance under the stretching condition of the 
device. To overcome this issue, ceramic materials and transition metal oxide films 
were used in the making of thermistor, but still, these devices were lacking in 
mechanical flexibility (Yan et al. 2015). So, wearable devices are fabricated using 
CNTs, graphene, or metal oxide nanomaterial to improve the stretching and decrease 
the production cost of fabrication (Kanao et al. 2015).

Fig. 18.2 (i) Represents the various sensors associated with health care monitoring to analyze the 
physical activity and bio-signals. (ii) Flexible material on the sensing location. (iii) The wireless 
transformation of signal through Bluetooth, RFID, and their application in different places. 
(Reproduced with permission from Ha et al. 2018)
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The temperature sensors were used to record temperature by using the thermistor 
and thermoelectric effects. For the conventional use, thermistor sensor is a better 
device by means of the temperature sensing related to the resistance. There are two 
types of sensors, one is positive temperature coefficient (PTC), where the tempera-
ture increases linearly with the resistance increases. In the second case, temperature 
decreases and the decrease in resistance corresponds to negative temperature coef-
ficient (NTC).

So, the thermistor response is given by the following equation

 
R R T Tt o o= −( )exp / /β 1 1

 

Where Rt is the resistance of material at temperature T, and To is the reference tem-
perature at that point when the resistance was Ro. β is the thermistor constant of the 
material. It can be obtained by getting the slope value from lnRt and (1/T).

Yan et  al. (2015) demonstrated a thermistor using graphene as a stretchable 
material and silver nanowire (Ag NW) as electrode on the PDMS substrate 
(Fig. 18.3a). This device is stretchable up to 50%, and their relative thermal resis-
tance was measured (Yan et al. 2015). Figure 18.3b was the I–V curves recorded 
using the thermistor when 0% strain was applied. Kanao et al. (2015) reported a 
selective temperature sensor with the strain force applied on the substrate, so the 
flexibility problem was fixed by creating tactile strain sensor with thermal sensor 
using printed flexible material on the cantilever structure. The fabricated device is 
used to monitor the temperature along with the strain based on cantilever structure 
for bending the substrate and application toward the e-skin device.

CNTs with silver nanoparticles (Ag NPs) were printed on polyethylene tere-
phthalate (PET) film to fabricate a strain sensor. For temperature sensing, printed 
CNTs with PEDOT:PSS on the same PET substrate are used (Kanao et al. 2015). In 
2018, Zhu et al. made a stretchable thermal sensor device with strain suppression. 
The CNT-based fabricated transistors device with strain-dependent circuit modifi-
cation measures inaccuracy of ±1 °C for the uniaxial stain-dependent errors up to 
0–60%. The output was measured using static and dynamic approach, and in static 
approach, the circuit design achieves a sensitivity of −24.2 mV°C−1 in the tempera-
ture range about 15–55  °C which was in the range of ambient and human body 
temperature. In dynamic approach, the tunable sensitivity was in the range from 
−20.2 mV°C−1 to −41.7 mV°C−1, and the sensing resolution was 0.5 °C. CNTs pat-
terned transistor was placed on the epidermis of the wrist. The thermal changes 
were recorded by the device attached on the prosthetic rubber hand. The flexibility 
monitored by applying uniaxial strain and the temperature changes was observed 
when the hair dryer was brought near the fabricated device. The stretchable thin- 
film transistor device was made with styrene-ethylene-butadiene-styrene (SEBS) as 
the substrate. Using photolithography, the source-drain and gate electrodes were 
patterned using unsorted single-walled CNTs (SWCNTs), and supramolecular- 
polymer- sorted semiconducting SWCNTs were used to bridge the source and drain 
electrodes. The temperature changes were measured with and without introducing 
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strain in the temperature range of 22–55 °C by applying uniaxial strain from as 20, 
40, and 60% (Zhu et  al. 2018). Trung et  al. (2018) demonstrated the strain-free 
stretchable temperature sensors designed using rGO with polyurethane (PU) com-
posite by simple fiber-spinning method. This stretchable fiber withstands the strain 
limit up to 50% and the measured inaccuracy of ±0.37 °C. The fabricated stretch-
able fiber increased the temperature response of (0.8% /1 °C), the sensing resolution 
of the stretchable fiber was 0.1 °C embedded on the PDMS substrate, and its effi-
ciency of stretching tendency shows 90%. The free-standing stretchable fiber 
(FSSF) sewn on the stretchable bandage attached on the forearm showed the effi-
ciency of measuring temperature in the human skin while doing cycling with the 
changes and the sensing resolution as 0.1  °C.  FSSF-based bandages and fabrics 
were suitable for monitoring temperature changes and applications in personal 
health care monitoring (Trung et al. 2018).

Fig. 18.3 (a) The optical image for the thermistors based on graphene channel on the PDMS 
substrate with 0% strain, (b) Represents the I–V curves for the graphene integrated channel with 
0% induced strain device for monitoring temperature. (Reproduced with permission from Yan 
et al. 2015). (c) Wearable device for monitoring the internal core body temperature based on the 
infrared sensor, and microphones are connected for the hearing aid process. (Reproduced with 
permission from Ota et al. 2017)
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The measurement of core temperature is essential for health monitoring. The 
fabrication of 3D-printed wearable smart device is demonstrated which can be worn 
on the ear to monitor the temperature changes from the tympanic membrane on the 
basis of infrared sensor. The earable smart device is fully integrated with the data 
processing unit through the wireless connection, and it acts as a hearing aid with the 
design of microphone and actuators (Ota et al. 2017) (Fig. 18.3c). The biocompati-
ble and ultra-flexible temperature sensor was fabricated on a semipermeable PU 
film. It measured the human body temperature for 24/7. The biocompatible nature 
of the flexible device was studied in vitro for the temperature measurement, and the 
obtained results are compared with the mercury thermometer, and it proved the 
practical application for temperature monitoring in human body. The temperature 
changes were also observed on the human body by water vapor and flowing air 
respiration by the device adhered on the forearm (Chen et al. 2015). However, the 
reported flexible device for temperature sensor is affected by the strain factor due to 
bending and twisting of the fabricated materials and lacks in the point of care appli-
cation. This problem was fixed with the elimination of strain induced sensor for 
measuring temperature resistance.

18.3.4  Flexible Sensor for Heart Rate Monitoring

Monitoring of human pulse and the respiration rate is important for people who suf-
fer from cardiac infarction, arrhythmia, and hypertension. In the final stages, it may 
lead to heart attack within a few minutes and unexpected death (Ha et al. 2018). The 
normal function of the human heart is a cyclic sequence of deoxygenated blood 
through the lungs and pumping oxygenated blood through aorta to the body, and 
this process is called cardiac cycle. The heart rate (HR) signal was expressed in 
terms of beats per minute (b.p.m). The HR signal is manually measured at the point 
of wrist and the neck by radial artery and carotid artery or by directly listening to the 
heartbeat rate from the stethoscope. The HR can be also measured by optical, pres-
sure, and electrical sensor. The methods can be varied according to the sensing 
location, and HR can be electrically monitored by placing a sensor on the chest. To 
use the optical and pressure technique, HR sensor is placed on the wrist. The most 
important technique is currently used for HR monitoring known as electrocardiog-
raphy (ECG).

ECG skin electrodes pick the depolarization signal from the heart muscles. ECG 
system is carried out by 12 leads, but the signal can be detected on the chest by 
using two electrodes. The ECG signals are conventionally monitored with the gel- 
assisted Ag/AgCl electrode in clinical measurements, and it causes skin irritation. 
The problem was fixed by using HR wearable device, and it avoided the gel-assisted 
process and made direct contact with the skin. Sekine et al. (2018) demonstrated 
printed ferroelectric polymer-based wearable sensor to monitor the HR on the skin. 
This flexible printed sensor showed fast response time of 0.2 s with high pressure 
sensitivity of (~0.025  MPa) toward the HR monitoring. The device was printed 
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using ferroelectric polymer of Poly(vinylidene fluoride) (PVDF) and the derivative 
of copolymer called poly(vinylidene fluoride-co-trifluoroethylene) [PVDF-TrFE). 
This material is soluble in polar solvents, so it makes them suitable for the solution- 
printing process. This ferroelectric polymer-based pressure sensor was adhered on 
the human wrist and neck and monitored the blood flow through a wireless connec-
tion (Sekine et al. 2018). In 2017, Cai and coworkers demonstrated highly stretch-
able strain-free epidermal sensors for the respiration rate and cardiac cycle 
monitoring. This device was fabricated by using percolative network of 3D gra-
phene foam and 1D CNTs by chemical vapor deposition. It showed high sensitivity, 
strain up to 85% with a gauge factor of 20.5 and stability of >5000 cycles. This 
strain-free device distinguished the normal healthy person and pregnancy person by 
variation in the artery wrist pulse waveforms. The cracks were observed after apply-
ing strain. With the applied strain of 85%, few CNTs are bridged and lost their 
electrical conductivity. However, after applying of 100% strain, the device got rup-
tured (Fig.  18.4a). This strain-free sensor has been applied on the epidermis of 
human skin and eliminated the signal-to-noise ratio for the precise detection of 
respiration rate and cardiac cycle (Cai et al. 2017). Figure 18.4b and c show the 
resistance change observed for artery pulse waveform for a healthy and pregnant 
person, and monitoring before/after the sports activity of a volunteer. Simultaneous 
thermal and ECG sensors were fabricated to monitor changes in the human body 
temperature and pulse rate in the real time as shown in Fig. 18.4d. This technique 
avoids the gel-assisted process for good adhesion to the skin, and the material fab-
rication was done on the PET substrate. For good adhesion, ethoxylatedpolyethyl-
enimine (PEIE) mixed with PDMS was used to enhance the adhesive force on the 
skin. The multiwalled CNTs (MWCNTs) were mixed with the adhesive material for 
improving the conductivity.

The ECG sensor was adhered on the chest of the human body before and after 
running to monitor ECG. It was found that ECG signals got affected slightly due to 
the generation of sweat after running. However, after wiping the sweat, the device 
retains its original performance and reached to the original value. This study showed 
that the wearable device may be suited for the sports application and to monitor the 
temperature changes on the volunteer chest. The ECG signal can be recorded during 
the position of sitting, standing, and the running position (Fig. 18.4e).

