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The work was aimed at the development of a biosensor array for the simultaneous determination of six solutes
(glutamate, glucose, choline, acetylcholine, lactate, and pyruvate) in aqueous solutions. Enzymes selective for
these substrates were immobilized on the surface of amperometric platinum disc electrodes and served as
bioselective elements of a biosensor array. Direct enzymatic analysis by the developed biosensors provided
high sensitivity to the tested substrates (limits of detection were 1–5 μM). The linear ranges of the biosensors
were from 0.001–0.01 mM to 0.2–2.5 mM. The influence of solution pH, ionic strength and buffer capacity on
the biosensor responses was investigated; the conditions for simultaneous operation of all the bioselective ele-
ments were optimized. The absence of any cross-influence of the substrates of enzymatic systems used was
shown as well as a high selectivity of the biosensors and the absence of any impact of interfering substances
(ascorbic acid, dopamine, cysteine, paracetamol). The developed biosensor array had good response reproduc-
ibility and storage stability. The array is suitable for rapid (0.5–1 min) and simple simultaneous determination
of glutamate, glucose, choline, acetylcholine, lactate, and pyruvate in aqueous (biological) samples; furthermore,
the creation of a single chip with six sensitive elements is possible as well as the addition of other biosensors.
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1. Introduction

Fast, reliable and simple methods of simultaneous determination of
concentration of several solutes are required for research purposes and
applied tasks. Biosensors are easy-to-use and cheap devices able to pro-
vide a rapid and accurate analysis of solutes concentration [1]. If neces-
sary, biosensors can be used for continuous monitoring in a real-time
mode, for example, by combining biosensors with the microdialysis
system or in vivo assays [2]. The significant advantage of biosensors
is the possibility of connecting several biosensors in an array or multi-
biosensor, which allows simultaneous identification of several solutes
in a single sample.

In biological research, the concentrations of neurotransmitters and
metabolites attract considerable interest. Glutamate and acetylcholine
are the most important excitatory neurotransmitters in the nerv-
ous system. Thus, the determination of their concentrations in the
intercellular fluid of the brain is an urgent need for pharmacology
cular Electronics, Institute of
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renko).
and neurochemistry [3,4]. Choline is a precursor in the acetylcholine
synthesis, so, the lack of choline can cause several nerve disorders
[5,6]. The monitoring of choline and acetylcholine levels is important
for the detection of neurodegenerative diseases such as neuromuscu-
lar and Alzheimer's, myasthenia, disorders of cholinergic neurotrans-
mission [7,8].

Glucose is themain source of energy for the functioning of the brain
and plays an important role in brain physiology. Disorders of glucose
metabolism in the brain occurs inmany diseases [9]. Pyruvate is formed
from glucose as a final product of glycolysis and under aerobic condi-
tions can be further oxidized to acetyl-coenzyme A, which enters the
Krebs cycle. The level of pyruvate rises due to enhanced aerobic pro-
cesses and because of its insufficient utilization by the pyruvate dehy-
drogenase complex. However, excessive pyruvate is rapidly converted
either to lactate when anaerobic processes predominate or to acetyl-
CoA at the prevalent aerobic processes [10]. The concentration of lactate
is higher at hypoxia, as well as in case of disorders of the system of its
utilization (liver and kidneys). Though lactate is considered to be the
end metabolite in animals, there are data on the function of lactate as
an energy source for the brain and its involvement in other processes,
thus, the role of lactate is to be studied in more details [11,12].
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Therefore, simultaneous evaluation of the concentrations of glucose, py-
ruvate, and lactate is important to obtain a complete picture of the
processes occurring in the body.

Determination of the glucose, glutamate and lactate concentrations
is important to understand the dynamics of the energy balance of the
brain [13,14]. Simultaneous monitoring of glucose, lactate, and gluta-
mate is useful for the comprehension of energy-consuming processes
and neurons communication in the brain [15]. Concentrations of the
selected solutes in human blood and cerebrospinal fluid are presented
in Table S1 in Supplementary information.

