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Abstract

In this work, a novel amperometric biosensor for the determination of adenosine
triphosphate (ATP) was developed. The biosensor was based on two enzymes (glucose oxidase
and hexokinase) that were entrapped in the electrospun nanofibers. The biosensor was prepared
by direct electrospinning of the enzymes/polymer mixture on the surface of platinum disc
electrodes with subsequent UV cross-linking of the obtained nanofibers. Photocrosslinkable
polymer (polyvinyl alcohol containing styrylpyridinium groups, PVA-SbQ) was chosen as
matrix, while gold nanoparticles (GNPs) were added to the enzymes/polymer mixture to improve
analytical characteristics of the biosensor. For the first time, incorporation of several enzymes in
the nanofibers during electrospinning was demonstrated. Composition of the mixture for
electrospinning was optimized. The obtained biosensors enabled successful detection of ATP by
chronoamperometry, linear range was 25-200 puM. The analytical characteristics of the
biosensors were compared with the biosensors prepared by manual drop-casting of the
enzymes/polymer/GNP mixture. The biosensor can be also used to detect glucose in samples
with known or very low (<10 uM) ATP concentration; linear range of the glucose determination
was 0.01-3 mM. The described approach for one-step electrospinning of several enzymes is fast

and simple and can be easily modified for immobilization of other multi-enzyme systems, which



opens possibilities to enlarge the range of the targets that can be determined by the biosensors

produced using electrospinning.

Keywords: Electrospun nanofibers; Gold nanoparticles; Glucose oxidase; Hexokinase;

Adenosine triphosphate; Electrochemical biosensor.

Introduction

Electrochemical biosensors are analytical devices used for the detection of substances in
various mediums, such as water-based solutions. They are a subclass of chemical sensors and
consist of a receptor element connected to an electrochemical transducer (either amperometric,
conductometric, potentiometric, or some other type) (Ronkainen et al. 2010). Nowadays
immobilized enzymes are often used as receptors of the electrochemical biosensors since they
are selective, reusable, and their catalysis rate is very fast (Das et al. 2016).

Process of enzyme immobilization on the transducer’s surface strongly affects the
enzyme activity and stability that, in turn, has great effect on the biosensor characteristics. Thus,
the biosensor performance strongly depends on the immobilization conditions, such as properties
of supports, and composition of immobilization mixture (Sassolas et al. 2012; Soldatkina et al.
2019).

Electrospinning is a quite simple method for producing large amounts of long and
uniform nanofibers. The nanofibers can be diverse in composition and have different chemical
and morphological modifications as well as large surface area to volume ratio. Due to these
features, usage of electrospun nanofibers is studied for various biomedical, electronic and
industrial applications (Bhardwaj and Kundu 2010; Chigome and Torto 2011; Thenmozhi et al.
2017). Particularly, enzyme immobilization using electrospun nanofibers receives great attention
(Wang et al. 2009). The enzymes can be either added to the initial mixture before electrospinning
with subsequent entrapment inside the fibers or attached to the fibers after electrospinning.
Entrapment is easier since it requires fewer steps for the biosensor preparation. However, in case
of entrapment some enzyme molecules will be located deeply inside the fibers with no contact
with the surface. Dense polymer network may significantly limit diffusion of molecules to
enzymes, thus reducing amount of active enzyme molecules on the biosensor’s surface. On the
other hand, usually enzymes are not strongly bound to polymers and can escape from fibers if
polymer density is too low. For these reasons, entrapment is not always feasible. PVA-SbQ is
one of polymers which are capable of entrapping enzymes while leaving enough space for small
molecules to diffuse through the polymer network (RoyChoudhury et al. 2018). It was shown
earlier that 20 um and 30 um thick PVA-SbQ films allow sufficient diffusion of small molecules
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for functioning of entrapped enzymes; thus, this polymer is not expected to cause diffusion
issues in form of nanofibers (Marty et al. 1992; Braiek et al. 2018).

