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Abstract: A biosensor for the determination of glucose, lactate, ethanol and starch in
beverages has been developed using enzymes immobilized by a redox-active gel on a
screen-printed electrode. A significant improvement proposed for multichannel biosensors,
overcoming stability and sensitivity issues by covalently binding phenazine mediators
to a biocompatible protein hydrogel, enhancing the packaging of the enzyme. Glucose
oxidase (GOx), alcohol oxidase (AOx) and lactate oxidase (LOx) were used as biological
materials, as well as a mixture of GOx with y-amylase (Am). Redox gels were synthesized
from bovine serum albumin (BSA) and phenazine derivatives. It was shown that a neutral
red-based redox gel combined with single-walled carbon nanotubes is more promising
than other substrates for enzyme immobilization. The lower limit of quantification for
glucose, ethanol, lactate and starch using these systems is 0.035 mM, 2.3 mM, 15 mM and
2 mg/L, respectively. Biosensors were used to analyze the content of these substances in
alcoholic, kvass and fermentation mass. Statistical analysis of the results showed that the
values of glucose, ethanol, lactic acid and starch determined using biosensors and obtained
by reference methods differ insignificantly. A set of biosensors developed on the basis of
specifically selected enzymes is effective for controlling biotechnological processes and can
be used as an alternative to classical analytical methods.

Keywords: redox-active gel; BSA g; phenazines; food quality assessment

1. Introduction

Ensuring food safety through simple and rapid screening for contaminants is critical
in protecting human health [1,2]. Traditional methods of food testing frequently rely on
laboratory procedures (Mass Spectroscopy, High-performance Liquid Chromatography
(HPLC), Nuclear Magnetic Resonance, Polymerase Chain Reaction, Enzyme-linked Im-
munosorbent Assay, Lateral Flow Devices), which can be labor-intensive and may delay
the detection of potential hazards, thereby increasing the risk of consumer exposure to
harmful substances [3—-6]. Amperometric biosensors are an effective tool for rapid quality
monitoring, allowing almost instant detection of small changes [3]. Such devices can be
portable and adapted to monitor a variety of substances, making them versatile for quality
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control [7]. In general, enzyme-based amperometric biosensors provide high efficiency and
reliability under conditions where speed and accuracy of analysis are critical [8] (Figure 1).
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Figure 1. The development of a rapid system for food product evaluation to monitor starch,
lactate, ethanol and glucose in food products: (A) Advantages of HPLC. (B) Developed
four-channel biosensor.

To date, many electrochemical glucose detection platforms have been developed for
disease diagnosis and food quality monitoring. The GOx enzyme often forms the basis
of a biosensor for glucose detection, providing high stability to pH and temperature and
selectivity [9,10]. Although there are many glucose-oxidase-based sensors and disposable
glucose detection devices on the market, portable and durable glucose monitoring devices
that provide continuous detection are still in high demand because of low long-term
stability [11-16]. Amperometric biosensors for ethanol based on the use of the enzyme
AOx are widely used as an alternative to standard control methods [17,18]. The main
physiological function of the AOx enzyme is methanol oxidation, it also has the ability to
oxidize other short-chain alcohols, such as ethanol, propanol and butanol [18]. The study by
Stasyuk et al. confirms the effectiveness of using immobilized enzymes with nanoparticles
of PtCu and 3,3’ 5,5 -tetramethylbenzidine for ethanol analysis in beverages, with an
ethanol detection range of 10-150 pM. The system was tested on three wine samples [17].
The development of multiplex biosensors, which can simultaneously detect several analytes
in a single sample, has generated significant interest owing to their potential to provide
a more comprehensive analysis with greater economic efficiency [19]. A two-channel
biosensor for detection of ethanol (0.1-0.9 mM) and glucose (0.01-0.15 mM) in grape
must and wine [20] has also been investigated. The biosensor consisted of two electrodes,
modified with carbon microfibers, hemin and gold nanoparticles, and each analyte used
AOx or GOx enzymes fixed with Nafion membrane.

Lactic acid is a food additive (E270). The level of lactate in food products is an impor-
tant indicator of the degree of fermentation. The maximum amount of this additive is set
for nectars only (5 g/L). For the rest, it is set according to technical documentation [21].
Amperometric enzyme biosensors are being developed using the enzymes lactate dehy-
drogenase [18,22] or LOx [23-25] to determine lactate levels. In the study [22], a chip with
several sections for immobilized enzymes was developed and used for multi-control fer-
mentation process and propionate (0-1.5 mM), acetate (0-1.4 mM), D-Lactate (0-2.5 mM),
L-Lactate (0-2.0 mM), Formate (0-3.0 mM) and Ethanol (0-1.5 mM) determination. De-
spite the advantage of simultaneous analysis of a complex sample, the composition of the
electrolyte is quite complex: thiamine pyrophosphate, MgCl,, flavin adenine dinucleotide
disodium salt, phospho(enol)pyruvic acid monopotassium salt, Adenosine 5'-triphosphate
disodium salt, acetyl-CoA and potassium ferricyanide.
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Starch is used widely in the food industry as a thickener, binder and filler. It is also
used in baby and dietary foods and soft drinks. Its content in food is usually regulated by
quality and safety standards. The content of starch used as a preservative in food products
should not exceed 50 mg/kg [21]. The maximum starch level in baby formula should
be no more than 20 g/L [21]. In complementary foods, it should be 50 g/kg or less [21].
Despite the rare development of amperometric biosensors for starch determination, Liu
et al. propose a new method that uses a specific enzyme for starch hydrolysis, which allows
it to be analyzed amperometrically in the range of 50-3500 mg/L [26]. Thus, research in the
field of enzyme-based amperometric biosensors continues to evolve, developing systems
that allow analysis of several components simultaneously [27].

