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Abstract

Electrochemical biosensors and biofuel cells are finding an ever-increasing practical application due to several advantages.
Biosensors are miniature measuring devices, which can be used for on-the-spot analyses, with small assay times and sample
volumes. Biofuel cells have dual benefits of environmental cleanup and electric energy generation. Application of nanoma-
terials in biosensor and biofuel-cell devices increases their functioning efficiency and expands spheres of use. This review
discusses the potential of nanomaterials in improving the basic parameters of bioelectrochemical systems, including the
sensitivity increase, detection lower-limit decrease, detection-range change, lifetime increase, substrate-specificity control.
In most cases, the consideration of the role of nanomaterials links a certain type of nanomaterial with its effect on the bio-
electrochemical device upon the whole. The review aims at assessing the effects of nanomaterials on particular analytical
parameters of a biosensor/biofuel-cell bioelectrochemical device.
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Abbreviations

CNT Carbon nanotube

MWCNT Multiwalled carbon nanotube

NAD Nicotinamide adenine dinucleotide

NADH Reduced form of nicotinamide adenine
dinucleotide
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Introduction

Practical application of any methods of analysis is associ-
ated with the possibility of their miniaturization, conducting
analyses at the site of sampling, ease of analysis and eco-
nomic benefits in the production and operation of devices.
Electrochemical biosensors and biofuel cells based on
enzymes and microorganisms have firmly occupied a niche
among devices used for analysis (Gonzalez-Solino and Lor-
enzo 2018; Lima et al. 2018; Mishra et al. 2018).

An electrochemical-type biosensor is an analytical device
in which biological materials immobilized on a signal con-
verter detect an analyte and change their electrochemical
characteristics in response to external effects (analyte, tem-
perature, pH, light, stress, etc.). The general operating prin-
ciple of microbial/enzymatic biosensors and fuel cells can
be schematically represented as follows (Fig. 1).

Various kinds of biological material used in bioelectro-
chemical devices release electrons and protons as a result of
substrate transformation (or under the action of other fac-
tors of the environment). The electrode serves as an external
acceptor of electrons, as a result of which an electric poten-
tial that can be measured is generated in the system. Thus,
an external impact is converted into a signal, which can be
detected using various converters; herewith, the value of the
signal would depend on the amount of assayed compound/
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Fig. 1 Operating principle of electrochemical enzymatic/microbial biosensors and fuel cells

time and the external impact. Biofuel cells can be considered
as an expansion of the diversity of electrochemical biosensor
types, in which biological material converts the chemical
energy of organic compounds or inorganic substances (fuel)
into electrical energy. The connection of a load makes it pos-
sible not only to obtain an analytical tool (biosensor) but also
to use the generated energy for other purposes. Biofuel cells
require broad substrate specificity and (much) larger areas
of their electrodes—anodes and cathodes—to increase their
energy efficiency.

Establishing an electric contact between the biocatalyst
and the electrode surface in bioelectrocatalytic systems—
both in biosensors and fuel cells—is the main issue of their
functioning.

Many biosensors developed to date have been success-
fully commercialized. For example, biosensors for assays of
blood glucose in humans (Yoo and Lee 2010; Tarasov et al.
2021) and biological oxygen demand in effluents (Zulkifli
et al. 2018; Do et al. 2019). The low stability and efficiency
of biofuel cells limit their commercial use. At the same time,
biofuel-cell devices are attractive because microorganisms
that can be used as biocatalysts are widespread in the envi-
ronment; the source of energy for them is organic substrate
(both naturally occurring and human biowaste) present in
water bodies or in soil biogeocenoses. Such devices are con-
sidered as a future alternative to traditional sources of energy
(Ardakani and Badalians Gholikandi 2020; Arun et al 2020).
Nevertheless, the main problems associated with immobili-
zation and preservation of long-term activity of biomaterial,
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efficiency increase and stable operation of developed bioel-
ectrochemical devices, are highly topical at present.

One of the materials that possess important properties
and enable solving the associated problems are nanomateri-
als. These are objects in the range of 1-100 nm in size in
at least one dimension (Miernicki et al. 2019; Sheikhzadeh
et al. 2020). A dimensionality classification of nanomateri-
als, describing 36 classes of nanostructures, is given in the
work of Pokropivny and Skorokhod (2008). Another work
(Saleh 2020) considers the main classification of their types
based not only on nanomaterial size but also on morphology,
condition, and chemical composition. As applied to biosen-
sors and biofuel cells, a classification by chemical composi-
tion is used: (1) inorganic nanomaterials consisting of (non)
metal components; (2) carbon nanomaterials; (3) polymer
nanomaterials (conjugated nanoparticles and coatings).

As the attitude to the use of nanomaterials is still associ-
ated with both their positive and, in some cases, negative
effects, it is quite difficult to accept the final formula for
their application, since the scope of their final use is unclear.
In some cases, even a negative effect can be considered to
obtain a final positive application. Thus, it can be summed
up that the influence of nanomaterials on biological objects,
their use in bioelectrochemical devices only expands knowl-
edge about their properties and helps to develop strategies
for their application, as well as to assess the possible risks
of their use.

In this review, we consider particular analytical param-
eters, which can be changed by applying the most frequently
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used nanomaterials, and, by their example, demonstrate
the biosensor and biofuel-cell characteristics that can be
improved using them.

Production and modification
of nanomaterials

The properties of nanomaterials depend on how they are
produced, so the production methods should correspond to
certain requirements. The main requirements are to provide
the controlled composition of produced nanomaterials with
reproducible properties and of definite sizes; the stability of
produced nanomaterials; the high efficiency and cost effec-
tiveness of the method used. It should be noted that there
is no nanomaterial production method at present, which
would have corresponded to all specified requirements. Two
main directions are singled out in the production methods
by the type of nanostructure formation: (1) the bottom-up
approach, when nanoparticles grow or are assembled from
separate atoms; (2) the top-down approach based on break-
ing particles to nanosizes (Mourdikoudis et al. 2018; Khan
et al. 2019). Depending on the nature of nanomaterial syn-
thesis, the production methods can be divided into chemi-
cal (electrolysis, reduction, oxidation, thermal decomposi-
tion, etc.), mechanical (pressure, compaction, cavitation
processes, etc.), physical (evaporation, condensation, rapid
heating/cooling, etc.) and biological (the use of microbes
and biochemical processes) [Cele 2020; de Arnoldi Pel-
legrini et al. 2020; Jin et al. 2021; Parauha et al. 2021; Rai
et al. 2021 (Fig. 2)].

Nanomaterial production techniques are constantly
improved. Thus, carbon nanotubes (CNTs) were initially

Metal Nanoparticles
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synthesized in gas phase processes at high temperatures
[laser ablation (Radhakrishnan et al. 2006) and arc dis-
charge (Qiu et al. 2004)]. Currently used methods are low-
temperature thermal chemical vapour deposition (at less
than 800 °C), which enables monitoring the parameters
of produced nanomaterials—changing CNT length, diam-
eter, orientation, purity, density, etc. (Singh et al. 2003; Di
Pietrantonio et al. 2019). A number of studies (Griffiths
et al. 2013; Hoang et al. 2018; Ding et al. 2019; Zhou et al.
2020; Makgabutlane et al. 2021) describe the techniques
for producing carbon nanomaterials known to date, con-
sider strengths and the weaknesses of each method, single
out problems of commercial use and prospects for further
industrial application. The replacement of expensive pre-
cursors by cheap raw materials, which would promote suc-
cessful commercialization of the methods, is considered;
also, attention is paid to ecological problems due to the
formation of toxic wastes in CNT production (Griffiths
et al. 2013).

It should be noted that CNTs can be produced by
pyrolysis, with lignocellulose as initial raw material. This
approach reduces production costs and enables using eco-
logically clean and renewable resources (Omoriyekom-
wan et al. 2020). Lignocellulose pyrolysis leads to the
formation of high-molecular-weight polycyclic aromatic
hydrocarbons, which serve as a carbon source for CNT
synthesis (Sevilla and Fuertes 2010; Omoriyekomwan
et al. 2019; Matamba et al. 2020). Traditional methods
of metal nanoparticle production can be associated with
the use of ionic liquids (Verma et al. 2019) and reduction
of noble metal salts (Delbecq et al. 2019; Huggias et al.
2020). Methods of biological synthesis based on the abil-
ity of some microorganisms to synthesize various types
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Fig.2 Schematic representation of different synthetic methods. Reproduced from Rai et al., Nanomaterials 11:2901, Copyright 2021. Creative
Commons Attribution 4.0 License. Published by Multidisciplinary Digital Publishing Institute
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of nanoparticles from precursor materials have been of
ever-increasing significance lately (Feng et al. 2018; Sad-
hasivam et al. 2020; Waris et al. 2021).

The synthesis process is completed, as a rule, by puri-
fication of synthesized nanoparticles. Thus, the medium
containing a precursor material includes amorphous car-
bon, metal particles and other impurities depending on the
production method. Purification of CNTs proceeds using
thermal oxidation, high-temperature annealing, boiling,
sonication and filtration (Capobianchi et al. 2007; Yu et al.
2020). Extraction and purification of metal nanoparticles
produced by bacteria during extra- or intracellular synthesis
have been studied insufficiently, which stimulates further
research in this direction. Separation of intracellularly pro-
duced nanoparticles from the biomass requires additional
stages of treatment, such as sonication or a reaction with
suitable detergents, freeze-thawing, processes of heating and
osmotic shock, enzymatic lysis of microbial cells containing
intracellular nanoparticles, etc. (Iravani 2014).

Functions of nanomaterials
in bioelectrochemical devices

The main function of nanomaterials is associated with the
provision of effective electron transfer between biologi-
cal material and an electrode in a biosensor or a biofuel
cell. One of the main advantages of using nanomaterials
in biosensors is the amplification of analytical signal and
the increase of sensitivity; in some cases, the gain reaches
several orders of magnitude. Nanoparticles may act as an
“electron wire” between the enzyme active site and an

Fig.3 Five mechanisms that
are critical to enhanced enzy-
matic activity with enzymes
immobilized onto NPs: a higher
enzyme density and higher
localized avidity, b enhanced
mass transport, ¢ increased
surface curvature, d favour-
able surface functional group
interactions and e favour-

able enzyme orientation for
enzyme—substrate interactions,
i.e. optimized enzyme—substrate
trajectory. Reprinted from Ding
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(c) Nanomaterial Morphology

electrode, contributing to an increase in the rate of direct
electron-transfer turnover and decreasing the insulating
action of protein. In particular, the use of gold or platinum
nanoparticles for modification of electrodes creates a micro-
environment similar to a natural system with redox proteins,
which leads to a greater freedom of motion and orientation
of protein with respect to the electrode (Solanki et al. 2011;
Alarcon-Angeles et al. 2018). It should be noted that the
effect of nanomaterials on particular parameters of biosen-
sors and biofuel cells is not limited to only electron transfer;
practically all characteristics of a bioelectrochemical device
change at their participation. Here, we discuss the action of
nanomaterials in greater detail.

Immobilization of biomaterial

One of the important parameters, which determine the effi-
cient functioning of biosensors/biofuel cells as well as their
application for the analysis of real objects, is associated with
the immobilization of biomaterial in a bioelectrochemical
device. Immobilization provides for the contact of biomate-
rial with a converter and the possibility of receiving a sig-
nal from biomaterial. The use of nanomaterials with high
surface-area-to-volume ratios for immobilization of cells
and enzymes leads to an increase of the electrode’s effective
area, and correspondingly, to an increase of the amount of
biomaterial in an active state, which in turn affects the signal
rise. The work of Ding et al. (2015) summarizes the main
physico-chemical mechanisms of enzyme immobilization on
nanoparticles leading to an increase in enzymatic activity
(Fig. 3). If microbial cells are immobilized, the factors lead-
ing to a change in their activity when using nanomaterials
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are much greater and more difficult to take into account, the
mechanisms of interaction between cells and nanomateri-
als are not yet fully understood. Besides, numerous works
(Chen et al. 2019; Ameen et al. 2021; Juarez-Maldonado
et al. 2021) show the toxic effects of nanomaterials on living
cells, which restricts their use in bioanalytical devices based
on microorganisms.

The classical immobilization methods used in micro-
bial biosensors are adsorption, capture, covalent binding or
crosslinking. All these methods enable the use of nanomate-
rials as a supporting matrix for biomaterial immobilization.
Herewith, nanomaterials link the active site of the enzyme
or cell membrane with the electrode acting as conductors
along which electrons are transferred to the electrode via
nonconducting polymer materials. Nanomaterials affect the
mechanical properties of the electrode (rigidity/elasticity)
and create a biocompatible medium for immobilization of
enzymes. Modification of nanomaterials by various func-
tional groups enables stronger immobilization of biologi-
cal objects on the electrode due to forming chemical bonds.
For instance, the occurrence of hydroxyl (-OH) functional
groups on the CNT surface contributes to adhesion of bac-
teria, because hydrogen bonds with bacterial cell walls form
(Thepsuparungsikul et al. 2014). The maximum power of a
biofuel cell based on an anode formed from a complex of
multiwalled CNTs functionalized by —OH groups (MWCNT-
OH) is 167 mW/m?, which is 130% higher than for an anode
from common carbon cloth. A looser netted dispersion and
a rougher surface of MWCNT-based anodes enables bac-
teria to penetrate the inner layers of tubes, which increases
the active area of the surface, enhances the colonization of
bacteria at the anode and raises the efficiency of eliminat-
ing organic compounds from the sample at the biofuel cell
functioning (Nosek et al. 2020).

The use of a carbon nanomaterial—graphene—enables
the formation of 3-dimensional structures with high spe-
cific surfaces (Zou et al. 2016); herewith, introduction of
CNTs (Tsai et al. 2015) or metal nanoparticles (Zhao et al.
2015b) into the graphene framework inhibits the aggrega-
tion of graphene sheets and additionally enhances the bond
between them.

One of the problems in immobilization is to produce an
oriented tie-in of the enzyme to the electrode surface, as well
as to affect the distance between the enzyme’s redox site and
the electrode surface, to make the distance minimal. This is
important for electron transfer between components of the
system. Nanomaterials enable an oriented immobilization
of biomaterial on the electrode, which makes it possible to
avoid denaturation of the enzyme, to preserve its affinity and
bioactivity, providing herewith for a decrease of the space
between the enzyme’s active site and the electrode. Thus, the
use of CNTs in combination with bifunctional copolymer
containing pyrene and activated ester groups for crosslinking

and tethering has been shown (Gross et al. 2016) to signifi-
cantly improve the quality of laccase immobilization owing
to the formation of a hydrophobic site of binding in imme-
diate vicinity to the laccase T1 site. This immobilization
technique enables regulating the orientation of the enzyme
on the electrode due to the formation of amide bonds. The
thus formed biocathode makes it possible to significantly
increase (as compared with laccase immobilization by sim-
ple physical sorption) catalytic currents of oxygen reduction.
For this design of biocathode the maximum current density
is 170 mA/cm? together with the high efficiency of electron
transfer.

The possibility of using a nanocomposite film, consist-
ing of glucose oxidase immobilized on Fe;0, nanoparticles
dispersed in chitosan, approximately 22 nm in diameter,
for detection of glucose in the absence of a mediator, has
been shown in Kaushik et al. (2008). Herewith, Fe;O, nano-
particles provide not only a high electroactive surface area
but also contribute to the oriented immobilization of the
enzyme. Incorporation of paramagnetic Fe;O, particles into
polyelectrolyte microcapsules with the enzyme urease ena-
bled forming a bioreceptor on the surface of the electrode
without additional reagents, using a magnetic field (Resheti-
lov et al. 2016). This made it possible to avoid chemical
modification of the electrode surface for immobilization of
the enzyme and to provide for a fast regeneration of the elec-
trode after a measurement cycle.