In recent years, a number of biosensors that are based on enzymes and electrospun
nanofibers were developed. In most cases, the biosensors were prepared by two- or three-stage
procedure, which included synthesis of nanofibers, possible treatment and activation of the fibers
and the enzyme immobilization onto the fibers. The enzymes were immobilized either by
physical adsorption or covalent binding (mostly via glutaraldehyde); the enzymes include
acetylcholinesterase (detection of pirimiphos-methyl) (El-Moghazy et al. 2016), cholesterol
oxidase (cholesterol) (Shin and Kameoka 2012) fructose dehydrogenase (fructose) (Marx et al.
2011), glucose oxidase (glucose) (Manesh et al. 2008; Demirci Uzun et al. 2014), alcohol
oxidase (ethanol) (Zhao et al. 2013), papain (metal ions) (Moreno-Cortez et al. 2015), uricase
(uric acid) (Numnuam et al. 2014), laccase (catechol) (Li et al. 2014). A method which seems to
be more favorable consists of one-step biosensor preparation, when the enzymes are mixed with
the polymer and this mixture is being electrospun. Thus, the resulting nanofibers entrap enzymes
and there are no additional immobilization steps. However, only a few works described
biosensors based on entrapment of glucose oxidase (detection of glucose) (Ren et al. 2006; Su et
al. 2013; Sapountzi et al. 2015, 2017) and hemoglobin (hydrogen peroxide) (Guo et al. 2011).

All the reported biosensors created with electrospinning contain only one enzyme in the
recognition elements. This is a significant omission that limits number of substances, which can
be detected by the biosensors. Thus, a perspective approach is usage of multi-enzyme systems, in
which enzymes are catalyzing sequential reactions, resulting in creation of a detectable product.
Immobilization of multi-enzyme systems gives possibility to expand the range of detectable
substances by indirect detection of enzymatic reactions, which do not generate electrochemical
signal (Kirsch et al. 2013). However, biosensors incorporating electrospun nanofibers with
multi-enzyme systems have not been reported yet.

Adenosine triphosphate (ATP) is an important biological substance that plays a key role
in energy metabolism. Moreover, ATP acts as a signaling molecule involved in immune response
and other processes; its role is extensively studies nowadays (Lombardi et al. 2021; Pinna et al.
2022). Several ATP-sensitive biosensors were described recently. They include a fluorescent
biosensor based on aptamers and covalent organic framework for the detection of ATP and
trombine (Jouha et al. 2023), DNAzyme-based ATP biosensors with colorimetric or fluorescent
detection (Cai et al. 2023; Si et al. 2023), and biosensors based on glucose oxidase (GOx) and
hexokinase (HEX) (Zhu et al. 2020; Lu et al. 2023). In general, biosensors based on nucleic
acids demonstrate higher sensitivity, but they are disposable or have a complex procedure for

reuse. On the other hand, enzyme-based biosensors can be easily used for repetitive ATP



measurements; another advantage is the possibility of real-time detection, which is important for
biomedical applications.

In this work, we propose for the first time an amperometric ATP-sensitive biosensor
based on two enzymes — GOx and HEX, which were co-immobilized in electrospun PVA-SbQ
nanofibers. Electrospinning conditions and characteristics of the obtained biosensors were

investigated.

Materials and methods

Materials

Hexokinase (HEX, from Saccharomyces cerevisiae, with activity >25 U/mg), glucose
oxidase (GOx, from Aspergillus niger, with activity 128 U/mg), bovine serum albumin (BSA,
fraction V, >96%), glucose (>99.5%), adenosine triphosphate (ATP, disodium salt hydrate, grade
1, >99%), magnesium chloride (>99%), glycerol (>99%), HEPES (>99.5%), polyvinyl alcohol
(PVA, 87-89% hydrolyzed, Mw 85000-124000), polyethylenimine (PEI, 50% aqueous solution,
Mw ~750000, Mn ~60000), and glutaraldehyde (GA, 50% aqueous solution) were produced by
Sigma-Aldrich (USA). Polyvinyl alcohol bearing styrylpyridinium pendent groups (PVA-SbQ,
SPP-H-13: degree of polymerization 1700, degree of saponification 88, betaine SbQ 1.3 mol%,
solid content 13.35 wt%, pH 6.2) was from Toyo Gosei (Japan). Ultrapure water with resistivity
>18 MQ-cm from a MilliQ purifier was used.

Gold nanoparticles (GNPs) (18 nm average size, 1,1 x 10° NPs/mL) were synthesized

according to the earlier described procedure (Sapountzi et al. 2017).

