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Abstract

The work considered the properties of a biosensor based on a novel nanomaterial—modified thermally expanded graphite
(TEGyy). The main focus was on whether the procedure of additional graphite thermal expansion would affect the electro-
chemical properties of biosensors based on membrane fractions of acetic acid bacteria Gluconobacter oxydans. Raman
spectroscopy, scanning electron microscopy and electrochemical analysis were used for the study. Raman spectra showed
that the formation of TEG,, led to its stratification into smaller particles and a better orderly layered structure with high
“graphenization” degree. Modification of TEG led to the formation of additional cavities into which bacterial cells or bacte-
rial membrane fractions could be immobilized and affect the electrical conductivity of the biosensors positively. Calculation
of the heterogeneous charge transfer constants showed that processes occurring on the electrodes are quasi-reversible. The
limiting stage of these processes is the transfer of an electron from a biological component on the electrode surface, not
the diffusion of the analyte from the solution to the active centers of the enzyme. We showed the possibility of developing
third-generation mediator-free biosensors for glucose detection based on TEG,, as well as of second-generation mediator
biosensors for glucose, ethanol and glycerol detection.

Keywords Thermally expanded graphite - Biosensor - Carbon nanomaterials - Electrochemical properties - Gluconobacter
oxydans

Introduction

The application of microbial electrochemical technologies
as biosensors and microbial fuel cells (MFCs) has attracted
considerable research interest in recent years (Do et al. 2019;
Sun et al. 2019; Li et al. 2020). These devices are based on
electroactive biofilms, which are able to transfer electrons
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derived from the metabolic oxidation of organic substrates
to the electrode. To expand the field of application of these
bioelectrochemical systems, the researchers focused on
screening electrochemically active model microorganisms
(Guo et al. 2020), selecting conditions for their immobili-
zation (Berillo et al. 2021), and selecting and optimizing
nanomaterials to be incorporated into the electrodes (Hwang
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et al. 2020; Liu et al. 2020). Over the last several decades,
numerous scientific studies have been conducted all over
the world in the field of carbon nanomaterials due to their
unique (electronic, optical, mechanical, chemical and ther-
mal) properties (Asha and Narain 2020). Carbon materi-
als are, as a rule, biocompatible and contain no resins or
other non-organic fillers potentially dangerous for biological
objects. One of the varieties of the carbon material graphite
is thermally expanded graphite (TEG).

TEG is characterized by a significant electrical conductiv-
ity, which is due to its high specific surface area. The pro-
cess of producing TEG includes three main stages. The first
stage is reduced to the introduction of sulfuric or nitric acid
molecules in the presence of a strong oxidizer between the
layers of the graphite crystal lattice, intercalation. The inter-
calated graphite compounds are hydrolyzed with water and
are then dried to a friable state (Goudarzi and Hashemi Mot-
lagh 2019). After this stage is completed, oxidized graphite
is subjected to thermal shock, a high-speed heating up to
800-900 °C. Thermal expansion of intercalated graphite
is most effective when exposed to microwave irradiation.
Due to the high speed of bulk heating, intercalates’ gaseous
decomposition products are rapidly released, and graphite
particles split practically to graphene layers under the influ-
ence of temperature. As a result of volumetric expansion,
the interlayer distance of the graphite crystal lattice sharply
increases; herewith, the specific surface area of the material
increases by an order of magnitude. The degree of expan-
sion of intercalated graphite can be regulated at the stage of
hydrolysis. Depending on the presence of intercalate resi-
dues, the process of thermal expansion can be continued
until the layered structure is completely broken down; here-
with, the mechanical properties of the material significantly
deteriorate (Chernysheva et al. 2020).