Therefore, the purpose of our work was to develop a biosensor array
for the simultaneousmeasurement of the concentrations of neurotrans-
mitters (glutamate, acetylcholine) and metabolites (glucose, lactate,
pyruvate, choline) in samples of biological fluids.

Currently, the methods for determination of these solutes are
usually based on high-performance liquid chromatography (usu-
ally combined with mass spectrometry) or capillary electrophore-
sis, as well as on spectrophotometry [16–18]. These methods are
sensitive and selective, but are mainly used to analyze solutes sep-
arately. However, their modifications for multianalyte detection
were recently described [19,20].

To date, several biosensor arrays and multibiosensors are known,
which are capable of detecting some of the above solutes. Zhang and
Wan developed an array of amperometric biosensors based on glassy
carbon disk electrodes and oxidases immobilized on their surface [15].
The biosensors were designed to determine glucose, lactate, glutamate
and hypoxanthine and were highly sensitive. However, their selectivity
to the interferents was not investigated sufficiently (only the absence of
an impact of ascorbic and uric acids was shown) and therewere no data
regarding the biosensor storage. In other work, Yao and Okano offered
an amperometric biosensor array for the glutamate, acetylcholine and
dopamine determination, whichwas based on platinum disk electrodes
and enzymes immobilized on their surface [3]. Dopamine was deter-
mined rather non-selectively using an electrode with a Nafion® mem-
brane. The selectivity of biosensors was well investigated, but their
storage was not tested. In the work [21], a different approach was
used when creating a multibiosensor for the determination of choline,
glucose, glutamate, lactate, lysine and uric acid. The enzymes were
immobilized on the surface of glassy carbon electrodes; luminescence
arising as a result of the hydrogen peroxide oxidation was detected.
However, neither the selectivity for interfering substances nor the stor-
age conditions were investigated. Thus, none of the existing biosensor
arrays can be used for the simultaneous determination of all six sub-
stances. Moreover, important analytical characteristics (crosstalk, diffu-
sional behavior, selectivity and/or storage) of the described biosensor
arrayswere not investigated. The largest known array contained six bio-
sensors and was based on optical transduction, not electrochemical.

In this paper, an amperometric biosensor array for the simultaneous
determination of glucose, lactate, pyruvate, glutamate, choline and ace-
tylcholine is presented and characterized in detail. It can be used to test
the samples of blood or other physiological fluids.

2. Materials and methods

2.1. Materials

In the work, enzymes glutamate oxidase (GluOx, EC 1.4.3.11) from
Streptomyces sp. (recombinant) with an activity of 7 U/mg from Yamasa
Corporation (Japan), glucose oxidase (GOx, EC 1.1.3.4) from Aspergillus
niger with an activity of 272 U/mg from Genzyme (UK), lactate oxidase
(LOx, EC 1.1.3.2) from Pedicoccus sp. with an activity of 35 U/mg, pyru-
vate oxidase (PyrOx, EC 1.2.3.3) from Aerococcus sp. with an activity of
54 U/mg, choline oxidase (ChOx, EC 1.1.3.17) from Alcaligenes sp. with
an activity of 15 U/mg, acetylcholinesterase (AChE, EC 3.1.1.7) from
Electrophorus electricus with an activity of 426 U/mg, all from Sigma-
Aldrich (USA), were used.
Bovine serum albumin (BSA, fraction V), glycerol,
m-phenylenediamine, HEPES, 25% aqueous glutaraldehyde solution,
polyvinyl alcohol photopolymer containing styrylpyridine groups
(PVA-SbQ), magnesium nitrate, sodium lactate, sodium pyruvate,
acetylcholine chloride, choline chloride, sodium glutamate, ascorbic
acid, dopamine, uric acid, and HEPES were produced by Sigma-
Aldrich (USA). Thiamine pyrophosphate (TPP) (lyophilisate for
preparation of injections) was obtained from Biofarma (Ukraine),
and potassium dihydrogen phosphate (KH2PO4) – from Helicon
(Russia). Other compounds used in the work were of domestic pro-
duction and had reagent purity grade.

The samples of blood serumwere obtained from Kyivmunicipal sci-
entific and practical center of nephrology and hemodialysis (Ukraine).