Design of amperometric transducers

Platinum disc electrodes were used as transducers. Sensitive area of the electrodes
contained a platinum wire (0.4 mm in diameter) sealed at the end of a glass capillary. More
details about the electrodes can be found in our earlier works (Kucherenko et al. 2017). Platinum
serves as catalyst for hydrogen peroxide oxidation, and for this reason it is widely used for
creation of biosensors which are based on HxO»-producing enzymes, including GOx. It is
possible to reduce sensitivity of the electrode to interfering electroactive compounds (i.e.,
ascorbic acid) by covering the electrode surface with nanosized phenylenediamine-based
membranes (Soldatkina et al. 2017; Pyeshkova et al. 2022).

The electrodes were reusable; surface of the electrodes was cleaned between experiments
using ethanol wetted cotton swab. Furthermore, the surface was polished with sandpaper and

alumina powder (particles of 0.1 um and 0.05 um).



Immobilization of the enzymes by drop-casting

Procedures of GOx/HEX immobilization by drop-casting were described in detail earlier
(Dridi et al. 2015; Kucherenko et al. 2017). Three immobilization methods were used: enzyme
crosslinking by GA, entrapment in PVA-SbQ matrix, and entrapment in PVA/PEI matrix. The
general idea of all immobilization methods was to have the same concentration of GOx (0.5%, or
0.096 U per biosensor) and HEX (2.5%, or 0.094 U per biosensor) in all bioselective elements of

the biosensors in order to compare effectiveness of different approaches.

Electrospinning procedure

Nanofibers were fabricated using an electrospinning device of our own production
(Sapountzi et al. 2015). The spinneret was made of a 5 ml glass syringe (Fortuna Optima,
Germany) equipped with a Luer lock port to connect blunt-end needles (22 x 1-1/2 inches,
Cadence Science, USA).

For each electrospinning procedure, fresh mixture (0.5% GOx, 2.5% HEX, 6.67% PV A-
SbQ, with or without of 5.5 x 10> GNPs/mL was prepared. The enzymes were stirred with the
polymer during 30 min in a beaker and then placed into a syringe. Volume of the mixture was
about 1 ml for the convenience of operation. To perform electrospinning, we placed one clean
working electrode in the ES setup and connected it to the ground electrode of the power supply.
Then high voltage (11.4 kV) was applied between the syringe needle and the ground, pressure
(0.58 bar) was applied to the syringe jack, and nanofibers were generated. Simultaneous
coverage of 2 and 3 electrodes was also tested, but resulting nanofibers mats were not uniform,
so we preferred to cover the electrodes one-by-one.

Afterwards the transducers with deposited nanofibers were placed for 10 min at in a Bio-
link BLX UV-cross-linker (Vilbert Lourmat) equipped with one 100 W UV lamp (365 nm). This
procedure was the same as for usual PVA-SbQ immobilization and was needed for polymer

photo cross-linking. Scheme of the obtained biosensors is represented in the Fig. 1.
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Fig. 1 Scheme of the ATP biosensor based on GOx/HEX/PV A-SbQ/GNPs nanofibers

Working conditions

Typical three-electrode setup was used. Platinum disc transducer was used as a working
electrode, platinum wire — as a counter electrode, and saturated Ag/AgCl electrode (Hach Lange,
France) was a reference electrode. All the electrodes were placed in an open cell, at permanent
stirring by a magnetic stirrer and at constant potential of 0.6 V versus the reference electrode.
Computer-controlled PalmSens potentiostat (Palm Instruments BV, Netherlands) was used for
chronoamperometric measurements. 10 mM HEPES, pH 7.4, with 3 mM of Mg?* was used as

the working buffer.