The results of flexible thermal sensors are verified with the infrared sensor 
(Fig. 18.4f) (Yamamoto et al. 2017). The other proposed method for bio-inspired 
composite is the PDMS substrate decorated with the vinyl siloxane (VS) mushroom- 
shaped tips. This fabricated device had direct adhesion onto the skin surface with 
the strength of 18 kPa to monitor the respiration rate and HR. The signal-to-noise 
ratio of the device and strain sensor is improved to 59.7. Due to strong adhesive 
nature on the chest, it differentiated the normal breath rate from a deep breath by 
changes in the resistance of the sensor during shrinking and expansion of the chest. 
The blood flow pressure was also measured as 84 beats per minute, and the sensor 
waveform was recorded in 10 s. It indicated that the signal of the artery pulse was 
detectable (Drotlef et al. 2017).
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18.3.5  Micropatterned Devices for Respiration Rate

For a healthy person, the basic sign indicates the flow of oxygen and exhale of car-
bon dioxide. The abnormal symptoms of respiration rate lead to asthma and pulmo-
nary disease which is affecting around 435 million people around the world. To 
measure the flow of breath, sensors are attached on the chest and abdomen. The 
general method for respiration rate monitoring is use of pulmonary function tests 
(PFTs) connected with spirometry and diffusion capacity methods. Spirometry is a 
challenging method because one has to breathe maximally than normal, and it does 
not ensure accurate reading and is also not suitable for long-term use. Pegan et al. 
(2016) developed wrinkled platinum (wPt) as sensing material which is placed on 
the chest with adhesive tape and measured based on the contraction and relaxation 
of muscles. This sensing material showed 185% strain range with highest gauge 
factor of 42. It is connected with spirometric measurements and correlated based on 
the inspiratory capacity (IC) and tidal volume. The digital spirometer showed 95% 
accurate results when muscles expand during physical activity (Pegan et al. 2016). 
Moreover, Chu et al. (2019) reported a wearable device with Band-Aid models for 
respiratory and motion monitoring with the simple fabrication method by using 

Fig. 18.4 (a) Shows the pulse rate sensor based on the fabricated microstructured 3D graphene 
foam with CNT to show the variation by cracking the sensing of pulse rate. (b) The graph repre-
sents the resistance change recording of healthy and pregnancy person. (c) The graph for recording 
the resistance for artery wave pulse of a human before and after sport. (Reproduced with permis-
sion from Cai et al. 2017). (d) The real-time monitoring of thermal and pulse rate (Electrocardiogram) 
signals was observed simultaneously. (e & f) show the graph of thermal sensing and ECG record-
ing during the position of standing and sitting and the same observed during running position. 
(Reproduced with permission from Yamamoto et al. 2017)
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photo-resistive technique. The wearable devices attached on the abdomen and rib 
cage were shown in Fig. 18.5a, and further strain relief patterns were designed to 
adhere on the skin. The simultaneous measurement of strain and respiration rate 
was recorded on the sensing location of abdomen and ribcage, and corresponding 
resistance change was observed for respiration of volume (Fig. 18.5b). The mea-
sured respiration rate was based on the expansion and contraction during standing 
and movements such as running and walking. Furthermore, the data were collected 
through wireless transmission via Bluetooth. A well-calibrated model was devel-
oped for measuring changes in resistance of the strain sensor with respect to the 
volume expansion of breath (breathe exhaled). This can be used to measure the 
respiration rate and respiration volume by the sensor adhered on the skin. The mea-
sured changes are recorded during walking at the speed of 4.8, 9.7, and 12.9 km/h, 
and the respiration volume was also recorded (Fig. 18.5c). This device was useful 
for the asthma and pulmonary chronic disease patients (Chu et al. 2019). The fiber 
optic sensor made with the MoS2 nanosheets showed 14-fold enhancement for 
human breath monitoring with quick response time of 0.066 s. This MoS2-coated 
etched single mode fiber (ESMF) has to be analyzed with real-time monitoring in 
human breath (Du et al. 2017).

18.3.6  Flexible Devices to Measure Blood Pressure

Blood pressure monitoring is important for humans. The blood pressure levels can 
be maximum and minimum which leads to systolic and diastolic disorders. For a 
normal person, the blood pressure is (above/below) 120/80 for systolic and 

Fig. 18.5 (a) The visual images of flexible wearable sensor bandage on the abdomen and rib cage 
for monitoring the respiration. (b) The representation of simultaneous strain sensor along with 
respiration sensing and the sensor location on the abdomen and rib cage and the resistance change 
was measured. (c) The same respiration changes were observed in the abdomen during the differ-
ence in the running speed and the increase in the respiration volume recorded. (Reproduced with 
permission from Chu et al. 2019)
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diastolic. If the blood pressure is higher than the above-mentioned levels, then it 
leads to hypertension. Blood pressure is commonly measured by using a sphygmo-
manometer which is wrapped around the arm and measures the pressure using a 
manometer. But the usage of a sphygmomanometer has lacked many points in the 
frequent analysis. People may lose their life in unreasonable condition due to the 
improper monitoring of the pulse waveform. The research has started to develop 
wearable pressure sensors by either one of piezo-resistive/capacitive or piezo- 
elective. Mostly, the used techniques were based on capacitive and piezoelectric 
methods. The flexible sensors made with resistance measurements were also avail-
able. In 2014, Zhu et al. (2014) prepared a flexible pressure sensor with the quick 
response time of 0.2 ms using microstructure graphene arrays on the PDMS sub-
strate. This flexible sensor was tested on the artificial hand by applying temporal 
and static touch with finger which gives signal in the form of Morse code. It showed 
high sensitivity of −5.53 kPa−1 in low pressure range (Zhu et al. 2014).

Flexible capacitive type sensor is developed based on the robust e-skin to moni-
tor the pressure with the sensitivity of 35 kPa−1 in the range of 0–0.2 kPa by using 
conducting carbon black on the PDMS substrate (CB/PDMS) by applying 1 V bias. 
These capacitive pressure sensors showed outstanding performance than the other 
reported sensors. This pressure sensor was applied in the human wrist and recorded 
three wave forms of signal. To measure blood pressure, the calibration is established 
between the measured capacitance and the pressure. It clearly showed the difference 
of systolic and diastolic waves of the arterial pulse (Pruvost et al. 2019). For the 
piezo-resistive model, the pressure sensor was made with the PDMS foams covered 
by multilayer graphene platelets (MLGs). After stabilization cycle, this device mea-
sured 10 kPa in the applied pressure of 70 kPa with sensitivity of 0.23 kPa−1, and the 
sensor variation was 1 Pa (Rinaldi et al. 2016). Another model was reported using 
gold nanowires (Au NWs) for pressure sensing application. The device was made of 
Au NWs-imprinted design sandwiched between two PDMS sheets. This fabrication 
method is scalable, and it can be operated at the battery voltage of 1.5 V with low 
energy consumption. The response time of analysis was <17 ms and detects in the 
pressure range of 13  Pa. This device overcomes the issue of stress, torsion, and 
bending forces. Interestingly, the real-time monitoring can be performed to detect 
the vibrations around the device in the distance of millimeter. It measured the vibra-
tions of music, and it was capable of recording the repeated music (Gong et al. 2014).

18.3.7  Wearable Pulse Oxygenation Device

In human body, the hemoglobin process is for transportation of oxygen from lungs 
to tissue. The process of oxygenation is the measure of concentration of oxyhemo-
globin to total oxy- and deoxyhemoglobin concentrations in the blood. The mea-
surement of oxygenation can be different depending on the sensing location of 
tissue, veins, and peripheral. The measured signals are observed on the pulsatile 
arterial blood known as pulse oxygenation. Oximetry method determines the 
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oxygen saturation level in tissue and estimates the concentration of oxy- and deoxy-
hemoglobin. The pulse oxygenation reflects the human cardiovascular health condi-
tion (Khan et al. 2018). For a normal person, the pulse oxygenation level was greater 
than 95%; if the level is less than 80%, it may lead the internal organ to lose their 
activity. The pulse oxygenation can be measured by optical measurements by plac-
ing the sensor on finger and wrist. Their transmitted or reflected signal was mea-
sured on the basis of concentration of oxy-hemoglobin in the blood. The signals 
were recorded by a photodetector for the transmittance and reflectance signal (pho-
todetector attached on the same side of the skin). Khan et  al. (2018) monitored 
oxygen saturation level on forehead by using a flexible sensor. They have used a 
reflectance oximeter array (ROA) which is a flexible and printable device on the 
silicon-integrated circuits with organic photo-electronics. A flexible device was pre-
pared to monitor pulse oxygenation level in blood and tissue using four red and near 
infrared red organic light emitting diodes and eight organic photodiodes. Blade 
coating and screen printing processes were used to fabricate the flexible sensor with 
organic optoelectronics. Their device differentiated signals of oxyhemoglobin from 
hemoglobin molar absorptivities. Compared to commercial transmittance oxime-
ters, it showed more accuracy with mean error of 1.1% with the reflectance oxime-
ter. To evaluate the concentration of oxygen tested level in the volunteer through the 
inhaled air concentration and breathing through facemask, the changes were 
observed by concentrations of oxygen. The reflection mode sensor on the forehead 
observed the changes in the concentration of oxygenation, and the commercial fin-
ger probe sensor was also attached to it. The oxygenation of volunteers was mea-
sured by the reflectance and transmittance probe, and the concentration of oxygen 
changed from 21% to 15% over the time period of 8 min. Within this time period, 
the transmission mode falls from 96% to 90.5% and again returns to 94.5%. But in 
the case of reflectance mode, the oxygen saturation varies from 98% to 90.4%, but 
the saturation was observed as 93.5%. In the reflectance mode of measurements, 
1.1% error is observed during the period of 8 min when compared with the transmit-
tance mode. Similarly, other group is reported a flexible device made of organic and 
inorganic materials for measuring the heartbeat rate and pulse oxygenation. They 
used green and red organic materials to fabricate the flexible substrate. The differ-
ence in the signal was observed by the appearance of oxyhemoglobin and hemoglo-
bin at the green wavelength (Lochner et al. 2014).

18.3.8  Non-invasive Method for Glucose Sensor

Up to the year of 2000, about 171 million people were affected by diabetes (Group 
et  al. 2009). An elevated level of glucose leads to diabetes, and the secretion of 
insulin plays a major role in the human body. The monitoring of glucose concentra-
tion is critical for the diabetes patients. The abnormal levels of glucose lead to major 
health problems such as cardiac disease, renal failure, and the cerebral organ failure. 
To monitor the glucose concentration in the human blood samples, there were 
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several methods developed through optical (Steiner et al. 2011), fluorescent (Pickup 
et  al. 2005), infrared spectroscopy (Kottmann et  al. 2012), chemiluminescence 
(Duan et al. 2019), electrochemical (Kumar et al. 2010), and field-effect transistors 
(Shan et  al. 2018). Glucose sensor was fabricated by the enzymatic and non- 
enzymatic methods (Jeevanandham et al. 2020). In the glucose biosensing, glucose 
oxidase enzyme was used, and it produces the hydrogen peroxide (H2O2) as a 
byproduct. Then, H2O2 get decomposed and produced hydrogen, oxygen, and free 
electrons. This measurement was based on the flow of current. To avoid the classical 
stationary electrodes, Yoon et al. (2013) used microneedles array technique. They 
fabricated a device by using platinum nanoparticles/carbon nanotube-modified sili-
con microstructure as electrode setup to detect the glucose concentration in vitro 
analysis. It gave better sensitivity (17.73 ± 3 μA/mM-cm2) than other reported noble 
materials with the detection range from 3 to 20 mM by amperometry (Yoon et al. 
2013). For real-time monitoring of glucose concentration in human urine samples, 
the microfluidic device combined with the screen-printed electrode had been devel-
oped for the point of care monitoring (Yang et al. 2013). The glucose sensor was 
fabricated on the polymer substrate by creating microstructures. Then, it shaped 
into particular shape as contact lens and glucose oxidase enzyme immobilized on 
the titanium sol-gel film (Yao et al. 2011).