Based on recent reviewers [1-7,28,29], there are two challenges for an enzymes-based
biosensor. The first one is that biosensor systems are mainly used for the assessment
of a single component [6]. Previously, our research group created laboratory models
of multichannel biosensors, but they were characterized by low stability and sensitivity
due to the constant leaching of the mediator from near-electrode spaces [30,31]. The
second challenge is low long-term stability, and most of the reported investigations are
not measured this parameter [6]. In this paper, this problem is proposed to be solved by
covalently binding phenazine mediators to a biocompatible protein hydrogel in which the
enzyme is packaged. Thus, the aim of this work is to develop an amperometric biosensor
that allows continuous analysis of four components: lactate, ethanol, glucose and starch.
The analysis is based on the reactions of these components with enzymes, including GOx,
LOx, AOx and a mixture of Am and GOx immobilized in a composite material of redox-
active gel and carbon nanoparticles. The use of redox polymers in combination with
nanoparticles improves electrical conductivity and the kinetics of electron transfer through
immobilized enzymes [32]. Biocompatible polymers and nontoxic redox particles improve
the stability of enzymes and therefore improve the performance of the biosensor [33].

2. Results and Discussion
2.1. Design of a Biosensor for Monitoring Glucose, Ethanol, Lactate and Starch

In this work, the development of a 4-in-1 biosensor based on enzyme-printed elec-
trodes for the determination of glucose, ethanol, lactate and starch is investigated. Enzymes
from the oxidase class were used to create electrodes for the detection of glucose and
lactate. GOx was chosen as the primary enzyme for glucose determination, as it has a
high specificity for 3-D-glucose and catalyzes its oxidation to gluconeolactone. For ethanol
detection, printed electrodes were modified with AOx, which is not as specific as GOx but
simplifies the process by not requiring the addition of cofactors that cannot be immobilized.
The lactate content was determined using printed electrodes modified by LOx. To assess
starch levels, a combination of Am and GOx was used in printed electrodes. Am catalyzes
the hydrolysis of 3-glucose from the non-reducing end of amylose and amylopectin by
cleaving «-1,4, -1,6 and «-1,3 glycosidic bonds. The resulting glucose is then oxidized
at the electrode using GOx to gluconolactone. For glucose, lactate and ethanol detection,
enzymes are mixed separately into distinct gel preparations, with each formulation applied
to individual electrodes for specific analyte detection. GOx with y-amylase is combined
into distinct gel preparations and applied to individual electrodes for starch detection
(Figure 2).
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Figure 2. Design of a biosensor and component receptor elements for the analysis of glucose, lactate,
starch and ethanol.

To register the analytical signal formed due to the interaction of enzymes with the
components being determined, the working electrode was modified by immobilizing
enzymes in a composite based on carbon nanotubes and redox-active gel obtained by
modifying the BSA gel with electroactive compounds—phenazine derivatives. Redox gels
based on these compounds are characterized by rapid electron transfer and electrocatalytic
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activity, and are, therefore, frequently used to develop electrochemical biosensors [34-39].
The introduction of carbon nanotubes into the composite allows the increase in electrical
conductivity in the system and retains the enzyme on the electrode surface, which helps
to improve the characteristics of the biosensor [40,41]. The presence of functional groups
(amino groups) in phenazine and BSA molecules allows the formation of redox-active gel
using glutaraldehyde. It should be noted that the successful use of redox-active polymers
BSA and neutral red forms a biosensor to assess BOD and toxicity [38] and that BSA and
safranin are used to assess the phenolic index [39].

Taking into account the advantages of redox-active polymers based on BSA, phenazine
compounds are capable of mediating electron transfer from active enzyme centers to the

electrode surface and carbon nanotubes, and a new type of reagent-free biosensor for glucose,
lactate, ethanol and starch based on a BSA-neutral red/CNT composite was developed in this
work. Each stage of formation is described below and illustrated in Figure 3.
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Figure 3. Steps in the development of a 4-in-1 biosensor for food monitoring using bionanocomposites:
(A) The 1st step is a redox-active gel formation. (B) The 2nd step is nanocomposite formation. (C) The
3rd step is biosensor formation.

2.2. Formation of a Redox-Active Gel

Figure 4 shows the results of applying all the methods used to analyze the chemical
structure of the redox-active gel of BSA-NB. The modification of BSA with electroactive
phenazines was confirmed by IR and Raman spectroscopy (Figure S1): an absorption band
at 1600 cm~! appears in the IR spectrum of the redox-active polymers, which corresponds
to the stretching vibrations of the C=N imine bond of the Schiff base, which is consistent
with earlier studies [38—42]; strong fluorescence of the polymer is observed in the Raman
spectra, indicating that new gel units have been formed, in contrast to the original pure
substances (Figure S2). The change in the surface structure of the developed electrodes was
assessed using SEM micrographs. The polymer structure obtained after cross-linking the
molecules of phenazine and BSA derivatives with glutaraldehyde is monolithic, contains
small pores and is capable of firmly holding enzyme molecules without interfering with
the diffusion of substrates and metabolites (Figure S3).

The electrochemical properties of bioelectrodes based on redox-active gel were studied
using cyclic voltammetry (Figures S4 and S5) and impedance spectroscopy (Figure S7).
Electron transfer in the redox gel occurs through the process of hopping electron transfer
between mediator molecules. This process can be limited by either the hopping stage or
the step of electron transfer from the mediator to the electrode surface, which is known as
the surface reaction at the electrode [43].