2.2. Design of amperometric transducers

All the biosensors in the array contained similar amperometric
transducers based on platinum disc electrodes. The transducers were
in-lab made according to the previously published algorithm [22,23].
Length of the transducer was 6.5 cm, outer diameter – 3.5 mm. The
transducer consisted of a glass capillary with a platinum wire (0.4 mm
in diameter) inside and a contact pad (See Scheme 1).

Sensitive part of the transducer was periodically polished with
sandpaper and alumina powder (particles of 0.1 μm and 0.05 μm)
to restore the sensitivity of transducer. The platinum surface was
treated with ethanol wetted cotton swab before the deposition of
poly(phenylenediamine) membrane.

2.3. Modification of amperometric transducers with phenylenediamine

The selectivity of the amperometric transducerwas improved by the
deposition of an additional polymer membrane onto the sensitive re-
gion prior to the enzyme immobilization. The bare working electrode,
auxiliary electrode and reference electrode were submerged in 5 mM
solution ofm-phenylenediamine in 10mMpotassiumphosphate buffer,
pH 7.4. Next, 10–15 cyclic voltammograms were received without stir-
ring the solution. The voltammogramparameters were: initial potential
0 V, final potential +0.9 V, rate of the potential change 20 mV/s, step of
the potential change 5 mV. The membranes were deposited on each
transducer in turn, since it was impossible to get cyclic voltammograms
for several electrodes simultaneously by the potentiostat used. After-
wards, the transducers were dried and the enzymes were immobilized
on the poly(phenylenediamine) membrane.

2.4. Fabrication of biorecognition elements of biosensors

The biorecognition elements (except the biosensor for pyruvate de-
termination)were obtained by covalent immobilization of enzymes and
auxiliary substances on the surface of amperometric transducers. The
crosslinking agent was glutaraldehyde, which forms covalent bonds
with the amino groups of the enzyme and carrier proteins.

The initial solution contained 8% (hereafter – mass fraction) of
GluOx, 4% of BSA, and 10% of glycerol in 100 mM phosphate buffer,
pH 6.5. Glycerol was added to stabilize the enzyme during its immobili-
zation, to prevent early drying and to improve the membrane adhesion
to the transducer surface. This solution was mixed with 0.4% aqueous
solution of glutaraldehyde in the ratio 1:1. Once this mixture was de-
posited onto the transducer surface, it was dried for 40 min in air at
room temperature. The unbound components of the bioselective mem-
brane and excessive glutaraldehyde were washed out with theworking
buffer solution.

The procedure of enzymes immobilization for other biosensors (ex-
cept the biosensor for pyruvate determination) was similar but differed
by the glutaraldehyde concentration and duration of immobilization,
which were chosen in advance for each biosensor.



Scheme 1. Scheme of the single biosensor based on platinum disc electrode and scheme of the measurement setup which includes 6 biosensors, a reference and counter electrodes.
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For the glucose biosensor the solution containing 5% of GOx, 3% of
BSA, 10% of glycerol in 20 mM phosphate buffer, pH 6.5, was used. The
GA concentration was 0.4%, the duration of immobilization - 40 min.

For the choline biosensor the solution containing 8% of ChOx, 4% of
BSA, 10% of glycerol in 100 mM phosphate buffer, pH 6.5, was used.
The GA concentration was 1.6%, the duration of immobilization -
10 min.

For the lactate determination the solution containing 8% of LOx, 4%of
BSA, 10% of glycerol in 100mMphosphate buffer, pH 6.5, was used. The
GA concentration was 1%, the duration of immobilization - 40 min.

For the acetylcholine biosensor, two sequential immobilization pro-
cedures were carried out – first AChEwas deposited, then ChOx. A solu-
tion containing 0.5% of AChE, 5% of BSA, 10% of glycerol in 100 mM
phosphate buffer, pH 6.5, wasmixedwith 1%GA solution and deposited
on the transducers for 10 min. Afterwards, a solution containing 8% of
ChOx, 4% of BSA, 10% of glycerol in the same buffer, was mixed with
1.6% GA solution and immobilized for 10 min.