Glucose sensor was fabricated on the flexible polyimide  substrate with 
rGO and chitosan-glucose oxidase immobilized substrate as a working electrode to 
detect glucose in sweat. This device detected the glucose concentration in the range 
of 0–2.4 mM in sweat with fast response time of 20 s. This fabricated sensor was 
well adhered on the skin for the human sweat analysis of glucose (Xuan et al. 2018). 
The wireless measurement of glucose concentration is demonstrated using contact 
lens with 2D graphene aligned with 1D Ag NWs hybrid which showed the excellent 
stretchability and conductivity.

Similarly, pyrene linker was decorated to immobilize the glucose oxidase to do 
glucose oxidation process, and the resistance changes were observed by the drain 
current. This device was tested in phosphate buffer electrolyte solution and also in 
the artificial tear solution. Obtained results are reproducible, so it may be applied for 
real applications, and the fabricated contact lens was applied in the eyes of live rab-
bit for the in vivo application studies. The glucose concentration was monitored 
based on the light emitting diode (LED), after putting the contact lens on the rabbit, 
and when the glucose concentration increased above 0.9 mM, the LED turned off. 
The stability of the sensor was also checked after blinking the eyes of the rabbit, and 
it did not show any signs of abnormal behavior (Park et al. 2018).

18.3.9  Lactate Sensor

Lactate sensor is important for clinical diagnosis, food analysis, and cell culture. In 
our human body, the lactate level may differ; when the body was at rest, the concen-
tration of lactate was found to be 0.5–1.5  mM, and during exercise, the 
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concentration increased up to 25 mM (Rathee et al. 2016). The analysis was carried 
out through the non-invasive methods in saliva, sweat and tears, etc. The preferred 
method was based on lactate oxidase immobilized on the substrate. Currano et al. 
(2018) demonstrated a device based on the organic electrochemical transistor 
(OECT) which monitors the lactate concentration in the sweat. The commercially 
available thin-film lithium-ion batteries were fabricated directly on the kapton sub-
strate to power the board, and OECT was used as a transducing element with  immo-
bilized  lactate oxidase enzyme  through the cross-linker of glutaraldehyde. The 
OECT transistor showed better sensitivity up to 1 mM (Currano et al. 2018).

Similarly, a non-enzymatic lactate sensor was  developed using screen-printed 
electrode with electro-polymerized 3-aminophenylboronic acid to detect the lactate 
concentration from 3 to 100 mM, and the limit of detection obtained was 1.5 mM 
with the response time of 2–3 min (Zaryanov et al. 2017). In another study, a wear-
able gloves sensor was developed using CNTs immobilized with lactate oxidase as 
working electrode and Ag/AgCl as reference electrode painted on the glove using 
pipette which showed better results for the detection of lactate. The fabricated wear-
able glove biosensor sensor detected lactate in the human sweat while doing exer-
cise, running, cycling, and jogging. The lactate concentration was very low during 
running, and the results were also compared with the reported values. It is further 
verified by the obtained results from the standard spectrophotometer. This is a new 
method to fabricate the wearable device for various applications including medi-
cine, defense, and environmental monitoring (Luo et al. 2018).

18.4  Patterned Device for pH Sensor

The acidity or alkalinity of the sample is monitored by the pH measurements. The 
measurement of pH is necessary in human body to study the hydration level. The 
Nernst equation depicted the pH sensitivity was 59 mV per pH at room temperature. 
Nakata et  al. (2018) fabricated a temperature and pH sensor using the charge- 
coupled device, and it was measured as 240 mV/pH. The output signal was four 
times higher than the theoretical factors, and the sensitivity of pH varies along with 
the temperature. The real application of the pH sensor was recorded in the human 
sweat along with the temperature monitoring on the human skin. In the flexible pH 
sensor, potential changed according to the pH of the solution which was dropped on 
the device. After confirmation, the real sensing of temperature and pH was done on 
the human arm with sweat. This time noise was observed due to improper adhesion 
of sensing membrane on the skin. The observed noise was eliminated by repeating 
ten continuous measurements and got stabilized. This performance was compared 
with the commercially available pH sensor and standard infrared radiation sensor. 
The obtained results are in good agreement with the commercial sensors, so it is 
suitable for the real application in human sweat.

The integrated microfluidic sweat sensor monitored the concentration of electro-
lyte (sodium ion, Na+), pH, and temperature on the human body. The real 
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application of the wearable device adhered on the human skin detected pH changes 
with the time during cycling of ergometry. The pH changes were recorded during 
the running with the speed of 11 km/h and obtained data compared with the com-
mercial sensor (Fig. 18.6a). Further, continuous recording of pH during treadmill by 
varying the speed and the changes was observed with respect to time as shown in 
Fig.  18.6b. The device for sodium ion detection was fabricated using polyvinyl 
chloride membrane and electrochemically depositing PEDOT. For measuring pH, 
iridium oxide and the special modification for metabolites with enzyme were made 
and used to test in human saliva (Anastasova et al. 2017).

18.4.1  Flexible Devices for Monitoring Body Movements

A low-cost fabrication method based on MoS2 is developed as wearable device and 
integrated on the eraser as substrate to monitor human body movements. This device 
is placed on the knee which monitored and reported the number of steps taken, dis-
tance travelled, and the walking speed. Furthermore, it calculated the breath rating 
and monitored the hydration level. The sensing response was increased up to 56.8% 
on the MoS2 flexible device when the strain is applied under the level of 16%. 
Finally, the recorded data can be transferred directly to our mobile phones via wire-
less connection (Shinde et al. 2019).

18.5  Wearable Device for Therapeutic Applications

The wearable devices fabricated for the analysis of biosignals from the human body. 
The analytical improvement was observed when the fabricated device was directly 
attached on the skin to monitor the biosignals, and at the same time, it can deliver 

Fig. 18.6 (a) Represents the pH changes with time compared with the commercial sensor during 
sweat of human subjects during the running speed of 11 km/h. (b) The pH changes were observed 
in sweat during running in the treadmill with respect to time. (Reproduced with permission from 
Anastasova et al. 2017)
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drug based on the need to the person simultaneously for the therapeutic application. 
It is not possible with the traditional methods where we have to analyze the samples 
and then recommend the drug to inject manually. Lee and colleagues demonstrated 
a graphene/gold/gold mesh composite which had the excellent electrochemical sen-
sitivity toward glucose, and the fabricated patch also can release the drug based on 
the control measurements. The microneedle based device monitored each change 
such as pH, humidity, and temperature along with the patch which delivers the drug 
metformin to control the high glucose level in human skin. The fabricated device 
was experimentally demonstrated in diabetic mice through thermally actuated sys-
tem. The microneedle-fabricated patch was monitored the glucose level—hypergly-
cemia triggers the drug delivery thermally and transfers the data of observation 
wirelessly. The fabricated wireless device was adhered on the human skin, and it is 
a promising for the future applications toward the chronic disease and diabetic ther-
apeutic applications (Lee et al. 2016).

18.5.1  Future Aspects of Wearable Sensor

We have discussed some of the reported wearable sensors which could be applied 
for monitoring the bio-signals of human subjects. The device fabrication was done 
through different methods/approaches to transmit the recorded data through wire-
less communication. Even though there is the availability of wearable devices for 
monitoring the pulse rate, blood pressure, and respiration rate, treatment cannot be 
done directly by controlled devices. These kinds of problems can be rectified by 
having controlled release of drugs wherever needed depending on the measure-
ments/or analysis. It is  expected that the fabricated device could simultaneously 
monitor the unusual signs of human body and releases the drug for therapeutic 
applications on demand. Also, wearable biosensor devices could only monitor the 
bio-signals but may not monitor or analyze the presence of microbes such as bacte-
ria and viruses and related infections. Similarly, the circulating tumor cell detection 
is demonstrated on the microelectrodes. But, it is not in the form of wearable devices 
for early-stage detection, so they followed the traditional method by using antibod-
ies and identified the circulating tumor cell in the final stages. So it may not be 
helpful for early-stage detection, and it leads to fatal death. If the wearable devices 
can identify the circulating tumor cell in the early stage and supply the drug auto-
matically at controlled fashion, it could be a potential tool or opportunity for the 
entire world to save a lot of people. The researchers could bring out different ideas 
and solutions to challenges various existing problems by adopting the non-invasive 
methodology to identify the cancer tumors and do immediate therapeutic treatments 
and save lives.
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18.6  Challenges

Before clinical research, the fabricated wearable device may face several challenges 
in order to adapt it in the point of care application (Izmailova et al. 2018). Some of 
the serious issues are regarding the practical application such as resiliency of the 
device, reusability, biocompatibility, and long-term stability (Bandodkar and Wang 
2014). After the device is undergone, the mechanical deformation by body move-
ments and specifically the challenges were observed for textile-based sensor prod-
ucts where washing takes place under different temperatures and chemicals. These 
parameters have to be taken care of during the developmental stage of the sensors to 
overcome extreme and withstand high stresses. Also, the main issues came such as 
reliability and viability during the recording of instruments. To effectively do health 
monitoring at home, we need smart technology through mobile phones—wireless 
connection and data transfer which are better than the traditional methods. When we 
target some of the analytes (pathogens and proteins), the difficulty arises with the 
issue of preparing the protocol for monitoring. The regeneration of the wearable 
devices faces another challenge under continuous monitoring, and the problem was 
fixed in vitro by using extreme pH conditions, but the same idea did not work for 
analysis on human body condition due to variation in pH. Sometimes, the sensitivity 
of the device may be not suitable for the detection of a very low-level concentration 
of analyte present in vivo on human body monitoring. The standard methods such 
as those that are immunoassay based are used to detect the pathogens and proteins 
by involving multiple steps. The sandwich-type immunoassay may not be suitable 
to prepare the wearable device for the continuous monitoring of biosignals on 
human body condition. The analysis of the pathogen with antimicrobial coatings on 
the teeth is developed to overcome the issue and enhance the performance of wear-
able device (Mannoor et  al. 2012). The important requirements of the wearable 
devices are that they should be calibration free and user-friendly, and the measure-
ments must be accurate and comparable with the standard devices available in the 
market. Finally, the critical point is to develop the wearable devices in minimum 
size (miniaturized sensor), reusable, easy storage, high stability of the device, and 
no toxic effect due to materials used to fabricate the sensor. These parameters should 
be considered before manufacturing any wearable biosensor devices for health care 
monitoring.