To evaluate the electron transfer by redox-active polymers, the constants of hetero-
geneous electron transfer and the rate constant of interaction between the redox polymer
and the GOx enzyme, ki, were obtained (Table 1). The Laviron model was used to cal-
culate the rate constants of heterogeneous electron transfer (Text S1, Equation (S1)). The
Nicholson-Shine model was used to calculate the rate constant of interaction between the
redox gel and GOx (Text S2, Equation (S2)). The obtained data (Figures 54-5S6) made it
possible to quantitatively measure the rates of the individual stages of electron transfer in
biosensors and thus, evaluate the efficiency of interaction between the enzyme, redox site
and electrode (Table 1).
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Figure 4. Formation of redox-active gel BSA-NB: (A) IR spectra of initial monomers and polymers,
(B) Raman spectra of initial monomers and polymers, (C) SEM of polymer, (D) EDX of polymer,
(E) Impedance spectra, (F) Change in cyclic voltammograms before (purple line), and after (orange
line) adding glucose into the system.
Table 1. Electrochemical parameters of redox-active gels.
Results of Cyclic Voltammetry Impedance
Redox Gel
E, B ks, s 1 Kint, L/mol-s Rs, Ohm Cdl, uF x4 Rct, MOhm
BSA-NB 0.5 0.024 £ 0.006 6300 £ 1200 295 0.08 0.92 10
BSA-NR —-0.7 0.0012 + 0.0001 5840 + 60 264 0.09 0.91 3.6
BSA-TH -0.3 0.0090 =+ 0.0006 2000 £ 100 298 0.07 0.92 12
BSA-CB —-0.5 0.018 £ 0.004 2300 £ 100 257 0.10 0.89 6.6
BSA-TB —-0.6 0.00077 £ 0.00004 - 261 0.15 0.89 1.8
BSA-PHN -0.5 0.00010 = 0.00005 2000 £ 100 311 0.12 0.89 1.5
BSA-SN —0.6 0.0116 % 0.0006 4300 £ 300 292 0.07 0.93 55
BSA-AA -0.3 0.045 + 0.002 129+ 6 276 0.18 0.94 14
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The obtained results show that NB and NR can be distinguished as the most effective
modifications of BSA for the formation of redox-active polymers based on the interaction
rate constants. The average electrolyte resistance Rs was 282 Ohm. The double electric
layer of all polymers has a similar roughness «dl, with a low capacity of 0.07-0.18 pF. The
lowest charge transfer resistance is observed for redox polymers based on BSA and the
mediators neutral red, toluidine blue, phenosafranin and azure, respectively. Based on
the obtained data, two mediators can be distinguished: neutral red (by high values of the
heterogeneous rate constant, interaction constant and charge transfer resistance) and NB
(by high values of the heterogeneous rate constant and interaction constant) for the creation
of nanocomposites based on them.

2.3. Formation of a Nanocomposite Based on Redox-Active Gel BSA-NR and BSA-NB

Carbon nanomaterials, used as electrode surface modifiers, are known for their ability
to have a positive effect on conductivity and sensitivity due to the formation of conductive
carbon frameworks in the volume of composite material. However, it has been found that
in some cases, carbon materials can have an inhibitory effect on enzymes and can lead to a
4-5-fold decrease in activity [44]. The biocompatibility of the gel is crucial in maintaining
the native structure and functionality of enzymes embedded within it. A biocompatible
gel provides a non-toxic, supportive microenvironment that preserves enzyme activity by
preventing denaturation or degradation [45]. This environment can regulate enzymatic
functions by allowing proper substrate diffusion and maintaining optimal conditions such
as pH and ionic strength [46]. From this perspective, biocompatibility of redox-active gel
and composites is extremely important. In the presence of nanotubes, rates of electron

transfer to electrodes and interaction of redox-active polymer particles with enzymes were
observed (Figures 5 and 56-510).
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Figure 5. Formation of the BSA-NR-CNT composite: (A) SEM image of the gel. (B) EDX analysis
of the gel. (C) Changes in cyclic voltammetry upon the introduction of glucose into the system.
(D) Impedance spectroscopy.
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The parameters found are presented in Table 2.

Table 2. Rate constants of interaction of mediators with the enzyme for printed electrodes.

Parameter BSA-NB-CNT BSA-NR-CNT Grapl};zr;gc?nde Electrode Based on
aramete /BSA-NB /BSA-NR : Gold Nanoparticles [48]
Nanocomposite [47]
Rate constant of
heterogeneous 0.022 + 0.001 0.0020 = 0.0001 35 101
electron transfer, /0.024 4+ 0.006 /0.0012 £ 0.0001 ’ ’
(sm-s~1)
Eiteer;f;s;ai‘vtlt"}f 2000 + 300 17,000 + 2000 B Py
/6300 + 1200 /2840 + 60

GOx, L/mol-s

- * Data not specified.

It should be noted that, with the introduction of carbon nanotubes, the rate constant
for heterogeneous electron transfer did not change when polymers based on NB were used.
When using redox gel based on NR, however, the rate increased by almost 2 times due
to the nanotubes’ ability to provide electron transfer between the electroactive regions of
the polymer where electron transfer had been kinetically hindered [49]. It should be noted
that, in the case of using a composite based on BSA modified with NB, the introduction of
nanomaterials reduces the rate of interaction between redox particles and the enzyme. In
the case of BSA modification with NR, this rate increases significantly. However, the process
of electron transfer to the electrode in this system is inferior to that of other electrochemical
systems [47,48]. Nevertheless, the high rate at which the enzyme interacts with redox
particles when using a composition based on BSA-NR indicates the promise of its use in
analytical systems. When analyzing impedance spectra after introducing nanoparticles into
the system, Rct values decrease, indicating faster electron transfer. Therefore, a composition
of BSA-NR and carbon nanotubes is used for these enzymes.