For the pyruvate biosensor, the biorecognition element was formed
as follows. The solution containing 20% of PyrOx, 5% of BSA, 10% of glyc-
erol in 100 mM phosphate buffer, pH 6.5, was used. It was mixed with
13.3% aqueous PVA-SbQ solution in the 1:1 ratio. Immediately after-
wards, the mixture was deposited onto the sensitive surface of trans-
ducer and exposed to UV irradiation for 20 min using lamp KF-4 M.

2.5. Measurement procedure

Six amperometric biosensors, an auxiliary platinumelectrode and an
Ag/AgCl reference electrode (single-junction, with 3 M KCl internal fill-
ing solution) were connected to the PalmSens potentiostat (Palm In-
struments BV, The Netherlands) through the 8-channel device (CH-8
multiplexer, the same manufacturer). The biosensors were located in
the Teflon® holder in a circle around shared auxiliary and reference
electrodes, the distance between the adjacent electrodes was 2 mm.
Total diameter of the biosensor array was about 2.5 cm. Measurements
were performed at room temperature in an open 4ml cell with constant
stirring and at the constant potential of +0.6 V vs Ag/AgCl reference
electrode (technique “amperometric detection”, or constant potential
amperometry). Scheme of a single biosensor and overall measuring
setup is presented in Schematic 1.

Twenty-fivemMHEPES, pH 7.4, was utilized as aworking buffer. For
the pyruvate biosensor it was necessary to add also cofactors of PyrOx –
magnesium ions (120 μM), TPP (500 μM), and phosphate ions (20 mM
KH2PO4). The substrate concentrations in the working cell were
obtained by addition of the aliquots of stock solutions (50 mM –
1 mM). All measurements were carried out in three replications; points
on the graphs represent mean values of results.

3. Results and discussion

3.1. Principle of the biosensor array

The operation of the biosensor array is based on enzymatic reactions
in the biorecognition elements of biosensors: reaction 1 - for glutamate
determination; reaction 2 – for glucose determination; reactions 3 and 4
- for acetylcholine determination; reaction 4 - for choline determina-
tion; reaction 5 - for lactate determination; reaction 6 - for pyruvate de-
termination. The reactions 1–6 result in oxidation of substrates
(glutamate, glucose, acetylcholine, choline, lactate, and pyruvate) and
the formation of electrochemically active hydrogen peroxide. At a posi-
tive potential (+0.6 V) on the electrode, the decomposition of hydrogen
peroxide occurs (reaction 7), which results in the formation of elec-
trons. These electrons are directly registered by the amperometric
transducer:

Glutamateþ O2 →
GluOx

α‐ketoglutarateþNH3 þ H2O2 ð1Þ

D‐glucoseþ O2 →
GOx

D‐gluconolactoneþH2O2 ð2Þ

Acetylcholineþ H2O →
AChE

cholineþ CH3COO
– þHþ ð3Þ

Cholineþ O2 →
ChOx

betaine aldehydeþ H2O2 ð4Þ

Lactateþ О2 →
LOx

pyruvateþ Н2О2 ð5Þ

Pyruvateþ PO4
3− þH2Oþ О2 →

PyrOx
acetyl phosphateþH2O2 þ CО2 ð6Þ

Н2О2 →
þ600 mV

2Нþ þ О2 þ 2е− ð7Þ

Since working electrodes have an intermediate size between
macroelectrodes and microelectrodes (0.4 mm), we examined whether
the electrodes exhibited hemispherical diffusion behavior (typical
for microelectrodes) or linear diffusion (typical for conventional
macroelectrodes). Linear diffusion occurs when the diffusion layer is
much thinner than the smallest dimension of the electrode, otherwise



103D.Y. Kucherenko et al. / Bioelectrochemistry 128 (2019) 100–108
hemispherical (radial) diffusion (or both) takes place [24]. Types of dif-
fusion can be distinguished by cyclic voltammetry in a solution with
redox species at slow scan rate – the oxidation and reduction peaks
followed by a decrease of current are observed in case of linear diffusion,
whereas no clear peak (e.g., steady-state current with a plateau) occurs
in case of hemispherical diffusion [25]. Hemispherical diffusion is con-
sidered more effective, but in this case individual diffusion layers of
the electrodes can overlap and cause crosstalk between the electrodes.

