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Abstract

The possibility of using a composite material based on bovine serum albumin (BSA) covalently bonded with ferrocenecar-
boxaldehyde and containing carbon nanotubes (CNT) for the immobilization of Blastobotrys adeninivorans BKM Y-2677
(B. adeninivorans) yeast is discussed. The optimal ratio of ferrocenecarboxaldehyde to BSA for the redox-active polymer
synthesis is 1:2, since the heterogeneous electron transfer constant is 0.45 +0.01 s~!. When carbon nanotubes (CNTs) are
added to this polymer, the heterogeneous electron transfer constant increases: at a CNT specific density of 2.5 pg/mm?, it
reaches a maximum value of 0.55+0.01 s~!. The addition of CNTs into the conducting system leads to increasing of the
rate constant of interaction redox species with B. adeninivorans yeast by an order: the rate constant of interaction between
B. adeninivorans yeast and electroactive particles in a redox-active polymer is 0.056 +0.005 dm?/g x s and in a composite
material based on CNTs is 0.51 +0.02 dm?/g x s. The yeast specific density at the electrode of 0.1 mg/mm? and electrolyte
pH of 6.2 was chosen as the working value for the receptor system operation. Immobilized in a composite material, yeast
oxidizes a wider range of substrates compared with a similar receptor element based on the ferrocene mediator. The biosen-
sors formed on the basis of hybrid polymers have a high sensitivity with a lower limit of determined concentrations of 1.5 mg/
dm? with an assay time of 5 min and a high correlation (R =0.9945) with the results of the standard method for determining
biochemical oxygen demand (BOD) in nine real surface water samples of the Tula region.
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Introduction
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Rapid pollution assessment, in particular, the organic com-
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pounds determination in surface, ground, and waste waters,
is a priority task in environmental monitoring, since stand-
ard methods are often time consuming. The index of bio-
chemical oxygen demand (BOD) is used for assessment of
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wastewater pollution with organic substances; by definition,
BOD is the amount of oxygen consumed by microorgan-
isms in the process of organic substances biodegradation in
1 dm? of a sample. According to sample incubation time,
there is BODj, taking 5 days of incubation and BOD,, taking
20 days (ISO 5815-1:2003 2003; ISO 5815-2:2003 2003).
The duration of the standard method leads to a high demand
in the biosensor development for BOD assessment (Arlyapov
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et al. 2012, 2013; Catterall et al. 2001; Kurbanalieva et al.
2022; Liu et al. 2010; Morris et al. 2001; Pasco et al. 2000,
2004; Yoshida et al. 2000, 2001; Zaitseva et al. 2017).

There are two main approaches for BOD biosensor
development. The first one is based on a Clarke electrode,
where the rate of oxygen consumption by microorganisms
is analytical signal, which is equivalent to the BOD amount
(Arlyapov et al. 2012, 2013). This approach has a number
of disadvantages, such as oxygen diffusion between the test
sample and the atmosphere has an effect on measurement
results. A more promising approach is low molecular weight
compounds or mediators using electron transport between
the microorganisms and the electrode; in this case, analytical
signal does not depend on the dissolved oxygen concentra-
tion, thereby BOD assay can be carried out under anaerobic
conditions (Liu et al. 2010). In addition, the use of a media-
tor allows to change the applied potential, reducing noise
interference appeared due to redox reactions by sample com-
pounds on the electrode (Zaitseva et al. 2017).

Choosing microorganism, which oxidizes a different
organic compound, is an important step in mediator BOD
biosensor development. Bacteria are often used as a recep-
tor element in mediator BOD biosensors (Catterall et al.
2001; Kurbanalieva et al. 2022; Morris et al. 2001; Pasco
et al. 2000, 2004; Yoshida et al. 2000, 2001). Their mem-
brane localization of enzymatic systems provides high rate
of interaction with mediators (Baronian et al. 2002). Yeast
interaction with mediators is limited by thick (100-200 nm)
cell wall containing polysaccharides and proteins (Christ-
wardana and Kwon 2017; Gal et al. 2016). For electrochemi-
cal signal, the mediator should pass through the cell wall
and interact with intracellular components, such as NAD"/
NADH (Rawson et al. 2012; Kasem et al. 2013); thus, BOD
biosensor based on one-mediator systems and yeast is less
efficient. On the other hand, yeasts are a promising biomate-
rial for BOD biosensor development, because they metabo-
lize a broad range of substrates and tolerant to negative fac-
tors of the environment (high salt content, temperature, pH)
(Arlyapov et al. 2012).