The works of Ahmad and Sardar (2015) and Ding et al.
(2015) have considered advantages and disadvantages of
nanoparticles as an enzyme immobilization matrix. As prac-
tice shows, refinement of biological objects’ immobilization
using nanomaterials is not yet a fully predicted effect and
requires further research into the mechanism of the process,
especially in the case of microorganisms.

Long-term stability of biomaterial

Immobilization on nanomaterial enables not only retaining
enzymes or cells on the surface of the electrode but also cre-
ating a microenvironment, i.e., a medium in which a biologi-
cal component preserves its activity for a long time (Ansari
et al. 2009; Zhang and Cai 2019; Magro et al. 2020). Exam-
ples to show the preservation of biomaterial activity at a suf-
ficiently high level using nanomaterials are given in Table 1.
Herewith, it should be noted that nanomaterials may have a
toxic action on enzymes and microorganisms (Mohanta et al.
2019; Peng et al. 2020). A rule follows from this fact that,
prior to application, nanomaterials are specially modified to
eliminate/reduce the toxic effect (Papadopoulos et al. 2019).
Thus, modification may change the solubility of nanomate-
rials (Negm et al. 2020), their electrochemical (Zhao and
Stoddart 2009) and mechanical (Zhang and Huang 2016)
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Table 1 Application of nanomaterials for improving the long-term activity of biosensors and biofuel cells

Biomaterial

Substrate

Composite with nanomate-
rial/biosensors or biofuel
cells

Lifetime

Drop of activity,
% of initial value

References

Laccase

Glucose dehydro-genase

Glucose oxidase
Glucose oxidase

Catalase

Laccase

Glucose dehydro-genase

Microbial consortium
collected in a Singapore
wastewater treatment
plant

Cholesterol oxidase

Glucose oxidase

Bisphenol

Glucose

Glucose
Glucose

Hydrogen peroxide

Polyphenols

Glucose

Acetate, municipal waste-
waters

Cholesterol

Glucose

Bacterial cellulose/carbox-
ylated MWCNTs/zeolitic
imidazolate framework-8
(ZIF-8)/biofuel cell

Thionine and gold
nanoparticles grafted on
aminocarbon nanotubes/
graphene support/biofuel
cell

3-Dimensional graphene/
biofuel cell

Graphene nanoplates/ZnO
nanowires/biosensor

Iron nanoparticles coated
with graphene layers
supported on multiwalled
carbon nanotubes/bio-
sensor

Gold nanoparticles
electrodeposited in a
screen-printed carbon
electrode modified with
polypyrrole through
in-situ electropolymeriza-
tion/biosensor

MWCNT: coated with
poly(methylene green)/
biofuel cell

MnO,/MWCNTs/polyvi-
nylidene fluoride/biofuel
cell

Gold nanoparticles/
MWCNTs/polypyrrole/
biosensor

Polyaniline/montmorillon-
ite/platinum nanoparti-
cles/biosensor

20 days

4 weeks

7 days
30 days

25 days

1 month

2 months
1 year

1.5 years

7 days

2 months

80

60

60

100

95.4

85

60
10

50

76

91.7

Li et al. (2020b)

Navaee and Salimi (2018)

Babadi et al. (2019)
Rafiee et al. (2020)

Soto et al. (2020)

Mohtar et al. (2019)

Tahar et al. (2019)

Kharkwal et al. (2017)

Alagappan et al. (2020)

Zheng et al. (2020)

properties, their toxicity (Asghary et al. 2019; Norizan et al.
2020).

A detailed description of the properties of graphene—
a view of its mechanical strength, high electron conduct-
ance, large specific surface, high porosity, i.e., the properties
that can be used to facilitate direct electron transfer and to
increase enzyme load in biosensors and biofuel cells—is
given in Tang et al. (2020). Entrapment of the enzyme into
a three-dimensional graphene matrix or its dense enclosing
with nanomaterials evokes a stabilization of enzyme activ-
ity. The work of Babadi et al. (2019) has shown that the
microporous structure of three-dimensional graphene (3DG)
can prevent the denaturation of the immobilized enzyme,
enzyme leaching, and provide a sufficient concentration of
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both glucose and oxygen to the enzymes. Figure 4 presents
micrographs of glucose oxidase adsorbed on three-dimen-
sional (3D) graphene. The use of such 3D structures is espe-
cially promising when creating microbial fuel cells (Chung
and Dhar 2021; He et al. 2021). The porous structure of the
anode based, e.g., on 3D graphene aerogel (GA) decorated
with platinum nanoparticles, provides for not only internal
colonization by bacteria and electron transport, but also the
long-term activity of microbial catalyst (Zhao et al. 2015a,
b).

Nevertheless, the question of how biological material is
entrapped on the surface of a nanomaterial and how elec-
trons are transferred in such structures still remains open and
is actively investigated. This is primarily due to progress in
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Fig.4 A high resolution trans-
mission electron microscopy
(HRTEM) image of 3DG, B a
field emission scanning electron
microscopy (FESEM) image of
3DG, C the hybrid of GOx and
3DG and D immobilised GOx
on 3DG. Reprinted from Babadi
et al., Int. J. Hydrog. Energy
44(57):30367-30374, Copy-
right 2019, with permission
from Elsevier

genome sequencing, transcriptomics and proteomics, bio-
informatics, mass spectrometry methods, electrochemical
methods of analysis etc.

Decrease of working potential of biosensor

The use of nanomaterials affects the electrochemical param-
eters of an analyzing device and enables registration at a
decrease of the applied working potential during the genera-
tion of a signal by the biosensor. For instance, many bioel-
ectrochemical devices use NAD-dependent dehydrogenases.
In this case, the regeneration of the cofactor [the catalytic
oxidation of the reduced form of B-nicotinamide adenine
dinucleotide (NADH)] is one of the important reactions at
the electrode. However, the electrochemical regeneration
of NAD" (i.e., the oxidation of NADH formed during the
enzymatic reaction) usually occurs at significant overvolt-
ages. In fact, the oxidation of NADH has an overvoltage of
about 1.0 V on glassy carbon electrodes and even higher on
platinum surfaces, which restricts the use of these enzymes
in biofuel cells and biosensors (Karyakin et al. 2003; Shao
et al. 2010). Studies have shown that nanomaterials can
reduce NADH oxidation overvoltages in NAD-dependent
enzymatic fuel cells (Selloum et al. 2020). Application of
silver nanoparticles enables shifting the NADH oxidation-
peak potential to 0.574 V; herewith, the current increases
twofold as compared with the nonmodified glassy carbon
electrode (Aydogdu Tig 2017), which is well seen on cyclic

1.0 pm

20 [~ ===BGCE (a)
—=—BGCE 1 mM NADH (b)
= GCE/AU-AGNPS (¢)
e GCE/Au-AGNPS 1 mM NADH (d) @)
—— GCE/Au-AGNPS/P(L-Cys) (0)
15 |- = SCE/Au-AGNPUP(LCys) 1 mM NADH ()

= GCE/Au-AGNPS/P(L-CysVERGO (g)
e GCE/Au-AGNPS/P(L-CysVERGO 1 mM NADH (n)

Current / pA

-02 00 02 04 06 038 1.0
Potential vs. Ag/AgCl / V

Fig.5 Cyclic voltammograms of the bare glassy carbon electrode
(GCE) (a, b), GCE/Au-AgNPs (gold-silver bimetallic nanopar-
ticles) (¢, d), GCE/Au-AgNPs/P(L-Cys) (poly(L-Cysteine) (e, f)
and GCE/Au-AgNPs/P(L-Cys)/ERGO (electrochemically reduced
graphene oxide) (g, h) in 0.1 M PBS (pH 7.0) without and with
1.0 mM NADH, respectively. Reprinted from Aydogdu Tig, Talanta,
175:382-389, Copyright 2017, with permission from Elsevier

voltammograms (Fig. 5) by the shift of the peak into the

region of lower potentials at the modification of the elec-

trode by nanomaterials. In the work of Aquino Neto et al.

(2013), the use of MWCNTS led to NADH oxidation occur-

ring between 0.14 and 0.16 V relative to Ag/AgCl. This
4

Pigllase ¢l ay .
e @) Springer



231 Page8of22

3 Biotech (2022) 12: 231

enables fabricating an effective biofuel cell with a power
of 88 pW/cm?.

Phenylalanine is determined using the enzyme phenyla-
lanine dehydrogenase, the cofactor of which is also NADH.
The use of graphene to modify carbon electrodes decreases
NADH-oxidation overvoltage due to a high density of edge-
plane-like defective sites in graphene that provide for numer-
ous active sites for electron transfer to NADH (Moreira
et al. 2018). Application of graphene oxide in this biosen-
sor enables assaying phenylalanine at an applied potential
of 600 mV. Graphene oxide can be dispersed in an aque-
ous solution due to the large number of oxygen-containing
groups, and then be evenly distributed on the electrode sur-
face; this provides for a large number of sites on the edge
plane for electrocatalytic oxidation (Fig. 6).

A biosensor based on alcohol dehydrogenase for detection
of ethanol is presented in the work of Wang et al. (2019b).
The use of single-walled CNTs and chloranil makes it pos-
sible to decrease the enzyme (NADH) cofactor oxidation
potential down to 0.13 V. Such decreases of the working
potential bring significant practical benefits. It is known that
high supplied potentials lead to a fouling of the electrode by
intermediate reaction products and reduce its service life.
Thus, the use of nanomaterials decreasing the applied poten-
tials makes it possible to increase electrodes’ service lives.

As nanoparticles differ in their geometric parameters and
physicochemical properties, their interaction with biological
objects will vary significantly; knowledge in this field is cur-
rently being accumulated for further practical application.

Mediator-free electron transfer

In practical application of biosensors and biofuel cells, it
is important for the reactions to be reagent-free, without
the need to introduce additional compounds when making
assays. The active site of a biocatalyst (enzyme, cell, etc.)
and the electrode can be considered as a donor—acceptor
pair with a movement of electrons between them. Electron
transfer in bioelectrochemical devices is carried out by two

mechanisms—indirect mediated transfer (e.g., by means of
special redox mediators) (MET) and direct electron transfer,
i.e. without mediators (DET). It is often very difficult to
make a clearcut distinction between DET and MET due to
the complexity of the underlying mechanisms, especially
if the whole cell acts as a biocatalyst (Schroder 2018).
Sometimes it is determined by the transfer of electrons by
enzyme’s cofactors, and though no redox mediator is added,
the redox cofactor acts as a mediator. One of the criteria of
direct transfer is that enzyme’s cofactor(s) remains bound to
or is associated with the enzyme during the electron transfer.
It is for this reason, for instance, that nicotinamide adenine
dinucleotide (NAD)-dependent enzymes are not considered
to be involved in direct electron transfer, whereas NAD
cofactor freely diffuses and does not bind to the enzyme
(Milton and Minteer 2017). Enzymes, which can perform a
direct electron transfer to the electrode via an electroactive
subdomain in its structure, do occur in nature; this effect is
characteristic of enzymes with a metal in their composition.
For instance, laccase and bilirubin oxidase comprise several
sites containing copper, and, during the oxidation of sub-
strates, electrons can be transferred via them to the electrode
(Shleev et al. 2005; Brocato et al. 2012). A tentative scheme
of this process for laccases is given in Fig. 7A. The site T1
was shown to be the main acceptor of electrons from carbon
electrodes during the heterogeneous reduction both under
aerobic and anaerobic conditions. Electrons are transferred
from the electrode to the site T1 of the adsorbed enzyme,
and then, via the mechanism of intraprotein electron transfer,
to the cluster T2/T3, where molecular oxygen is reduced to
water. At the same time, when using gold electrodes, the
main electron acceptor is the site T2 (Fig. 7B).
Application of nanomaterials makes it possible in some
cases to immobilize the enzyme in an oriented way, which
is hard to predict theoretically but enables in practice an effi-
cient transfer of electrons from the enzyme to the electrode
surface without using additional reagents due to decreas-
ing the distance between the enzyme’s active site and the
electrode surface (Lim et al. 2007; Yu and Myung 2021).

Fig.6 SEM images of SPCEs (A), GO/SPCEs (B) and rGO/
SPCEs (C). Graphene oxide (GO); screen-printed carbon electrodes
(SPCEs); reduced Graphene Oxide (rGO) modified SPCEs (rGO/
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SPCEs). Reprinted from Zhang et al. (2011), Int. J. Electrochem. Sci.
6:819-829, Creative Commons Attribution 4.0 International License
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Fig.7 A Proposed scheme for electroreduction of oxygen at carbon
electrodes with adsorbed multicopper oxidase. B Proposed scheme
for electrocatalytic activity of some oxidases on the gold electrode.
Reprinted from Shleev et al., Biosensors and Bioelectronics, 20(12),
2517-2554, Copyright 2005, with permission from Elsevier

Nanomaterials also provide close physical contact between
the biocatalyst and the electrode, which enables the electron
to freely pass to the electrode. The use of titanium nanopar-
ticles in combination with laccase, as it is shown in Zhou
et al. (2015), not only increases the registered electrocata-
lytic activity of the enzyme as a catalyst of oxygen reduction
on the biofuel-cell cathode, but also contributes to the direct
transfer of electrons in the absence of mediators.

Hydrogenases have metals in their composition, which
also provides for the direct transfer of electrons to the elec-
trode and expands the use of bioelectrochemical devices on
their basis (Bollella et al. 2018). Additional oriented immo-
bilization using nanomaterials, in particular CNTs, ampli-
fies the direct bioelectrocatalytic signal from the enzyme
during the oxidation of hydrogen (Lojou et al. 2008; Ruff
et al. 2018).

Mediator-free electron transfer has been shown for many
oxidoreductases that have nonmetal cofactors, such as flavin
adenine dinucleotide and pyrroloquinoline quinone. The use

of nanomaterials makes it possible to register the signal in
the absence of mediators for glucose oxidase (Zhang et al.
2011), glucose dehydrogenase (Adachi et al. 2020), fructose
dehydrogenase (Bollella et al. 2019), cellobiose dehydroge-
nase (Tavahodi et al. 2016).

Table 2 presents some examples of nanomaterial-mod-
ified biosensors and biofuel cells for detection of various
analyzed substances without using electron transfer media-
tors with indicated values of electron transfer rates.

Some bacteria have been shown to be capable of direct
electron transfer via cell membranes to the electrode, which
makes them attractive for bioelectrochemical systems (Koch
and Harnisch 2016). Most likely, DET is carried out using
outer membrane cytochromes, conductive pili or self-assem-
bled appendages called nanowires (Reguera 2018; Aiyer
2020). Nanowires are an aggregate of various cytochromes,
periplasmic proteins and outer membrane proteins (Sure
et al. 2016). Artificial nanowires (metal and graphite nano-
particles) can contribute to the formation of electron bridges
across the periplasm or lipid membranes, via which the
electron passes to the electrode, and the bioelectrochemical
device generates a signal (Wu et al. 2011; Zhao et al. 2015a).
The proposed pathways of electron transfer from the cell
to the electrode in the presence and absence of cell-bound
nanoparticles on the example of palladium nanoparticles
(Pd0) are shown in Fig. 8 as exemplified by palladium (Pd®)
nanoparticles. Most likely, the charge transfer using nano-
particles of another class will be carried out by a completely
different mechanism, since the interaction of cells and nano-
materials depends very much on the physical, chemical, etc.
properties of the class of nanomaterials used, as well as the
physiological characteristics of the applied microorganism.