The rate constants of interaction of the BSA-NR gel with other enzymes are presented
in Table S1. For the first time, the interaction constants for the enzymes AOx, LOx and a mix-
ture (Am + GOx) for nanocomposite materials based on BSA were determined. Moreover,
the enzyme GOx has the highest rate constant of interaction in the developed conducting
system (17,000 L/mol-s). Efficient bioelectrocatalysis was confirmed by impedance spec-
troscopy: the Rct value decreased upon the addition of the substrate to the cell, and by
amperometry: at a given potential in the system, an analytical signal was generated, the
value of which depended on the concentration of the introduced analyte.

2.4. Selection of Operating Parameters

In order to create a biosensor for monitoring food product quality, it is necessary to
select operating parameters for receptor elements, such as analysis temperature, pH of
working electrolyte and concentrations of buffer salt solution. To this end, the biosensor
response was recorded as change in current before and after the introduction of a component
under investigation (Figure 6). Temperature has a significant impact on enzyme biosensor
performance, so changes in biosensor responses were studied when the temperature varied
from 1 to 60 °C (for starch up to 70 °C). All measurements were conducted in a thermo-
regulated cell. Temperature in the cuvette was adjusted using a measuring probe. Data for
other enzymes are presented in Figure S11.
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Figure 6. The effect on the analytical signal of the bioreceptor element based on GOx: (A) Temper-
ature, (B) pH, (C) Concentration of buffer solution salts, (D) NaCl content, (E) Presence of heavy
metal ions (control sample without added heavy metals, 10 maximum permissible concentrations
(MPC)—concentration exceeding 10 times the permissible values, 100 MPC—concentration exceeding
100 times the permissible values.

From the obtained dependencies, it follows that when analyzing for glucose content,
the maximum response of the biosensor is observed at 50 °C; according to the literary
data, the optimal temperature of Aspergillus niger x-glucosidase is in the range from
50 to 65 °C, A. niveus—65 °C, A. nidulans—60 °C and A. niger M1—50 °C [50,51]. The
biosensor for ethanol assessment generates a maximum analytical signal at 35 °C. The
highest response is achieved in the range of 2040 °C, but in this temperature range, the
stability of the analytical signal decreases: with a change in temperature of 5 °C, the
biosensor’s response changes by 10%. Biosensors based on immobilized AOx enzymes
have a maximum response at 45 °C [49] and 50 °C [52], respectively. The temperature
optimum of an enzyme depends on the source from which it was isolated. AOx isolated
from thermophilic yeast O. polymorpha has a temperature optimum that is shifted towards
higher temperatures (up to 45 °C), which contrasts sharply with the temperature of AOx
from P. pastoris, which is 25 °C [53]. The optimum temperature for lactate determination is
in the range of 35-40 °C, which corresponds to the optimum for known models of lactate
biosensors 32-34 °C [54], 35 °C [55]. To determine starch in the receptor element, two
enzymes are used; the temperature optimum for this receptor element is in the range of
40-60 °C.

The pH of the medium is one of the important factors affecting enzyme activity and,
consequently, biosensor sensitivity. In this work, we investigated the biosensor response to
pH changes from 4 to 5 using acetate and from 5 to 10 using a sodium-potassium phosphate
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buffer solution (Figure 512). The experiment revealed that the maximum biosensor response
based on GOx was observed in pH range 5.6-7. AOx based biosensors worked most
effectively between 5 and pH 9, while LOx were optimal at pH 6-8 and GOx and Am at
5.5-7. All biosensors showed good performance over a wide range of pH, comparable to
their natural conditions [49-55].

The next parameter that influences the analytical signal of the biosensor is the ionic
strength which changes the conductivity of the sample and, therefore, the generated current.
The influence of ionic strength on the biosensor response was studied by recording the
response of enzyme biosensors at different NaCl concentrations (from 0.2 to 12%). NaCl
was chosen because it is an indifferent electrolyte with good solubility and can be present
in the samples being studied [56]. With increasing salinity in the medium, the biosensor
responses decrease. This can be seen in Figure S13. Data obtained show that salinity has a
detrimental effect on enzyme biosensor operation. At a salt concentration of 12% in the cell,
the response to glucose decreases by 62%, ethanol by 79%, lactate by 71% and starch by 69%.
Note that the analytical signal from enzyme biosensors is more stable in the presence of
sodium chloride than in analogues. In [57], it is described that the activity of immobilized
GOx decreases five times at a concentration of 200 mM NaCl (1.16%), compared to salt-free
solutions. In another work, [58], a decrease of nearly 50% in enzyme activity is indicated
upon reaching a concentration of NaCl of 0.5 M (3%) while in [59], the reaction of an
electrode based on LOx decreased gradually to two-thirds at concentrations between 40
and 50 mM, with an ionic strength of 0,23% and 0.3%. Then, the effect of the ionic strength
was eliminated in [60], where a stable sensor was described based on AOx, demonstrating
stable responses up to a NaCl concentration of 100 mM (0.6%). After that, a gradual decrease
in sensor response was observed. The available data allow us to conclude that obtained
nanocomposite materials create a protective environment during enzyme immobilization.
This protects them from the action of salts and allows analysis to be carried out in more
saturated solutions. This is especially important for the analysis of food products and the
quality control of biotechnological processes. The dependence of the biosensor response
on the buffer solution salt concentration was studied in the range of 0.0066—0.1650 mol/L
at pH 7.0 of a sodium-potassium phosphate buffer (Figure S14). The maximum response
was observed for all biosensors at a buffer concentration of 0.033 mol dm 3. Therefore, this
concentration is optimal for analysis.