Two-mediator systems can be used for more effective
electron transport from yeast cells to the electrode. The most
common combination is the Saccharomyces cerevisiae yeast
and the two-mediator/bi-mediator system potassium hexa-
cyanoferrate (III) (ferricyanide)—vitamin K3 (menadione,
2-methyl-1,4-naphthoquinone) (Zhao et al. 2021). Menadi-
one is able to interact with NADH, which is an element of
the respiratory electron transport chain (Rabinowitz et al.
1998), while ferricyanide has good electrochemical prop-
erties and does not penetrate into the cell wall due to its
hydrophilicity (Trosok et al. 2001). The two-mediator bio-
sensor based on S. cerevisiae is possible to estimate BOD
in the range of 20-225 mg O,/dm?® (Zhao et al. 2021); how-
ever, the biosensor has a low sensitivity and does not allow
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determining BOD in pure surface waters, in which BOD is
about 2 mg O,/dm>. To provide effective electron transport
in a two-mediator system, forming a high sensitive biosen-
sor, both mediators should not compete with each other, it
is necessary to provide a difference in the rates of interac-
tion with both the biomaterial and the electrode; the ideal is
the implementation of such a scheme, in which one media-
tor interacted with the electrode at a high rate, and had a
low rate of interaction with the biomaterial. In this case,
the second mediator should have a high rate of interaction
with the biomaterial and a low rate with the electrode (Gao
et al. 2017; Ino et al. 2019; Mazloum-Ardakani et al. 2019;
Nakamura et al. 2007a,b; Pasco et al. 2005; Zaitseva et al.
2017). This approach was used in our previous study, where
two-mediator systems "ferrocene—neutral red" was cho-
sen for B. adeninivorans yeast in accordance with kinetics
parameters of bioelectrochemical reactions, which results in
high sensitive biosensor—the lower limit of the determined
concentrations of BOD was 0.16 mg/dm?, and analysis of ten
surface water samples showed that combination of ferrocene
and neutral red with B. adeninivorans output data had a high
correlation (R=0.9693) with the standard method results
(Kharkova et al. 2021).

The disadvantage of two-mediator systems is that the
analytical system is not reagentless. The mediators must be
standardized, and the adding reagents increases the risk of
side reactions. Another approach for increasing biosensor
sensitivity is applying composite materials, including redox-
active polymers and nanomaterials. Redox-active polymers
are based on non-conductive, biocompatible polymers; for
example, polyvinyl alcohol, bovine serum albumin (BSA),
chitosan, alginate, and others (Zamani et al. 2019), which
are covalent bonded with a mediator and used for microor-
ganisms immobilization. Redox-active polymers are quite
effective, provide sensor stability, reagentless analysis; they
can be used to create microbe-based biosensors (Fang et al.
2020). Despite the advantages of redox-active polymers,
the limitations of their application for the yeast immobi-
lization occurred due to limiting penetration of a cova-
lently bound mediator into the cell through its membrane to
couple biochemical reactions with an electrode; for which
reason single-walled and multi-walled carbon nanotubes,
nanodots, graphene are added to redox polymers (Lin et al.
2019). When nanoparticles are added to receptor element,
the conductivity of the receptor system increases signifi-
cantly. In addition, a low yield after polymer modification
by redox-active compounds is not critical, when there are
not enough electroactive particles for the rapid electron
transfer to the electrode. Addition of nanomaterials into the
system removes the kinetic limiting due to, first, increasing
the effective surface area of the electrode, and second, pro-
viding conductivity between the covalently bonded redox
particles in the polymer, where the electron transfer was not
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carried out without nanoparticles. Thus, composite materials
based on a redox-active polymer and nanomaterials make it
possible to "connect" more redox-active polymer sites, and,
consequently, increase the analytical signal and to provide
high biosensor sensitivity; therefore, the use of nanomateri-
als in the microbial biosensor development is current line of
research. Our previous study showed the advantage of using
composite materials based on the redox-active polymer of
bovine serum albumin (BSA) modified with ferrocene for
Paracoccus yeei VKM B-3302 immobilization and sensi-
tive BOD biosensor development—the lower limit of the
determined concentrations of BOD was 0.16 mg/dm? and a
high correlation (R=0.9916) with the results of the stand-
ard method for determining biochemical oxygen demand in
surface water samples was observerd (Arlyapov et al. 2021).

In this work, the possibility of using a composite mate-
rial based on the redox-active BSA polymer modified with
ferrocene for the Blastobotrys adeninivorans BKM Y-2677
yeast immobilization is discussed. The kinetic limiting con-
nected with the single mediator system of redox polymer is
proposed to minimize by nanomaterials, without applying
second mediator. The novelty of this research is providing
effective charge transfer from the yeast to the electrode by
"carbon nanotubes—redox-active polymer based on bovine
serum albumin modified with ferrocenecarboxaldehyde"
composite and carrying out BOD analysis. Modern research
has shown that redox-polymer composite and yeast are
promising for biofuel cell design (Andriukonis et al. 2022;
Moradian et al. 2022; Verma and Mishra 2021; Zinovicius
et al. 2022), but according to our best knowledge, yeast and
«redox-polymer—nanomaterial» composite combination is
not used for BOD detection.