TEG is used as a sorbent for the elimination of emer-
gency oil spills (Tryba et al. 2003), as well as in the pro-
duction of sheet graphite as a sealer in the metallurgical,
chemical, automotive and energy industries (Tyupina et al.
2016). TEG-based composites are used to manufacture
electrically conductive items (heaters, electrodes), heat
exchangers, gaskets and for other purposes (Afanasov et al.
2009; Li et al. 2007). TEG is also used in bioelectrochemi-
cal devices, in particular, in combination with microbial
cells and their fragments. Using the thermal expansion of
graphite foil, investigators (Chen et al. 2019) succeeded in
fabricating effective 3D bioanodes for microbial fuel cells
based on Shewanella oneidensis MR-1 with a capacity of
up to 228 mW m2. The use of thermally expanded graph-
ite in biosensors made it possible to carry out the media-
tor-free oxidation of ethanol with membrane fractions of
Gluconobacter oxydans (Reshetilov et al. 2015). Glucono-
bacter bacteria are often used for the development of elec-
trodes for biosensors and microbial fuel cells (Bertokova
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et al. 2015). Most of the dehydrogenases, which catalyze
the oxidation of a number of lower alcohols and monosac-
charides, in Gluconobacter oxydans cells are contained
not in the cytoplasm, but in the cell membrane (Mientus
et al. 2017). Therefore, membrane fractions of G. oxydans
can be used as an alternative biocatalyst to whole bacterial
cells. The addition of a conductive polymer poly(3,4-eth
ylenedioxythiophene):poly(styrenesulfate) (PEDOT:PSS)
enables registering the direct oxidation of glucose by this
biocatalyst (Kitova et al. 2021). The enzyme complexes
in membrane fractions are surrounded by lipid residues of
cell membrane, which protects them from negative exter-
nal factors. Thus, receptors based on membrane fractions
can be more cost-effective compared to enzyme recep-
tors, because they do not require additional procedures of
extraction and purification.

The aim of this work was to study the basic bioelectro-
chemical characteristics of electrodes modified with extra-
oxidized TEG. As arule, TEG obtained by standard methods
is characterized by a high degree of chaotic arrangement
of layers and possible residues of intercalated particles in
the structure. Additional oxidation should result in a greater
ordering of the layers in the TEG structure and in the strati-
fication of the material into smaller structures. This pro-
cess should lead to an increase in the effective surface of
the material and an improvement in electrical conductivity,
which in general would enable improving the electrochemi-
cal parameters of the developed biosensors and MFC.

Material and methods

Membrane fractions of the bacteria Gluconobacter oxy-
dans sbsp. industrius VKM-1280 were used. The cultiva-
tion of the microorganisms is described in Reshetilov et al.
(2017). The G. oxydans membrane fractions were obtained
by ultrasonic dispersion followed by stepwise centrifugation
as described in Indzhgiya et al. (2012).

The synthesis of TEG was carried out using the hydrosul-
fate procedure (Gorshenev et al. 2003). The process included
three main stages:

1. Formation of an intercalation compound (graphite
hydrosulfate) during the mixing of low-ash graphite for
30 min with a mixture of concentrated nitric and sulfuric
acids. The synthesis of graphites modified by acids was
carried out in a mixture of concentrated sulfuric and
nitric acids at various ratios from 10:1 to 3:1. When
modifying graphite particles by a mixture of sulfuric
and nitric acids, the intercalation process takes place
with the introduction of molecules of the acids into the
interlayer space of graphite particles.
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2. Removal of acid residues by hydrolysis of graphite inter-
calation compounds with water and subsequent drying
of oxidized graphite to a friable state.

3. Thermal expansion of oxidized graphite at a thermal
shock of 800-900 °C to produce TEG. During the heat-
ing of modified graphite powder, the lamellar structure
of graphite breaks down to be changed by the layered
fibrous structure of expanded graphite.

The resulting TEG had a bulk density of Qy ;=16 g/l.
Elemental analysis showed TEG to contain up to 0.5 wt %
of sulfur as an impurity. Scanning electron microscopy with
a resolution of up to 100 nm showed a pronounced lamellar
structure of graphite material.

Modified TEG (hereinafter referred to as TEG,,) was
obtained by changing the degree of expansion of the origi-
nal material by an additional thermal treatment by microwave
irradiation.

The biosensor was formed using three-contact matrix elec-
trodes (KolorElectronics, Moscow, Russia). A layer of ther-
mally expanded graphite 0.1 mm thick was formed on a work-
ing graphite electrode with a diameter of 3 mm by pressing at
150 bar. G. oxydans membrane fractions were immobilized
on the surface of the working electrode using a conductive
gel of poly(3,4-ethylenedioxythiophene):poly(styrenesulfate)
(PEDOT:PSS) modified with 3% poly(ethylene glycol) digly-
cidyl ether (PEGDE). The concentration of membrane frac-
tions on the electrode surface was 0.4 mg/mm>.