Heavy metal ions have the ability to reduce enzyme activity. To study the inhibitory
effect of heavy metal compounds, we investigated the dependence of biosensor responses
on the presence of Cu?*, Cd?* and Pb?* ions in a solution with a concentration range
exceeding the maximum permissible concentrations of heavy metals in food raw materials
and food products by 10 and 100 times [61]. Monitoring the concentration of these ions is
important in biotechnological production, for example in wine production. Large amounts
of Cu?* ions can cause oxidative spoilage in wines, leading to clarification of red wines and
darkening of whites [62]. Accumulation of Cd?%* and Pb?* due to use of contaminated raw
materials or during technological processes leads to accumulation in the final product [63].
In the beer industry, trace elements, including heavy metals, make up approximately 0.02%
of malt extract [64].

To assess the effect of heavy metal ions on biosensor response, we studied how the
biosensor responds to adding substrates in the presence of different concentrations of
salts. The concentrations were taken to be exceeding 10 and 100 times the MPC [61]. The
data from measurements are presented in Figure S15. The presence of Cu?* ions had the
greatest effect on GOx activity, with a decrease in response by a factor of 44% when the
concentration was increased by 10-fold. When the concentration exceeded 10, the decrease
was between 11 and 13% for all the heavy metals studied, indicating the stability of the
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GOx enzyme immobilized on a composite material based on carbon nanotubes modified
with BSA and NR. Pb?* had the most significant effect on AOx, causing a reduction in
activity by 33%. When the MPC is exceeded by 100 times, the responses decrease by 30%
for Cu?* ions and by 22% for Cd?*. The greatest influence on LOx activity is exerted by
Pb?* and Cd?*, with an increase of 10-fold in the MPC resulting in a 38% and 33% decrease,
respectively. The activity of immobilized Am and GOx is also affected by the presence
of these ions, with a decrease of 28%. The results indicate that the enzymes are stable in
immobilized nanocomposites, even at concentrations of up to 10 times the MPC.

Thus, for each receptor element, operating parameters were identified. The tem-
perature optima for the operation of the receptor elements were found to be 50 °C for
assessing glucose, 35 °C for ethanol, 35-40 °C lactate and 40-60 °C starch; pH of the work-
ing electrolyte 7 and the sodium-potassium phosphate concentration buffer 0.033 M for all
analytical systems studied.

2.5. Main Characteristics of the Biosensor

To obtain quantitative information about the content of the analyzed substances in
a sample, it is necessary to know the calibration characteristics of a biosensor, that is, the
dependence of an analytical signal on the concentration of a determined substrate (Figure 7).
These dependencies were approximated using a hyperbolic equation with two parameters
because the formation of an analytical response occurs within classical Michaelis—-Menten
kinetics [65]. From these calibration dependencies, linear regions were identified where the
reaction between a substrate and an enzyme follows a first-order mechanism according to
the Michaelis-Menten equation.

The main analytical and metrological parameters of a bioreceptor element based on
immobilized enzymes in a composite material were compared with those of analogues of
glucose, lactic acid, ethanol and starch analyzers (Table 3) [26,66-71].

Table 3. Main characteristics of the developed biosensors and analogues.

Receptor System Advantages Analyte Main Characteristics Ref.
R: 0.035-0.60 mM; O: 2.7%
GOx/BSA-NR-CNT Glucose T: 1-2 min; L: 30 days
AOX/BSA-NR-CNT Ethanol R:2.3-9 mM; O: 2.8%
Multichannel, portable, T: 1-2 min; L: 7 days This
rapid, sensitive, long-term 1R  O: 7.6% work
LOx/BSA-NR-CNT P & Lactic acid R:15-57mM; O: 7.6%
T: 1-2 min; L: 7 days
R:2-29 mg/L; O: 4.5%
Am + GOx/BSA-NR-CNT Starch T: 1-2 min, L: 14 days.
. . R: 0.6-2.7 mM; O: 1.6 %;
GOx/BSA-NR Rapid, sensitive, portable Glucose T: 1-3 min; L: 12 days [66]
. . R: 0.1-1.8 mM; O: 5.08 %;
GOx/BSA-ferrocene-CNT Rapid, sensitive, portable Glucose T: 1-3 min; L: 16 days [66]
GOX/Ferrocene, BSA Two Channell portable, Glucose R: 0-1.5 mM, L:1 day [67]
LOx/Ferrocene, BSA rapid, sensitive Lactate R: 0-2 mM; L: 1 day
. R:2.0-100 mg/L
GOx/reduced graphene oxide Two channel, rapid, Glucose (0.01-0.55 mM) 6]
GOx + Am/reduced graphene oxide portable Starch R: 50-3500 mg/L
AOx/2,3,5,6-tetrachloro-1,4-
6. benzoquinone, lipid layer, Rapid, sensitive, portable Ethanol R: 0.2-13 mM [68]
multi-walled carbon nanotubes
7. LOx/Chitosan, gold nanoparticles Rapid, sensitive, portable Lactate R: 0-30 mM [69]
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Table 3. Cont.
Receptor System Advantages Analyte Main Characteristics Ref.
o AOx/Chitosan Two channel, portable, Ethanol R: 0-40 mM 0]
. GOx/Chitosan rapid, sensitive Glucose R: 0-0.16 mM
GOx/platinum nanoparticles Glucose R: 0'025_0:300 ;0:4.2%
9 Two channel, portable, L: 30 days (71]
’ L lati . rapid, sensitive, long-term . R: 5-35 mM; O: 2.8%
Ox/platinum nanoparticles actate L: 30 days

R—range of detectable concentrations; O—operational stability; T—single measurement time; L—long-term stability.