18.7  Conclusions

The importance (need) of wearable sensors in day-to-day life for different applica-
tions to reduce the man power and improve safety measures (helmets with sensors), 
and of gas sensors to monitor the poisonous gases in underground mining indus-
tries, cancer cell detection, etc. has been widely known. These wearable sensors 
play a vital role in health care applications by recording bio-signals in the human 
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body such as monitoring temperature, pressure and respiration rate, the pulse oxy-
genation level, oxyhemoglobin and deoxyhemoglobin in blood, analysis of glucose, 
pH, and lactate levels for fitness applications. The multinational companies (e.g. 
Google, Apple, noviosense and orsense, etc.) have already developed wearable 
smart devices such as apple watch to monitor the human heart rate while running, 
and are expected to introduce many new innovative devices for health analysis. 
They will introduce many such valuable health care/biomedical products in the 
commercial market. The upcoming technology may provide low-cost solution for 
continuous monitoring of elder people having chronic diseases at home. The non- 
invasive device methodology to estimate catecholamine concentration in human 
bio-fluids such as antioxidant level in tears and the pathogens identification in 
saliva/or sweat will be realized in the near future. The transmission of data will be 
based on integration with radiofrequency identification and Bluetooth device which 
could directly transfer the data to the computer or cell phone in a friendly accessible 
fashion. The wearable devices can be applied for  real-time monitoring of health 
condition and analysis using e-skin (electronic skin) or through epidermal skin – in 
vivo analysis. It is believed that details discussed in the present chapter will help to 
give basic knowledge to the reader and to understand the facts about wearable sen-
sor and their advantages in health care.
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Self-Powered Biosensors in Medicine 
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Abstract Self-powered biosensors use the principle of a; an assayed substance in 
them also serves as the source of electric energy required for the device to operate. 
This makes it possible to simplify the design and avoid using external power supply 
sources. Self-powered biosensors were developed for medical analysis of com-
pounds such as lactate, ethanol, glucose, thrombin, acetylcholine, and others. These 
devices can find wide application not only in medicine but also in fields like eco-
logical monitoring. This will solve several tasks simultaneously: the cleanup of the 
environment, assessment of the number of contaminants, and generation of electric 
energy. This chapter considers the recent achievements in the field of autonomous 
power-supply biosensors and their advantages/drawbacks as compared with other 
types of biosensors.

Keywords Self-powered biosensors · Biofuel cell · Medicine · Ecological 
monitoring

19.1  Introduction

The development of modern biosensors requires a number of conditions to be ful-
filled. In particular, devices should be compact and simple to use and ensure high 
sensitivity and speed of assay. Besides, they should be equipped with autonomous 
portable power supply sources to provide for the operation not only in the labora-
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tory but also on the sampling site. One of the solutions to this problem could be the 
use of self-powered biosensors. Energy sources, in this case, are part of the biosen-
sor and are represented by biofuel cells. A device with an autonomous power supply 
source is an instrument operated without the use of an external storage battery or 
wireless energy transfer. Under ideal conditions, such a device is fully functional for 
a prolonged period (Reid and Mahbub 2020). The concept of biosensor devices 
based on electrochemical energy conversions in biofuel cells was first proposed by 
Katz et al. (2001). In such devices, the output power of the biofuel cells is directly 
proportional to the concentration of the analyte. Subsequently, it has been shown 
that this technology can also be introduced as an early warning system of biologi-
cally active compounds in aqueous systems (Kim et al. 2007; Liu et al. 2014). The 
current generated by the biofuel cells is a direct indication of the metabolic activity 
of electroactive bacteria at the anode. When the system is in a stable state deter-
mined as a constant electrical signal, any violations of the metabolism and bacterial 
growth evoke changes of current. If the working parameters, such as pH, tempera-
ture, and conductivity of the supplied solution are maintained constant, this change 
of current can correlate with the occurrence of a particular substance in the sample. 
This is the main principle of using biofuel cells as electrochemical microbial bio-
sensors. The anodic biofilm of the biofuel cells acts as a recognition component 
(bioreceptor). Its reaction to specific stress (e.g., a toxicant in the feeding flow) 
affects the rate of electron flow to the anode and is converted to a change of current. 
In the biofuel cells, the excitation voltage is provided for the oxidation of fuel on the 
anode surface and a related reduction of the oxidant on the cathode surface, whereas 
other types of amperometric biosensors require an external voltage to oxidize the 
analyte (Lovley 2008). No external converters are required in the case of the biofuel 
cells because the presence of a contaminant in the supplied flow is immediately 
detected by a certain change of current in the system.

In medicine, the source of fuel for powering these biosensors can be metabolites 
in blood and other human fluids. The use of human fluids simultaneously solves 
several problems: (1) providing data about the content of compounds for diagnosing 
human health and (2) providing for energy to power biosensors and other devices 
required to maintain life activities (cardiac stimulators, pacemakers, neurostimula-
tors, hearing and low-vision aids, implantable diagnostic, etc. systems).

Self-tolerant metabolic energy sources are an extremely promising power supply 
for autonomous bioelectronic devices that function in an implantable mode as well 
as without implantation. It is the absence of a highly efficient supply source that 
largely restricts the development of a technology for the fabrication of adaptive 
contact lenses, neurostimulators and hearing aids, and their entry into a market. A 
good deal of research showed a relationship between the content of analyzed sub-
stances in the blood and other fluids of the organism, which makes it possible, 
among other things, to stop using invasive methods of assay and to use other fluids, 
such as sweat, tears, etc. (Makaram et al. 2014; Nery et al. 2016) for assessing the 
human health status using biosensors, which can be fed by substances present in the 
assayed sample. The biofuel cell constituents are readily renewable – the environ-
ment is not contaminated at the replacement of spent anode and cathode; no com-
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plex procedures are required to be carried out. Yet another advantage of biofuel cells 
as a source of energy is the use of biological and organic materials, which are practi-
cally inapplicable in any other industry.

This chapter examines recent developments of self-powered biosensors for the 
determination of a wide variety of compounds. Variants of using such devices are 
presented for assessment of human health (medicine, sports) and life standards 
(ecological monitoring) (Fig. 19.1). Special emphasis is made on the use of modern 
materials of electrodes and nanomaterials for improving the parameters of self- 
powered biosensors.

19.2  Materials Used for Modification of Biosensors

The modification of biosensors by various nanomaterials such as nanotubes (Cosnier 
et al. 2014), graphene (Karimi et al. 2015), gold nanoparticles (Ratautas and Dagys 
2019), etc. is widely used at present. This makes it possible to improve the charac-
teristics of sensors: to increase the effective area of the surface, to enhance the sen-
sitivity of electrodes, as well as to improve the kinetics of electron transport. Thus, 
for instance, a self-powered microRNA biosensor device based on enzymatic bio-
fuel cells and cruciform DNA was presented by Wang et al. (2020). The basis of the 
cathode and anode were nanoparticles of graphene and gold in combination with 
sulfur and selenium. On the anode, glucose oxidase was immobilized. Potassium 
ferricyanide was immobilized on the biocathode as an electron transport mediator; 
cruciform DNA bioconjugate was used as a signal amplifier. The addition of 
microRNA evoked the reaction of hybridization between microRNA and DNA 
probe on the biocathode. The linear range of microRNA detection was 0.5–10,000 
fM. Detection of microRNA in blood serum samples using a self-powered biosensor 
can be of great significance in clinical studies for early diagnosis of cancer diseases.

Human health indicators Ecological monitoring

Physical activity monitoring
(level of lactate) Habitat monitoring

(BOD of effluents;
occurrence of pesticides,

heavy metal ions etc.)Clinical blood tests
(levels of glucose, lactate, ethanol)

Feedstuff evaluation
(occurrence of pesticides, heavy

metal ions etc.;
microbiological tests)Disease diagnostics

(detection of protein biomarkers
and neuromediators)

Fig. 19.1 Possible fields of application of self-powered biosensors
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Han et al. (2015) proposed to use a self-powered biosensor based on a carbon 
nanotubes/Meldola’s blue glucose dehydrogenase composite for the detection of 
p53 wild-type protein. In the presence of this protein, the biofuel cells’ total power 
and level of current were observed to decrease, which enabled its detection in nor-
mal and cancer cell lysates without any extensive sample pretreatment/separation or 
specialized instruments.

Self-powered biosensors can utilize not only electrochemical signal converters. 
For instance, owing to the unique characteristics of piezoelectric materials, rapid 
response-time piezoelectric sensors are capable of efficiently measuring high- 
frequency dynamic signals and be rather promising for devices with autonomous 
power supply sources (Gu et al. 2019). Selvarajan et al. (2017) described the direct 
detection of cysteine by a self-powered device based on a film with BaTiO3 nanopar-
ticles possessing semiconductor and piezoelectric properties. The properties of the 
film’s surface charge change depending on the concentration of cysteine. The linear 
range of detection was 10 μM–1 mM. The self-powered cysteine sensor based on an 
agarose/BaTiO3 nanoparticle composite can be used for the diagnosis of chronic 
diseases, such as rheumatoid arthritis, Parkinson’s disease, Alzheimer’s disease, and 
even adverse pregnancy outcomes.

19.3  Practical Application of Self-Powered Biosensors 
in Medicine

Self-powered biosensors can be used in several fields of medical research. Such 
devices are used for laboratory studies of particular substances, for monitoring of 
physical activity indices (e.g., in sportspersons) and as implantable sensors. Here 
we wish to discuss in detail on the use of self-powered biosensors for assaying the 
concentrations of some important substances and biomarkers. Some examples of 
the developed self-powered biosensors are given in Table 19.1.

Wearable self-powered biosensors can be incorporated into articles of clothing, 
contact lenses, mouthguards, as well as plasters with microneedle arrays (Reid and 
Mahbub 2020). One of the directions in the development of wearable sensors is that 
of collectors of energy produced in the oxidation of various biological fluids’ com-
ponents (Bandodkar and Wang 2014). The use of biological fluids (in particular, 
human sweat) for the generation of electricity by wearable biofuel cells presents a 
wide range of possibilities and conditions for such tasks to be solved. However, 
progress in this field is limited by rather low power of supply sources, as well as by 
the lack of safe, thin, and elastic materials for providing the contact of the skin with 
wearable biofuel cells. Besides, analysis of, e.g., sweat, adds another task – volumes 
of sweat are, as a rule, rather insignificant, which requires miniature sensors for its 
analysis to be developed (Heikenfeld 2016). The recent achievements in the field of 
biosensors for analysis of the composition of sweat can be found in the reviews 
(Gao et al. 2016; Rocchitta et al. 2016; Neethirajan 2017).
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Table 19.1 Applications of self-powered biosensors

Analyte Recognition element Power supply source References

MicroRNA Glucose oxidase Biofuel cell and 
cruciform DNA

Fu-Ting Wang 
et al. (2020)

DNA in blood 
serum

Au-thiol binding the ssDNA 
probe on the surface of a 
cathode

Microbial fuel cell Asghary et al. 
(2016)

Cysteine BaTiO3 nanoparticles/agarose Piezoelectric 
nanogenerator

Selvarajan 
et al. (2017)

Human 
immunoglobulin G

ZnO nanowire nanogenerator Piezoelectric 
nanogenerator

Zhao et al. 
(2014)

Carcinoembryonic 
antigen

Conductive glass substrate 
with (PEDOT) layer/
molecularly imprinted polymer 
of polypyrrole

Photovoltaic cell Tavares et al. 
(2019)

Lacrimal fluid/
lactate

Lactate dehydrogenase, NAD+ 
cofactor, poly(methylene 
green)

Lactate-based biofuel 
cells

Reid et al. 
(2015)

Lactate Lactate oxidase, 
dimethylferrocene-modified 
linear poly(ethyleneimine) 
hydrogel

Lactate-based biofuel 
cells

Hickey et al. 
(2016)

Ethanol in sweat Alcohol oxidase, Prussian blue Anodic enzyme reaction Kim et al. 
(2016)

Thrombin DNA bioconjugate containing 
glucose oxidase and aptamer

(glucose/О2) biofuel cells 
glucose-based biofuel 
cells

Wang et al. 
(2020)

Glucose in blood Glucose oxidase and Prussian 
blue

Glucose-based biofuel 
cells

Aller-Pellitero 
et al. (2020)

Glucose Glucose oxidase and Co3O4 as 
electron acceptors (electron 
accepting material)

Photoelectrochemical 
detection

Çakıroğlu and 
Özacar (2018)

Glucose in 
interstitial fluid

Glucose oxidase and 
ferricyanide

Microneedle-based 
transdermal biosensor

Strambini 
et al. (2015)

Acetylcholine in 
plasma

Acetylcholinesterase Anodic enzyme reaction Moreira et al. 
(2017)

Chlorpyrifos Acetylcholinesterase Photoelectrochemical 
detection

Cheng et al. 
(2019)

BOD analysis Microorganisms isolated from 
activated sludge

Microbial fuel cell Pasternak 
et al. (2017)

Heavy metal ions Activated sludge Microbial fuel cell Yu et al. 
(2017)

Vibrio 
parahaemolyticus

Aptamer/glucose 
dehydrogenase

Enzymatic biofuel cell Yu et al. 
(2020)

Aptamer/glucose 
dehydrogenase/polythionine/
carbon nanotubes/gold 
nanoparticle bioanode

(continued)

19 Self-Powered Biosensors in Medicine and Ecology



388

Reid et al. (2015) reported biofuel cells in which lacrimal fluid serves as a fuel. 
The developed biofuel cells are the basis for the development of self-powered elec-
tronic contact lenses and ophthalmological devices with an integrated power supply 
source. Recent developments in this field are also presented in Reid et al. (2016) and 
Rasmussen et al. (2016).