To implement DET, the physical contact of the outer
membrane cytochromes with the electrode is necessary,
therefore, the use of nanomaterials allows contact with the
electrode not only to the monolayer of bacteria directly lying
on the surface of the electrode, but also to cells located in the
bulk of the biofilm, far from the electrode. The possibility of
creating three-dimensional electrodes based on a conductive
network of nanomaterials can provide impressive analytical
characteristics—the ability to receive a signal from a larger
number of cells, which is especially important when creating
microbial biofuel cells to increase their power (Chung and
Dhar 2021; Mashkour et al. 2021).

The synthesis of nanoparticles by cells leads to the pos-
sibility of using these cells with synthesized nanoparticles
to create a biosensor. It has been shown that nanoparticles
sediment in the perimembrane surface of the cells, which
leads to a current rise (Jiang et al. 2014).

In the work of Anwer et al. (2019), it has been shown
that a modification of the felt cathode (Mn/CF) by manga-
nese dioxide (MnQO,) using the electrodeposition method
leads to an amplification of extracellular electron transfer;
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Table 2 Examples of enzymatic biosensors and biofuel cells based on mediator-free electron transfer

BM Substrate Composite with

nanomaterials rate

Electron transfer

Michaelis—Menten References

constant

Power (for biofuel
cells)

Glucose oxidase Glucose CNTs/polyeth- 9.6+04 57!
yleneimine/Ag
nanoparticles/

naphthalenethiol
Alcohol dehydro- 65+135s7!

genase

Glycerol and
glycer-alde-
hyde

Gold nanoparticles
modified with
4-aminothiophe-
nol

Nitric oxide reduc- Nitric oxide

tase

Carboxylated
single-walled car-
bon nanotubes/
lipidic bilayer
[1,2-di-(9Z-
octadecenoyl)-sn-
glycero-3-phos-
phoethanolamine,
1,2-di-(9Z-
octadecenoyl)-
3-trimethylam-
monium-propane,
1,2-distearoyl-sn-
glycero-3-phos-
phoethanolamine-
polyethylene
glycol]

Reduced graphene
oxide covalently
conjugated to
magnetic nano-
particles (Fe;O,)

MWCNTs/1-n-
butyl-3-meth-
ylimidazolium
tetrafluoroborate

Glucose oxidase Glucose 13.78 57!

Nitric oxide reduc-  Nitric oxide 0.35s7!

tase

Three-dimensional ~ 7.12 57!
graphene—nitro-
gen doped carbon
nanotubes com-
posite

CNTs

Polyaniline, gold
nanoparticles
and cysteamine-
modified gold
electrode

Hemo-globin Nitro-methane

Glucose oxidase Glucose 1.2257!

Glucose dehydro-  Glucose

genase

1.96x 107 cm/s ™!

0.51+0.04 mM 1.46 +£0.07 mW Christwardana et al.

cm™2 (2018)

3.5 mM for
glycerol and
11.8 mM for
glycer-aldehyde

43 M -

130 pW cm™ Ratautas et al. (2017)

Gomes et al. (2019b)

0.16 mM - Pakapongpan and

Poo-arporn (2017)
2.17 pM/L -

Gomes et al. (2019a)

300 pM/L - Wang et al. (2018)

6.53+0.58 mM -
14.7 mM -

Liu et al. (2018)

Gineityté et al.
(2019)

a direct extracellular electron transfer for this system has
been observed. The obtained data demonstrate that MnO,
interacts electrochemically with microbial cells. This cath-
ode was used for microbial electroreduction of CO, to bio-
fuels, where anaerobic silt acted as a biocatalyst.
Nevertheless, the exact mechanisms of electron trans-
fer have been studied insufficiently well for most known
exoelectrogens, and the mechanisms of charge transfer via
nanoparticles still need to be actively investigated.
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Increase of assay sensitivity

The use of nanomaterials leads to a change of biosensor’s
analytical characteristics, e.g., an increase of the assay sen-
sitivity (Wu et al. 2020). A review (Olayiwola et al. 2020)
reports on the poly (propylene imine) dendrimer. This poly-
mer possesses a large surface area, has numerous functional
groups via which it binds to biological components; here-
with, it can act as a nanomediator and finds wide application
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Fig.8 Hypothesized pathways for the extracellular electron-transfer
chain between the cell and the electrode: a in the absence of Pd® (via
periplasmic cytochromes and hydrogenases); b in the presence of Pd°
at a low loading; c in the presence of Pd at a high loading. [FeFe] is
an iron-only hydrogenase, Cyt is c-type cytochrome, and areas shaded
gray are the Pd’ nanoparticles. Reprinted from Wu et al., Angew.
Chem. 123:447-450, Copyright © 2011 WILEY-VCH Verlag GmbH
& Co. KGaA, Weinheim

in electrochemical biosensors for detecting target biomol-
ecules with high selectivity and sensitivity. Modification of
the biosensor’s measuring electrode with poly(propylene
imine) dendrimer and CdTe/CdSe/ZnSe quantum dots
leads to an increase of the cholesterol detection limit up to
0.075 mM and an assay sensitivity of 111.16 pA mM~' cm™
(Mokwebo et al. 2018). The biosensor is stable for over a

month and possesses a high selectivity with respect to the
cholesterol molecule.

Modification of a microbial biosensor based on Glucono-
bacter oxydans using MWCNTs enables increasing the sen-
sitivity of the biosensor fourfold at the registration of glu-
cose and fivefold in the case of ethanol as compared with
the nonmodified biosensor; herewith, the maximum signal
increases 14 times at the detection of glucose and 6 times
for ethanol (Plekhanova et al. 2019).

In the work of Wang et al. (2019a), hybrid microspheres
with gold nanoparticles are used to modify electrodes
with cholesterol oxidase. The use of nanoparticles enables
increasing the signal 13-fold as compared with the control
electrode, which leads to an increase of the cholesterol assay
sensitivity, whose detection limit is 50 pM.

The use of a graphene—poly(3-aminobenzoic acid) com-
posite for modification of electrodes has been shown to
increase the signal approximately 16-fold as compared with
the signal of an electrode without this nanocomposite (Pothi-
por et al. 2019). A higher signal is found to be produced
when using porous nanoparticles as a label as compared
with common gold nanoparticles, and the sensitivity to the
prostate specific antigen increases 120-fold as compared
with the sensitivity when using standard gold nanoparticles.
Using this component, the detection limit of 0.13 pg/mL is
obtained, which is four orders of magnitude higher than the
clinically significant level in human blood serum.

The simultaneous use of nanomaterials of various chemi-
cal origin makes it possible to change the sensitivity of bio-
sensors or biofuel cells on their basis. In the work of Hossain
and Park (2017), glucose oxidase is immobilized on multi-
layer reduced graphene oxide sheets decorated with platinum
and gold flower-like nanoparticles. This electrode is, first,
flexible; second, it shows a high electrocatalytic activity with
respect to the oxidation of hydrogen peroxide (the sensitivity
is 506.25 pA/mM cm?) and, respectively, to the detection of
glucose (the sensitivity is 17.85 pA/mM cm?). The electrode
has a wide linear range both for hydrogen peroxide detec-
tion (0.5-8 mM) and for glucose detection (0.01-8 mM).
Herewith, the biosensor response time does not exceed 3 s.

The increase in the sensitivity of devices based on nano-
materials is associated, firstly, with an increase in active
surface area, which leads to an increase in the effective con-
centration of the biocatalyst on the surface of the electrode,
and secondly, with a decrease in the electrode resistance due
to a rise in the number of reduced charge carriers. Besides,
the directed immobilization of the biocatalyst facilitates
the interaction of the enzyme’s active centre with the elec-
trode, which also affects the sensitivity of the device on the
whole. In the work of Fu et al. (2021), a new mechanism
has been proposed and experimentally confirmed in which
electron transfer is physically accelerated inside nanostruc-
tured electrodes due to a decrease in charge shielding, which
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leads to an increase in biosensor sensitivity. Based on this
mechanism and tests of various structures of nanoporous
electrodes, the possibility of tuning electrochemical sen-
sors in terms of signal amplification, limits of detection or
other performance indicators was demonstrated. The high
sensitivity and output signal of nanoporous gold electrodes
compared with flat gold surfaces may be a consequence of
the reduced Debye volume and the reduced effect of charge
shielding in these nanopores.

Application of nanomaterials enables affecting the affin-
ity of enzymes to substrate. The Michaelis—Menten con-
stant represents one of the most important parameters of
enzymatic reaction kinetics and is a measure of chemical
affinity of substrate to enzyme (Cornish-Bowden 1979). The
lower its value, the greater affinity the substrate has to the
enzyme. In the work of Mirzaei et al. (2019), the appar-
ent Michaelis—Menten constant for the enzyme lactate
dehydrogenase immobilized on a glassy carbon electrode
via hydrophobin—graphene oxide nanocomposite is shown
to be lower than for the free enzyme. This decrease of the
value of the constant is accompanied with an increase of the
electrode signal due to the increase of the surface and a rise
of conductance of the used composite. The same effect of
the nanomaterial is shown in the work of Buk and Pemble
(2019). The enzyme glucose oxidase is immobilized on a
nanohybrid material from carbon quantum dots and gold
nanoparticles. The apparent Michaelis—Menten constant is
2.93 mM against 27 mM for free glucose oxidase. Herewith,
the biosensor possesses an increased sensitivity to glucose
(626.06 pA mM~! cm~2). Nevertheless, at a clearly positive
action an opposite effect can be also observed; in the work
of Plekhanova et al. (2019), the apparent Michaelis—Menten
constant is shown to increase at a modification of the elec-
trode by nanomaterials despite an increase of the sensitivity
of the biosensor to substrate. In the case of glucose dehy-
drogenase, the affinity to substrate decreases 3.5-fold; in
the case of alcohol dehydrogenase, 1.3 times. Possibly, a
decrease of the value of the constant occurs when the immo-
bilized and free enzymes are compared, and in the case of
an enzyme immobilized with or without a nanomaterial, the
comparison would have been not in favour of the nanomate-
rial, either. Unfortunately, most works compare the enzyme
immobilized with nanomaterials with the free enzyme. In
such cases, the change of the value of the constant could be
due not to the presence of a particular nanomaterial but only
to the immobilization method.

Use of nanomaterials as labels in immunosensors

Nanomaterials can be used as labels in immunosensors, act-
ing as an alternative to classical enzymatic tags (Iglesias-
Mayor et al. 2019). Two strategies of nanoparticle detection
can be considered here—either direct detection (change of
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metal valence in nanoparticles during the process under the
action of an electric field) (Fig. 9A) or the use of nano-
particles as a catalyst of redox processes at the electrode
(e.g., as an H,0, reduction catalyst, Fig. 9B). Examples of
immunosensors using nanomaterials are given in Table 3.
As many nanoparticles possess redox properties, they can
be easily determined using electrochemical methods with-
out additional stages after the antibody—antigen immuno-
reaction is completed. Various nanomaterials—they are
called nanozymes—have been shown to mimic the activity
of natural enzymes, such as peroxidase, catalase, oxidase,
superoxide dismutase (Cormode et al. 2018; Huang et al.
2019; Singh 2019; Demkiv et al. 2021). Nanomaterials with
a peroxidase-like activity are widely used as an alternative to
the enzyme horseradish peroxidase, one of the most widely
used labels in immunosensors. In particular, in the presence
of gold nanoparticles the hydrogen ion reduction potential
shifts to less negative values. Correspondingly, at a certain
supplied potential, hydrogen ions would be reduced only in
the presence of these nanoparticles. Using these nanoparti-
cles as antigen or antibody labels, a corresponding analyte in
the investigated sample can be found (Maltez-da Costa et al.
2012; Sun 2015; De Oliveira et al. 2018).

Currently, methods of immunoassay are being actively
worked out due to the development of personalized medi-
cine, conducting tests at home, without the involvement of
highly qualified personnel. New express methods make it
possible to obtain accurate quantitative data on the simulta-
neous determination of several substances in multicompo-
nent samples. For this reason, this area of research attracts
considerable attention and is aimed at creating simple, port-
able and inexpensive biosensors for individual use. Since an
important part of the immunobiosensor is the biorecognition
molecule, the main efforts are aimed at obtaining highly
specific antibodies with low cross-activity against related
antigens, as well as at developing methods to obtain conju-
gates of antibodies with nanomaterials.

Catalyst of electrooxidation

Nanoparticles with peroxidase activity can be used not
only in immunoanalysis as a label but also in the develop-
ment of enzyme biosensors or fuel cells, replacing one of
the enzymes in cascade reactions (Fig. 10). For instance,
the peroxidase activity of Co;0, nanoparticles was used
in the development of an efficient platform for detecting
hydrogen peroxide and glucose, using glucose oxidase for
oxidation of glucose (Jia et al. 2016). One of the most effec-
tive nanozymes (nanoparticles imitating natural enzymes)
that can replace peroxidase are Prussian blue nanoparticles
(Vokhmyanina et al. 2020).

A combination of several nanomaterials of the same class
or even several classes could effectively detect hydrogen
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Fig. 9 A Scheme of the electro-
chemical immunosensor prepa-
ration and principle of antibody
detection based on the direct
detection of the label. Reprinted
from Khristunova et al., Sensors
19(9):2103, Copyright 2019.
Creative Commons Attribution
4.0 License. Published by Mul-
tidisciplinary Digital Publishing
Institute. B The procedure of
sandwich-type immunosensor
working electrode based on the
use of the label as a hydrogen
peroxide reduction catalyst.
Reprinted from Zhang et al.,
Biosensors and Bioelectronics,
126:785-791, Copyright 2019,
with permission from Elsevier
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Table 3 Examples of using nanomaterials as labels in immunoassay-based biosensors

Type of label Label Assay format Analyte Sample Detection limit References
Electroactive Gold nanoparticles Sandwich Salmonella typhimu-  Milk 7.7 cells mL™'  De Oliveira et al.
rium (2018)
Silver nanoparticles ~ Sandwich Antibodies to tick- Immuno-logical 50 TU-mL~! Khristunova et al.
borne encephalitis products (2019)
virus
Silver nanoparticles ~ Sandwich Dengue biomarker Human blood serum 0.5 ng/mL Awan et al. (2020)
NS1
CdSe@ZnS quantum  Sandwich Human immuno- Buffer solution 3.5 ng/mL Medina-Sanchez et al.
dots globulin G (2016)
Ni@Cd quantum dots Sandwich Prostate-specific Human blood serum  0.45 ng/mL Ehzari et al. (2020)
antigen
Ce0,~MoS,—Pb** Sandwich Carcinoembryonic Human blood serum 0.3 pg/mL Li et al. (2020a)
nanoparticles antigen
Electrocatalytic Gold nanoparticles Competitive ~ Tetrabromobisphenol Tap water, river 0.12 ng/mL Dong et al. (2019)
A bis(2-hydroxye- water, water sam-
thyl) ether (TBBPA-  ples from halogen-
DHEE) ated antipyrene
production
Silver nanoparticles ~ Sandwich Carcinoembryonic Human blood serum 6.7 fg/mL Zhang et al. (2019)
antigen
Rh core and Pt shell =~ Sandwich Hepatitis B surface Human blood serum 166 pg/mL Pei et al. (2019)
nano-dendrites antigen
loaded onto amino
group-function-
alized graphene
nano-sheet
Palladium nanopar- Sandwich Prostate-specific Human blood serum  0.03 pg/mL Dai et al. (2019)
ticles antigen
Iridium nanoparticles Sandwich Carcinoembryonic Human blood serum  0.23 pg/mL Miao et al. (2017)
antigen
Fe;O,4 nanoparticles ~ Sandwich Prostate-specific Human blood serum 18 fg/mL Liet al. (2019)
antigen
Molybdenum Sandwich Alpha-fetoprotein Human blood serum  0.037 pg/mL  Maet al. (2019)
disulfide—copper (tumour marker for
oxide hybrid with revealing adult pri-

gold nanoparticles

mary liver cancer)

peroxide released during the reaction on the electrode. Thus,
bimetallic PtRu (nPtRu) nanoparticles in combination with
alcohol oxidase and methylamine oxidase are used to create
amperometric biosensors for detection of primary alcohols
and methylamine (Stasyuk et al. 2019). It has been shown
that the replacement of peroxidase by nanoparticles leads to
an increase in the linear detection range of analytes.