2000 2500
1800 B
< 1600 T 2000
g 1400 g
g 1200 S 1500
z 1000 z -
= 800 :lOOO E.If!ﬂ'.'lii (2
Q Q - -
2 600 2
°8’ 400 %
& 200 & 3500
0
0
10 0 5 10 15 20 25 30
Days
1200 1200
<
< 1000 £ o D
5 800 é 1000 g,
g 2900
I 8 1 . 1
g o0 S 800 v
§ 400 é 700
S g
2 2 600
2 200 a .
2 500 .
400
0 1 2 3 4 5 6 7 8 9
0 10 20 30 40 50
Ethanol consentration, mM Days
800
1400
< 70 F
= * I
<§ 1200 g 600 + ; . .
2" 1000 g 500 ¢
2 800 S 400
e 2 .
5 600 Z 300
g g 200
z 400 o
= 200 100
& 20 30 40 50 60 0
0 01 2 3 4 5 6 7 8 9
0 50 100 150 200 250 Days
Lactic asid, mM Y
80
70 | ¢ H
E: Teo | Tt
= S
§- §_50 t ’ * .
e 8 40 Tt
s 5 t
Z 230 :
2 % 20
= E— &
" 0 5 10 15 20 25 30 35 10
0 200 400 600 800 1000 1200 0
starch concentration, mg/L 0 2 4 6 Dass 10 12 14 16

Figure 7. Biosensor performances: (A) Calibration curve for glucose determination. (B) Long-term
stability of GOx. (C) Calibration curve for ethanol determination. (D) Long-term stability of AOx.
(E) Calibration curve for lactide acid determination. (F) Long-term stability of LOx. (G). Calibration
curve for starch determination. (H) Long-term stability of GOx and Am.
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It should be noted that a large number of models of electrochemical biosensors have
been developed for the analysis of lactate, glucose, starch and ethanol in the food indus-
try [6]. A modern approach is to simultaneously analyze several analytes when analyzing
complex samples. The device allows for determining the content of starch, glucose, lactate
and ethanol when they are present in samples of fermented and non-fermented media,
liquor and vodka, as well as glucose and molasses, among other industries. Adsorbed
ferrocene washes out gradually from the analytical system to assess glucose and lactate
levels [67]. Systems for assessing lactate, glucose and ethanol developed for clinical diagnos-
tics [68-71] can be adapted to quality control tasks in biotechnology processes. Commercial
models of a polarimeter, a gas chromatograph, a liquid chromatograph and a capillary
electrophoresis system can be an alternative to laboratory biosensors. A polarimeter can
be used to measure starch and glucose levels, but it cannot be used for lactate or ethanol
analysis. Gas chromatography is selective for ethanol, but lactate, glucose and starch must
be analyzed using other methods. Liquid chromatography and capillary electrophoretic sys-
tems can analyze glucose, lactate and starch, but ethanol cannot be determined and starch
analysis requires hydrolysis prior to analysis. Chromatography and capillary electroporesis
systems are expensive.

2.6. Biosensor Application

The accuracy of the analysis results obtained using developed receptor elements
based on enzymes immobilized in a composite of carbon nanotubes and BSA modified with
neutral red was assessed using the “introduced—found” method with state standard samples
of lactate, glucose, ethanol and starch. The concentrations of the specified analytes found
with the developed biosensor were compared with those declared by the manufacturer.
Statistical processing of the results (Student’s t-test) showed that there was no significant
difference between the mean values of the found values and the declared values. For testing
the biosensors, we selected the following products: wine, kvass and fermentation mass.
For each series of samples, we determined the content of glucose, lactate or ethanol using a
biosensor and a reference method. The results are presented in Table S2. As a result of the
statistical analysis of measurement results using the modified Student’s t-test, it was found
that the concentrations of substances to be measured obtained using developed printed
electrodes and standard methods differed insignificantly. The use of printed electrodes
in combination with proposed modifications and immobilization techniques makes it
possible to produce biosensors with excellent analytical and metrological performance
which can be utilized to determine the levels of lactate, glucose, ethanol and starch in
fermentation mediums.

3. Conclusions

In this investigation we developed a series of hybrid nanocomposite materials com-
prising redox-active gels anchored in BSA gels with phenazine particles and CNT for the
purpose of constructing biosensor. The electrochemical potential of the composite based on
neutral red-modified BSA and carbon nanotubes for the immobilization of glucose oxidase,
alkyl oxidase, lactate oxidase and joint immobilization of y-amylase and glucose oxidase
was shown. The efficiency of bioelectrocatalysis was confirmed by cyclic voltaperometry:
the rate constants of the interaction of covalently bound neutral red with enzymes were
17,000 + 2000; 2300 + 700; 1820 + 60; 4000 + 200 dm?®/mol-s for glucose oxidase, alkyl
oxidase, lactate oxidase and a combination of y-amylase and glucose oxidase enzymes,
respectively. The impedance spectroscopy method showed that the charge transfer re-
sistance Rct decreased when the substrate was added to the cell, and the amperometry
method showed that at a given potential, an analytical signal was generated in the system,
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the value of which depended on the concentration of the introduced analyte. For each
developed receptor element, the working temperature of the analysis was found: 50 °C
for monitoring glucose, 35 °C for ethanol, 3540 °C for lactate, 40-60 °C for starch; the
optimal pH of the working electrolyte for using the receptor elements for quality control of
biotechnological processes is 7, and the concentration of the sodium-potassium phosphate
buffer is 0.033 M. The developed receptor elements are not inferior to analogues: they allow
the determination of the contents of starch, glucose, lactate and ethanol in their combined
presence in fermentation mass, wine, kvass the analysis time is less than 3 min, and using a
redox-active polymer as a matrix increases the long-term stability of the analytical system
by preventing leaching of electroactive particles. The limitation of the system is that it
requires manual reconnection of electrodes in order to analyze each component. It would
be necessary to develop a potentiostat that can simultaneously control four electrodes and
create software for data processing.