Experimental
Reagents and materials

Ferrocenecarboxaldehyde (FC) (Sigma-Aldrich, Germany)
was used as electron transfer mediators. Bovine serum
albumin (Sigma-Aldrich, Germany) was used as the basis
of redox polymer. A working carbon-paste electrode was
formed using graphite of particle size 75 microns and high
purity 99.997% (Fluka, Germany), paraffin oil (Fluka, Ger-
many), and dialysis membrane with an MWCO of 14 kDa
(Roth, Germany). Biosensor measurements were carried
out in sodium—potassium buffer solution, pH 6.8 (33 mM
KH,PO, + 33 mM Na,HPO,, Diaem, Russia).

Cultivation of microbial cells

Blastobotrys adeninivorans VKM Y-2677 (B. adenini-
vorans) was provided by the All-Russian Collection of

Microorganisms, G.K. Skryabin Institute of Biochemistry
and Physiology of Microorganisms, Russian Academy of
Sciences, FRC PCBR RAS (Pushchino).

Microorganisms were grown using ES-20/60 orbital
shaker-incubator (BioSan, Latvia); TG16WS (Polikom Ltd,
Russia) and MiniSpin plus (Eppendorf, Russia) centrifuges.
Biomass was stored in microtubes at a temperature of — 25
°C. The yeast B. adeninivorans was cultivated in a medium
of the following composition: glucose, 1%; peptone, 0.5%;
yeast extract, 0.05%. Cultivation time was 18-20 h at a tem-
perature of 28 °C. Centrifugation was carried out at 7000g
for 10 min. A phosphate buffer solution, pH 6.8, was used
to prepare a cell suspension.

Synthesis of a redox-active polymer based
on BSA and mediator ferrocenecarboxaldehyde
and formation of a working electrode (BSA-FC)

To form a redox polymer, 0.5 g of BSA was dissolved in a
5-ml buffer solution. Then 0.05 g of ferrocenecarboxalde-
hyde was dissolved in 5 ml of acetone; this mix was poured
into the BSA solution. The produced solution was adjusted
to pH 9.3 by adding 5% K,CO;. Synthesis was carried out
for 1 h at a temperature of 30 °C. After that, 0.01 g of NaBH,
was added to the mix. The product was stirred using a mag-
netic stirrer for 10 min and kept at room temperature for
6 h. The pH value of the mix was adjusted to pH 6.5 for the
remaining NaBH, to decompose. Then the pH of the mix
was adjusted to pH 8.5 by adding a 0.1-M NaOH solution
by 20-pl portions. Further on, the mix was centrifuged at
3000 rpm for 20 min. The supernatant produced was dia-
lyzed by a phosphate buffer solution for 2 days at a tempera-
ture of 4 °C to separate the non-reacting ferrocenecarboxal-
dehyde. The produced redox-active polymer was dried to a
constant weight at a temperature of 60 °C.

To form a working electrode, the redox-active polymer of
0.0035 g was dissolved in 50 pl of phosphate buffer, pH 6.8;
then 7.5 pl of glutaraldehyde was added. The product in the
amount of 10 pl was applied onto a carbon-paste electrode
and left for a complete dry-out.

Modification of redox-active polymers by carbon
nanotubes and formation of a working electrode
(BSA-FC-CNT)

For modification of redox-active polymer, 100 pl of deion-
ized water was added to 0.5 mg of a suspension (0.5 wt
%) of single-walled carbon nanotubes (Carbon Chg, Cher-
nogolovka, Moscow Region, Russia) and left in an ultrasonic
bath for 15 min. The produced suspension in the amount of
10 pl was added to redox-active polymer at the preparation
of working electrodes.
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Immobilization of microorganisms into conducting
matrices and formation of biosensor working
electrode

To form a biosensor working electrode, 20 pl of a suspension
containing B. adeninivorans yeast (200 mg wet weight/ml)
was applied onto a redox-active polymer-modified electrode
and left for complete dry-out. Further on, one more layer of
conducting redox-active polymer was applied. After drying,
the electrode was coated with a dialysis membrane.

Biosensor measurements

Electrochemical measurements were conducted using an
IPC-Micro galvanopotentiostat (OOO NTF Volta, St. Peters-
burg, Russia). The applied potential was+250 mV. Measure-
ments were conducted in two electrode system with biosen-
sor working electrode and a saturated silver/silver chloride
(Ag/AgCl) reference electrode at a temperature of 20 °C; the
volume of the measuring cell was 5 cm®. The measurements
proceeded at the constant stirring of the solution by a mag-
netic stirrer (300 rpm). After a stable level of current was set-
tled on, a required amount of an investigated compound was
introduced into the cell. The cell was washed with a potas-
sium—-sodium—phosphate buffer, pH 6.8, after each measure-
ment. The measured parameter of the sensor response was the
current amplitude determined as a difference between the final
and initial values of current before and after adding analytes
into the measuring cuvette.