19.3.1  Detection of Glucose

This section considers the application of self-powered biosensors for clinical diag-
nosis of particular human metabolites. Determination of glucose in physiological 
fluids is attributed to widespread clinical analyses and is of special importance at the 
diagnosis and monitoring of diabetes mellitus and some other diseases.

Recently, electrochromic materials are gaining great importance in the develop-
ment of self-powered biosensors owing to their optoelectronic properties. Aller- 
Pellitero et al. (2020) presented a glucose biosensor based on glucose oxidase and 
Prussian blue. Thin layers of electrochromic material based on semiconducting 
antimony and tin oxide particles coated with Prussian blue were applied by screen 
printing onto the electrodes. The glucose biosensor was connected to an electro-
chromic display, and the system operated as a galvanic cell. The special co-planar 
design of the device and the use of a polyelectrolyte gel provided for an efficient 
separation between the sample and the electrochromic component, which made it 
possible to avoid interference in the operation of the device even when using color 
samples, e.g., blood. Polymer electrolyte gel was printed on top of the display, 
replacing the conventional aqueous supporting electrolytes used in most electroana-
lytical experiments and thus allowing the fabrication of a fully printed solid-state 
analytical device. In the presence of glucose (within the range of 2.5–10 mM), the 
device provides a visual readout that can be read by the naked eye.

Glucose biosensors are the most in-demand and maximally commercialized type 
of sensors at present, so the development of self-powered glucose sensors have 
attracted the attention of many investigators. Thus, Slaughter and Kulkarni (2019) 
presented a miniature bioelectrochemical device, based on direct electron transfer, 
for monitoring of glucose level in blood plasma (Fig.  19.2). Lv et  al. (2018) 

Table 19.1 (continued)

Analyte Recognition element Power supply source References

Ascorbic acid ITO electrodes/carbon 
nanomaterials/Prussian blue 
electrochromic display

Ascorbic acid/O2 biofuel 
cells

Zloczewska 
et al. (2014)

Bisphenol Laccase/MWCNTs Enzymatic biofuel cell Li et al. 
(2020)

Herbicides Thylakoid membranes at the 
bioanode/platinum air cathode

Biosolar cell Rasmussen 
and Minteer 
(2013)
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described a biosensor cathode additionally modified by a composite of laccase, gold 
nanoparticles, and carbon nanotubes. For the detection of glucose in physiological 
fluids, Kim et al. (2018) used light sources from daily life environments such as 
fluorescent light and sunlight. On the whole, improvements of glucose sensors are 
aimed to simplify the assaying techniques and to develop wearable devices, using 
which the levels of glucose in the organism can be measured noninvasively.

19.3.2  Detection of Lactate

Detection of lactate is of great importance both in clinical research and for sports 
medicine. The level of lactate in human blood at rest is within the range of 
0.5–1.5  mM (Phypers and Pierce 2006); at physical exercises, it reaches much 

Fig. 19.2 Experimental setup of glucose biofuel cell and glucose sensing. Charge pump circuit 
consisting of a 0.1 μF capacitor functioning as a transducer, where the charge pump circuit is pow-
ered by the electrical power generated by the glucose biofuel cell. (Reproduced from Slaughter and 
Kulkarni 2019 under a Creative Commons Attribution 4.0 License. Published by Multidisciplinary 
Digital Publishing Institute)
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higher values (20–25 mM) (Stanley et al. 1985), which is important in sports medi-
cine for tracking the athlete’s fitness level. The content of lactate in blood is a health 
indicator because a lactate level increase under normal conditions is a cause of a 
number of pathologies (Valenza et al. 2005). This makes evident the importance of 
this detection in medical analyses.

Hickey et  al. (2016) presented a self-powered amperometric lactate biosensor 
containing dimethyl ferrocene-modified linear poly(ethyleneimine) hydrogel; it 
performed the function of an immobilization matrix as well as that of a mediator 
providing for electron transfer to the cathode containing bilirubin oxidase and from 
lactate oxidase at the anode. The linear range of this biosensor was 0–5 mM lactate 
at a sensitivity of 45 μА cm−2  mM−1. The specific power of the biosensor was 
122 μW cm−2 and current density, 657 μA cm−2. Open circuit voltage was 0.57 V, 
which is sufficient to provide for the operation of the biosensor and acts as a supple-
mental power supply source for external electronic devices with small power 
consumption.

Baingane and Slaughter (2017) described an electrochemical lactate biosensor in 
which the anode and cathode are modified by D-lactate dehydrogenase and bilirubin 
oxidase, respectively. А 10 pF capacitor was integrated via a charge pump circuit to 
the biofuel cell to realize the self-powered lactate biosensor with a footprint of 
1.4 cm × 2 cm. The charge pump enabled the boosting of the biofuel cell voltage in 
bursts of 1.2–1.8 V via the capacitor. By observing the burst frequency of a 10 pF 
capacitor, the exact concentration of lactic acid was deduced. The authors demon-
strated a lactate self-powered biosensor capable of noninvasive real-time monitor-
ing of a key metabolite of stress or trauma (Fig. 19.3).

19.3.3  Detection of Ethanol

Exceeding the blood alcohol concentration is the cause of road accidents and con-
stitutes a danger for human health. In this regard, there is a need to create exact and 
simple-to-use devices for its detection. Yet, only a few works have dealt with the 
development of self-powered biosensors for the detection of ethanol. Possibly, this 
is because concentrations of alcohol in biological fluids are, as a rule, insufficient to 
provide for continuous generation of electric energy and the operation of a biosensor.

Kim et al. (2016) developed a wearable tattoo biosensor for noninvasive moni-
toring of alcohol in induced sweat. The wearable platform for monitoring was an 
iontophoretic biosensor system in the form of a temporary tattoo on flexible support 
equipped with a wireless communication system. Perspiration is stimulated by pilo-
carpine iontophoresis, and the amperometric detection of ethanol in induced sweat 
is provided for by the operation of alcohol dehydrogenase and Prussian blue.
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19.3.4  Detection of Proteins

Early diagnoses of various diseases make it necessary to register protein biomarkers 
with very low levels of concentration in the patient’s biological fluid, of the order of 
10−13 M and lower. Aptamers are represented by small (usually from 20 up to 60 
nucleotides) single-stranded RNA or DNA molecules capable of binding the target 
molecule with high affinity and specificity. To date, a large number of aptamers to 
various targets have been obtained, ranging from simple inorganic molecules to 
large protein complexes and entire cells (Lakhin et al. 2013). Aptamers are widely 
used as a recognizing component in biosensors, as they have high stability and spec-
ificity while being reasonably cheap (Song et al. 2012).

Thrombin (a specific serine protease) plays an important role in the coagulation 
cascade by splitting fibrinogen to form fibrin and stimulating the aggregation of 
thrombocytes (Crawley et al. 2007). Low concentrations of thrombin have a protec-
tive effect for cells; however, its higher concentrations may damage them. For this 
reason, thrombin is considered to be the most important biomarker of cardiovascu-
lar diseases, inflammations, and tissue regeneration. These studies are basic for the 
creation of self-powered biosensors. Thus, Wang et al. (2020a) developed an elec-
trochemical sensor platform with an autonomous power supply for detecting throm-

Fig. 19.3 The self-powered electrochemical lactate biosensor based on the integration of enzy-
matic lactate biofuel cell with a charge pump and capacitor circuits. (Reproduced from Baingane 
and Slaughter 2017 under a Creative Commons Attribution 4.0 License. Published by 
Multidisciplinary Digital Publishing Institute)
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bin based on a single-chamber enzymic (glucose / О2) biofuel cell. Carbon paper 
was modified by nanoparticles of tin sulfide (SnS2 nanoflowers) and gold and a 
DNA-carbon nanotube conjugate. The sandwich structure of the bioanode made it 
possible to considerably increase the open-circuit voltage evoked by combining the 
protein with DNA bioconjugate that contains glucose oxidase and the aptamer. The 
enzymic biofuel cell-based aptasensor catalyzed the oxidation of glucose in the 
presence of thrombin. The range of detected thrombin concentrations was 0.02–5 ng/
mL. This hybrid device, in which a storage element based on a capacitor and a bio-
fuel cell is used, can be also used for assaying other proteins if the aptamer is 
replaced by another suitable aptamer, which is of importance in clinical research.

Wang et  al. (2020b) developed a self-powered biosensor for the detection of 
platelet-derived growth factor-BB (PDGF-BB), which is considered to be an impor-
tant biomarker of neoplasms. Ultra-thin nitrogen-doped carbon shell/gold nanopar-
ticles (N-UHCS/AuNPs) were coated with bilirubin oxidase to form a biocathode. 
As a bioanode, a SiO2@gold nanoparticle-aptamer (SiO2@AuNPs-ssDNA) com-
posite was used. In the absence of PDGF-BB, the open-circuit voltage (EOCV) is low 
due to the effect of steric hindrance. When PDGF-BB is added, SiO2@AuNPs- 
ssDNA falls away from the bioanode because of the recognition of PDGF-BB by 
the DNA. Thus, glucose can reach the active sites of glucose oxidase, and much 
bigger EOCV is achieved. This bioassay needs no external power supply and shows 
high sensitivity and selectivity, exhibiting a great promise as a powerful tool for 
sensitive detection of tumor markers.