4. Materials and Methods
4.1. Reagents and Materials

In the work, graphite printed electrodes were used, which contain a working elec-
trode (diameter 4 mm), an auxiliary electrode and a reference electrode (ColorElectronics,
Moscow, Russia). The polymer was formed using BSA (Helicon, Moscow, Russia), glu-
taraldehyde (25%, Scharlab, Barcelona, Spain), as well as phenazine derivatives (F) as
electroactive particles: Nile blue (NB), neutral red (NR), thionin (TH), cresyl blue (CB),
azure A (AA), safranin (SN), phenosafranine (PHN), toluidine blue (TB) (Dia-M, Moscow,
Russia). A water dispersion (2.5%) single-wall carbon nanotube (LTD «CARBON HGG»,
Chernogolovka, Russia) was used for electrode modification. D-glucose, starch, lactic acid,
ethanol were taken as substrates (Dia-M, Moscow, Russia). Salts KH,PO, and Na,HPO,
(Dia-M, Moscow, Russia) were used to prepare the buffer solution. The following enzymes
were used to modify the electrodes: glucose oxidase from Aspergillus niger (Sigma-Aldrich,
St. Louis, MO, USA, activity 150 U/mg), alcohol oxidase (Aladdin Scientific, Shanghai,
China, activity 10 U/myg), lactate oxidase (Macklin, Shanghai, China, activity 139 U/mg),
amyloglucosidase (Sigma-Aldrich, St. Louis, MO, USA, activity 60 U/mg).

4.2. Formation of Working Electrodes
4.2.1. Formation of a BSA-Modified with Phenazine Electrode (BSA-F Electrode: BSA-NB,
BSA-NR, BSA-TH, BSA-CB, BSA-AA, BSA-SN, BSA-PHN, BSA-TB)

To a solution comprising 0.0035 g of BSA, 50 uL of phosphate buffer with a pH of 6.8,
and 5 pL of a saturated phenazine solution, were added. The mixture was then agitated
for two minutes. Subsequently, 7.5 uL of glutaraldehyde (Scharlab S.L., Barcelona, Spain,
soulution 25%) was supplied to the solution, and the mixture was agitated for 30 s. The
resulting solution was then applied to the working surface of the electrode in a volume of
3 uL and allowed to dry completely.

4.2.2. Formation of Electrode Containing CNT and BSA-Modified with Phenazine Gel
(CNT-BSA-NB, CNT-BSA-NR)

To produce CNT, a sample of the initial nanotube suspension weighing 0.0050 g was
dissolved in 50 uL of deionized water, using ultrasonic agitation for a period of two hours.
Subsequently, 50 puL of phosphate buffer with a pH of 6.8, 10 uL of the nanotube suspension,
5 uL of a saturated phenazine solution were added to 0.0035 g of BSA. The mixture was
stirred for two minutes. After that, 7.5 uL of a 25% glutaraldehyde solution was supplied
to the mixture, and it was stirred for 30 s. The resulting solution was then applied to the
electrode in an amount of 3 L and allowed to dry completely.
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4.2.3. Formation of Enzyme Electrodes (GOx-CNT-BSA-NR, LOx-CNT-BSA-NR,
AOx-CNT-BSA-NR, (AOx + Am)-CNT-BSA-NR)

Enzyme preparations were prepared by dissolving 0.0025 g of the enzyme in 100 uL
of sodium-potassium phosphate buffer solution (pH 6.0) with vigorous stirring for 2 min.
Then, 50 uL of phosphate buffer (pH 6.8), 10 uL of nanotube suspension, 5 uL of saturated
NR solution and 20 pL of enzyme preparation solution were supplied to 0.0035 g of BSA.
The resulting mixture was shaken for 2 min. Then 7.5 pL of 25% glutaraldehyde was added
to the solution and shaken for 30 s. The resulting mixture was applied to the electrode in
an amount of 3 uL and left until completely dry (electrodes GOx-CNT-BSA-NR, LOx-CNT-
BSA-NR, AOx-CNT-BSA-NR). The (AOx + Am)-CNT-BSA-NR electrode was prepared by
adding 10 pL of GOx and Am to the composition.

4.3. Electrochemical Measurements (CV and EIS)

Cyclic voltamperograms were captured using a Corrtest galvanopotentiostat (Wuhan
Cortest Instruments Corp., Wuhan, China) configured with a three-electrode setup. Cyclic
voltammograms were collected at scan rates ranging from 10 to 250 mV /s in a phosphate
buffer at a pH of 6.8.

Impedance spectroscopy measurements were conducted using the same Corrtest gal-
vanopotentiostat and three-electrode cell system, utilizing a potassium-sodium phosphate
buffer (pH = 6.8) and applying a specific potential.

4.4. 3D-Structure Analysis by Scanning Electron Microscopy

The phenazine-modified gels were examined by a scanning electron microscopy (SEM).
Samples were secured to an aluminum platform with double-sided carbon tape. Using a
C156RS magnetron sputtering device (Technolnfo, Moscow, Russia) in an argon atmosphere,
10 nm of chromium was deposited on the samples. The surface of the modified polymer was
examined using a Hitachi TM 4000 Plus scanning electron microscope (Hitachi High-Tech
Corporation, Tokyo, Japan). Images were captured in secondary electron mode with an
accelerating voltage set to 15 kV. SEM investigations, coupled with an energy-dispersive X-
ray spectroscopy (SEM-EDS), were performed using an EDX attachment (Bruker, Karlsruhe,
Germany) at an accelerating voltage of 20 kV.