Electrochemical measurements were performed using
IPCmicro (KRONAS, Russia) at room temperature and con-
stant stirring in a 25 mM phosphate buffer, pH 6.5, contain-
ing 10 mM sodium chloride. Cyclic voltammograms (CV)
were recorded in the presence of 42 uM of 2,6-dichlorophe-
nolindophenol (DCPIP) within the range of applied voltages
from — 1.0 to 0.5 V at various scan rates. Impedance meas-
urements were performed in a phosphate buffer containing
5 mM of potassium ferrocyanide(IIl) in the frequency range
from 40 kHz to 0.02 Hz at a modulation amplitude of 10 mV
(applied potential of 200 mV) using VersaSTAT 4 (Ametek,
USA).

The structure of TEG,, was studied using Raman spectros-
copy and scanning electron microscopy (SEM). The spectra
were taken on a HEDA confocal Raman spectrograph (NOST,
South Korea) using a 532 nm laser. SEM images were taken
using a Neon 40 Esb-35-09 scanning electron microscope
(Carl Zeiss, Germany).

Results and discussion
The structure of thermally expanded graphite

The Raman spectra of the original and modified TEG are
shown in Fig. 1A. It is seen that the initial TEG sample at
a wavelength of ~ 1581 cm™! has a characteristic “graph-
ite” G peak of high intensity, which corresponds to sp>
hybridization C in the plane of the graphite grid and is a
marker of the sp” carbon structure. The peak at a wave-
length of ~ 1355 cm™! is a D peak that characterizes the
formation of disordered sp® hexahedral aromatic rings in
the carbon structure. This band is forbidden in ideal graph-
ite and emerges when defects appear in the plane of the
carbon network (armchair-type breaks of the carbon rings).
The 2D peak is a second-order band—an overtone of the
D band at a wavelength of about 2700 cm™'—and shows
the “graphene-like” nature of the sample: the higher it is,
the more single layered the graphene regions are. Thus, the
peak in TEG,, at a wavelength of 1300 cm™' disappears,
and the intensity of the peak at a wavelength of 2700 cm™
sharply increases. A decrease in the intensity of the D
peak (Ip) compared to the intensity of the G peak (I5) can
be interpreted as the oxidation of a part of the amorphous
carbon responsible for the D peak during an “additional
expansion” of TEG (Chen et al. 2019). The ratio of the I,/
I peaks can be interpreted as an estimate of the degree of
disorder in the spz-carbon structure (Ferrari 2007). Thus,
for the initial TEG the I,/I; ratio was 0.61, and for TEGy,
it was 0.036. These data show that the TEG sample was
stratified into smaller structures and, at the same time,
its ordering increased, which may affect its conducting
properties.

Figure 1B shows micrographs obtained using scanning
electron microscopy. The additional expansion of initial
TEG leads to an increase in the distance between the indi-
vidual graphite layers and to the formation of additional
cavities into which bacterial cells can be immobilized.

The conductivity of the obtained samples was assessed
by electrochemical impedance spectroscopy. The samples
were fixed on the surface of a graphite screen-printed
electrode, then the impedance spectra of this system were
studied in the presence of potassium hexacyanoferrate(IIl).
The produced Nyquist diagrams are shown in Fig. 2. The
impedance spectra were processed using a standard equiv-
alent Randles circuit, in which R, is the resistance of the
solution, Rt is the charge transfer resistance, and C is the
capacitance of the double electric layer of the electrode.
The values of the parameters of the electrodes with TEG
and TEG,, are shown in Table 1.