In the work of Inamuddin et al. (2020) nanoparticles of
ZnO together with CNTs have been used for immobilization
of glucose oxidase on the biofuel-cell anode. This nanocata-
lyst exhibited a higher electrocatalytic activity with respect
to oxidation of glucose with a maximum current density of
4.9 mA/cm? at an uptake of glucose at a concentration of
50 mM in a phosphate buffer saline. CNTs also possess a
catalytic activity to contribute to the redox reaction of hydro-
gen peroxide formed during the enzymatic reactions with the
substrate, which also enables using them as a replacement
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of one of the enzymes in the biosensor (Lin et al. 2004). In
the work of Diaz Nieto et al. (2018), an enzyme biosensor
based on soybean peroxidase and chemically reduced gra-
phene oxide provides for the direct electron transfer between
the enzyme and the electrode, exhibiting a high affinity to
hydrogen peroxide. Quantum dots are often used in optical
biosensors, but there are examples of electrochemical bio-
sensors where they are also used to increase the effective
enzyme immobilization surface area, electron transfer and
as an electrooxidation catalyst (Du et al. 2008).

The ability of nanoparticles to catalyze reactions by
interacting with substrates and reactions is determined by
the occurrence of coordination-unsaturated atoms at the
surface, edges and corners of nanoparticles as compared
with the total number of atoms (Navalén and Garcia 2016).
The authors report that, in particular, the atoms located at
steps, corners and edges of nanoparticles exhibit the highest
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Fig. 10 The functioning principle of oxidase-based enzymatic bio-
sensors

catalytic activity due to their low coordination number and
their high tendency to increase this number by coordinat-
ing with substrates and other species in the surroundings.
The electrical properties of nanomaterials are related to the
quantum-dimensional effect and the effect of quantum con-
finement (Ramalingam et al. 2020). Different materials can
change their properties when reduced to nanosize, e.g., cop-
per loses its conductivity when producing nanoforms (Pan
et al. 2019), and silicon dioxide, on the contrary, becomes
conductive (Mehonic et al. 2016). For nanowires and nano-
tubes, it is characteristic that with a decrease in diameter
below 20 nm due to an increase in the surface scattering of
electrons and phonons, an increase in surface area and a very
high density of electronic states, the conductivity increases
sharply compared to bulk materials (Nandi et al. 2013;
Buzea and Pacheco 2018). Thus, the reduction of structures
to nanosizes leads to a decrease in resistivity and an increase
in conductivity, which is important for bioelectrochemical
devices.

In bioelectrochemical devices, the replacement of one
of the enzymes by a nanomaterial enables a more accurate
selection of the conditions for the functioning of a biocata-
lytic device on its basis. Nanomaterials, unlike enzymes,
have a higher stability, strength, and have a lower cost. It has
been shown that some materials even have more than one
enzyme activity. For example, materials based on molyb-
denum disulfide (MoS,) possess a peroxidase-like activity,
catalase-like activity and superoxide dismutase activity (Xu
et al. 2021). Thus, the use of nanomaterials as a substitute
for enzymes is a promising trend of research (Alvarado-
Ramirez et al. 2021).

At the same time, the use of nanomaterials instead of
enzymes leads to an increase in the working potential of the

electrode and to a slower electrode kinetics. Absorption of
intermediate oxidation products on the electrode leads to
the block of its activity. Besides, nanomaterials have a lower
selectivity as compared with enzymes, and also require spe-
cific operating conditions (Thatikayala et al. 2020; Hassan
et al. 2021). An interesting direction of research would be
to compare the effect of replacing an enzyme with a nano-
material on the long-term operation of the resulting device.

The main problems associated with the use
of nanomaterials in biosensors and biofuel
cells

Despite the widespread use of various nanomaterials for the
modification of biosensor and biofuel-cell electrodes and the
enormous fundamental-science significance of these stud-
ies, there are some practical aspects that should be taken
into account. Thus, the processes of nanoparticles’ synthesis
and of biocatalyst immobilization into nanoparticles during
the development of bioelectrochemical devices are rather
complex and labour-intensive, which significantly reduces
the practical value of the systems being developed. Besides,
the use of nanomaterials is associated with complex and
multi-stage processes of biocatalyst immobilization on the
electrode as part of a nanocomposite, which complicates
the practical use of the developed laboratory techniques and
creates difficulties associated with industrial use.

Another important problem is related to the implementa-
tion of the electron transfer process in biocatalytic systems.
There are works in which the fundamentals of the phenom-
enon of electron transfer reactions in redox enzymes, most
widely used for the development of biosensors and enzyme
fuel cells, are considered in detail (Bollella and Katz 2020).
Theoretical aspects of DET-type enzyme bioelectrocataly-
sis, the significance of nanostructures as scaffolds for DET-
type reactions, protein engineering approaches for DET-
type reactions (Adachi et al. 2020) have been developed.
Attempts are being made to study the mechanisms of elec-
tron transfer not only between enzymes and electrodes, but
also between microbial cells and electrodes in microbial fuel
cells (Aiyer 2020). In the case of microorganisms, electrical
conductivity control is associated not only with physiologi-
cal changes and internal reactions during electron transfer,
but also with a number of particular factors and parameters
(e.g., intercellular interaction), which are more difficult to
account for than in the case of individual enzymes. As an
example, we can cite such a field of activity as the synthesis
of nanomaterials using biological objects. For instance, dis-
similatory metal reduction bacteria, especially Shewanella
and Geobacter species, are capable of extracellular electron
transfer. Over the past decade, significant progress has been
made in studies of the mechanisms underlying such electron
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transfer using electron acceptor electrodes, but understand-
ing how this electron transfer participates in the formation
of inorganic nanoparticles is still in its infancy (Zou et al.
2021).

As arule, when studying the process of charge transfer in
electrochemical devices, two main mechanisms are distin-
guished—relay-race and hopping (Habermiiller et al. 2000;
Arlyapov et al. 2021). Despite the general progress in elu-
cidating the mechanism of electron transfer for many redox
enzymes, some enzymes are still under the close attention
of researchers; and it is yet remains to be elucidated how, by
what mechanisms the interaction between various enzymes
and microorganisms occurs, what happens to these processes
during biological mutations. On the whole, understanding
the charge transfer mechanisms and their role in the vital
activity of the cell will contribute to the creation of practi-
cally important devices with improved characteristics.

Conclusions

The use of nanomaterials for modifying biosensors and
biofuel cells is currently the most developed direction of
research. Most publications discuss improvements of the
characteristics of the developed device at its modification by
a nanomaterial or a composite including several nanomateri-
als. The main effects of a nanomaterial are associated with
its physical characteristics—a greater surface area to volume
ratio, which leads to an increase of the electrode’s effective
area and an improvement of the analytical characteristics of
the device. This yields a more efficient immobilization of
the biocatalyst on the signal-converter surface enabling in
some cases an orientation of the biocatalyst with respect to
the electrode surface. The biocompatibility of nanomaterials
makes it possible to create a microenvironment maintain-
ing the biocatalyst in active stage for a long time. The high
conductance of nanomaterials leads to an enhanced charge
transfer between the biocatalyst and the electrode, enabling
the direct transfer without using additional reagents. All this
ultimately expands the spheres of use of nanomaterial-based
biosensors and biofuel cells.

A high surface area to volume ratio characteristic of
nanomaterials makes possible a decrease in size of elec-
trochemical devices. In the process of developing biosen-
sors and biofuel cells, one can observe a trend of moving
from macro devices through micro- to nano constructions.
Combining biosensor developments with microelectronic
technologies makes it possible to produce analytical-type
micro- and nanodevices. Such devices are less traumatic
when embedded in living organisms (Gamella et al. 2018;
Ibrahim et al. 2021). The development of conducting gels
based on nanomaterials enables changing the mechanical
properties of materials and creating flexible electrodes.
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They can be formed into tattoos on human skin or flexible
wearable biosensors and biofuel cells for real-time inva-
sive or noninvasive monitoring of biologically significant
molecules (Mathew et al. 2021).

The diversity of nanomaterials and conducting poly-
mers leads to their virtually unlimited combinations for
creating biosensors and biofuel cells. Both the overall effi-
ciency of a device, as well as particular parameters of the
bioelectrochemical system can be changed.

Thus, to develop a strategy for the use of nanomaterials,
it is necessary, first, to ensure a controlled composition of
the resulting nanomaterials with reproducible properties,
dimensions and stability during their production. Second,
when using nanomaterials to modify electrochemical
devices, it should be remembered that they affect all the
analytical characteristics of the device, i.e., their effect is
integrated. Therefore, it is necessary to develop a general
scheme for the use of nanomaterials and to compare the
developed biodevices for all analytical parameters with
nanomaterials and without them under the same condi-
tions, in order to more accurately determine the influence
of particular nanomaterials. Thirdly, the use of nano-
materials as part of bioelectrocatalytic devices not only
expands the scope of their application, but also helps to
study the effect of nanomaterials on living objects, which
is important for understanding and assessing the risks of
using nanomaterials for both the environment and human
health. The use of NM in biosensors and biofuel cells
expands the views of the properties of NM and contrib-
utes to their study.

The main problem is the absence of links between sci-
entific organizations, which develop laboratory models
of bioelectrochemical devices, and businesses that could
commercialize these models. For this reason, most devel-
oped models remain on the level of laboratory equipment,
not finding practical implementation. It is hoped that this
problem will be successfully solved in the future, and
many efficient laboratory models will find their commer-
cial application.

Acknowledgements The work was supported by State Assignment
FEWG-2020-008 of the Ministry of Education and Science of the
Russian Federation. The authors are grateful to Victor Selivanov for
linguistic help.

Author contributions YVP, MR and ANR performed the content
outline, literature collection, writing of paper and supervision and
monitoring of the manuscript. All authors read and approved the final
manuscript.

Declarations

Conflict of interest The authors declare that they have no conflict of
interest in the publication.



3 Biotech (2022) 12: 231

Page 170f22 231

References

Adachi T, Fujii T, Honda M, Kitazumi Y, Shirai O, Kano K (2020)
Direct electron transfer-type bioelectrocatalysis of FAD-depend-
ent glucose dehydrogenase using porous gold electrodes and
enzymatically implanted platinum nanoclusters. Bioelectro-
chemistry 133:107457. https://doi.org/10.1016/j.bioelechem.
2020.107457

Ahmad A, Sardar M (2015) Enzyme immobilization: an overview on
nanoparticles as immobilization matrix. Biochem Anal Biochem
4(2):1000178. https://doi.org/10.4172/2161-1009.1000178

Aiyer KS (2020) How does electron transfer occur in microbial fuel
cells? World J Microbiol Biotechnol 36:19. https://doi.org/10.
1007/s11274-020-2801-z

Alagappan M, Immanuel S, Sivasubramanian R, Kandaswamy A
(2020) Development of cholesterol biosensor using Au nanopar-
ticles decorated f-MWCNT covered with polypyrrole network.
Arab J Chem 13(1):2001-2010. https://doi.org/10.1016/j.arabjc.
2018.02.018

Alarcon-Angeles G, Alvarez-Romero GA, Merkogi A (2018) Electro-
chemical biosensors: Enzyme kinetics and role of nanomaterials.
In: Wandelt K (ed) Encyclopedia of interfacial chemistry: surface
science and electrochemistry. Elsevier, Oxoford, pp 140-155.
https://doi.org/10.1016/b978-0-12-409547-2.13477-8

Alvarado-Ramirez L, Rostro-Alanis M, Rodriguez-Rodriguez J,
Sosa-Hernandez JE, Melchor-Martinez EM, Igbal HMN, Parra-
Saldivar R (2021) Enzyme (single and multiple) and nanozyme
biosensors: recent developments and their novel applications in
the water-food-health nexus. Biosensors 11(11):410. https://doi.
org/10.3390/bios11110410

Ameen F, Alsamhary K, Alabdullatif JA, AlNadhari S (2021) A review
on metal-based nanoparticles and their toxicity to beneficial soil
bacteria and fungi. Ecotoxicol Environ Saf 213:112027. https://
doi.org/10.1016/j.ecoenv.2021.112027

Ansari AA, Kaushik A, Solanki PR, Malhotra BD (2009) Electro-
chemical cholesterol sensor based on tin oxide-chitosan nano-
biocomposite film. Electroanalysis 21(8):965-972. https://doi.
org/10.1002/elan.200804499

Anwer AH, Khan MD, Khan N, Nizami AS, Rehan M, Khan MZ
(2019) Development of novel MnO, coated carbon felt cathode
for microbial electroreduction of CO, to biofuels. J Environ
Manag 249:109376. https://doi.org/10.1016/j.jenvman.2019.
109376

Aquino Neto S, Almeida TS, Meredith MT, Minteer SD, De Andrade
AR (2013) Employing methylene green coated carbon nanotube
electrodes to enhance NADH electrocatalysis for use in an etha-
nol biofuel cell. Electroanalysis 25(10):2394-2402. https://doi.
org/10.1002/elan.201300282

Ardakani MN, Badalians Gholikandi G (2020) Microbial fuel cells
(MFCs) in integration with anaerobic treatment processes
(AnTPs) and membrane bioreactors (MBRs) for simultaneous
efficient wastewater/sludge treatment and energy recovery—a
state-of-the-art review. Biomass Bioenergy 141:105726. https://
doi.org/10.1016/j.biombioe.2020.105726

Arlyapov VA, Kharkova AS, Kurbanaliyeva SK, Kuznetsova LS,
Machulin AV, Tarasov SE, Melnikov PV, Ponamoreva ON,
Alferov VA, Reshetilov AN (2021) Use of biocompatible redox-
active polymers based on carbon nanotubes and modified organic
matrices for development of a highly sensitive BOD biosensor.
Enzyme Microb Technol 143:109706. https://doi.org/10.1016/j.
enzmictec.2020.109706

Arun S, Sinharoy A, Pakshirajan K, Lens PNL (2020) Algae based
microbial fuel cells for wastewater treatment and recovery of
value-added products. Renew Sustain Energy Rev 132:110041.
https://doi.org/10.1016/j.rser.2020.110041

Asghary M, Raoof JB, Rahimnejad M, Ojani R (2019) Usage of gold
nanoparticles/multi-walled carbon nanotubes-modified CPE as
a nano-bioanode for enhanced power and current generation in
microbial fuel cell. J Iran Chem Soc 16:1677-1685. https://doi.
org/10.1007/s13738-019-01645-y

Awan M, Rauf S, Abbas A, Nawaz MH, Yang C, Shahid SA, Amin
N, Hayat A (2020) A sandwich electrochemical immunosensor
based on antibody functionalized-silver nanoparticles (Ab-Ag
NPs) for the detection of dengue biomarker protein NS1. J] Mol
Liq 317:114014. https://doi.org/10.1016/j.molliq.2020.114014