4.5. Chemical Structured by IR and Raman Spectroscopy

The infrared (IR) spectra of the modified gels were acquired using a Fourier infrared
spectrometer (InfaLUM FT-08; Lumex, Saint Petersburg, Russia). The analysis process
began with the preparation of a powdered sample of the gel. A mixture of KBr and
gel was finely ground in an agate mortar and subsequently pressed into a disk using a
laboratory hydraulic press PGR-10 (LabTools, Saint Petersburg, Russia). This disk was then
placed into the Fourier spectrometer to measure the absorption spectrum of the resultant
substance. Raman spectra were obtained using an M532 Raman microscope (Spektr-M,
Chernogolovka, Russia) equipped with a He-Ne laser, which emitted excitation light at a
wavelength of 532 nm.

4.6. Biosensor Multichannel Measurements

Signal recordings were conducted with an EmStat potentiostat (PalmSens, Houten,
The Netherlands). The working potential set for the enzyme electrodes was —0.40 V. The
measurements were performed in a 33 mM sodium potassium phosphate buffer at pH
6.8 within a 4 mL cuvette, with magnetic stirring (Ecros, Saint Petersburg, Russia) at
200 rpm. For each specific substance, an electrode was modified with a different enzyme
gel composition. This meant that a biosensor contained four different electrodes, each
electrode was calibrated to a specific standard (lactic acid, glucose, ethanol or starch), and
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the signals from each electrode were processed separately. The analytical signal (biosensor
response) was defined as the change in current passing through the working electrode,
measured from the moment the substrate was added to the point of reaching the highest
current level. Following each measurement, the electrode was rinsed with buffer solution
for 1 to 2 min.

4.7. Determination of Lactic Acid, Glucose and Starch Content by Capillary Electrophoresis

Measurements were conducted using a Kapel-104T capillary electrophoresis system
(Lumex, Saint Petersburg, Russia) operating under negative high-voltage polarity. The
system was fitted with a quartz capillary (inner diameter of 50 um, effective length of 65 cm,
and total length of 75 cm) and a photometer set to measure at 254 nm. Prior to analysis,
the samples underwent filtration through a membrane Millipore (Sigma-Aldrich, St. Louis,
MO, USA). The analytical signal was determined based on the peak area. To assess the
starch content, a preliminary hydrolysis of the sample was performed. This involved
heating the sample in a water bath with 1.2% hydrochloric acid for 15 min, after which
protein substances were precipitated, the mixture was filtered and the analysis continued
as previously outlined.

4.8. Determination of Ethyl Alcohol Content by Gas Chromatography

The concentration of ethyl alcohol was measured using gas-liquid chromatography
on a Crystal-5000.2 chromatograph (ZAO SKB Khromatek, Podolsk, Russia) equipped with
a flame ionization detector and a DB-FFAP capillary column (50 m x 0.32 mm x 0.50 pm)
(Agilent, Santa Clara, CA, USA). The parameters for the analysis were set as follows: the
column thermostat temperature was —70 °C, the evaporator temperature was 200 °C, the
detector temperature was 250 °C and the flow gas rate of helium was 0.10 dm?3/h.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/gels11050355/s1, Figure S1: IR spectra; Figure S2: Raman spectra;
Figure S3: SEM and EDX of the redox-active polymer: A. BSA-AA, B. BSA-CB, C. BSA-NR, D.
BSA-NB, E. BSA-TH, F. BSA-TB, G. BSA-PHN; Figure S4: Electrochemical properties of polymers CV
and heterogeneous constant rate calculation for: A. BSA-NB, B. BSA-NR, C. BSA-TH, D. BSA-CB,
E. BSA-PHN, F. BSA-AA, G. BSA-SN, H. BSA-TB, I. BSA (Control), J. EIS of BSA (Control); Text S1:
Heterogeneous electron transfer constant rate determination; Text S2: constant rate determination;
Figure S5: Dependence (Id/Ik) on 1/ v1/2 for electrodes based on: A. BSA-NC; B. BSA-NR; C. BSA-TH;
D. BSA-CB, E. BSA-SN, F. BSA-PHN,G. BSA-AA ; Figure S6: SEM and EDX of the BSA-NB-CNT
composite; Figure S7: CV of composite for heterogeneous constant rate calculation A. BSA-NB-CNT; B.
BSA-NR-CNT; Figure S8. CV of the BSA-NB-CNT composite for constant rate calculation; Figure S9.
Dependence (Id/Ik) on 1/ v1/2 for electrodes based on: A. BSA-NB-CNT; B. BSA-NR-CNT; Figure S10.
Electrochemical impedance spectra of BSA-NB-CNT composite and equivalent electrical circuit used
for fitting the spectra. Table S1. Rate constants of interaction of mediators with enzymes. Figure S11.
Effect of temperature on the response of a biosensor for the determination of A. Ethanol; B. Lactate; C.
Starch. Figure S12. Effect of pH on the response of the biosensor for the determination of A. Ethanol;
B. Lactate; C. Starch. Figure S13. Effect of NaCl concentration on the response of the biosensor for the
determination of A. Ethanol; B. Lactate; C. Starch. Figure S14. Effect of phosphate buffer solution
salt concentration on the response of the biosensor for the determination of A. Ethanol; B. Lactate; C.
Starch. Figure S15. Effect of heavy metal ions on the response of the biosensor for the determination
of A. Ethanol; B. Lactate; C. Starch.
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