Thus, additional oxidation of thermally expanded
graphite leads to an improvement in the conductive
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Fig. 1 Raman spectra (A) and scanning electron micrographs (B) of TEG (1) and TEGy; (2) samples
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Table 1 Parameter values of electrodes with TEG and TEGy,

Electrode TEG TEGy,

Rg, ohm 161 179

C.F 7.6 X 107 43x10™
Rcr, ohm 1.9x 10° 4.7x10*

Ky, mM 227+0.17 243+0.14

h 2.84+0.46 7.21+1.83
I VA 0.79+0.04 0.90+0.03
Linear regression equation y=0.25x-0.18 y=0.58x-0.86
Linear range of detection, mM 1.0-3.0 1.7-3.0
Sensitivity, pA xmM ™ x cm™ 3.57 8.28

related to the emergence of a more ordered structure of
the nanomaterial.

Calculation of electron charge transfer constants

The reduced charge transfer resistance and high order-
ing of TEG,, layers make this material promising for use
in bioelectrochemical devices. To assess the efficiency
of its use, we studied the electrochemical behavior of
fragments of microbial cells immobilized on two types
of TEG fixed on the surface of graphite screen-printed
electrodes. Frequently, bioelectrochemical devices based
on microbial cells and their fragments make use of addi-
tional compounds (redox mediators) that carry out elec-
tron transfer from the active centers of enzymes to the
electrode surface. This work used 2,6-dichlorophenolin-
dophenol as a mediator; it is applied in combination with
acetic acid bacteria G. oxydans (Plekhanova et al. 2018).
In the cells—mediator—electrode system, electron transfer
proceeds in several stages: diffusion of the mediator to
the electrode surface, adsorption of the mediator on the
electrode, electron transfer to the electrode, desorption of
the reaction product and its diffusion (Bard and Faulkner
2001). The rate of the process is determined by the slow-
est stage. To identify this stage, as well as to calculate
the kinetic constants of electron transfer, we used cyclic
voltammetry. The produced cyclic voltammograms of the
bioelectrodes based on TEG and TEG,, at different poten-
tial scan rates are shown in Fig. 3A. The potential differ-
ence between the anode and cathode peaks at the scan rates
within the range of 10-110 mV/s for both systems was
higher than 59 mV, which is one of the main indicators
of a quasi-invertible system (Kasa and Solomon 2016).
Another evidence in favor of the assertion that the system
is quasi-reversible is the fact that the obtained voltamme-
try is not symmetrical: the oxidation peak of 2,6-DCPIP
in the positive region of applied potentials is in all cases
slightly higher than the reduction peak of 2,6-DCPIP in
the negative region. Both the cathode and anode peak

potentials shifted in the positive and negative directions
as the scan rates increased. At the same time, the lev-
els of the redox pair currents increased gradually with an
increase in the scan rate. Figure 3B shows linear depend-
ences of the anode and cathode currents on the scan rates
for two variants of TEG. The correlation coefficients for
all dependences were 0.98-0.99. The linear dependence
confirms that the processes occurring on the electrodes are
quasi-reversible, and the limiting stage is the transfer of
an electron from a biological component on the electrode
surface, not the diffusion of the analyte from the solution
to the active centers of the enzyme. This coincides with
the data obtained by EIS (Fig. 2), where the Nyquist dia-
grams have no bending of the spectrum at an angle of 45°
in the low-frequency region characteristic of systems with
diffusion constraints.

Figure 3C shows the dependences of the changes in the
cathode and anode peak potentials on the natural logarithm
of the scan rate. In the range of scan rates of 0.01-0.11 V/s,
the potentials of both the anode and cathode peaks linearly
depended on In v and the regression equations are shown
in the figure. According to the Laviron equation (Laviron
1979):

E,=E°— ——1no, (1)

where Ep is the anode peak potential; EC, the standard elec-
trode potential; v, the scan rate; n, the number of electrons;
a, the charge transfer coefficient; R, the gas constant; 7, tem-
perature; F, the Faraday constant.

The value of the product o X n can be calculated from the
angle of inclination of the dependences (Elewi et al. 2020)
presented in the linear regression equations in Fig. 3C. The
value of n was assumed to be equal to two, because two elec-
trons participate in the 2,6-DCPIP redox reaction (Melin and
Lohmeier-Vogel 2004). Thus, the value of « for the anode
processes was 0.143 for the electrode modified by the initial
TEG and 0.165 for the electrode modified by TEG,,.