19.3.5  Detection of Acetylcholine

Diseases caused by brain disorders are due to a drop in the level of important neu-
rotransmitters. Monitoring of their biomarkers is important for the diagnosis and 
therapy of such diseases (Si and Song 2018). Moreira et al. (2017) reported a hybrid 
(acetylcholine/oxygen) self-powered biofuel cell based on an enzymatic anode and 
a platinum cathode for detection of acetylcholine in plasma. Acetylcholinesterase 
was immobilized on a nanostructured electrode from porous gold on the surface of 
platinum. The anode produced in this way was used in a miniature membrane-free 
flow-through biofuel cell. The peak power generated by the biofuel cell was 4 nW 
at a voltage of 260 mV and a current density of 9 μA cm−2. The response time was 
3 min. The obtained results are promising for the diagnosis of Alzheimer’s disease 
and present an alternative approach to the existing methods.

Other neuromodulators such as glutamate as well as their precursors, e.g., 
l-3,4-dihydroxyphenylalanine (the dopamine precursor), can also serve as possible 
sources for electric energy generation (Gonzalez-Solino and Lorenzo 2018).
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19.4  Self-Powered Biosensors in Ecological Monitoring

Biofuel cells have enormous analytical potential as biosensors, including for assay-
ing the quality of water. Some examples of the developed self-powered biosensor 
models used for ecological monitoring are presented in Table 19.1. The main param-
eter of effluent water contamination is biochemical oxygen demand (BOD). The 
traditional BOD determination methods require a prolonged procedure of the analy-
sis, whereas biosensors can determine the BOD level in mere minutes. Microbial 
biofuel cells (MFC) are promising tools for the analysis of effluents. If the MFC 
functions at an unsaturated concentration of fuel, a change of organic substance fed 
to the system evokes a change in the amount of generated electrons and, therefore, 
a change of the output current. Thus, the current generated by the MFC correlated 
with the BOD of the supplied solution (Lorenzo et al. 2009). The first MFC-based 
BOD sensor was described by Karube and coauthors in 1977. As easily oxidizable 
organic compounds are always present in effluents, they can serve as the basis for 
feeding the biosensors that assay the concentrations of contaminants. Pasternak and 
coauthors reported a self-powered autonomous BOD biosensor for online water 
quality measurement based on signal frequency (Pasternak et  al. 2017). 
Contamination of water with urine can be detected using this sensor. As electroac-
tive microorganisms are used to produce this biosensor, it is self-powered and can 
operate autonomously for 5 months.

Compounds analyzed in water can be pesticides, heavy metal ions, surfactants, 
and petroleum products. For instance, Cheng et al. (2019) presented a visible-light- 
driven self-powered photoelectrochemical biosensor for the detection of organo-
phosphate pesticides. The biosensor was fabricated from indium oxide and titanium 
components, which were its basis. The anode included titanium dioxide nanoparti-
cles as photoactive material, nitrogen-doped carbon quantum dots as a photosensi-
tizer, and acetylcholinesterase as a biorecognition element. Acetylcholinesterase 
catalyzed the hydrolysis of acetylcholine chloride followed by the generation of 
thiocholine, as the result of which the biosensor response as a photocurrent increased 
significantly. The bioactivity of acetylcholinesterase is inhibited by organophospho-
rus pesticides, as the result of which the concentration of thiocholine decreases 
leading to a decrease of photocurrent. Chlorpyrifos was chosen as a model com-
pound; the linear range of its detection was 0.001–1.5 μg mL−1.

Rasmussen and Minteer (2013) developed a self-powered biosensor for the 
detection of herbicides in water. This sensor was able to detect several commercial 
herbicides, including atrazine, bromacil, and diuron with a linear response up to 
concentrations of 15 mg L−1 and limits of detection below 0.5 mg L−1, which are 
below the EPA limits. This biosensor does not require large instrumentation, which 
allows for its easy use in the field and requires no sample preparation to concentrate 
the desired compounds.

Yu et al. (2017) proposed to use a self-powered microbial fuel cell-based biosen-
sor for the detection of heavy metal ions in aqueous environments. The presence of 
heavy metals in water inhibited the respiratory activity of electroactive bacteria at 
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the bioanode and made it possible to determine the concentrations of Cu2+, Hg2+, 
Zn2+, Cd2+, Pb2+, and Cr3+ ions by the decrease of the level of current generated by 
the fuel cell.

Another important parameter of water quality is microbiological indices. Yu 
et al. (2020) proposed an enzymatic self-powered biosensor with the visual self- 
checking function for the ultrasensitive detection of Vibrio parahaemolyticus with a 
low detection limit of 2 CFU mL−1. The proposed biosensor was composed of the 
aptamer/glucose dehydrogenase/polythionine/carbon nanotubes/gold nanoparticles 
bioanode, the mediated Prussian blue/Prussian white electrode with the visual self- 
checking function, and the bilirubin oxidase/carbon nanotubes biocathode.

19.5  Conclusion

Autonomous power-supply modules operated continuously without external power 
sources should become an integral part of future wearable bioelectronics. The 
developed self-powered systems will help in filling this niche of devices. Besides, 
the real application of wearable bioelectronics in the monitoring of important 
health-status information requires a wireless digital system for processing and 
transmission of signals to large distances.

The advantages of wearable biosensors are their miniature size, highly accurate 
analysis, and inexpensive production. Wearable biosensors open new possibilities 
for the diagnosis and therapy of a number of diseases in medicine and can be used 
for monitoring the health status of both sportspeople in training and healthy indi-
viduals wishing to monitor their health in their daily lives. Self-powered biosensors 
also open broad prospects of their use in ecological monitoring. Despite the prog-
ress in this field of research, several problems remain unsolved. This is the integra-
tion of biosensors into wearable devices, their miniaturization and autonomous 
operation, the reduction of interference in the operation of these devices, simplicity 
of use, etc. In all these tasks, self-powered biosensors, which possess unique char-
acteristics and enormous potential, make it possible to find solutions or 
approach them.

References

Aller-Pellitero M, Santiago-Malagón S, Ruiz J, Alonso Y, Lakard B, Hihn J-Y, Guirado G, del 
Campo FJ (2020) Fully-printed and silicon free self-powered electrochromic biosensors: 
towards naked eye quantification. Sensors Actuators B Chem 306:127535

Asghary M, Raoof JB, Rahimnejad M, Ojani R (2016) A novel self-powered and sensitive label- 
free DNA biosensor in microbial fuel cell. Biosens Bioelectron 82:173–176

Baingane A, Slaughter G (2017) Self-powered electrochemical lactate biosensing. Energies 
10(10):1582

Y. V. Plekhanova et al.



395

Bandodkar AJ, Wang J (2014) Non-invasive wearable electrochemical sensors: a review. Trends 
Biotechnol 32(7):363–371

Çakıroğlu B, Özacar M (2018) A self-powered photoelectrochemical glucose biosensor based on 
supercapacitor Co3O4-CNT hybrid on TiO2. Biosens Bioelectron 119:34–41

Cheng W, Zheng Z, Yang J, Chen M, Yao Q, Chen Y, Gao W (2019) The visible light-driven 
and self-powered photoelectrochemical biosensor for organophosphate pesticides detection 
based on nitrogen doped carbon quantum dots for the signal amplification. Electrochim Acta 
296:627–636

Cosnier S, Holzinger M, Le Goff A (2014) Recent advances in carbon nanotube-based enzymatic 
fuel cells. Front Bioeng Biotechnol 2:45

Crawley JTB, Zanardelli S, Chion CKNK, Lane DA (2007) The central role of thrombin in hemo-
stasis. J Thromb Haemost 5:95–101

Di Lorenzo M, Curtis TP, Head IM, Scott K (2009) A single-chamber microbial fuel cell as a bio-
sensor for wastewaters. Water Res 43:3145–3154

Gao W, Nyein HYY, Shahpar Z, Tai L-C, Wu E, Bariya M, Ota H, Fahad HM, Chen K and Javey A 
(2016) Wearable sweat biosensors. IEEE Int Electron Devices Meeting (IEDM), San Francisco: 
6.6.1–6.6.4

Gonzalez-Solino C, Lorenzo M (2018) Enzymatic fuel cells: towards self-powered implantable 
and wearable diagnostics. Biosensors 8(1):11

Gu Y, Zhang T, Chen H, Wang F, Pu Y, Gao C, Li S (2019) Mini review on flexible and wearable 
electronics for monitoring human health information. Nanoscale Res Lett 14:263–278

Han Y, Chabu JM, Hu S, Deng L, Liu Y-N, Guo S (2015) Rational tuning of the electrocatalytic 
nanobiointerface for a “turn-off” biofuel-cell-based self-powered biosensor for p53 protein. 
Chem Eur J 21(37):13045–13051

Heikenfeld J (2016) Technological leap for sweat sensing. Nature 529:475–476
Hickey DP, Reid RC, Milton RD, Minteer SD (2016) A self-powered amperometric lactate bio-

sensor based on lactate oxidase immobilized in dimethylferrocene-modified LPEI.  Biosens 
Bioelectron 77:26–31

Karimi A, Othman A, Uzunoglu A, Stanciu L, Andreescu S (2015) Graphene based enzymatic 
bioelectrodes and biofuel cells. Nanoscale 7:6909–6923

Karube I, Matsunaga T, Mitsuda S, Suzuki S (1977) Microbial electrode BOD sensors. Biotechnol 
Bioeng 19(10):1535–1547

Katz E, Bückmann AF, Willner I (2001) Self-powered enzyme-based biosensors. J Am Chem Soc 
123:10752–10753

Kim M, Hyun MS, Gadd GM, Kim HJ (2007) A novel biomonitoring system using microbial fuel 
cells. J Environ Monit 9:1323–1328

Kim J, Jeerapan I, Imani S, Cho TN, Bandodkar A, Cinti S, Mercier PP, Wang J (2016) Noninvasive 
alcohol monitoring using a wearable tattoo-based iontophoretic-biosensing system. ACS 
Sensors 1:1011–1019

Kim K, Kim H, Jang H, Park J, Jung GY, Kim M-G (2018) Self-powered biosensors using 
various light sources in daily life environments: integration of p-n heterojunction photode-
tectors and colorimetric reactions for biomolecule detection. ACS Appl Mater Interfaces 
10(46):39487–39493

Lakhin AV, Tarantul VZ, Gening LV (2013) Aptamers: problems, solutions and prospects. Acta 
Nat 5(4):34–43

Li X, Li D, Zhang Y, Lv P, Feng Q, Wei Q (2020) Encapsulation of enzyme by metal-organic 
framework for single-enzymatic biofuel cell-based self-powered biosensor. Nano Energy 
68:104308. https://doi.org/10.1016/j.nanoen.2019.104308

Liu B, Lei Y, Li B (2014) A batch-mode cube microbial fuel cell based “shock” biosensor for 
wastewater quality monitoring. Biosens Bioelectron 62:308–314

Lovley DR (2008) The microbe electric: conversion of organic matter to electricity. Curr Opin 
Biotechnol 19:564–571

19 Self-Powered Biosensors in Medicine and Ecology

https://doi.org/10.1016/j.nanoen.2019.104308


396

Lv P, Zhou H, Mensah A, Feng Q, Wang D, Hu X, Wei Q (2018) A highly flexible self-powered 
biosensor for glucose detection by epitaxial deposition of gold nanoparticles on conductive 
bacterial cellulose. Chem Eng J 351:177–188

Makaram P, Owens D, Aceros J (2014) Trends in nanomaterial-based non-invasive diabetes sens-
ing technologies. Diagnostics 4(2):27–46

Moreira FTC, Sale MGF, Di Lorenzo M (2017) Towards timely Alzheimer diagnosis: a self- 
powered amperometric biosensor for the neurotransmitter acetylcholine. Biosens Bioelectron 
87:607–614

Neethirajan S (2017) Recent advances in wearable sensors for animal health management. Sens 
Bio-Sens Res 12:15–29

Nery EW, Kundys M, Jeleń PS, Jönsson-Niedziółka M (2016) Electrochemical glucose sensing: is 
there still room for improvement? Anal Chem 88(23):11271–11282

Pasternak G, Greenman J, Ieropoulos I (2017) Self-powered, autonomous biological oxygen 
demand biosensor for online water quality monitoring. Sensors Actuators B Chem 244:815–822

Phypers B, Pierce JT (2006) Lactate physiology in health and disease. Continuing Edu Anaesthesia, 
Critical Care Pain 6(3):128–132

Rasmussen M, Minteer SD (2013) Self-powered herbicide biosensor utilizing thylakoid mem-
branes. Anal Methods 5(5):1140

Rasmussen M, Abdellaoui S, Minteer SD (2016) Enzymatic biofuel cells: 30 years of critical 
advancements. Biosens Bioelectron 76:91–102

Ratautas D, Dagys M (2019) Nanocatalysts containing direct electron transfer-capable oxidore-
ductases: recent advances and applications. Catalysts 10(1):9

Reid RC, Mahbub I (2020) Wearable self-powered biosensors. Curr Opin Electrochem 19:55–62
Reid RC, Minteer SD, Gale BK (2015) Contact lens biofuel cell tested in a synthetic tear solution. 