Current-voltage characteristics

Voltammograms were registered by a three-electrode system
using an Ekotest-VA voltammetric analyzer (OOO Ekoniks-
Ekspert, Russia) with the working electrode; a platinum
electrode was auxiliary and a saturated Ag/AgCl electrode
was used as a reference electrode. Cyclic voltammograms
were recorded at a scan rate of 20-100 mV/s in a potas-
sium-sodium—phosphate buffer, pH 6.8.

Electron microscopy

Thin layers of a platinum—carbon mix were sputtered onto
samples of redox polymer and composite material in a JEE-
4X vacuum evaporator (JEOL, Japan). Electron microscopy of
the specimens was carried out using a JSM-6510 LV scanning
electron microscope (JEOL, Japan) in a high vacuum mode at
the registration of secondary electron images.
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Determination of BOD by the dilution method

The dilution technique was used as a reference method for
determining BODjs. The analysis was carried out in accordance
with the method (ISO 5815-1:2003 2003; ISO 5815-2:2003
2003). The dissolved oxygen content was determined using
an Ekspert-001-4.0.1 BOD thermo-oximeter (OOO Ekoniks-
Ekspert, Russia).

Results and discussion

Optimization of the ferrocenecarboxaldehyde
and BSA ratio in a redox-active polymer

Based on previous studies, BSA modified with FC was
chosen as a redox-active polymer, since this system has
a high electron transport rate to the electrode: the hetero-
geneous electron transport rate constant is 0.45+0.01 s~
cm (Arlyapov et al. 2021). To increase the sensitivity of
receptor elements, the effect of the mediator amount in the
redox polymer on the electron transport rate was studied:
for this, redox polymers were synthesized with different
ratios of FC to BSA, 1:8; 2:7; 1:2. A further increasing
FC content in the polymer (4:5 and 5:4) is impractical,
since there are few reactive primary amino groups in BSA
(amino groups of lysine react, their content in the protein
is 9.8%). The more FC is taken for synthesis, the less free
primary amino groups in redox polymer. Due to the lack
of a sufficient unmodified primary amino groups amount,
the redox polymer does not crosslink with glutaraldehyde,
i.e., matrix with a network structure is not formed. For this
reason, such redox-active polymer is impossible to use for
microorganisms immobilization.

The electrochemical properties of the resulting redox pol-
ymers were studied by cyclic voltammetry. In redox-active
polymers, two limiting stages of electron transfer can be
realized: the “hopping mechanism” diagnosed by cyclic vol-
tammetry when the limiting current is directly proportional
to the square root of the scan rate, and the “surface reac-
tion”—the current is proportional to the scan rate (Nicholson
1965). In all the systems under study, the limiting stage is
the surface reaction; therefore, to find heterogeneous elec-
tron transfer rate constants, the Laviron model (Laviron
1979) was used, which, if the potential difference between
the anode and cathode peaks is more than 200 mV, makes
it possible to experimentally find the electron transfer coef-
ficient o and the heterogeneous electron transfer constant k..

For transfer coefficient determination, plots of the lin-
ear dependence of the anodic/cathode peak potential on the
logarithm of the scan rate (logv) were obtained, the slope is
— 2.3RT/anF for the cathode peak dependence and 2.3RT/
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Fig. 1 Determination of the heterogeneous electron transfer constant
of BSA-FC redox polymer by cyclic voltammetry. A Current—voltage
curve at carbon-paste electrode containing modified BSA with FC;
FC-BSA molar ratio is 2:7. B Calculated plot for the electron transfer
coefficients estimation according to the Laviron model

(1 — a)nF for the anodic peak dependence. The voltammo-
gram and transfer coefficients plots are presented in Fig. 1.

The calculated values of the transfer coefficients are
given in Table 1. Oxidation processes proceed at a much
higher rate than reduction processes for all redox-poly-
mer ratio, since the values of the coefficients for anodic
processes significantly exceed those cathodic processes.
Therefore, all systems are not reversible.

The heterogeneous electron transfer constants were cal-
culated by Eq. (1). Its values are given in Table 1

log (ks) =alog(l—a)+ (1 —a)loga
~log ( RT > _a(l —a)nFAE €))

nFv 2,3RT

where k, is the heterogeneous constant of the rate of the
electrochemical system (s‘1 cm); n, the number of electrons
involved; F, the Faraday constant (C/mol); v, the potential
scan rate (V/s); R, the universal gas constant (J mol/K); 7,
temperature (K); a, the cathodic transfer coefficient; (1 — a),
the anodic transfer coefficient; AE, the potential difference
between the anodic and cathodic peaks (V).

The highest electron transfer rate constants were obtained
with FC to BSA ratio of 1:2. Therefore, this ratio is the most
optimal, and it was chosen for further study of the nano-
materials effect on the electrochemical properties of the
composite material. Obtained heterogeneous constants are
lower than for polymers applied for energy storage (Patil
et al. 2021; Claire et al. 2018), but can be used for biosensor
development.