Aydogdu T1g G (2017) Highly sensitive amperometric biosensor for
determination of NADH and ethanol based on Au-Ag nanopar-
ticles/poly(L-cysteine)/reduced graphene oxide nanocomposite.
Talanta 175:382-389. https://doi.org/10.1016/j.talanta.2017.07.
073

Babadi AA, Wan-Mohtar WAAQI, Chang J-S, Ilham Z, Jamaludin AA,
Zamiri G, Arbarzadeh O, Basirun WJ (2019) High-performance
enzymatic biofuel cell based on three-dimensional graphene.
Int J Hydrogen Energy 44(57):30367-30374. https://doi.org/10.
1016/j.ijhydene.2019.09.185

Bollella P, Katz E (2020) Enzyme-based biosensors: tackling electron
transfer issues. Sensors 20(12):3517. https://doi.org/10.3390/
s20123517

Bollella P, Gorton L, Antiochia R (2018) Direct electron transfer of
dehydrogenases for development of 3rd generation biosensors
and enzymatic fuel cells. Sensors 18(5):1319. https://doi.org/10.
3390/s18051319

Bollella P, Hibino Y, Conejo-Valverde P, Soto-Cruz J, Bergueiro J, Cal-
deron M, Rojas-Carrillo O, Kano K, Gorton L (2019) The influ-
ence of the shape of Au nanoparticles on the catalytic current of
fructose dehydrogenase. Anal Bioanal Chem 411:7645-7657.
https://doi.org/10.1007/s00216-019-01944-6

Brocato S, Lau C, Atanassov P (2012) Mechanistic study of direct elec-
tron transfer in bilirubin oxidase. Electrochim Acta 61:44-49.
https://doi.org/10.1016/j.electacta.2011.11.074

Buk V, Pemble ME (2019) A highly sensitive glucose biosensor based
on a micro disk array electrode design modified with carbon
quantum dots and gold nanoparticles. Electrochim Acta 298:97—
105. https://doi.org/10.1016/j.electacta.2018.12.068

Buzea C, Pacheco I (2018) Electrical properties of nanowires and
nanofibers. Handb Nanofibers. https://doi.org/10.1007/978-3-
319-42789-8_14-1

Capobianchi A, Foglia S, Imperatori P, Notargiacomo A, Giammatteo
M, Buono TD, Palange E (2007) Controlled filling and external
cleaning of multi-wall carbon nanotubes using a wet chemical
method. Carbon 45(11):2205-2208. https://doi.org/10.1016/j.
carbon.2007.06.050

Cele T (2020) Preparation of nanoparticles. In: Avramescu SM,
Fierascu I, Akhtar K, Khan SB, Ali F, Asiri A (eds) Engineered
nanomaterials—health and safety. IntechOpen, London, pp
15-28. https://doi.org/10.5772/intechopen.90771

Chen M, Sun Y, Liang J, Zeng G, Li Z, Tang L, Zhu Y, Jiang D, Song
B (2019) Understanding the influence of carbon nanomaterials
on microbial communities. Environ Int 126:690-698. https://doi.
org/10.1016/j.envint.2019.02.005

Christwardana M, Kim D-H, Chung Y, Kwon Y (2018) A hybrid bio-
catalyst consisting of silver nanoparticle and naphthalenethiol
self-assembled monolayer prepared for anchoring glucose oxi-
dase and its use for an enzymatic biofuel cell. Appl Surf Sci
429:180-186. https://doi.org/10.1016/j.apsusc.2017.07.023

Chung TH, Dhar BR (2021) A mini-review on applications of 3D print-
ing for microbial electrochemical technologies. Front Energy Res
9:679061. https://doi.org/10.3389/fenrg.2021.679061

Cormode DP, Gao L, Koo H (2018) Emerging biomedical applica-
tions of enzyme-like catalytic nanomaterials. Trends Biotechnol
36(1):15-29. https://doi.org/10.1016/j.tibtech.2017.09.006

Pigllase ¢l ay .
e e O) Springer


https://doi.org/10.1016/j.bioelechem.2020.107457
https://doi.org/10.1016/j.bioelechem.2020.107457
https://doi.org/10.4172/2161-1009.1000178
https://doi.org/10.1007/s11274-020-2801-z
https://doi.org/10.1007/s11274-020-2801-z
https://doi.org/10.1016/j.arabjc.2018.02.018
https://doi.org/10.1016/j.arabjc.2018.02.018
https://doi.org/10.1016/b978-0-12-409547-2.13477-8
https://doi.org/10.3390/bios11110410
https://doi.org/10.3390/bios11110410
https://doi.org/10.1016/j.ecoenv.2021.112027
https://doi.org/10.1016/j.ecoenv.2021.112027
https://doi.org/10.1002/elan.200804499
https://doi.org/10.1002/elan.200804499
https://doi.org/10.1016/j.jenvman.2019.109376
https://doi.org/10.1016/j.jenvman.2019.109376
https://doi.org/10.1002/elan.201300282
https://doi.org/10.1002/elan.201300282
https://doi.org/10.1016/j.biombioe.2020.105726
https://doi.org/10.1016/j.biombioe.2020.105726
https://doi.org/10.1016/j.enzmictec.2020.109706
https://doi.org/10.1016/j.enzmictec.2020.109706
https://doi.org/10.1016/j.rser.2020.110041
https://doi.org/10.1007/s13738-019-01645-y
https://doi.org/10.1007/s13738-019-01645-y
https://doi.org/10.1016/j.molliq.2020.114014
https://doi.org/10.1016/j.talanta.2017.07.073
https://doi.org/10.1016/j.talanta.2017.07.073
https://doi.org/10.1016/j.ijhydene.2019.09.185
https://doi.org/10.1016/j.ijhydene.2019.09.185
https://doi.org/10.3390/s20123517
https://doi.org/10.3390/s20123517
https://doi.org/10.3390/s18051319
https://doi.org/10.3390/s18051319
https://doi.org/10.1007/s00216-019-01944-6
https://doi.org/10.1016/j.electacta.2011.11.074
https://doi.org/10.1016/j.electacta.2018.12.068
https://doi.org/10.1007/978-3-319-42789-8_14-1
https://doi.org/10.1007/978-3-319-42789-8_14-1
https://doi.org/10.1016/j.carbon.2007.06.050
https://doi.org/10.1016/j.carbon.2007.06.050
https://doi.org/10.5772/intechopen.90771
https://doi.org/10.1016/j.envint.2019.02.005
https://doi.org/10.1016/j.envint.2019.02.005
https://doi.org/10.1016/j.apsusc.2017.07.023
https://doi.org/10.3389/fenrg.2021.679061
https://doi.org/10.1016/j.tibtech.2017.09.006

231 Page 18 0of 22

3 Biotech (2022) 12: 231

Cornish-Bowden A (1979) Fundamentals of enzyme kinetics. Elsevier
Ltd. https://doi.org/10.1016/C2013-0-04130-8

DaiL,LiY, Wang Y, Luo X, Wei D, Feng R, Yan T (2019) A prostate-
specific antigen electrochemical immunosensor based on Pd NPs
functionalized electroactive Co-MOF signal amplification strat-
egy. Biosens Bioelectron 132:97-104. https://doi.org/10.1016/j.
bi0s.2019.02.055

de Arnoldi Pellegrini VO, Veiga Sepulchro AG, Polikarpov I (2020)
Enzymes for lignocellulosic biomass polysaccharides valoriza-
tion and production of nanomaterials. Curr Opin Green Sustain
Chem 26:100397. https://doi.org/10.1016/j.cogsc.2020.100397

De Oliveira TR, Martucci DH, Faria RC (2018) Simple disposable
microfluidic device for Salmonella typhimurium detection by
magneto-immunoassay. Sens Actuators B Chem 255:684-691.
https://doi.org/10.1016/j.snb.2017.08.075

Delbecq F, Delfosse P, Laboureix G, Paré C, Kawai T (2019) Study of
a gelated Deep Eutectic solvent metal salt solution as template
for the production of size-controlled small noble metal nanopar-
ticles. Colloids Surf A Physicochem 567:55-62. https://doi.org/
10.1016/j.colsurfa.2019.01.035

Demkiv O, Stasyuk N, Serkiz R, Gayda G, Nisnevitch M, Gonchar
M (2021) Peroxidase-like metal-based nanozymes: Synthesis,
catalytic properties, and analytical application. Appl Sci 11:777.
https://doi.org/10.3390/app11020777

Di Pietrantonio F, Cannata D, Benetti M (2019) Biosensor technologies
based on nanomaterials. In: Dinca V, Suchea M (eds) Functional
nanostructured interfaces for environmental and biomedical
applications. Elsevier, Oxford, pp 181-242. https://doi.org/10.
1016/b978-0-12-814401-5.00008-6

Diaz Nieto CH, Granero AM, Lopez JC, Pierini GD, Levin GJ, Fernan-
dez H, Zon MA (2018) Development of a third generation bio-
sensor to determine hydrogen peroxide based on a composite
of soybean peroxidase/chemically reduced graphene oxide
deposited on glassy carbon electrodes. Sens Actuators B Chem
263:377-386. https://doi.org/10.1016/j.snb.2018.02.094

Ding S, Cargill AA, Medintz IL, Claussen JC (2015) Increasing the
activity of immobilized enzymes with nanoparticle conjugation.
Curr Opin Biotechnol 34:242-250. https://doi.org/10.1016/j.
copbio.2015.04.005

Ding Y, Zeng M, Fu L (2019) Low-temperature synthesis of sp> car-
bon nanomaterials. Sci Bull 64(24):1817-1829. https://doi.org/
10.1016/j.s¢ib.2019.10.009

Do MH, Ngo HH, Guo W, Chang SW, Nguyen DD, Liu Y, Varjani S,
Kumar M (2019) Microbial fuel cell-based biosensor for online
monitoring wastewater quality: a critical review. Sci Total Envi-
ron. https://doi.org/10.1016/j.scitotenv.2019.135612

Dong S, Wang S, Gyimah E, Zhu N, Wang K, Wu X, Zhang Z (2019)
A novel electrochemical immunosensor based on catalase func-
tionalized AuNPs-loaded self-assembled polymer nanospheres
for ultrasensitive detection of tetrabromobisphenol A bis(2-
hydroxyethyl) ether. Anal Chim Acta 1048:50-57. https://doi.
org/10.1016/j.aca.2018.10.018

Du D, Chen S, Song D, Li H, Chen X (2008) Development of ace-
tylcholinesterase biosensor based on CdTe quantum dots/gold
nanoparticles modified chitosan microspheres interface. Biosens
Bioelectron 24(3):475-479. https://doi.org/10.1016/j.bios.2008.
05.005

Ehzari H, Amiri M, Safari M (2020) Enzyme-free sandwich-type elec-
trochemical immunosensor for highly sensitive prostate specific
antigen based on conjugation of quantum dots and antibody on
surface of modified glassy carbon electrode with core—shell mag-
netic metal-organic frameworks. Talanta 210:120641. https://doi.
org/10.1016/j.talanta.2019.12064 1

Feng Y, Marusak KE, You L, Zauscher S (2018) Biosynthetic tran-
sition metal chalcogenide semiconductor nanoparticles: Pro-
gress in synthesis, property control and applications. Curr Opin

Pielase clla)l auan .
KACST 3.015lq rogle Ll @ Springer

Colloid Interface Sci 38:190-203. https://doi.org/10.1016/].
cocis.2018.11.002

Fu K, Seo JW, Kesler V, Maganzini N, Wilson BD, Eisenstein M,
Murmann B, Soh HT (2021) Accelerated electron transfer in
nanostructured electrodes improves the sensitivity of electro-
chemical biosensors. Adv Sci 8(23):2102495. https://doi.org/
10.1002/advs.202102495

Gamella M, Koushanpour A, Katz E (2018) Biofuel cells—activation
of micro- and macro-electronic devices. Bioelectrochemistry
119:33-42. https://doi.org/10.1016/j.bioelechem.2017.09.002

Gineityté J, Meskys R, Dagys M, Ratautas D (2019) Highly effi-
cient direct electron transfer bioanode containing glucose
dehydrogenase operating in human blood. J Power Sources
441:227163. https://doi.org/10.1016/j.jpowsour.2019.227163

Gomes FO, Maia LB, Delerue-Matos C, Moura I, Moura JJG, Morais
S (2019a) Third-generation electrochemical biosensor based
on nitric oxide reductase immobilized in a multiwalled carbon
nanotubes/1-n-butyl-3-methylimidazolium tetrafluoroborate
nanocomposite for nitric oxide detection. Sens Actuators B
Chem 285:445-452. https://doi.org/10.1016/j.snb.2019.01.074

Gomes FO, Maia LB, Loureiro JA, Pereira MC, Delerue-Matos C,
Moura I, Moura JJG, Morais S (2019b) Biosensor for direct
bioelectrocatalysis detection of nitric oxide using nitric oxide
reductase incorporated in carboxylated single-walled carbon
nanotubes/lipidic 3 bilayer nanocomposite. Bioelectrochem-
istry 127:76-86. https://doi.org/10.1016/j.bioelechem.2019.
01.010

Gonzalez-Solino C, Lorenzo M (2018) Enzymatic fuel cells: towards
self-powered implantable and wearable diagnostics. Biosensors
8(1):11. https://doi.org/10.3390/bios801001 1

Griffiths OG, O’Byrne JP, Torrente-Murciano L, Jones MD, Mattia D,
McManus MC (2013) Identifying the largest environmental life
cycle impacts during carbon nanotube synthesis via chemical
vapour deposition. J Clean Prod 42:180-189. https://doi.org/10.
1016/j.jclepro.2012.10.040

Gross AJ, Robin MP, Nedellec Y, O’Reilly RK, Shan D, Cosnier S
(2016) Robust bifunctional buckypapers from carbon nanotubes
and polynorbornene copolymers for flexible engineering of
enzymatic bioelectrodes. Carbon 107:542-547. https://doi.org/
10.1016/j.carbon.2016.06.027

Habermiiller K, Mosbach M, Schuhmann W (2000) Electron-transfer
mechanisms in amperometric biosensors. Fresenius’ J Anal
Chem 366(6-7):560-568. https://doi.org/10.1007/s002160051
551

Hassan MH, Vyas C, Grieve B, Bartolo P (2021) Recent advances in
enzymatic and non-enzymatic electrochemical glucose sensing.
Sensors 21(14):4672. https://doi.org/10.3390/s21144672

He Y, Yang J, Fu Q, Li J, Zhang L, Zhu X, Liao Q (2021) Structure
design of 3D hierarchical porous anode for high performance
microbial fuel cells: from macro- to micro-scale. J Power Sources
516:230687. https://doi.org/10.1016/j.jpowsour.2021.230687

Hoang VC, Hassan M, Gomes VG (2018) Coal derived carbon nano-
materials—recent advances in synthesis and applications. Appl
Mater Today 12:342-358. https://doi.org/10.1016/j.apmt.2018.
06.00

Hossain MF, Park JY (2017) Fabrication of sensitive enzymatic bio-
sensor based on multi-layered reduced graphene oxide added
PtAu nanoparticles-modified hybrid electrode. PLoS ONE
12(3):e0173553. https://doi.org/10.1371/journal.pone.0173553

Huang Y, Ren J, Qu X (2019) Nanozymes: classification, catalytic
mechanisms, activity regulation, and applications. Chem Rev
119(6):4357-4412. https://doi.org/10.1021/acs.chemrev.8b00672