Biosens Bioelectron 68:142–148
Reid RC, Jones SR, Hickey DP, Minteer SD, Gale BK (2016) Modeling carbon nanotube connec-

tivity and surface activity in a contact lens biofuel cell. Electrochim Acta 203:30–40
Rocchitta G, Spanu A, Babudieri S, Latte G, Madeddu G, Galleri G, Nuvoli S, Bagella P, Demartis 

MI, Fiore V, Manetti R, Serra PA (2016) Enzyme biosensors for biomedical applications: strat-
egies for safeguarding analytical performances in biological fluids: a review. Sensors 16:780

Selvarajan S, Alluri NR, Chandrasekhar A, Kim S-J (2017) Direct detection of cysteine using 
functionalized BaTiO3 nanoparticles film based self-powered biosensor. Biosens Bioelectron 
91:203–210

Si B, Song E (2018) Recent advances in the detection of neurotransmitters. Chemosensors 6(1):1
Slaughter G, Kulkarni T (2019) Detection of human plasma glucose using a self-powered glucose 

biosensor. Energies 12(5):825
Song K-M, Lee S, Ban C (2012) Aptamers and their biological applications. Sensors 12:612–631
Stanley WC, Gertz EW, Wisneski JA, Morris DL, Neese RA, Brooks GA (1985) Systemic lactate 

kinetics during graded exercise in man. Am J Physiol 249(6):E595–E602
Strambini LM, Longo A, Scarano S, Prescimone T, Palchetti I, Minunni M, Giannessi D, Barillaro 

G (2015) Self-powered microneedle-based biosensors for pain-free high-accuracy measure-
ment of glycaemia in interstitial fluid. Biosens Bioelectron 66:162–168

Tavares APM, Truta LAANA, Moreira FTC, Carneiro LPT, Sales MGF (2019) Self-powered and 
self-signalled autonomous electrochemical biosensor applied to cancinoembryonic antigen 
determination. Biosens Bioelectron 140:111320

Valenza F, Aletti G, Fossali T, Chevallard G, Sacconi F, Irace M, Gattinoni L (2005) Lactate as a 
marker of energy failure in critically ill patients: hypothesis. Crit Care 9(6):588–593

Wang F-T, Wang Y-H, Xu J, Huang K-J, Liu Z-H, Lu Y-F, Wang S-Y, Han Z-W (2020) Boosting 
performance of self-powered biosensing device with high-energy enzyme biofuel cells and 
cruciform DNA. Nano Energy 68:104310

Wang Y, Wang F, Han Z, Huang K, Wang X, Liu Z, Wang S, Lu Y (2020a) Construction of sand-
wiched self-powered biosensor based on smart nanostructure and capacitor: toward multiple 
signal amplification for thrombin detection. Sensors Actuators B Chem 304:127418

Y. V. Plekhanova et al.



397

Wang F-T, Wang Y-H, Xu J, Huang K-J (2020b) High-energy sandwiched-type self-powered bio-
sensor based on DNA bioconjugates and nitrogen doped ultra-thin carbon shell. J Mater Chem 
B. https://doi.org/10.1039/c9tb02574j

Yu D, Bai L, Zhai J, Wang Y, Dong S (2017) Toxicity detection in water containing heavy metal 
ions with a self-powered microbial fuel cell-based biosensor. Talanta 168:210–216

Yu W, Kong X, Gu C, Gai P, Li F (2020) Ultrasensitive self-powered biosensors with visual self- 
checking function for pathogenic bacteria detection. Sensors Actuators B Chem 307:127618

Zhao Y, Deng P, Nie Y, Wang P, Zhang Y, Xing L, Xue X (2014) Biomolecule-adsorption-
dependent piezoelectric output of ZnO nanowire nanogenerator and its application as 
self-powered active biosensor. Biosens Bioelectron 57:269–275

Zloczewska A, Celebanska A, Szot K, Tomaszewska D, Opallo M, Jönsson-Niedziolka M (2014) 
Self-powered biosensor for ascorbic acid with a Prussian blue electrochromic display. Biosens 
Bioelectron 54:455–461

19 Self-Powered Biosensors in Medicine and Ecology

https://doi.org/10.1039/c9tb02574j


399© Springer Nature Switzerland AG 2021
M. Rai et al. (eds.), Macro, Micro, and Nano-Biosensors, 
https://doi.org/10.1007/978-3-030-55490-3_20

Chapter 20
Self-Powered Implantable Biosensors: 
A Review of Recent Advancements 
and Future Perspectives

Pavel M. Gotovtsev, Yulia M. Parunova, Christina G. Antipova, 
Gulfia U. Badranova, Timofei E. Grigoriev, Daniil S. Boljshin, 
Maria V. Vishnevskaya, Evgeny A. Konov, Ksenia I. Lukanina, 
Sergei N. Chvalun, and Anatoly Nikolaevich Reshetilov

Abstract Biosensors became one of the promising technologies in recent years. 
Wide applications and active development of related technologies lead to rising 
number of biosensors-related publications. A lot of them focused on the implantable 
biosensors that can help to operate future implantable medical devices. One of the 
main issues for implantable biosensors became power supply. In this chapter, sev-
eral perspective approaches for the development of self-power biosensors are dis-
cussed. We have presented an overview of power generation approaches that can be 
applied in the case of implantable biosensors applications. It is worth mentioning 
that bioelectrochemical systems can be very powerful, but their influence on the 
organism is still not fully clear. Also, an overview of recent research in the field of 
electroconductive materials for implantable bioelectrochemical systems, with both 
biofuel cells and biosensors application, is presented. Moreover, a variety of 
approaches for material development from carbon nanomaterials to the polymeric 
systems have been described; and finally, some novel approaches for self-powered 
implantable systems are discussed.
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Nomenclature

BFC biofuel cell
CND carbon nanodots
CNT carbon nanotubes
GO graphene oxide
PDMS polydimethylsiloxane
PEDOT PSS poly-(3,4-ethylene dioxythiophene) poly- styrene sulfonate
PI polyimide
PTFE polytetrafluoroethylene
PVDF polyvinylidene fluoride

20.1  Introduction

The development of different implantable medical devices became common today. 
There are a number of different sensors, peacemakers, neuroimplants, and micro-
pumps presented in the scientific literature (Ko 2012; Joung 2013; Meng and 
Sheybani 2014; Li et al. 2019). Several limitations are slowing the wide application 
of such devices particularly the absence of constant lifelong power supply. 
Figure 20.1 illustrates the recent approaches for the power supply of implantable 
devices. Those approaches can be divided into three:

 1. Different types of batteries
 2. Energy transfer system both wireless and through contact surface electrodes
 3. Implantable energy generators

The first two approaches can be combined—energy transfer systems widely used 
for recharging implanted batteries. But significant interest today is focused on 
energy generators due to the possibility to provide lifelong implantation (Vostrikov 
et al. 2019). In this chapter, we will focus on the electrical generation system for 
implantable biosensors. Such generators can be operated as a joint system with 
biosensors solving both and power supply and signal processing operations.

Implantable energy generators became an object of significant interest in recent 
years (Halámková et al. 2012; Mano and De Poulpiquet 2018). This interest is based 
on the active development of the different active devices and sensors both implant-
able (Jandial and Hoshide 2017; Karagkiozaki et al. 2013; Musk 2019) and non- 
implantable (Clement et al. 2011; Kay and Wilks 2015). Such electrical generators 
can be of different types (Dagdeviren et al. 2017):

 1. Generators based on the use of the mechanical energy of organs, tissues, and 
liquids;

 2. Different thermoelectric generators;
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 3. Generators based on the use of the chemical energy to generate electricity by 
application of fuel cells with different catalyzers.

There are a number of different generators developed in laboratories in recent years 
(Fan et al. 2012; Dagdeviren et al. 2017). Enzyme biofuels cells (BFC) are most 
discussed in recent decades (Dagdeviren et al. 2017). Those devices can generate 
electrical energy by consumption of energy-rich chemicals like glucose and oxygen 
(Gotovtsev et al. 2018). Different physiological liquids are discussed as possible 
glucose source for enzyme BFC. The most popular one is the blood where glucose 
concentration can be as high as several mM in normal conditions (Ben Amar et al. 
2015). Also, liquids in abdominal cavities (Cosnier et al. 2014), secreted liquids like 
sweat (Lv et al. 2018) and tears (Rasmussen et al. 2015), and cerebrospinal fluid 
(Rapoport et al. 2012) are under consideration. The cerebrospinal fluid became the 
object of high interest due to the intensive development of neuroimplants (Rizea 
et al. 2019). The feature of neuroimplants maintenance is related to the minimiza-
tion of neurosurgical procedures that lead in turn to the interest to lifelong implanta-
tion (Koch et al. 2019; Zhao et al. 2019), with lifelong power source operation. In 
this case, cerebrospinal fluid with glucose concentration about 2.8–3.9 mM (Clifford 
Schold et al. 1980; Whitehead 2019) seems to be a very perspective substrate for 
enzyme BFC.

Fig. 20.1 Recent approaches for power supply of implantable devices
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Today there is no data concerning BFC influence of the nearby organs and tissues 
via local glucose consumption (Dagdeviren et al. 2017). Recent experiments showed 
that in the case of laboratory rats, 100-day implantation does not provide any suffi-
cient negative influence (Zebda et al. 2013). Also, to predict the operation of BFC, 
several approaches in mathematical modeling were used in recent years (Korth et al. 
2015; Pankratova and Gorton 2017; Reshetilov et al. 2017b). Those approaches can 
give a possibility at least to calculate glucose consumption by BFC for further dis-
cussion of its influence on the tissues. Thus, it is possible to combine glucose bio-
sensor and generator in one system.