Choosing the CNTs’ amount

After electrode modification with a redox-active polymer by
CNTs, the effective surface area of the electrode increases.
In addition, nanotubes connect covalently bonded media-
tors in the redox polymer (Fig. 2), and increase the electron
transport rate.

The structures of composite materials were studied by
scanning electron microscopy. Their images are shown
in Fig. 3. The pore sizes make it possible to immobilize
microorganisms.

To determine the optimal ratio of CNTs, cyclic cur-
rent—voltage dependences were recorded for BSA-FC redox
polymer using different amounts of CNTs: specific density

Table 1 Selection of the FC-BSA ratio for the formation of a redox-active polymer, taking into account the electrochemistry of electron trans-

port processes

The FC-BSA ratio

Transfer coefficient (a)

Heterogeneous constant k, s

Anode process

Cathode process

1:8 0.9835+0.0001
2:7 0.9796 +0.0003
1:2 0.9827 +0.0003
[Moz(isonicotinate)4]0/’1 (Claire et al. 2018) 0,5

Poly(catechol) copolymer (Patil et al. 2021) -
Poly(catechol) homopolymer (Patil et al. 2021) -

0.0163 +0.0002 0.42+0.02

0.0147 +0.0004 0.43+0.03

0.0114 +£0.0003 0.45+0.01

0,5 1.49 (Claire et al. 2018)
- 47.5 (Patil et al. 2021)
- 8,6
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Fig.2 The mechanism of electron transfer to the electrode: A in a
redox-active polymer; B in the "redox-active polymer—CNT" compos-
ite

of CNTs at the electrode: 0.2, 1.2, 2.5, 3.7, and 5.0 pg/mmz.
The current—voltage plots for composite with different
amounts of CNT are shown in Fig. 4.

Adding different CNTs amounts, the nature of the limit-
ing stage does not change, which made it possible to apply
the Laviron model to calculate the transfer coefficients and
the heterogeneous rate constant according to Eq. (1). The
obtained values are presented in Table. 2.

After adding CNTs, the heterogeneous electron trans-
fer constant increases, since nanotubes connect covalently
bonded mediator molecules in the polymer (Liang et al.
2011). The constant increases up to 0.55+0.01 s~! cm,
and then it starts to decrease. This is explained by the fact
that the amount of the mediator is limited, and after all,
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possible connections between mediator have already been
created, CNTs disrupt the matrix structure. The rate con-
stants for other composite are given in Table 2, modifica-
tion with CNTs has insignificant kinetic limitations com-
paring other studies (Wang et al. 2019; Niu et al. 2018).
The highest value of the heterogeneous electron transfer
rate constant is observed at the specific density of CNTs
of 2.5 ug/mm?. Therefore, this amount is the most optimal
for the microorganisms immobilization and microbial bio-
sensors creation.

Yeast immobilization into the developed composite
material

The B. adeninivorans BKM Y-2677 strain is quite promising
for BOD assessment, since it has a wide substrate speci-
ficity and high salt tolerance (Chan et al. 1999; Kharkova
et al. 2021). To reveal the general regularities of electron
transport by redox-active particles to the working surface of
the indicator electrode, the efficiency of bioelectrocatalytic
oxidation of glucose by B. adeninivorans microorganisms in
the presence of a ferrocene mediator (Kharkova et al. 2021),
a redox-active polymer, and a composite material was esti-
mated. The proposed mechanism of electron transport from
substrate (analyte) to the electrode in receptor system based
on immobilized B. adeninivorans yeast in BSA—FC-CNT
composite is shown in Fig. 5.

Yeast oxidizes substrate (analyt) by Eq. (2). Redox-active
particles interact with the yeast by Eq. (3) and transfer elec-
trons to the electrode by CNTs according to Eq. (4).

S (analyt) + E (B. adeninivorans) — P + E,4(B. adeninivorans)

(@)

E q(B. adeninivorans) + M, (redox — active polymer)

&)

:ig‘ M, q(redox — active polymer) + E, (B. adeninivorans)

M,.q(redox — active polymer) — M, (redox — active polymer) + ne

C)
where S (analyte) is substrate (glucose); P, product; E,, (B.
adeninivorans) and E,.4 (B. adeninivorans), oxidized and
reduced forms of the enzymes of the yeast B. adeninivorans;
M, .4 (redox-active polymer) and M, (redox-active polymer),
oxidized and reduced forms of the mediator—redox-active
particles of polymer; né, the number of electrons transferred
to the electrode; k;,,, constant of the rate of interaction
between the mediator and biomaterial.