Huggias S, Bolla PA, Azcarate JC, Serradell MA, Casella ML, Peru-
zzo PJ (2020) Noble metal nanoparticles-based heterogeneous
bionano-catalysts supported on S-layer protein/polyurethane sys-
tem. Catal Today. https://doi.org/10.1016/j.cattod.2020.09.016


https://doi.org/10.1016/C2013-0-04130-8
https://doi.org/10.1016/j.bios.2019.02.055
https://doi.org/10.1016/j.bios.2019.02.055
https://doi.org/10.1016/j.cogsc.2020.100397
https://doi.org/10.1016/j.snb.2017.08.075
https://doi.org/10.1016/j.colsurfa.2019.01.035
https://doi.org/10.1016/j.colsurfa.2019.01.035
https://doi.org/10.3390/app11020777
https://doi.org/10.1016/b978-0-12-814401-5.00008-6
https://doi.org/10.1016/b978-0-12-814401-5.00008-6
https://doi.org/10.1016/j.snb.2018.02.094
https://doi.org/10.1016/j.copbio.2015.04.005
https://doi.org/10.1016/j.copbio.2015.04.005
https://doi.org/10.1016/j.scib.2019.10.009
https://doi.org/10.1016/j.scib.2019.10.009
https://doi.org/10.1016/j.scitotenv.2019.135612
https://doi.org/10.1016/j.aca.2018.10.018
https://doi.org/10.1016/j.aca.2018.10.018
https://doi.org/10.1016/j.bios.2008.05.005
https://doi.org/10.1016/j.bios.2008.05.005
https://doi.org/10.1016/j.talanta.2019.120641
https://doi.org/10.1016/j.talanta.2019.120641
https://doi.org/10.1016/j.cocis.2018.11.002
https://doi.org/10.1016/j.cocis.2018.11.002
https://doi.org/10.1002/advs.202102495
https://doi.org/10.1002/advs.202102495
https://doi.org/10.1016/j.bioelechem.2017.09.002
https://doi.org/10.1016/j.jpowsour.2019.227163
https://doi.org/10.1016/j.snb.2019.01.074
https://doi.org/10.1016/j.bioelechem.2019.01.010
https://doi.org/10.1016/j.bioelechem.2019.01.010
https://doi.org/10.3390/bios8010011
https://doi.org/10.1016/j.jclepro.2012.10.040
https://doi.org/10.1016/j.jclepro.2012.10.040
https://doi.org/10.1016/j.carbon.2016.06.027
https://doi.org/10.1016/j.carbon.2016.06.027
https://doi.org/10.1007/s002160051551
https://doi.org/10.1007/s002160051551
https://doi.org/10.3390/s21144672
https://doi.org/10.1016/j.jpowsour.2021.230687
https://doi.org/10.1016/j.apmt.2018.06.00
https://doi.org/10.1016/j.apmt.2018.06.00
https://doi.org/10.1371/journal.pone.0173553
https://doi.org/10.1021/acs.chemrev.8b00672
https://doi.org/10.1016/j.cattod.2020.09.016

3 Biotech (2022) 12: 231

Page 190f22 231

Ibrahim R, Shaari N, Mohd Aman AH (2021) Bio-fuel cell for medical
device energy system: a review. Int J Energy Res 45(10):14245—
14273. https://doi.org/10.1002/er.6741

Iglesias-Mayor A, Amor-Gutiérrez O, Costa-Garcia A, de la Escosura-
Muiiiz A (2019) Nanoparticles as emerging labels in electro-
chemical immunosensors. Sensors 19(23):5137. https://doi.org/
10.3390/519235137

Inamuddin SN, Imran Ahamed M, Kanchi S, Abbas Kashmery H
(2020) Green synthesis of ZnO nanoparticles decorated on pol-
yindole functionalized-MCNTs and used as anode material for
enzymatic biofuel cell applications. Sci Rep 10(1):5052. https:/
doi.org/10.1038/541598-020-61831-4

Iravani S (2014) Bacteria in nanoparticle synthesis: current status and
future prospects. Int Sch Res Notices. https://doi.org/10.1155/
2014/359316

Jia H, Yang D, Han X, Cai J, Liu H, He W (2016) Peroxidase-like
activity of the Co;0, nanoparticles used for biodetection and
evaluation of antioxidant behavior. Nanoscale 8(11):5938-5945.
https://doi.org/10.1039/c6nr00860g

Jiang XC, Hu JS, Lieber AM, Jackan CS, Biffinger JC, Fitzgerald
LA, Ringeisen BR, Lieber CM (2014) Nanoparticle facilitated
extracellular electron transfer in microbial fuel cells. Nano Lett
14:6737-6742. https://doi.org/10.1021/n1503668q

Jin H, Sun Y, Sun Z, Yang M, Gui R (2021) Zero-dimensional sul-
fur nanomaterials: synthesis, modifications and applications.
Coord Chem Rev 438:213913. https://doi.org/10.1016/j.ccr.
2021.213913

Juarez-Maldonado A, Tortella G, Rubilar O, Fincheira P, Benavides-
Mendoza A (2021) Biostimulation and toxicity: the magnitude
of the impact of nanomaterials in microorganisms and plants. J
Adv Res 31:113-126. https://doi.org/10.1016/j.jare.2020.12.011

Karyakin AA, Ivanova YN, Karyakina EE (2003) Equilibrium (NAD+/
NADH) potential on poly(Neutral Red) modified electrode. Elec-
trochem Commun 5(8):677-680. https://doi.org/10.1016/s1388-
2481(03)00152-8

Kaushik A, Khan R, Solanki PR, Pandey P, Alam J, Ahmad S, Malhotra
BD (2008) Iron oxide nanoparticles—chitosan composite based
glucose biosensor. Biosens Bioelectron 24(4):676—683. https://
doi.org/10.1016/j.bios.2008.06.032

Khan I, Saeed K, Khan I (2019) Nanoparticles: Properties, applications
and toxicities. Arab J Chem 12(7):908-931. https://doi.org/10.
1016/j.arabjc.2017.05.011

Kharkwal S, Tan Y, Lu M, Ng H (2017) Development and long-term
stability of a novel microbial fuel cell BOD sensor with MnO,
catalyst. Int J Mol Sci 18(2):276. https://doi.org/10.3390/ijms 1
8020276

Khristunova Y, Korotkova E, Kratochvil B, Barek J, Dorozhko E,
Vyskocil V, Plotnikov E, Voronova O, Sidelnikov V (2019)
Preparation and investigation of silver nanoparticle antibody
bioconjugates for electrochemical immunoassay of tick-borne
encephalitis. Sensors 19(9):2103. https://doi.org/10.3390/s1909
2103

Koch C, Harnisch F (2016) Is there a specific ecological niche for elec-
troactive microorganisms? ChemElectroChem 3(9):1282-1295.
https://doi.org/10.1002/celc.201600079

Li W, Fan G-C, Gao F, Cui Y, Wang W, Luo X (2019) High-activity
Fe;0, nanozyme as signal amplifier: a simple, low-cost but effi-
cient strategy for ultrasensitive photoelectrochemical immunoas-
say. Biosens Bioelectron 127:64-71. https://doi.org/10.1016/j.
bi0s.2018.11.043

Li W, Qiao X, Hong C, Ma C, Song Y (2020a) A sandwich-type
electrochemical immunosensor for detecting CEA based on
Ce0,-MoS, absorbed Pb**. Anal Biochem 592:113566. https:/
doi.org/10.1016/j.ab.2019.113566

Li X, Li D, Zhang Y, Lv P, Feng Q, Wei Q (2020b) 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

Lim J, Cirigliano N, Wang J, Dunn B (2007) Direct electron transfer in
nanostructured sol-gel electrodes containing bilirubin oxidase.
Phys Chem Chem Phys 9(15):1809-1814. https://doi.org/10.
1039/b618422¢g

Lima HRS, da Silva JS, de Oliveira Farias EA, Teixeira PRS, Eiras
C, Nunes LCC (2018) Electrochemical sensors and biosensors
for the analysis of antineoplastic drugs. Biosens Bioelectron
108:27-37. https://doi.org/10.1016/j.bios.2018.02.034

Lin Y, Lu F, Wang J (2004) Disposable carbon nanotube modi-
fied screen-printed biosensor for amperometric detection of
organophosphorus pesticides and nerve agents. Electroanalysis
16(12):145-149. https://doi.org/10.1002/elan.200302933

Liu Y, Zhang J, Cheng Y, Jiang SP (2018) Effect of carbon nanotubes
on direct electron transfer and electrocatalytic activity of immo-
bilized glucose oxidase. ACS Omega 3(1):667-676. https://doi.
org/10.1021/acsomega.7b01633

Lojou E, Luo X, Brugna M, Candoni N, Dementin S, Giudici-Orticoni
MT (2008) Biocatalysts for fuel cells: Efficient hydrogenase ori-
entation for H, oxidation at electrodes modified with carbon
nanotubes. J Biol Inorg Chem 13(7):1157-1167. https://doi.org/
10.1007/s00775-008-0401-8

Ma N, Zhang T, Fan D, Kuang X, Ali A, Wu D, Wei Q (2019) Triple
amplified ultrasensitive electrochemical immunosensor for alpha
fetoprotein detection based on MoS, @ Cu,0O-Au nanoparticles.
Sens Actuators B Chem 297:126821. https://doi.org/10.1016/].
snb.2019.126821.m

Magro M, Baratella D, Colo V, Vallese F, Nicoletto C, Santagata S,
Sambo P, Molinari S, Salviulo G, Venerando A (2020) Electro-
catalytic nanostructured ferric tannate as platform for enzyme
conjugation: Electrochemical determination of phenolic com-
pounds. Bioelectrochemistry 132:107418-107428. https://doi.
org/10.1016/j.bioelechem.2019.107418

Makgabutlane B, Nthunya LN, Maubane-Nkadimeng MS, Mhlanga
SD (2021) Green synthesis of carbon nanotubes to address the
water-energy-food nexus: a critical review. J Environ Chem Eng
9(1):104736. https://doi.org/10.1016/j.jece.2020.104736

Maltez-da Costa M, de la Escosura-Muiiiz A, Nogués C, Barrios L,
Ibafiez E, Merkogi A (2012) Simple monitoring of cancer cells
using nanoparticles. Nano Lett 12(8):4164—4171. https://doi.org/
10.1021/n1301726¢g

Mashkour M, Rahimnejad M, Raouf F, Navidjouy N (2021) A review
on the application of nanomaterials in improving microbial fuel
cells. Biofuel Res J 30:1400-1416. https://doi.org/10.18331/
BRJ2021.8.2.5

Matamba T, Tahmasebi A, Khoshk Rish S, Yu J (2020) The promo-
tion effects of pressure on PAHs and H2 formation during flash
pyrolysis of palm kernel shell. Energy Fuels 34:3346-3356.
https://doi.org/10.1021/acs.energyfuels.9b04409

Mathew M, Radhakrishnan S, Vaidyanathan A, Chakraborty B, Rout
CS (2021) Flexible and wearable electrochemical biosensors
based on two-dimensional materials: Recent developments.
Anal Bioanal Chem 413:727-762. https://doi.org/10.1007/
$00216-020-03002-y

Medina-Sanchez M, Miserere S, Cadevall M, Merkoci A (2016)
Enhanced detection of quantum dots labeled protein by simulta-
neous bismuth electrodeposition into microfluidic channel. Elec-
trophoresis 37:432—437. https://doi.org/10.1002/elps.201500288

Mehonic A, Buckwell M, Montesi L, Munde MS, Gao D, Hudziak S,
Chater RJ, Fearn S, McPhail D, Bosman M, Shluger AL, Kenyon
AJ (2016) Nanoscale transformations in metastable, amorphous,
silicon-rich silica. Adv Materials 28(34):7486—7493. https://doi.
org/10.1002/adma.201601208

Miao L, Jiao L, Zhang J, Li H (2017) Amperometric sandwich immu-
noassay for the carcinoembryonic antigen using a glassy carbon

Pigllase ¢l ay .
e e O) Springer


https://doi.org/10.1002/er.6741
https://doi.org/10.3390/s19235137
https://doi.org/10.3390/s19235137
https://doi.org/10.1038/s41598-020-61831-4
https://doi.org/10.1038/s41598-020-61831-4
https://doi.org/10.1155/2014/359316
https://doi.org/10.1155/2014/359316
https://doi.org/10.1039/c6nr00860g
https://doi.org/10.1021/nl503668q
https://doi.org/10.1016/j.ccr.2021.213913
https://doi.org/10.1016/j.ccr.2021.213913
https://doi.org/10.1016/j.jare.2020.12.011
https://doi.org/10.1016/s1388-2481(03)00152-8
https://doi.org/10.1016/s1388-2481(03)00152-8
https://doi.org/10.1016/j.bios.2008.06.032
https://doi.org/10.1016/j.bios.2008.06.032
https://doi.org/10.1016/j.arabjc.2017.05.011
https://doi.org/10.1016/j.arabjc.2017.05.011
https://doi.org/10.3390/ijms18020276
https://doi.org/10.3390/ijms18020276
https://doi.org/10.3390/s19092103
https://doi.org/10.3390/s19092103
https://doi.org/10.1002/celc.201600079
https://doi.org/10.1016/j.bios.2018.11.043
https://doi.org/10.1016/j.bios.2018.11.043
https://doi.org/10.1016/j.ab.2019.113566
https://doi.org/10.1016/j.ab.2019.113566
https://doi.org/10.1016/j.nanoen.2019.104308
https://doi.org/10.1039/b618422g
https://doi.org/10.1039/b618422g
https://doi.org/10.1016/j.bios.2018.02.034
https://doi.org/10.1002/elan.200302933
https://doi.org/10.1021/acsomega.7b01633
https://doi.org/10.1021/acsomega.7b01633
https://doi.org/10.1007/s00775-008-0401-8
https://doi.org/10.1007/s00775-008-0401-8
https://doi.org/10.1016/j.snb.2019.126821.m
https://doi.org/10.1016/j.snb.2019.126821.m
https://doi.org/10.1016/j.bioelechem.2019.107418
https://doi.org/10.1016/j.bioelechem.2019.107418
https://doi.org/10.1016/j.jece.2020.104736
https://doi.org/10.1021/nl301726g
https://doi.org/10.1021/nl301726g
https://doi.org/10.18331/BRJ2021.8.2.5
https://doi.org/10.18331/BRJ2021.8.2.5
https://doi.org/10.1021/acs.energyfuels.9b04409
https://doi.org/10.1007/s00216-020-03002-y
https://doi.org/10.1007/s00216-020-03002-y
https://doi.org/10.1002/elps.201500288
https://doi.org/10.1002/adma.201601208
https://doi.org/10.1002/adma.201601208

231 Page 20 of 22

3 Biotech (2022) 12: 231

electrode modified with iridium nanoparticles, polydopamine and
reduced graphene oxide. Microchim Acta 184:169-175. https://
doi.org/10.1007/s00604-016-2010-5

Miernicki M, Hofmann T, Eisenberger I, von der Kammer F, Praeto-
rius A (2019) Legal and practical challenges in classifying nano-
materials according to regulatory definitions. Nat Nanotechnol
14:208-216. https://doi.org/10.1038/s41565-019-0396-z

Milton RD, Minteer SD (2017) Direct enzymatic bioelectrocataly-
sis: differentiating between myth and reality. J R Soc Interface
14(131):20170253. https://doi.org/10.1098/rsif.2017.0253

Mirzaei F, Mirzaei M, Torkzadeh-Mahani M (2019) A hydrophobin-
based-biosensor layered by an immobilized lactate dehydroge-
nase enzyme for electrochemical determination of pyruvate.
Bioelectrochemistry 130:107323. https://doi.org/10.1016/j.bioel
echem.2019.06.008