To estimate the rate of heterogeneous electron transfer,
the value of the constant k, was calculated using the Laviron
equation:

nF AEp
RT
@
The value of k for the electrode modified by the initial
TEG was 0.0296 s~!, and for TEGy,-modified electrode,
0.0350 s~!. Thus, the heterogeneous transfer constant
increased by 18%, which is indicative of an acceleration of
the electrochemical reaction when using TEGy,;.

Ink;=aln(l —a)+(1 —oz)lna—lnE —a(l—a)
nFo
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Fig. 3 Electrochemical characteristics of the electrodes modified by
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different scan rates. B Linear dependences of the anode and cathode
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and cathode peak potentials on the natural logarithm of the scan rate
(E,,» the potential of the anode peak; E,., the potential of the cath-
ode peak). Measurements were carried out in the presence of 42 uM
DCPIP; scan rates 10110 mV/s
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Calibration curves of biosensors

It was of interest to test the effect of TEG modifica-
tion on the ability of bioelectrodes formed on its basis
to directly transfer charge from biological objects to the
electrode, which can be used in the development of third-
generation biosensors. For this purpose, G. oxydans mem-
brane fractions that make part of the PEDOT conduct-
ing gel:PSS-PEGDE were immobilized on the surface of
graphite electrodes with TEG and TEG,,. PEDOT:PSS
have a mixed electron—ion type of conductivity (Savva
et al. 2018). Electron transfer in PEDOT:PSS chains is
carried out by a system of conjugated bonds due to elec-
tron exchange reactions between neighboring redox sites
and is accompanied by conjugated movement of dopants
along the polymer chain (Gueye et al. 2019). Pyrroloqui-
noline quinone (PQQ)-dependent glucose dehydrogenase
present in the membrane fractions transfers the electrons
produced by glucose oxidation to the electrode modified
with TEG without the presence of any additional reagents
(Kitova et al. 2021). Most likely, PQQ, which is already
present in the membrane fractions of bacteria (Schubart
et al. 2012), acts as an electron carrier in this case. It was
necessary to determine the effect of additional oxidation
of TEG on the possibility of mediatorless electron transfer
from membrane fractions. Figure 4A shows the calibration
curves of the obtained biosensors.

The detection range of both TEG biosensors was
0.75-10 mM of glucose. The calibration curves were fit
by the four-parameter Hill equation:

1,2
s 2
1,0 f
<
= . 1
qw; 0,8
2 [}
a
» 0,6
o
€
204 -
3
O
0,2 4
0’0 1 T T T T T
0 2 4 6 8 10 12
Glucose, mM

Fig.4 A Calibration curves for glucose biosensors based on elec-
trodes modified by TEG (1) and TEGy (2). G. oxydans membrane
fractions were used as a biocatalyst. The data in the absence of redox
mediators are presented. Measurements were carried out at an applied
potential of +400 mV vs. Ag/AgCl electrode. B Calibration curves

Imax X Sh

I:I()+—,
h
K, +S"

3

where /I, is the maximal reaction rate; Ky, is the Michaelis
constant; /4 is the cooperativity criterion.

The values of the biosensors’ parameters are presented
in Table 1.

As can be seen from the presented data, the modification
of TEG leads to a significant increase in the sensitivity of the
biosensor to glucose (from 3.57 to 8.28 A x mM ! x cm™),
as well as to an increase of the Hill coefficient from 2.84
to 7.21. The Hill coefficient (%) is a dimensionless value
that characterizes the cooperativity of ligand binding by the
enzyme. As can be seen from the data obtained, in both
cases the value of 4 is greater than unity, i.e., a positive
cooperativity of the enzymes is observed for the immobi-
lized membrane fractions; the cooperativity increases sig-
nificantly when TEG is replaced by its modified version.

We obtained the calibration curves for the main substrates
of the membrane fractions of G. oxydans in a composite with
PEDOT:PSS and TEG,,; when using the electronic transport
mediator 2,6-DCPIP. The addition of redox mediators allows
the system to produce higher currents which leads to the
increase of the efficiency of bioelectrochemical devices and
to the expansion of its practical application. This composite
can be used both in second-generation biosensors and in
biofuel-cell bioanodes. The obtained calibration curves are
shown in Fig. 4B; the parameter values for these depend-
ences are in Table 2.