The electron transport efficiency after yeast immobili-
zation in a composite material was studied by cyclic vol-
tammetry (Fig. 6A) and the constant redox-active particle
interaction with yeast k;,, in Eq. (3) was calculated using
Nicholson and Shain method (Nicholson and Shain 1964).
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Fig.3 Scanning electron micrographs of A carbon-paste electrode; B »

CNTs; C FC-BSA redox polymer; D BSA-FC-CNT composite

The high value of rate constant provides successfully com-
pete redox-active particles with the dissolved oxygen, as
natural electron acceptor, deaeration during the biosensor
analysis is not required. For constant determination, all
experiments were carried out under substrate concentration
excess conditions: the final concentration of glucose was
50 mM, and in this case, reaction (2) is not rate-limiting.
Linear dependence of the limiting current on the root of
the scan rate v!? in the electrode—composite material/redox-
active polymer—microorganisms—substrate system (Fig. 6B)
indicates that the generated current is diffusion limited.
Thus, the Nicholson—Shine model is applicable to the stud-
ied systems and the constant of interaction between yeasts
and the redox-active particles of polymer can be found using
Eq. (5) by slope of the linear regression the dependences of
the ratio of the limiting anodic currents in the presence and
absence of substrate, (,/1,), on the value of 1012,

I | ki [EIRT
I_k =4 (5)
f nFv

where [ is the limiting current in the presence of substrate;
1,, the limiting current in the absence of substrate (A); ki,
the rate constant of the interaction of the polymer redox-
active particles and yeast (dm*/mg s); R, the universal gas
constant (J/mol k); T, temperature, degrees Kelvin (K); [E],
the titre of cells (mg/dm3); v, the potential scan rate (V/s);
n, the number of transferred electrons; F, Faraday constant
(C/mol).

The obtained values of the interaction constants of the
mediator ferrocene, redox-active polymer BSA-FC, com-
posite material BSA—FC-CNT with B. adeninivorans yeast
are presented in Table 3.

Based on the obtained constants, it should be noted that
the B. adeninivorans yeast immobilization into a redox-
active polymer and a composite material is promising for
further use in mediator bioelectrocatalysis. The resulting
interaction constants exceed similar constants for a system
based on P. yeei bacteria (Arlyapov et al. 2021); after add-
ing nanomaterials to the systems, the interaction constant
increases by an order, probably it is due to the ability of
CNTs to penetrate into the cell (Mohanta et al. 2019), and
as the result, the efficiency of electron transport increases
in the receptor element. Thus, for the BOD receptor sys-
tem formation, the BSA—FC-CNT composite material was
chosen, since, in this system, high rate of interaction with
eukaryotes and a high rate of interaction with the electrode
were achieved.
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Fig.4 Current-voltage curve for carbon-paste electrode containing
modified BSA with FC, FC-BSA molar ratio is 1:2, and CNTs with a
specific density of 2.5 (curve 1), 1.2 (curve 2), 0.2 (curve 3) pg/rnm2

Selection of yeast specific density at the electrode
and electrolyte pH for the receptor system
operation

The yeasts specific density at the electrode and electrolyte
pH impact on the biosensor current. The higher the analyti-
cal signal, the higher the sensitivity of the biosensor. Opera-
tion value of yeast specific density was determined as value
corresponding to maximal analytical signal by dependences
of biosensor responses on this parameter (Fig. 7A). Biosen-
sor responses increase, when the yeast specific density on
the electrode surface grows from 0.05 up to 0.1 mg/mm?>.
This fact is corresponding to systems with the enzyme elec-
trocatalytic oxidation, where current is directly proportional
to the concentration of the enzymes per electrode surface
area unit (Ikeda et al. 1996). If the yeast specific density
on the electrode surface is more than 0.1 mg/mm?, the bio-
sensor responses decrease. The thickness of the biocatalytic

s

8

3

o
Analyt @
Product

~___ BSA

r\ - electron transport
m - biochemical reaction

Fig.5 Proposal mechanism of electron transport from substrate (ana-
lyte) to the electrode in receptor system based on immobilized B.
adeninivorans yeast in BSA—-FC-CNT composite

layer has increased and lead to a diffusion limitation for the
glucose transport to the enzyme active sites (Akyilmaz et al.
2020). Thus, 0.1 mg/mm? was chosen as the working value
for the biomass specific density.

Electrolyte pH affects the yeast enzymatic system activity,
therefore has an impact on biosensor response. In research
(Babkina et al. 2006) was noted that the optimum electrolyte
pH for the mediator biosensor depends not only microorgan-
ism, but also on the chosen mediator. Operation value of elec-
trolyte pH was determined as value corresponding to maximal
analytical signal by dependences of biosensor responses on
this parameter in the pH range from 5.6 to 7.8 (Fig. 7B).

The electrode reaction with ferrocene in composite material
occurs without the protons’ participation, its effect on the shift
of pH optimum is insignificant: an optimum is reached at pH
equal to 6.2. It is the same for ferrocene system (Kharkova
et al. 2021) and mediatorless biosensor (Yudina et al. 2015)

Table 2 Choosing the optimal amount of CNTs for the formation of a composite material based on a redox-active polymer and nanoparticles,

taking into account the electrochemistry of electron transfer processes

Specific density of CNTs ug/mm?