Mishra G, Barfidokht A, Tehrani F, Mishra R (2018) Food safety analy-
sis using electrochemical biosensors. Foods 7(9):141. https://doi.
org/10.3390/foods7090141

Mohanta D, Patnaik S, Sood S, Das N (2019) Carbon nanotubes:
evaluation of toxicity at biointerfaces. J Pharm Anal 9:293-300.
https://doi.org/10.1016/j.jpha.2019.04.003

Mohtar L, Aranda P, Messina GA, Nazareno MA, Pereira SV, Raba J,
Bertolino FA (2019) Amperometric biosensor based on laccase
immobilized onto a nanostructured screen-printed electrode for
determination of polyphenols in propolis. Microchem J 144:13—
18. https://doi.org/10.1016/j.microc.2018.08.038

Mokwebo K, Oluwafemi O, Arotiba O (2018) An electrochemical cho-
lesterol biosensor based on a CdTe/CdSe/ZnSe quantum dots—
poly (propylene imine) dendrimer nanocomposite immobilisation
layer. Sensors 18(10):3368. https://doi.org/10.3390/s18103368

Moreira CM, Pereira SV, Raba J, Bertolino FA, Messina GA (2018)
Paper-based enzymatic platform coupled to screen printed
graphene-modified electrode for the fast neonatal screening of
phenylketonuria. Clin Chim Acta 486:59-65. https://doi.org/10.
1016/j.cca.2018.07.016

Mourdikoudis S, Pallares RM, Thanh NTK (2018) Characterization
techniques for nanoparticles: comparison and complementarity
upon studying nanoparticle properties. Nanoscale 10(27):12871—
12934. https://doi.org/10.1039/c8nr02278;

Nandi UN, Long YZ, Chakraborty D (2013) Nonlinearity exponent in
low dimensional nanotubes and nanowires. Results Phys 3:84—
90. https://doi.org/10.1016/j.rinp.2013.05.003

Navaee A, Salimi A (2018) FAD-based glucose dehydrogenase immo-
bilized on thionine/AuNPs frameworks grafted on amino-CNTs:
development of high power glucose biofuel cell and biosensor. J
Electroanal Chem 815:105-113. https://doi.org/10.1016/].jelec
hem.2018.02.064

Navalén S, Garceia H (2016) Nanoparticles for catalysis. Nanomaterials
6(7):e.123. https://doi.org/10.3390/nano6070123

Negm NA, Abubshait HA, Abubshait SA, Abou Kana MTH, Mohamed
EA, Betiha MM (2020) Performance of chitosan polymer as plat-
form during sensors fabrication and sensing applications. Int J
Biol Macromol 165:402-435. https://doi.org/10.1016/j.ijbiomac.
2020.09.130

Norizan MN, Moklis MH, Ngah Demon SZ, Halim NA, Samsuri A,
Mohamad IS, Knight VF, Abdullah N (2020) Carbon nanotubes:
functionalisation and their application in chemical sensors. RSC
Adv 10(71):43704-43732. https://doi.org/10.1039/d0ra09438b

Nosek D, Jachimowicz P, Cydzik-Kwiatkowska A (2020) Anode modi-
fication as an alternative approach to improve electricity genera-
tion in microbial fuel cells. Energies 13(24):6596. https://doi.org/
10.3390/en13246596

Olayiwola IA, Mamba B, Feleni U (2020) Poly (propylene imine) den-
drimer: a potential nanomaterial for electrochemical application.
Mater Chem Phys 244:122641. https://doi.org/10.1016/j.match
emphys.2020.122641

Pielase clla)l auan .
KACST 3.015lq rogle Ll @ Springer

Omoriyekomwan JE, Tahmasebi A, Zhang J, YuJ (2019) Mechanis-
tic study on direct synthesis of carbon nanotubes from cellu-
lose by means of microwave pyrolysis. Energy Convers Manag
192:88-99. https://doi.org/10.1016/j.enconman.2019.04.042

Omoriyekomwan JE, Tahmasebi A, Dou J, Wang R, Yu J (2020)
A review on the recent advances in the production of carbon
nanotubes and carbon nanofibers via microwave-assisted pyrol-
ysis of biomass. Fuel Process Technol 214:106686. https://doi.
org/10.1016/j.fuproc.2020.106686

Pakapongpan S, Poo-arporn RP (2017) Self-assembly of glucose
oxidase on reduced graphene oxide-magnetic nanoparticles
nanocomposite-based direct electrochemistry for reagentless
glucose biosensor. Mater Sci Eng C 76:398-405. https://doi.
org/10.1016/j.msec.2017.03.031

Pan S, Guan Z, Yao G, Cao C, Li X (2019) Study on electrical behav-
iour of copper and its alloys containing dispersed nanoparti-
cles. Curr Appl Phys 19:452-457. https://doi.org/10.1016/j.
cap.2019.01.016

Papadopoulos AN, Bikiaris DN, Mitropoulos AC, Kyzas GZ (2019)
Nanomaterials and chemical modifications for enhanced key
wood properties: a review. Nanomaterials 9(4):607. https://doi.
org/10.3390/nan09040607

Parauha YR, Sahu V, Dhoble SJ (2021) Prospective of combustion
method for preparation of nanomaterials: a challenge. Mater
Sci Eng B Solid State Mater Adv Technol 267:115054. https://
doi.org/10.1016/j.mseb.2021.115054

Pei F, Wang P, Ma E, Yang Q, Yu H, Gao C, Li Y, Liu Q, Dong Y
(2019) A sandwich-type electrochemical immunosensor based
on RhPt NDs/NH,-GS and Au NPs/PPy NS for quantitative
detection hepatitis B surface antigen. Bioelectrochemistry
126:92-98. https://doi.org/10.1016/j.bioelechem.2018.11.008

Peng Z, Liu X, Zhang W, Zeng Z, Liu Z, Zhang C, Liu Y, Shao B,
Liang Q, Tang W, Yuan X (2020) Advances in the application,
toxicity and degradation of carbon nanomaterials in environ-
ment: a review. Environ Int 134:105298. https://doi.org/10.
1016/j.envint.2019.105298

Plekhanova Y, Tarasov S, Bykov A, Prisyazhnaya N, Kolesov V,
Sigaev V, Signore M, Reshetilov A (2019) Multiwalled carbon
nanotubes and electrocatalytic activity of Gluconobacter oxy-
dans as the basis of a biosensor. Biosensors 9(4):137. https://
doi.org/10.3390/bios9040137

Pokropivny VYV, Skorokhod VV (2008) New dimensionality classifi-
cations of nanostructures. Phys E Low Dimens Syst Nanostruct
40(7):2521-2525. https://doi.org/10.1016/j.physe.2007.11.023

Pothipor C, Wiriyakun N, Putnin T, Ngamaroonchote A, Jakmunee J,
Ounnunkad K, Laocharoensuk R, Aroonyadet N (2019) Highly
sensitive biosensor based on graphene—poly (3-aminobenzoic
acid) modified electrodes and porous-hollowed-silver-gold
nanoparticle labelling for prostate cancer detection. Sens
Actuators B Chem 296:126657. https://doi.org/10.1016/j.snb.
2019.126657

QiuJ, Li Y, Wang Y, Li W (2004) Production of carbon nanotubes
from coal. Fuel Process Technol 85:1663-1670. https://doi.org/
10.1016/s0378-3820(04)00046-3

Radhakrishnan G, Adams PM, Bernstein LS (2006) Room-temperature
deposition of carbon nanomaterials by excimer laser ablation.
Thin Solid Films 515(3):1142-1146. https://doi.org/10.1016/j.
ts£.2006.07.120

Rafiee Z, Mosahebfard A, Sheikhi MH (2020) High-performance ZnO
nanowires-based glucose biosensor modified by graphene nano-
plates. Mater Sci Semicond Process 115:105116. https://doi.org/
10.1016/j.mssp.2020.105116

Rai M, Ingle AP, Trzciiska-Wencel J, Wypij M, Bonde S, Yadav A,
KratoSova G, Golinska P (2021) Biogenic silver nanoparticles:
what we know and what do we need to know? Nanomaterials
11:2901. https://doi.org/10.3390/nano11112901


https://doi.org/10.1007/s00604-016-2010-5
https://doi.org/10.1007/s00604-016-2010-5
https://doi.org/10.1038/s41565-019-0396-z
https://doi.org/10.1098/rsif.2017.0253
https://doi.org/10.1016/j.bioelechem.2019.06.008
https://doi.org/10.1016/j.bioelechem.2019.06.008
https://doi.org/10.3390/foods7090141
https://doi.org/10.3390/foods7090141
https://doi.org/10.1016/j.jpha.2019.04.003
https://doi.org/10.1016/j.microc.2018.08.038
https://doi.org/10.3390/s18103368
https://doi.org/10.1016/j.cca.2018.07.016
https://doi.org/10.1016/j.cca.2018.07.016
https://doi.org/10.1039/c8nr02278j
https://doi.org/10.1016/j.rinp.2013.05.003
https://doi.org/10.1016/j.jelechem.2018.02.064
https://doi.org/10.1016/j.jelechem.2018.02.064
https://doi.org/10.3390/nano6070123
https://doi.org/10.1016/j.ijbiomac.2020.09.130
https://doi.org/10.1016/j.ijbiomac.2020.09.130
https://doi.org/10.1039/d0ra09438b
https://doi.org/10.3390/en13246596
https://doi.org/10.3390/en13246596
https://doi.org/10.1016/j.matchemphys.2020.122641
https://doi.org/10.1016/j.matchemphys.2020.122641
https://doi.org/10.1016/j.enconman.2019.04.042
https://doi.org/10.1016/j.fuproc.2020.106686
https://doi.org/10.1016/j.fuproc.2020.106686
https://doi.org/10.1016/j.msec.2017.03.031
https://doi.org/10.1016/j.msec.2017.03.031
https://doi.org/10.1016/j.cap.2019.01.016
https://doi.org/10.1016/j.cap.2019.01.016
https://doi.org/10.3390/nano9040607
https://doi.org/10.3390/nano9040607
https://doi.org/10.1016/j.mseb.2021.115054
https://doi.org/10.1016/j.mseb.2021.115054
https://doi.org/10.1016/j.bioelechem.2018.11.008
https://doi.org/10.1016/j.envint.2019.105298
https://doi.org/10.1016/j.envint.2019.105298
https://doi.org/10.3390/bios9040137
https://doi.org/10.3390/bios9040137
https://doi.org/10.1016/j.physe.2007.11.023
https://doi.org/10.1016/j.snb.2019.126657
https://doi.org/10.1016/j.snb.2019.126657
https://doi.org/10.1016/s0378-3820(04)00046-3
https://doi.org/10.1016/s0378-3820(04)00046-3
https://doi.org/10.1016/j.tsf.2006.07.120
https://doi.org/10.1016/j.tsf.2006.07.120
https://doi.org/10.1016/j.mssp.2020.105116
https://doi.org/10.1016/j.mssp.2020.105116
https://doi.org/10.3390/nano11112901

3 Biotech (2022) 12: 231

Page210f22 231

Ramalingam G, Kathirgamanathan P, Ravi G, Elangovan T, Arjun
Kumar B, Manivannan N, Kasinathan K (2020) Quantum con-
finement effect of 2D nanomaterials. Quant Dots Fundam Appl.
https://doi.org/10.5772/intechopen.90140

Ratautas D, Tetianec L, Marcinkevi¢iené L, Meskys R, Kulys J (2017)
Bioanode with alcohol dehydrogenase undergoing a direct elec-
tron transfer on functionalized gold nanoparticles for an applica-
tion in biofuel cells for glycerol conversion. Biosens Bioelectron
98:215-221. https://doi.org/10.1016/j.bi0s.2017.06.048

Reguera G (2018) Microbial nanowires and electroactive biofilms.
FEMS Microbiol Ecol 94:1-13. https://doi.org/10.1093/femsec/
fiy086

Reshetilov AN, Plekhanova YV, Dubrovskii AV, Tikhonenko SA
(2016) Detection of urea using urease and paramagnetic Fe;0,
particles incorporated into polyelectrolyte microcapsules. Pro-
cess Biochem 51(2):277-281. https://doi.org/10.1016/j.procbio.
2015.11.028

Ruff A, Szczesny J, Markovié N, Conzuelo F, Zacarias S, Pereira IAC,
Lubitz W, Schuhmann W (2018) A fully protected hydrogenase/
polymer-based bioanode for high-performance hydrogen/glucose
biofuel cells. Nat Commun 9(1):3675. https://doi.org/10.1038/
s41467-018-06106-3

Sadhasivam S, Vinayagam V, Balasubramaniyan M (2020) Recent
advancement in biogenic synthesis of iron nanoparticles. J] Mol
Struct 1217:128372. https://doi.org/10.1016/j.molstruc.2020.
128372

Saleh TA (2020) Nanomaterials: classification, properties, and envi-
ronmental toxicities. Environ Technol Innov. https://doi.org/10.
1016/j.ti.2020.101067

Schroder U (2018) A basic introduction into microbial fuel cells and
microbial electrocatalysis. ChemTexts 4:19. https://doi.org/10.
1007/540828-018-0072-1

Selloum D, Techer V, Henni A, Tingry S, Cretin M, Innocent C (2020)
Performance comparison with different methods for ethanol/O,
biofuel cell based on NAD* cofactor immobilized and activated
by two types of carbon nanoparticles. J Solid State Electrochem
24(3):623-631. https://doi.org/10.1007/s10008-020-04506-4

Sevilla M, Fuertes AB (2010) Graphitic carbon nanostructures from
cellulose. Chem Phys Lett 490(1-3):63-68. https://doi.org/10.
1016/j.cplett.2010.03.011

Shao Y, Wang J, Wu H, Liu J, Aksay IA, Lin Y (2010) Graphene based
electrochemical sensors and biosensors: a review. Electroanalysis
22(10):1027-1036. https://doi.org/10.1002/elan.200900571

Sheikhzadeh E, Beni V, Zourob M (2020) Nanomaterial application
in bio/sensors for the detection of infectious diseases. Talanta.
https://doi.org/10.1016/j.talanta.2020.122026

Shleev S, Tkac J, Christenson A, Ruzgas T, Yaropolov Al, Whit-
taker JW, Gorton L (2005) Direct electron transfer between
copper-containing proteins and electrodes. Biosens Bioelectron
20(12):2517-2554. https://doi.org/10.1016/j.bios.2004.10.003

Singh S (2019) Nanomaterials exhibiting enzyme-like properties
(nanozymes): current advances and future perspectives. Front
Chem 7:46. https://doi.org/10.3389/fchem.2019.00046

Singh C, Shaffer MS, Windle AH (2003) Production of controlled
architectures of aligned carbon nanotubes by an injection chemi-
cal vapour deposition method. Carbon 41(2):359-368. https://
doi.org/10.1016/s0008-6223(02)00314-7

Solanki PR, Kaushik A, Agrawal VV, Malhotra BD (2011) Nanostruc-
tured metal oxide-based biosensors. NPG Asia Mater 3(1):17-24.
https://doi.org/10.1038/asiamat.2010.137

Soto D, Alzate M, Gallego J, Orozco J (2020) Hybrid nanomaterial/
catalase-modified electrode for hydrogen peroxide sensing. J
Electroanal Chem 880:114826. https://doi.org/10.1016/j.jelec
hem.2020.114826

Stasyuk N, Gayda G, Zakalskiy A, Zakalska O, Serkiz R, Gonchar M
(2019) Amperometric biosensors based on oxidases and PtRu

nanoparticles as artificial peroxidase. Food Chem 285:213-220.
https://doi.org/10.1016/j.foodchem.2019.01.117