To examine the contribution of linear and hemispherical diffusion to
the total response of the working electrodes, the cyclic voltammograms
were obtained in 2 mM K4Fe(CN)6 with 1 M KCl prepared in purified
water (Fig. S1 in Supplementary information). Clear redox peaks were
observed at most scan rates, which indicates that linear diffusion is pre-
dominant. Visible peak disappears at scan rates b 5 mV/s, showing a
transition from linear diffusion to hemispherical diffusion caused by in-
creased thickness of the diffusion layer in this case. Thus, the working
electrodes demonstrate macroelectrode behavior at high scan rates
andmicroelectrode behavior at slow scan rates, which is typical for elec-
trodes with intermediate size and this effect can be used for improve-
ment of the biosensor sensitivity by exploiting improved mass
transport at slow scan rates [26]. For comparison, voltammograms at
the platinum microelectrode (12.5 μm radius) demonstrated redox
peak only at scan rate ≥ 200mV/S (Fig. 3 in [27]). Furthermore, it should
be taken into account that during long-term experiments (e.g., 10 min)
and without stirring of the working buffer, diffusion layers of the elec-
trodes can overlap and thus electrode crosstalk can occur.

3.2. Influence of buffer pH on the biosensors operation

Any enzyme is characterized by the working range of pH and opti-
mum pH value. For the enzymes used in this work, the manufacturers
claim optimum pH for GluOx of about 7–9; GOx −5.5 (working range
4–7); ChОx – 8.0–8.5; AChE – 8.0; LOx – 6.5; PyrOx – pH 6.7. However,
optimal pH values often change after enzyme immobilization and shift
to either alkaline or acidic region. Occasionally, immobilization results
in a significantly wider working range of pH of the enzyme [28]. Since
in our case the enzymeswith different optimumpHare used, itwasnec-
essary to determine the pH value, which would be suitable for the
simultaneous operation of all biosensors.

In the experiment, a universal (“polymix”) buffer was used, which
contained tris-HCl, KH2PO4, citric acid and sodium tetraborate (5 mM
each). This buffer has approximately the same buffer capacity in a
wide range of pH. The biosensors responses to substrates at different
Fig. 1.Dependence of responses of biosensor array on the buffer pH. Themeasurements were ca
electrode. The responses to the following substrates are shown: glutamate (1), glucose (2), chol
was taken as 100%.
pH are shown in Fig. 1. The optimum range of pH was: for the determi-
nation of glutamate – 7–9; glucose– 7.5–9; choline– 7.5–9.5; acetylcho-
line – 8–8.5; lactate – 7.3–8.5; pyruvate – 7–8. For further work, pH 7.4
was selected, as this value is within optimal working ranges of all
(except acetylcholine) biosensors; additionally, it corresponds to pH of
blood and other biological fluids (Fig. 1).
3.3. Effect of buffer capacity on the biosensor responses

Theproperties of the solution, inwhich themeasurements aremade,
affect the biosensor operation. In particular, changes in the concentra-
tion ofworking buffer or addition of a biological sample to the biosensor
cell cause the change in buffer capacity, whichmay affect the biosensor
work. Therefore, the responses of the biosensor arrayweremeasured at
different concentrations of the buffer solution (Fig. 2).

As seen, the responses of all biosensors changed insignificantly at
different buffer concentration. The response time also remained the
same. Therefore, the proposed biosensor array can be used in biological
samples, which are characterized by different buffer capacities.

3.4. An influence of ionic strength of buffer solution on the biosensors work

Ionic strength is one of the basic characteristics of the sample, which
can also affect the performance of biosensors. The solution can contain
metal ions, as well as ions of organic and inorganic acids, which are
present in biological fluids. The ionic strength of the solution also varies
depending on the concentration of the buffer solution.

Therefore, the biosensor work was investigated at various values of
ionic strength. The NaCl solution as a source of ions was added to the
working cell in different aliquots to obtain concentrations in the range
of 0 to 50 mM. Then, the responses to corresponding substrates were
measured.