Results and discussion
The principle of biosensor operation
The biosensor operation is based on three reactions, which are occurring on the

biosensor’s surface:

GOx
D-glucose + O —— D-gluconic acid + H202 (1)
+ 600 mV
H0, ———» 2H " +2¢ + O, 2)
HEX

D-glucose + ATP —— D-glucose-6-phosphate + ADP (3)

GOx and HEX compete for glucose. In the absence of ATP, GOx reaction takes place at

full capacity, leading to H2O> production. The latter is detected by chronoamperometry. In the
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presence of ATP, HEX phosphorylates glucose, decreasing glucose concentration and decreasing
H>0; production. Thus, the biosensor signal is directly proportional to glucose concentration and
inversely proportional to ATP concentration. It is not possible to detect concentration of both
substances simultaneously. Main aim of this biosensor is to determine ATP concentration in
samples that contain know concentration of glucose. Also it is possible to detect ATP in glucose-
free samples by adding glucose manually. On the other hand, the biosensor can be used to
determine glucose concentration in samples with no ATP or when ATP concentration is known.
An example of the biosensor response to glucose and ATP (chronoamperometry) and
glucose detection using cyclic voltammetry are presented in Fig. 2. It can be seen that the
response is rather fast and occurs within seconds after addition of the substances. Cyclic
voltammetry shows that the biosensor can be operated in the range of potentials from 0.5 V to

0.9 V, which is determined by H>O> oxidation.
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Fig. 2 An example of the biosensor response to sequential additions of 50 uM glucose and ATP
(a) and cyclic voltammograms in the absence and in the presence of glucose (b), obtained at start

potential 0 V, final potential 1 V, scan rate 20 mV/s, step of potential change 5 mV

Selection of the polymer for GOx and HEX immobilization

At the first stage of the research it was necessary to select an electrospinnable polymer,
suitable for GOx/HEX immobilization. We chose PVA-SbQ and PVA/PEI, since earlier we
successfully used them for creation of GOx-based biosensors using electrospinning (Sapountzi et
al. 2015, 2017). To prevent dissolution of the polymers in the working buffer after polymer
deposition on the electrode, PVA-SbQ was photopolymerized under UV light, while PVA/PEI
was cross-linked using GA. Furthermore, cross-linking of the enzymes with BSA by GA was
also tested for comparison (Compagnone and Guilbault 1997; Soldatkin et al. 2009).
Immobilization was performed by drop-casting the enzyme/polymer mixtures onto the electrode
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surface. As a result, we obtained dense polymer membranes with immobilized enzymes. By
doing this, we wanted to check that the enzymes retain their activity inside the polymer
membranes and to select polymer in which sensitivity to ATP is the highest.

It was found that the biosensors created with all types of immobilization had high
sensitivity to glucose, with a linear range from 10 uM to 3 mM. This is explained by high
stability of GOx, which is a robust enzyme which retains activity after various immobilization
procedures. Results obtained with all biosensors were close to each other. Situation with ATP
detection was different. Usage of UV and PVA-SbQ led to the creation of biosensors with the
linear range of ATP determination up to 100 uM. On the other hand, biosensors based on
PVA/PEI immobilization were not sensitive to ATP at all. Most likely, HEX interaction with
highly positively charged PEI led to inactivation of the enzyme. Considering this, PVA-SbQ was
chosen for the further work.

Selection of the duration of electrospinning

At the beginning of the electrospinning experiments, we used the following mixture
placed into the syringe: 0.5% GOx, 2.5% HEX, 6.67% PVA-SbQ. GNPs were added in further
experiments because we wanted to start electrospinning with a simpler solution. At the first step
we selected an optimal duration for coverage of the amperometric transducers with enzyme-
containing nanofibers. Thus, electrospinning procedure was performed during 1 to 10 min (Fig.
3). As seen, one or two minutes were not enough to obtain working biosensors, although some
nanofibers were observed on the transducers surface. On the other hand, 5 min electrospinning
led to the deposition of a dense nanofibers mat, and the biosensor responses were quite good.
Further increase of the electrospinning duration to 10 min did not lead to significant
improvement of the biosensor work, thus 5 min duration was selected as optimal and was used in

later work.



- 80

-ﬁ—fﬁ_! L 60

I 40

- 20

Response to glucose, nA
Response to ATP, %

—8— Response to glucose, nA
—8— Response to ATP, %

I . I ! I ¥ I L I
0 2 4 6 8 10

Time of electrospinning, min

Fig. 3 Comparison of the biosensor responses to glucose and ATP obtained with
biosensors covered with nanofibers during different electrospinning duration. Response to
glucose (100 uM) was recorded in the absence of ATP. Response to ATP (100 uM) was

recorded in the presence of 100 uM glucose

Effectiveness of the transducer coverage with nanofibers was checked with optical
microscope (Fig. 4). On the images a glass surface with embedded Pt wire — a sensitive region of
the transducer — can be seen. Deposition of a nanofibers mat with a random density can be

observed at the right image, which suggests that electrospinning was successful.