Transfer coefficient (a)

Heterogeneous trans-

fer constant ks, s~

Anode process

Cathode process

0.2
1.2
2.5
3.7
5.0

Gold nanotriangles modification of a carbon ionic liquid electrode
(Niu et al. 2018)

Graphene—graphene oxide nanocomposite (Wang et al. 2019)

0.9798 +£0.0001 0.0225 +£0.0002 0.49+0.02
0.9810+0.0002 0.0174 £0.0001 0.51+0.04
0.9837 +£0.0003 0.0119+0.0001 0.55+0.01
0.9826 +0.0004 0.0154 +0.0001 0.43+0.02
0.9855+0.0003 0.0144 +0.0001 0.42+0.02
0.49 - 1.01 (Niu et al. 2018)
0.52 - 3.5 (Wang et al. 2019)
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Fig.6 Determination of the mediator interaction with B. adeninivorans
yeast rate constant by cyclic voltammetry. A Current—voltage curve elec-
trode with immobilized B. adeninivorans yeast in "BSA-FC-CNT" com-
posite at a scan rate of 10 mV/s: in the presence (curve 1) and absence
(curve 2) of glucose; B determination of the limiting stage according to
the dependence of the peak current on the root of the scan rate v'/2 in the
system "yeast B. adeninivorans—"BSA-FC-CNT" composite—glucose"

based on B. adeninivorans yeast. Thus, the working value of
the pH of BSA—FC—CNT biosensors depends on the nature of
used biocatalyst—the yeast B. adeninivorans.

Analytical and metrological characteristics
of the BSA-FC-CNT biosensor for BOD
determination

For BOD biosensor analysis, it is necessary that the developed
system registers oxidations of as a broad range of organic sub-
strates; therefore, substrate specificity of the receptor element
based on BSA—FC—CNT composite was studied and compared
with ferrocene system (Kharkova et al. 2021). Substrate speci-
ficity is shown on Fig. 8.

It should be noted that the amount of registered substrates
does not decrease after changing of yeast immobilization,
which indicates the composite material is the most biocom-
patible and allow registering of the wide range of organic
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Fig.7 Dependence of the sensor response in the system of B. aden-
inivorans yeast, immobilized in the composite material "BSA-FC—
CNT" on A the specific density of the biomass on the electrode; B pH
of the electrolyte solution

compounds oxidation by B. adeninivorans yeast, which
ensures the correlation with standard BOD5 method.

To quantify measurement of the analyzed substances con-
tent in the sample,a hyperbolic dependence of the biosensor
response on BOD; was obtained (Fig. 9), which was approxi-
mated by the Michaelis—Menten equation (Eq. 6).

Al %151
T Ky + 5] ©

where Al is the rate of the enzymatic reaction, pA; Al ,,
is the maximal rate of the enzymatic reaction, pA; Ky, is
the apparent Michaelis constant, mg/dm3; [S] is the initial
concentration of the substrate, mg/dm?>.

The metrological characteristics were determined from
the calibration dependence of the analytical signal on BODj
(Fig. 9). The Michaelis constant was 19+ 1 mg Oz/dm3, the
lower limit of the determined concentrations was 1.5 mg O,/
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Table 3 Rate constants

. . Conducting system
of interaction of electron

Constant of the rate of interaction mediators with microorganisms, dm>/(g s)

transport mediators with P.

B. adeninivorans yeast

P. yeei bacteria

yeei bacteria (Nicholson 1965),

and mediators with yeast B. BSA-FC 0.056+0.005 0.051+0.004 (Arlyapov et al. 2021)
adeninivorans founded in this BSA-FC-CNT 0.51+£0.02 0.055+0.001 (Arlyapov et al. 2021)
work Ferrocene 0.011+0.005 (Kharkova et al. 2021)  0.023+0.001 (Kharkova et al. 2020)

dm?. All the characteristics of the developed biosensor based
on the B. adeninivorans yeast immobilized in a composite
material and analogues BOD biosensors are shown in the
Table 4.

According to the obtained data, it can be noted that the
lower limit of the determined BOD; concentrations of the
developed biosensor based on BSA—FC redox-polymer and
CNTs exceeds many some analogues. Despite the fact that
the lower limit of the developed biosensor is higher than
some development model, the sensitivity of the proposed
device allows sample analysis that contain lower than maxi-
mum allowable concentration BODs;. CNTs make it possible
to increase the efficiency of electron transfer by increasing
the heterogeneous electron transfer constant and the inter-
action constant, providing better acceptor properties from
eukaryotic cells, while the use of a second mediator is not
required, which simplifies the analysis.
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Analysis of real water samples by the developed
biosensor and by the standard BOD; detection
method

Biosensor based on B. adeninivorans yeast immobilized in
BSA-FC-CNT composite was tested on nine real samples of
the Tula region's surface waters (Fig. 10). Sampling proce-
dure and BOD; determination by the standard method were
carried out according to standard protocols (ISO 2003a,b).