The results presented in Fig. 3 show that no significant changes in
the biosensor responses were observed, which is typical for ampero-
metric biosensors. This indicates the possibility of using the biosensor
array in biological samples with different ionic strength.

3.5. Reproducibility of responses of the biosensor array

Since the proposed biosensor array is designed for multiple mea-
surements, good reproducibility of responses is important for its reliable
work. To obtain accurate results of measurement of the substrates con-
centrations in the solution, the responses of relevant biosensors should
rried out in a 5mMuniversal buffer at a constant potential of+0.6 V vs Ag/AgCl reference
ine (3), acetylcholine (4), lactate (5), pyruvate (6). Themaximumvalue for each biosensor



Fig. 2. Dependence of responses of the biosensor array on buffer capacity of the solution.
Responses to the following substrates are shown: glutamate (black squares), glucose
(red circles), choline (blue triangles), acetylcholine (pink triangles), lactate (green
rhombuses), pyruvate (dark blue triangles). Measurements were carried out in HEPES
buffer, pH 7.4, at different concentrations; a constant potential +0.6 V vs Ag/AgCl
reference electrode. The maximum value for each biosensor was taken as 100%.

Fig. 4. Reproducibility of responses of biosensor array during 15 measurements.
Concentrations of substrates in the cell: glutamate (1) - 50 μM, glucose (2) - 100 μM,
choline (3) - 100 μM, acetylcholine (4) - 100 μM, lactate (5) - 50 μM, pyruvate (6) - 250
μM. The measurements were carried out in 25 mM HEPES buffer, pH 7.4, at a constant
potential of +0.6 V vs Ag/AgCl reference electrode.
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be practically the same throughout thework, especially if small concen-
trations are to bemeasured. Therefore, the response reproducibilitywas
investigated over several hours of continuous operation.

The biosensors all the time were in the working buffer, which was
constantly stirred. Eachmeasurement took 3 to 5min. During the inter-
vals between measurements (about 10 min) the biosensors were
washed from substrates by theworking buffer. The substrate concentra-
tions were on the linear parts of the calibration curves for all tested
biosensors.

The results are shown in Fig. 4. All biosensors demonstrated high re-
sponse reproducibility; relative standard deviation did not exceed 5%
(see Table 1). The responses did not change over time, which proves
the possibility of efficient use of the biosensor array for multiple mea-
surements all over the day.
Fig. 3. Dependence of responses of biosensor array on the solution ionic strength (various
NaCl concentrations). Concentrations of substrates in the cell: glutamate (1) - 100 μM,
glucose (2) - 100 μM, choline (3) - 100 μM, acetylcholine (4) - 100 μM, lactate (5) - 50
μM, pyruvate (6) - 250 μM. The measurements were carried out in 25 mM HEPES buffer,
pH 7.4, at a constant potential of +0.6 V vs Ag/AgCl reference electrode.
3.6. Selectivity of the biosensor array

The sensitivity of biosensors to interfering species is an important
factor when working with real biological fluids. In the present work,
we used themediator-free biosensor with a relatively high working po-
tential (+0.6 V vs Ag/AgCl reference electrode), in which the oxidation
of a number of electrically active compounds on the electrode surface is
possible. In order to avoid this effect, a poly(phenylenediamine) film
was deposited on the electrode surface. Such membrane restricts the
diffusion of large molecules to the transducer surface but allows an ac-
cess of hydrogen peroxide (product of enzymatic reactions, which is di-
rectly oxidized during the biosensor measurements).