Fig. 4 Optical images of the amperometric transducers. Clean active region of the transducer
(left) and the region after 5-min deposition of nanofibers by electrospinning (right). Diameter of

the platinum disc (the brightest part on the images) is 0.4 mm

Gold nanoparticles (GNPs) are frequently used in enzyme-based biosensors. They
improve stability of immobilized enzymes, participate in redox processes, and improve analytical
characteristics of the biosensors (Sapountzi et al. 2017; Jiang et al. 2018). During next
experiments we prepared enzymes/polymer mixtures containing 2.8 x 108 GNPs/mL and later —
5.5 x 10 GNPs/mL. The mixtures appeared to be quite easy for electrospinning, and nanofibers
were successfully obtained. Thus, we created biosensors based on three nanofiber compositions:
(1) 0.5% GOx, 2.5% HEX, 6.67% PVA-SbQ; (2) same with 5.5 x 108 GNPs/mL; (3) same as (1)
with 5.5 x 10® GNPs/mL.

Simultaneously with electrospinning of the mixtures onto the electrodes we deposited the
same nanofibers onto glass plates and metalized them for scanning electron microscopy.
Obtained SEM images are presented in the Fig. 5. Average fiber diameter of the nanofibers
without GNPs was 520 + 48 nm. Fibers with 2.8 x 108 GNPs/mL had average diameter 472 + 45
nm, and with 5.5 x 108 GNPs/mL — 377 + 34 nm. Addition of GNPs is believed to have changed
electrical properties of the enzyme/polymer solution which led to the decrease of nanofiber

diameter.
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SEM HV: 5.0 kV | Date(m/dly): 07/13/16

SEM MAG: 10.0 kx View field: 27.8 pm
Det: SE WD: 4.98 mm

Fig. 5 SEM images of the electrospun nanofibers on a glass substrate. Composition of the source

solution for electrospinning: 0.5% GOx, 2.5% HEX, 6.67% PV A-SbQ, with 2.8 x 10® GNPs/ml

Analytical characteristics of the biosensors

Calibration curves for glucose and ATP determination were obtained (Fig. 6). The
highest sensitivity to both glucose and ATP was demonstrated by the biosensor based on
nanofibers with 5.5 x 10 GNPs/mL. Biosensor with 2.8 x 10® GNPs/mL had a bit smaller
sensitivity to both substances and more narrow range of ATP determination (up to 100 uM
instead of 200 uM). Biosensor without GNPs had the lowest sensitivity to both substrates. On
the other hand, this biosensor was saturated slower by glucose, so in logarithmic coordinates
linear range of glucose determination was from 1 mM to 9 mM. Generally, these biosensors’
behavior (especially for the ATP determination) corresponds with the results obtained with drop-
casting of polymer mixture without electrospinning in the previous part of the present work — in
both cases addition of GNPs led to higher sensitivity of the biosensors to ATP. These results also
demonstrate that electrospinning of two-enzyme mixture is possible, and both enzymes retain
their activities after being included into nanofibers. Although we did not measure directly

enzyme activities after immobilizations, similar sensitivity of the nanofiber-based biosensors and
11



drop-casting-based biosensors to glucose and ATP means that activities of enzymes after
immobilization in both cases were quite close.

Selectivity of glucose oxidase/hexokinase biosensors towards potential interfering
molecules was tested earlier (Soldatkin et al. 2009). It was shown that both enzymes are highly
selective and not sensitive to glucose or ATP analogues, such as monosaccharides, ADP, AMP,
GTP and UTP.