Modified Student’s 7 test showed that the data obtained
by both methods (developed biosensor and standard tech-
nic) differed insignificantly. The biosensors formed on
BSA-FC redox-polymer and CNTs have a high correlation
(R=0.9945) with the results of the standard method for
BOD determination. The developed biosensor can be used
as an alternative to the standard assay.

]
o
Em———
o

e ]
=

]
=t
—
-
_—
-

serine
urea

EDTA ==

glycine
potassium benzoate

arginine

glycerine
glutamine ="
glutamine acid
tyrosine
p-nitrophenol
methanoic acid =%
acetic acid
formaldehyde

asparagine acid
2 4-dinitrophenol
sodium dodecyl sulphate ——

Fig.8 Substrate specificity of B. adeninivorans yeast immobilized in the composite and in the presence of ferrocene mediator (Kharkova et al.
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Fig.9 Calibration dependence of the sensor response on the concen-
tration of BODj for the biosensor based on the B. adeninivorans yeast
immobilized in a composite

Conclusion

The study proposes applying composite material based on
BSA modified with FC for the immobilization of the B.
adeninivorans yeast. On the basis of electrochemical stud-
ies, the optimal ratio for obtaining a redox-active polymer
was found—the ratio of FC to BSA 1:2, since the hetero-
geneous electron transfer constant is 0.45+0.01 s~'. When
carbon nanotubes are added to this polymer, the heteroge-
neous electron transfer constant increases since the nano-
tubes act as bridges between mediator covalently bonded
with the BSA. The largest constant (0.55+0.01 s~!) cor-
responds to the CNT specific density of 2.5 ug/mm?. The
rate constants for developed composite show some insig-
nificant kinetic limitations comparing other studies (Wang

R =0.9945

mgO,/dm?
I

BODjs (biosensor measurement),
~

0 T T T T T T
0 2 4 6 8 10 12 14

BOD; (standard method measurement), mgO,/dm?

Fig. 10 Linear dependence of the results of BOD; determination
obtained by the standard method and using the developed biosensor

et al. 2019; Claire et al. 2018; Niu et al. 2018; Patil et al.
2021).

Addition of nanomaterials, not only increases the rate
of electron transport to the electrode, but also the rate of
interaction with eukaryotes (the interaction constant with
the biomaterial is 0.51 +£0.02 dm3/(g s)), which makes
it possible to effectively use this biomaterial in a single
mediator system. It is shown that the composite material
does not change the optimal pH value for yeast, i.e., 6.2.

The effective use of the developed receptor element
for the determination of BODy was shown: the BODj lin-
ear range is 1.5-19 mg/dm?, which allows analysis to be
carried out within the maximum allowable concentration
BOD;. The limit of detection is 1,5 mg/dm3 that is less
than it is for literature analogues: 20 mg/dm? (Zhao et al.
2021), 3 mg/dm? (Hu et al. 2016), 4 mg/dm® (Hu et al.

Table 4 Comparative analytical and metrological characteristics of mediator biosensors

Biomaterial Conducting system BOD;s linear Assay time, References

range, mg/dm’ min
B. adeninivorans BSA-FC-CNT 1.5-19 This work
P. yeei BSA-FC-CNT 0.1-2 Arlyapov et al. (2021)
B. adeninivorans Ferrocene—neutral red 0.16-2.7 12 Kharkova et al. (2021)
S. cerevisiae Potassium hexacyanoferrate (IIT)-vitamin K3 20-225 20 Zhao et al. (2021)
B. subtilis Potassium hexacyanoferrate (II1)-graphene—polypyrrole 4-60 15 Hu et al. (2017)
P. aeruginosa Potassium hexacyanoferrate (III)-polypyrrole 5-100 10 Hu et al. (2015)
P. aeruginosa Poly-neutral red—polypyrrole 3-100 20 Hu et al. (2016)
Active sludge Methylene blue—graphene 1-100 9 Niyomdecha et al. (2017)
C. violaceum Potassium hexacyanoferrate (IIT) 20-225 30 Khor et al. (2015)
Biofilm - 20-800 7 Liu et al. (2014)
B. subtilis Carboxyl graphene 2-15 3 Lietal. (2017)
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2017). Assay time is 5 min in contrast to the one shown
in the literature where the time of analysis is 20-30 min
(Zhao et al. 2021; Hu et al. 2016; Khor et al. 2015). Analy-
sis of water samples showed that the use of immobilized B.
adeninivorans yeast in a composite material allows obtain-
ing data that have a high correlation with the results of the
standard method (R =0.9945). The proposed combination
of microorganisms and a conducting system can be used
in the future to create a prototype BOD biosensor, the sen-
sitivity of which will not be inferior to known analogues.
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