A simple and effective method of deposition of additional mem-
branes is the electropolymerization of molecules on the electrode sur-
face at a certain potential (Fig. S2 in Supplementary information). As a
result, a film with pores of definite size is formed. Of a wide class of
oxy- and amino-aromatic molecules capable of electropolymerization,
the phenylenediamine isomers are used in biosensors most commonly
[29,30]. In these papers, a number of comparative studies were con-
ducted on the properties of polymeric membranes based on poly
(phenylenediamine) obtained from different monomers. The transduc-
ers modified by a polymeric film based on m-phenylenediamine were
shown to have the best selectivity. Therefore, in ourwork thismonomer
was used to create an additional membrane on the platinum electrode
surface (more experimental details in Section 2.3). The membrane
thickness was not evaluated since it is not important for the present
work. Other authors estimated the thickness of the similarly produced
membrane as 15 nm [30]. To confirm the effectiveness of the film, we
tested the biosensor sensitivity to such electroactive compounds as do-
pamine (6 μМ), cysteine (300 μМ), ascorbic acid (120 μМ), uric acid
(450 μМ) and paracetamol (100 μМ). The responses to all solutes were
negligible (b0.1 nA) and could not interfere with the biosensor mea-
surements. Furthermore, responses of the biosensor array to the target
analytes in the presence and in the absence of the interfering substances
were similar (Fig. S3 in the Supplementary information). Noteworthy,
the membrane prevents oxidation of the electroactive substances only
within the time scale of the experiment, but the solutes might eventu-
ally reach the electrode during a long-term incubation.

Oxidation of poly(phenylenediamine) was not observed under
the working conditions. Furthermore, poly(phenylenediamine) is a



Table 1
Analytical characteristics of the biosensor array.

Characteristic Glutamate
biosensor

Choline
biosensor

Acetylcholine
biosensor

Glucose
biosensor

Lactate
biosensor

Pyruvate
biosensor

Response time, min 0.5 0.5 1 0.5 0.5 1
Sensitivity to substrate, nA/mM 170–200 130–150 100–120 150–170 440–460 35–40
Linear range of substrate determination, mM 0.005–0.7 0.001–0.2 0.01–0.3 0.01–2 0.005–0.4 0.01–2.5
Limit of determination of substrate, μM 1 2 3 1 3 5
Reproducibility of responses over one working
day (RSD), %

2.5 3 5 2 2 4

Storage, months 2.5 1.5 1 3 1 1
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semi-conductive material and basically it can be a mediator of the elec-
trons between enzymes and electrode, but only if it is in close contact
with the enzymes (i.e., phenylenediamine polymerization takes place
in the enzyme solution, so that the enzymes are captured in thepolymer
network). In our case only the bottom layer of the enzymaticmembrane
was in contact with the polymer membrane, thus direct electron trans-
fer was insignificant.

Application of redox polymers or mediators could be an alternative
approach to improve the selectivity of biosensors. The redox polymer
or mediator could transfer electrons between the electrode and the en-
zymes at a low working potential and thus prevent oxidation of the in-
terfering substances. However, it is known that mediators or redox
polymers can effectively transfer electrons from electroactive species
present in solution, and thus conditions for the interference-free elec-
tron transfer between an enzyme and an electrode should be carefully
optimized [31,32]. The poly(phenylenediamine) membrane appeared
to be efficient enough for the presented biosensor array and thus
redox polymers or mediators were not investigated.

Furthermore, it was necessary to study the cross-effect of substrates,
that is, to examine the sensitivity of every biosensor in the array to the
substrates of other biosensors. The undesirable sensitivity to several
substratesmay occur either if the enzyme in the biorecognition element
catalyzes the oxidation of a number of different compounds, or if the
biorecognition element consists of several enzymes (like in the biosen-
sor for acetylcholine determination). In the experiment, glutamate, glu-
cose, choline, acetylcholine, lactate, and pyruvate in the concentration
of 1 mMwere added to the working cell. It was found that each biosen-
sor is sensitive only to the corresponding substrate, and no response to
other substrates was generated (Table S2 in Supplementary informa-
tion), except for acetylcholine. Additionally, there was no cross-effect
of the substrates, that is, the responses of biosensors in the array were
completely independent and the presence of one substrate did not af-
fect the determination of another substrate. Furthermore, shape of the
calibration curve for each substrate did not change in the presence of
1 mM of other substrates (except for acetylcholine). The cross-
sensitivity could arise if hydrogen peroxide from the biorecognition
element of one biosensor diffuse to adjacent biosensor, causing the
response of the latter. However, insufficient amount of hydrogen perox-
ide was probably formed to be registered by adjacent biosensor. The
biosensor for acetylcholine detection was sensitive not only to acetyl-
choline but also to choline, because the biorecognition element of the
biosensor contains acetylcholinesterase and choline oxidase. The re-
sponse to choline was about 109% of that to acetylcholine. For this
reason, for analysis of real samples the choline and acetylcholine bio-
sensors should be used together, so that choline and acetylcholine con-
centrations could be determined. The rest of biosensors were highly
selective to the corresponding target substrates and can be used to ana-
lyze real multicomponent samples.
3.7. Analytical characteristics of the biosensor array