It should be noted that the biosensor cannot simultaneously detect concentrations of both
glucose and ATP. Concentration of one of the substances should be very low (<10 uM) or
already known. This limitation is applicable for all biosensors based on GOx and HEX.
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Fig. 6 Calibration curves for the determination of glucose (a) and ATP (b) of the biosensors
based on GOx and HEX entrapped into electrospun nanofibers with different concentrations of
GNPs. Glucose determination was performed in the absence of ATP. ATP determination was

performed in the presence of 100 uM glucose

Reproducibility and stability

Reproducibility and stability of the biosensor responses are important parameters, which
demonstrate the accuracy of the biosensor and the possibility of multiple measurements with the
same biosensor, which makes biosensor analysis much cheaper. In order to evaluate those
parameters, we prepared biosensors with the best composition (0.5% GOx, 2.5% HEX, 6.67%
PVA-SbQ, 5.5 x 108 GNPs/mL) and obtained 9 responses to glucose and ATP (Fig. 7). After
each response, working buffer in the cell was changed 3 times to wash out substrates and
products from the biosensor. Time of each response with washing was about 15 min, and all
experiment took about 2.5 hours (although the responses and washing can be performed 2-3
times faster if needed, we made quite slow measurements since wanted to test the biosensor

stability). Relative standard deviation of 9 responses to glucose was 3.4%, which demonstrate
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that biosensor analysis is accurate and reproducible. Moreover, this experiment indirectly
demonstrates that stability of the nanofibers on the electrode surface was good enough, because
in the opposite case the biosensor responses would decrease dramatically.

On the other hand, RSD of responses to ATP was worse (8.3%) because the response is
generated in a more complex way — by two simultaneous and competing enzymatic reactions.
The responses to glucose were stable and did not change during measurements. But responses to
ATP decreased slowly during the measurements — the final response was 14% lower than the
initial one. This means that immobilized HEX is not stable and HEX either loses its activity or is
washed out into the working buffer. Notably, molecular mass and, consequently, size of GOx
(160 kDa) is larger than those for HEX (54 kDa for monomer form and 110 kDa for dimer form),
and HEX can leak through the polymer network more easily. For this reason, an increased

duration of UV irradiation can be used to create denser PVA-SbQ structure and prevent HEX

leakage.
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Fig. 7 Reproducibility of the biosensor responses to glucose (a) and ATP (b). Response to
glucose (100 uM) was recorded in the absence of ATP. Response to ATP (100 uM) was

recorded in the presence of 100 uM glucose

Storage of the biosensors was examined during 32 days. The biosensors were stored in a
dry frozen state at -18°C. After storage, responses to glucose did not change, while responses to
ATP decreased to 51% of initial value. So big difference is caused by the fact that GOx is quite
stable enzyme, while HEX has much worse stability. Such difference between storage of GOx

and HEX was also demonstrated in case of GOx/HEX cross-linking by glutaraldehyde
(Kucherenko et al. 2014).

Conclusions
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In the present study, a simple and rapid method for co-immobilization of two enzymes
(GOx and HEX) during electrospinning of PVA-SbQ/GNP mixture was proposed. After
electrospinning and UV irradiation, both enzymes were entrapped in the nanofibers. Optimal
duration of electrospinning procedure for one biosensor was 5 min, time of UV irradiation was
10 min, thus total time of the biosensor preparation was about 15 min. Productivity of the
proposed method was quite high — 100 pL. of the enzyme/polymer solution was enough for
preparation approximately 70-100 biosensors. The obtained biosensors were fully operational
and their characteristics were not inferior to the characteristics of the similar biosensors prepared
by drop-casting, which indicates good retention of the enzyme activity after the electrospinning
procedure. Optimal composition of the mixture for electrospinning was 0.5% GOx, 2.5% HEX,
6.67% PVA-SbQ and 5.5 x 10> GNPs/mL. Linear range of the glucose determination was from
10 uM to 3 mM, while that for the ATP was 25-200 uM. Relative standard deviation of the
biosensors responses to glucose was 3.4% and to ATP was 8.3%. The biosensor potentially can
be used for the detection of ATP in medications and can be applied in biological research, such
as neurochemical experiments which need ATP sensing. Furthermore, it can be used for glucose
detection in various media that do not contain significant concentrations of ATP (i.e., food
products), even though this is not the primary purpose of the biosensor. The main advantage of
the enzyme immobilization in electrospun nanofibers comparing to commonly utilized GA cross-
linking is ability to quickly produce large number of biosensors. Furthermore, toxic compounds
(i.e., GA) are not used during the biosensor preparation. The described electrospinning method
can be easily modified by replacing GOx and HEX with other enzymes, which opens

possibilities to one-step generation of enzyme-containing nanofibers for different purposes.
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