Sun A-L (2015) Sensitive electrochemical immunoassay with signal
enhancement based on nanogold-encapsulated poly(amidoamine)
dendrimer-stimulated hydrogen evolution reaction. Analyst
140(23):7948-7954. https://doi.org/10.1039/c5an01827¢g

Sure S, Ackland ML, Torriero AAJ, Adholeya A, Kochar M (2016)
Microbial nanowires: an electrifying tale. Microbiology
162:2017-2028. https://doi.org/10.1099/mic.0.000382

Tahar AB, Szymczyk A, Tingry S, Vadgama P, Zelsmann M, Tsuju-
mura S, Cinquin P, Martin D, Zebda A (2019) One-year stabil-
ity of glucose dehydrogenase confined in a 3D carbon nanotube
electrode with coated poly-methylene green: application as bio-
anode for a glucose biofuel cell. J Electroanal Chem 847:113069.
https://doi.org/10.1016/j.jelechem.2019.04.029

Tang J, Yan X, Engelbrekt C, Ulstrup J, Magner E, Xiao X, Zhang J
(2020) Development of graphene-based enzymatic biofuel cells:
A minireview. Bioelectrochemistry 134:107537. https://doi.org/
10.1016/j.bioelechem.2020.107537

Tarasov SE, Plekhanova YV, Rai M, Reshetilov AN (2021) Nano- and
microelectrochemical biosensors for determining blood glucose.
In: Rai M, Reshetilov A, Plekhanova Y, Ingle AP (eds) Macro-,
micro- and nano-biosensors: potential applications and limita-
tions. Springer Nature, Switzerland, pp 265-284. https://doi.org/
10.1007/978-3-030-55490-3_15

Tavahodi M, Ortiz R, Schulz C, Ekhtiari A, Ludwig R, Haghighi B,
Gorton L (2016) Direct electron transfer of cellobiose dehydro-
genase on positively charged polyethyleneimine gold nanopar-
ticles. ChemPlusChem 82(4):546-552. https://doi.org/10.1002/
cplu.201600453

Thatikayala D, Ponnamma D, Sadasivuni K, Cabibihan J-J, Al-Ali A,
Malik R, Min B (2020) Progress of advanced nanomaterials in
the non-enzymatic electrochemical sensing of glucose and H,0,.
Biosensors 10(11):151. https://doi.org/10.3390/bios10110151

Thepsuparungsikul N, Ng TC, Lefebvre O, Ng HY (2014) Different
types of carbon nanotube-based anodes to improve microbial fuel
cell performance. Water Sci Technol 69(9):1900-1910. https://
doi.org/10.2166/wst.2014.102

Tsai H-Y, Hsu W-H, Huang Y-C (2015) Characterization of carbon
nanotube/graphene on carbon cloth as an electrode for air-cath-
ode microbial fuel cells. J] Nanomater. https://doi.org/10.1155/
2015/686891

Verma C, Ebenso EE, Quraishi MA (2019) Transition metal nano-
particles in ionic liquids: synthesis and stabilization. J Mol Liq
276:826-849. https://doi.org/10.1016/j.molliq.2018.12.063

Vokhmyanina DV, Andreeva KD, Komkova MA, Karyakina EE, Kar-
yakin AA (2020) “Artificial peroxidase” nanozyme—enzyme
based lactate biosensor. Talanta 208:120393. https://doi.org/10.
1016/j.talanta.2019.120393

Wang F, Wu Y, Sun X, Wang L, Lu K (2018) Direct electron transfer
of hemoglobin at 3D graphene—nitrogen doped carbon nano-
tubes network modified electrode and electrocatalysis toward
nitromethane. J Electroanal Chem 824:83-90. https://doi.org/
10.1016/j.jelechem.2018.07.041

Wang K, Li Z, Wang C, Zhang S, Cui W, Xu Y, Zhao J, Xue H, Li J
(2019a) Assembled cationic dipeptide-gold nanoparticle hybrid
microspheres for electrochemical biosensors with enhanced sen-
sitivity. J Colloid Interface Sci 557:628-634. https://doi.org/10.
1016/j.jcis.2019.09.033

Wang S, Yao Z, Yang T, Zhang Q, Gao F (2019b) An enzymatic elec-
trode integrated with alcohol dehydrogenase and chloranil in
liquid-crystalline cubic phases on carbon nanotubes for sensitive
amperometric detection of NADH and ethanol. J Electrochem
Soc 166(10):G116-G121. https://doi.org/10.1149/2.1341910jes

Waris A, Din M, Ali A, Ali M, Afridi S, Baset A, Ullah Khan A (2021)
A comprehensive review of green synthesis of copper oxide

Pigllase ¢l ay .
e e O) Springer


https://doi.org/10.5772/intechopen.90140
https://doi.org/10.1016/j.bios.2017.06.048
https://doi.org/10.1093/femsec/fiy086
https://doi.org/10.1093/femsec/fiy086
https://doi.org/10.1016/j.procbio.2015.11.028
https://doi.org/10.1016/j.procbio.2015.11.028
https://doi.org/10.1038/s41467-018-06106-3
https://doi.org/10.1038/s41467-018-06106-3
https://doi.org/10.1016/j.molstruc.2020.128372
https://doi.org/10.1016/j.molstruc.2020.128372
https://doi.org/10.1016/j.eti.2020.101067
https://doi.org/10.1016/j.eti.2020.101067
https://doi.org/10.1007/s40828-018-0072-1
https://doi.org/10.1007/s40828-018-0072-1
https://doi.org/10.1007/s10008-020-04506-4
https://doi.org/10.1016/j.cplett.2010.03.011
https://doi.org/10.1016/j.cplett.2010.03.011
https://doi.org/10.1002/elan.200900571
https://doi.org/10.1016/j.talanta.2020.122026
https://doi.org/10.1016/j.bios.2004.10.003
https://doi.org/10.3389/fchem.2019.00046
https://doi.org/10.1016/s0008-6223(02)00314-7
https://doi.org/10.1016/s0008-6223(02)00314-7
https://doi.org/10.1038/asiamat.2010.137
https://doi.org/10.1016/j.jelechem.2020.114826
https://doi.org/10.1016/j.jelechem.2020.114826
https://doi.org/10.1016/j.foodchem.2019.01.117
https://doi.org/10.1039/c5an01827g
https://doi.org/10.1099/mic.0.000382
https://doi.org/10.1016/j.jelechem.2019.04.029
https://doi.org/10.1016/j.bioelechem.2020.107537
https://doi.org/10.1016/j.bioelechem.2020.107537
https://doi.org/10.1007/978-3-030-55490-3_15
https://doi.org/10.1007/978-3-030-55490-3_15
https://doi.org/10.1002/cplu.201600453
https://doi.org/10.1002/cplu.201600453
https://doi.org/10.3390/bios10110151
https://doi.org/10.2166/wst.2014.102
https://doi.org/10.2166/wst.2014.102
https://doi.org/10.1155/2015/686891
https://doi.org/10.1155/2015/686891
https://doi.org/10.1016/j.molliq.2018.12.063
https://doi.org/10.1016/j.talanta.2019.120393
https://doi.org/10.1016/j.talanta.2019.120393
https://doi.org/10.1016/j.jelechem.2018.07.041
https://doi.org/10.1016/j.jelechem.2018.07.041
https://doi.org/10.1016/j.jcis.2019.09.033
https://doi.org/10.1016/j.jcis.2019.09.033
https://doi.org/10.1149/2.1341910jes

231 Page 22 of 22

3 Biotech (2022) 12: 231

nanoparticles and their diverse biomedical applications. Inorg
Chem Commun 123:108369. https://doi.org/10.1016/j.inoche.
2020.108369

Wu XE, Zhao F, Rahunen N, Varcoe JR, Avignone-Rossa C, Thumser
AE, Slade RCT (2011) A role for microbial palladium nanoparti-
cles in extracellular electron transfer. Angew Chem 123:447—450

Wu L, Lu X, Gao J, Huang C, Dhanjai CJ (2020) Graphdiyne: a new
promising member of 2D all-carbon nanomaterial as robust elec-
trochemical enzyme biosensor platform. Carbon 156:568-575.
https://doi.org/10.1016/j.carbon.2019.09.086

XuJ, Cai R, Zhang Y, Mu X (2021) Molybdenum disulfide-based mate-
rials with enzyme-like characteristics for biological applications.
Colloids Surf B Biointerfaces 200:111575. https://doi.org/10.
1016/j.colsurfb.2021.111575

Yoo E-H, Lee S-Y (2010) Glucose biosensors: an overview of use in
clinical practice. Sensors 10(5):4558-4576. https://doi.org/10.
3390/s100504558

Yu S, Myung NV (2021) Recent advances in the direct electron trans-
fer-enabled enzymatic fuel cells. Front Chem 8:620153. https://
doi.org/10.3389/fchem.2020.620153

Yu Y, Chen S, Jia Y, Qi T, Xiao L, Cui X, Zhuang D, Wei J (2020)
Ultra-black and self-cleaning all carbon nanotube hybrid films
for efficient water desalination and purification. Carbon 169:134—
141. https://doi.org/10.1016/j.carbon.2020.06.089

Zhang C, Cai X (2019) Immobilization of horseradish peroxidase on
Fe;0,/nanotubes composites for biocatalysis-degradation of phe-
nol. Compos Interfaces 26(5):379-396. https://doi.org/10.1080/
09276440.2018.1504265

Zhang Y, Huang S (2016) Significant improvements in the mechanical
properties of chitosan functionalized carbon nanotubes/epoxy
composites. RSC Adv 6(31):26210-26215. https://doi.org/10.
1039/c6ra00597g

Zhang C, Zhang S, Jia Y, Li Y, Wang P, Liu Q, Xu Z, Li X (2019)
Sandwich-type electrochemical immunosensor for sensitive
detection of CEA based on the enhanced effects of Ag NPs@CS
spacedHemin/rGO. Biosens Bioelectron 126:785-791. https://
doi.org/10.1016/j.bios.2018.11.039

Zhang Q, Wu S, Zhang L, Lu J, Verproot F, Liu Y, Xing Z, Li J,
Song X-M (2011) Fabrication of polymeric ionic liquid/graphene
nanocomposite for glucose oxidase immobilization and direct
electrochemistry. Biosens Bioelectron 26(5):2632-2637. https://
doi.org/10.1016/j.bios.2010.11.024

Zhao Y-L, Stoddart JF (2009) Noncovalent functionalization of sin-
gle-walled carbon nanotubes. Acc Chem Res 42(8):1161-1171.
https://doi.org/10.1021/ar900056z

Pielase clla)l auan .
KACST 3.015lq rogle Ll @ Springer

Zhao CE, Chen J, Ding YZ, Wang VB, Bao BQ, Kjelleberg S, Cao
B, Loo SCJ, Wang LH, Huang W, Zhang Q (2015a) Chemi-
cally functionalized conjugated oligoelectrolyte nanoparticles
for enhancement of current generation in microbial fuel cells.
ACS Appl Mater Interfaces 7:14501-14505. https://doi.org/10.
1021/acsami.5b03990

Zhao S, Li Y, Yin H, Liu Z, Luan E, Zhao F, Tang Z, Liu S (2015b)
Three-dimensional graphene/Pt nanoparticle composites as
freestanding anode for enhancing performance of microbial fuel
cells. Sci Adv 1(10):e1500372. https://doi.org/10.1126/sciadv.
1500372

Zheng H, Liu M, Yan Z, Chen J (2020) Highly selective and stable glu-
cose biosensor based on incorporation of platinum nanoparticles
into polyaniline-montmorillonite hybrid composites. Microchem
J 152:104266. https://doi.org/10.1016/j.microc.2019.104266

Zhou Y, Umasankar Y, Ramasamy RP (2015) Laccase-TiO, nanoconju-
gates as catalysts for oxygen reduction reaction in biocathodes. J
Electrochem Soc 162(14):H911-H917. https://doi.org/10.1149/2.
0261514jes

Zhou X, Wang Y, Gong C, Liu B, Wei G (2020) Production, struc-
tural design, functional control, and broad applications of carbon
nanofiber-based nanomaterials: a comprehensive review. Chem
Eng J 402:126189. https://doi.org/10.1016/j.cej.2020.126189

Zou L, Qiao Y, Wu X-S, Li CM (2016) Tailoring hierarchically porous
graphene architecture by carbon nanotube to accelerate extracel-
lular electron transfer of anodic biofilm in microbial fuel cells.
J Power Sources 328:143—-150. https://doi.org/10.1016/j.jpows
our.2016.08.009

Zou L, Zhu F, Ze L, Huang Y (2021) Bacterial extracellular electron
transfer: a powerful route to the green biosynthesis of inorganic
nanomaterials for multifunctional applications. J Nanobiotechnol
19:120. https://doi.org/10.1186/s12951-021-00868-7

Zulkifli SN, Rahim HA, Lau W-J (2018) Detection of contaminants in
water supply: a review on state-of-the-art monitoring technolo-
gies and their applications. Sens Actuators B Chem 255:2657—
2689. https://doi.org/10.1016/j.snb.2017.09.078

Springer Nature or its licensor holds exclusive rights to this article under
a publishing agreement with the author(s) or other rightsholder(s);
author self-archiving of the accepted manuscript version of this article
is solely governed by the terms of such publishing agreement and
applicable law.


https://doi.org/10.1016/j.inoche.2020.108369
https://doi.org/10.1016/j.inoche.2020.108369
https://doi.org/10.1016/j.carbon.2019.09.086
https://doi.org/10.1016/j.colsurfb.2021.111575
https://doi.org/10.1016/j.colsurfb.2021.111575
https://doi.org/10.3390/s100504558
https://doi.org/10.3390/s100504558
https://doi.org/10.3389/fchem.2020.620153
https://doi.org/10.3389/fchem.2020.620153
https://doi.org/10.1016/j.carbon.2020.06.089
https://doi.org/10.1080/09276440.2018.1504265
https://doi.org/10.1080/09276440.2018.1504265
https://doi.org/10.1039/c6ra00597g
https://doi.org/10.1039/c6ra00597g
https://doi.org/10.1016/j.bios.2018.11.039
https://doi.org/10.1016/j.bios.2018.11.039
https://doi.org/10.1016/j.bios.2010.11.024
https://doi.org/10.1016/j.bios.2010.11.024
https://doi.org/10.1021/ar900056z
https://doi.org/10.1021/acsami.5b03990
https://doi.org/10.1021/acsami.5b03990
https://doi.org/10.1126/sciadv.1500372
https://doi.org/10.1126/sciadv.1500372
https://doi.org/10.1016/j.microc.2019.104266
https://doi.org/10.1149/2.0261514jes
https://doi.org/10.1149/2.0261514jes
https://doi.org/10.1016/j.cej.2020.126189
https://doi.org/10.1016/j.jpowsour.2016.08.009
https://doi.org/10.1016/j.jpowsour.2016.08.009
https://doi.org/10.1186/s12951-021-00868-7
https://doi.org/10.1016/j.snb.2017.09.078

	Nanomaterials in bioelectrochemical devices: on applications enhancing their positive effect
	Abstract
	Introduction
	Production and modification of nanomaterials
	Functions of nanomaterials in bioelectrochemical devices
	Immobilization of biomaterial
	Long-term stability of biomaterial
	Decrease of working potential of biosensor
	Mediator-free electron transfer
	Increase of assay sensitivity
	Use of nanomaterials as labels in immunosensors
	Catalyst of electrooxidation

	The main problems associated with the use of nanomaterials in biosensors and biofuel cells
	Conclusions
	Acknowledgements 
	References