G. oxydans are widely used in biotechnological pro-
cesses to obtain acetic acid from alcohols, which indicates

-
N

-
o
L

oo
L

Current response, pA
»

@ Glucose
4 A Ethanol
| Glycerol
2 4
0 =
0 2 4 6 8 10 12
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B

for a biosensor based on G. oxydans membrane fractions and an elec-
trode modified with TEG,, for three analytes. The data in the pres-
ence of the redox mediator 2,6-DCPIP (42 uM) are given. Measure-
ments were carried out at an applied potential of +200 mV vs. Ag/
AgCl electrode
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Table 2 Parameter values of

: . Analyte Glucose Glycerol Ethanol

biosensors with TEG,, for

various analytes Parameter
Ky, mM 3.05 0.16 0.93
h 1.95 0.97 1.6
I MA 11.65 0.74 10.06
Linear regression equation y=2.12x-0.79 y=0.05x+0.24 y=5.48x-0.13
Linear range of detection, mM 0.5-4.0 1.0-6.0 0.1-1.2
Sensitivity, pA xmM~! x cm™ 30.28 0.71 78.29

the high activity of alcohol dehydrogenases of these cells
(Gupta et al. 2001). The developed biosensor demon-
strates the greatest sensitivity in ethanol measurements
(78.29 uA x mM~! x cm™2). The sensitivity to glucose is
lower (30.28 qumM‘1 xem‘z), but it still remains at
a fairly high level. The lowest biosensor sensitivity was
observed for glycerol, which is explained by the fact that
glycerol has an inhibitory effect, and its oxidation prod-
uct (dihydroxyacetone) can damage Gluconobacter cells
(Ohrem and Voss 1996).

Acetic acid bacteria G. oxydans differ in the membrane
localization of the main enzyme complexes, which facilitates
their interaction with electron transport mediators. There-
fore, the use of membrane fractions of these bacteria enables
producing a fairly universal biocatalyst capable of oxidizing
a wide range of compounds. This property can be useful not
only in biosensors, but also for creation of MFCs. These
MFC can be used for purifying the effluents of fermentation
plants, related to the food or alcohol industry, because the
effluents may contain residual sugars and alcohols, as well
as other organic compounds that pollute the environment.

Conclusions

The paper considered features of the properties of thermally
expanded graphite with different degrees of expansion.
Using Raman spectroscopy, the study showed that modified
TEG was stratified into smaller structures compared with the
original TEG; herewith, the ordering of the layers and the
similitude of the material to graphene increased. The ratio
of I/I5 peak intensities for the initial TEG was 0.61; for
TEG,,, 0.036. The effective surface of the material, capa-
ble of adsorbing bacterial cells, also increased. With the
used way of enhancing screen-printed graphite electrodes
with modified TEG, the electrode charge transfer resistance
was decreased fourfold as compared with the original TEG.
Based on TEG-modified screen-printed electrodes, biosen-
sors with G. oxydans membrane fractions were constructed.
The constants of heterogeneous charge transfer in the mem-
brane fractions—DCPIP—electrode system at the modification
of the electrode by two variants of TEG were assessed. The
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heterogeneous transfer rate constant for an electrode with
TEG,, increased by 18% compared with the initial variant,
which is indicative of an acceleration of the electrochemi-
cal reaction when using TEG,;. The possibility of creating
third-generation mediator-free biosensors for glucose detec-
tion was shown. The use of TEGy, instead of TEG in this
biosensor made it possible to increase the sensitivity of the
biosensor to glucose twofold. The possibility of using these
bioelectrodes in second-generation mediator biosensors
for the determination of glucose, ethanol and glycerol was
assessed. This biosensor demonstrated the highest sensitivity
in ethanol measurements (78.29 pA x mM~! xcm™).

Thus, the membrane fractions—TEG,; composite can be
used to develop second- and third-generation biosensors, as
well as in MFC, which can be utilized in fermentation plants,
performing a dual function of electricity generation from
glucose and ethanol present in the distillery stillage, and
purification of alcohol-production effluents.
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