Thermoelectric generators are interesting for implantable devices power supply 
because electric generation does not correlate with metabolism directly (Vostrikov 
et al. 2019). But thermoelectric generators utilize temperature difference between 
the entire body and ambient air that leads to the necessity to implant one part of the 
generator very close to the skin.

Generators based on the use of the mechanical energy of organs, tissues, and 
liquids include a very wide range of different approaches (see Fig. 20.1). Usually, 
such generators do not influence metabolism or other biological processes in the 
organism for energy generation, instead of the harvesting energy. As a thermoelec-
tric generator, they produce low energy output but can be discussed as a somehow 
stable generator in comparison with biofuel cells.

Next, we will focus on biofuel cells due to the possibility of its combination with 
biosensors and discuss perspective electroconductive materials and finally describe 
the possible concepts of electricity generation systems to enhance power output and 
thus decrease energy limitation for different implantable devices.

20.2  Electroconductive Materials for Biofuel Cells Electrodes

Today the field of nanotechnology has become an integral part of biofuel cells as an 
applied science. Different nanomaterials are used to modify the biotic–abiotic inter-
face for better direct bioelectrocatalysis. Since practicality is important for medical 
applications, implantable enzymatic biofuel cells must operate without a classical 
separator between anodic and cathodic chambers containing oxygen. So there are 
three general requirements for biofuel cell electrodes: biocompatibility, high spe-
cific surface area, high level of adhesion and penetration of cells and enzymes into 
the volume of material. Considering these conditions, there is a huge variety of 
carbon-based nanomaterials such as carbon nanotubes (CNT), CNT sponges, car-
bon nanodots (CND), 3D graphene, graphene oxide (GO) nanosheets, etc. (Ji et al. 
2020; Huang et al. 2020). However, in the scientific literature at the moment, there 
is no clear understanding of the pharmacokinetics of nanodispersed carbon in the 
body, especially for long periods of stay in the body—the fact is that nanosized 
particles are not detected by the immune system, freely pass through cell mem-
branes, and are not excreted during natural metabolism. Because of this and also to 
make flexible devices, a wide diversity of nanomaterials such as gold nanoparticles 
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and different composite fillers for porous polymer systems has been extensively 
utilized in the development of improved bioelectrodes.

Carbon materials are mostly biocompatible and own superior conductivity and 
good mechano-thermal stability (Reshetilov et  al. 2017a, b). Moreover, they are 
considered as a good tool for electron transmission and electrical wiring promotion 
of enzymes due to their high specific surface area (Reshetilov et al. 2017b). Lately, 
buckypaper continues to be explored in a broad spectrum of applications. It is a thin 
film-like structure that consists of a CNT grid cluster. Buckypaper possesses the 
characteristics of flexibility, lightweight, and ease of processing. The scope of appli-
cation includes the fabrication of electrodes for sensors, biofuel cells, supercapaci-
tors, etc., although loose films of Buckypaper are quite fragile and complex to be 
modified.

Carbon nanodots have a discrete and quasispherical shape. CND are character-
ized by the large specific surface area and outstanding adsorption capacity. CND 
efficiently acted as electron senders and promoted the electron transfer process. 
Eventually, the enzymatic biofuel cells resulted in maximum power output as high 
as 40.8 mkWcm−2 at 0.41  V with the open circuit potentials of 0.93  V (Babadi 
et al. 2016).

Self-assembly of GO nanosheets has been widely applied to prepare monolithic 
3D graphene structures. For example, 3D graphene hydrogel has been prepared 
through the one-step hydrothermal treatment of GO suspension (Kang et al. 2019). 
GO nanosheets are finely dispersed owing to the electrostatic repulsions from the 
functional groups in a stable GO suspension (Liu et al. 2018).

Sensor materials meet differences from electrode materials property set: at the 
present level of sensor technology, the use of sensors with high porosity is not so 
necessary, more important is the affinity for a detectable molecule (Qiu et al. 2017). 
So, a significant part of the biosensor research area is made up of polymer devices 
that sense and transmit information about a biological process, like blood pressure 
or individual physiological parameters. Long-term applicable biosensors should 
induce minimal damage in contact with tissues and maintain full functionality. 
Thus, biocompatibility and anti-fouling are essential requirements for the sensor 
materials. Depending on the intended application device, lifetimes vary from a cou-
ple of minutes to several months. Polymeric materials are extensively studied as 
coating layers due to its non-toxicity and non-inflammatory properties. In the litera-
ture, plenty of sensor types using different composite or polymer-based materials 
with diverse architecture and morphology are presented. For instance, a nano- 
polytetrafluoroethylene (PTFE) film was used as triboelectric layer in an endocar-
dial pressure sensor. The device showed fine results during in  vitro and in  vivo 
experiments, good blood compatibility, and long-time reliability (Babadi et  al. 
2016). Another polymer cardiac monitoring system was based on triboelectric 
layer-contained nanostructured PTFE also. Biocompatible, hermetic, and flexible 
pack for the device was obtained employing PTFE, polydimethylsiloxane (PDMS), 
and parylene. The cardiac sensor was successfully implanted in a male adult 
Yorkshire porcine model which demonstrated good results in blood pressure moni-
toring and long-time reliability (Mansouri et al. 2017).
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It should be noted that a key requirement for a reference electrode in flexible 
biosensors is the ability to maintain a constant potential under mechanical tension 
(Gong and Cheng 2017). A commercial approach to creating a flexible electrode is 
to coat commonly used polymer substrate (PTFE, PDMS) with a layer of Ag/AgCl 
by screen printing or drop-casting (Nyein et al. 2016). PDMS with percolation net-
works of AU-based nanomaterials (nanowires and nanotubes) on the surface is used 
for fabricating flexible electrochemical biosensors due to its good stretchability. The 
increase in resistance is 47% at 50% tension (Jeerapan et al. 2016; Liu et al. 2016; 
Xuan et al. 2018). Another method is to cover the surface of the base electrode with 
a layer of silver with further chlorination. The disadvantage of these electrodes is 
that slight displacement of the potential might occur (about 80  mV) (Zheng 
et al. 2014).

In a study, Nasar and Perveen (2019) designed a flexible respiratory sensor based 
on a PDMS film. The biosensor was implanted into the left chest skin of rats for an 
in vivo experiment, which revealed a high correlation between breathing rate and a 
number of “paired peak groups.”

Polyvinylidene fluoride (PVDF) films encapsulated by polyimide (PI) were used 
as blood pressure sensors in an ascending aorta of a male domestic porcine (Qiu 
et al. 2017). After adopting the design, the present sensor was utilized as a real-time 
blood pressure monitoring system (Liu et al. 2018). To monitor bladder pressure, 
the device based on PDMS sponge fixed between flexible polyvinylchloride and 
polyethylene terephthalate sheets was used (Zheng et al. 2016).

Electroconductive poly-(3,4-ethylene dioxythiophene) poly- styrene sulfonate 
(PEDOT PSS) is widely used as an implantable material. In the paper, Gotovtsev 
et al. (2019) presented 3D structure material that can be biocompatible and showing 
conductivity close to 0,01 S/cm.

Ion-selective membranes are used to obtain a good selectivity and quick response. 
Depending on the target, different materials can be utilized to fabricate the ion- 
selective membrane, that is, polyaniline suitable for pH detecting, poly (vinyl chlo-
ride) in the mixture with Na-ionophore can be employed as the Na  +  selective 
membrane (Zhang et al. 2015; Cheng et al. 2016).

The literature provides information on the use of polyurethane, polyethylene gly-
col (PEG), and zwitterionic polymers in fabricating biosensors (Jin et  al. 2017; 
Hassani et al. 2018; Solaimuthu et al. 2020).

As mentioned above, there is a huge variety of different approaches for electrode 
materials for bioelectrochemical biosensors and BFC. From carbon nanomaterials 
to the conductive polymeric systems, everything is under consideration now. The 
main focus of the research is to enhance the conductive properties of the material 
with respect to the effective immobilization of sensing enzymes and 
biocompatibility.
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20.3  Self-Powered Biosensors Approaches

The main basis of many of the self-powered biosensors is the bioelectrochemical 
process—the electricity generates via bioelectrochemical reactions and the next 
current and/or voltage measuring. The value of current and/or voltage corresponds 
to the concentration of measuring substances. This can be both single-enzyme sys-
tems and multienzyme systems (Grattieri and Minteer 2018).

Today, the most common biosensors are glucose sensors (Fang et al. 2017; Oh 
et  al. 2018). They are widely used for diabetes monitoring (Dautta et  al. 2020; 
Bennett and Leech 2020). Examples of using sensors combining with drug delivery 
systems are presented in the literature (Rahimi et al. 2017). Lee et al. (2017) devel-
oped a device consisting of an ultra-thin and flexible substrate that incorporates 
sensors for glucose concentration, temperature, humidity, and pH. It also includes 
microneedle arrays for controlled drug delivery. The working electrode is made of 
Au and modified with a mixture of glucose oxidase enzyme, chitosan, graphene, 
and bovine serum albumin. This system permits the detection of glucose in the con-
centration range from 10 mkM to 1 mM.

Also, an interesting combination of sensors can be electrical generation sensing 
combined with electrical consumption sensing in case of enough energy availability 
(Zhou and Dong 2011). Such flexible monitoring devices were presented in several 
publications (Gao et al. 2016; Wang et al. 2017). The biosensor can detect glucose, 
lactose, and electrolytes (K+, Na+) in perspiration (Gao et al. 2016). Enzymes are 
used for metabolites detection and ion-selective electrodes for electrolytes. 
Enzymatic sensors are also based on Au-electrode coated with a mixture of chito-
san, single-walled carbon nanotubes, and enzymes (glucose and lactose oxidases).

The cascades of bioelectrochemical reactions can be built in the logic circuit that 
can be used for preliminary control of biosensor applications (Katz 2015; Grattieri 
and Minteer 2018). This approach can lead to decreasing the energy consumption of 
the whole system.

As mentioned, the above combination of different sensors in one device can be 
an effective platform for health monitoring, but such a platform requires flexibility 
in terms of power supply and effective power supply approach. Figure 20.2 illus-
trates the concept of such a flexible system. To stabilize energy generation, there are 
several different generators used: BFC as the most powerful and others like thermo-
electric as more stable and do not influence the metabolism. Control unit consists of 
two subunits: one provides data transfer and the second one provides energy man-
agement. Basic principles and some technical ideas are already under study for 
different applications like the Internet of Things systems (Gotovtsev and Dyakov 
2016), and today additional research to transfer such approaches to the implantable 
devices is required. It is necessary to mention that some research in the field of ultra- 
low- power electronics is already done (Sarpeshkar 2013). Those systems can oper-
ate with low currents and voltages with appropriate energy efficiency.
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20.4  Conclusion

Self-power implantable systems are actively developing today. There are a number 
of different possible applications and different approaches. In this chapter, we 
focused on the electrode material part of the research and some perspective con-
cepts. From a material science point of view, there is a huge variety of materials in 
order to develop electrodes for bioelectrochemical systems. Different research 
groups try different approaches, and all of them have some perspective and 
efficiency.

Finally, it can be said that a combination of different sensors and generators can 
be the perspective approach for further research.
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