Typical calibration curves for substrates determination are shown in
Fig. 5, and analytical characteristics of the biosensor array – in Table 1.
According to IUPAC, response timewas estimated as the time neces-
sary to reach 90% of the steady-state response [33]. For all biosensors, it
did not exceed 1min. The response timewasmoderate probably due to
a relatively thick manually casted enzymatic membrane and a poly
(phenylenediamine) membrane, which slowed down the diffusion. It
is likely that the response time can be improved by application of thin-
ner membranes or by measuring the slope of the response instead of a
steady-state value.

The biosensor for pyruvate determination had the lowest sensi-
tivity, probably due to the loss of activity of PyrOx during immobili-
zation. The response reproducibility of biosensors during the day
was high, which allowed their multiple usages for accurate measure-
ments (see Section 3.5).

The sensitivity of biosensors was sufficient for analysis of both
blood plasma and cerebrospinal fluid except for acetylcholine, the
typical concentration of which is below the limit of detection of the
biosensor array (Table S1 in Supplementary information). Thus, it
is necessary to increase the sensitivity of acetylcholine biosensor
later on. Considering the sample volume required for the analysis
(800 μl of blood serum or 2 ml of cerebrospinal fluid) it can be esti-
mated that blood samples from a human subject can be collected
with any periodicity. Cerebrospinal fluid can be analyzed with at
least 2-h intervals since in adult humans the volume of cerebrospinal
fluid is 125–150 ml, and it is produced at a rate of 25 ml/h [34]. It is
known also that 2 ml of cerebrospinal fluid can be taken at a time
from human for clinical diagnostics [35].

Concentration of dissolved oxygen can affect the biosensor perfor-
mance. All oxidases that are used in this work require O2 and thus the
rate of reaction can be limited by an insufficient oxygen concentration.
However, during in vitro analysis, there is enough oxygen for the reac-
tionswith low concentrations of target substances (b1mM) and usually
the potential influence of oxygen concentration is being neglected. If
high concentrations of target substances in samples are expected, a sat-
uration of working buffer and samples with oxygen can be carried out.
As was shown previously with GOx-based biosensor, an increase in ox-
ygen concentration (partial pressure) from typical blood values of
50–100 mm Hg to 150 mm Hg leads to the extension of the linear
range of the biosensor, but does not affect the detection of glucose
below 3 mM; the biosensor was also functional at 7 mm Hg at glucose
concentrations below 3 mM [36].

Storage stability of the biosensor array was studied in different con-
ditions. The best biosensor storage was observed at −18 °C – these re-
sults are given in the Table 1. The biosensors for glucose and
glutamate were the most stable. Basically, amperometric transducers
can be stored for a long time without degradation of characteristics,
and the observed discrepancy can be explained by different stability of
immobilized enzymes.

To demonstrate applicability of the biosensor array, three samples of
blood serum from different people were analyzed (Table S3 in Supple-
mentary information). Spectrophotometric method of determination
of the substances was adapted from [37] and used as a control. The dif-
ference between biosensor and control methods did not exceed 10%.
The obtained results demonstrate that the biosensor system is suitable
for the analysis of real samples.



Fig. 5. Calibration curves of biosensor array for determination of: 1 – glutamate (R2 = 0.9862), 2 – choline (R2 = 0.9699), 3 – lactate (R2 = 0.9918), 4 – glucose (R2 = 0.9885), 5 –
acetylcholine (R2 = 0.9969), 6 – pyruvate (R2 = 0.9976). Full working range of the biosensors is shown in A and B, and linear range is shown in C and D. The measurements were
carried out in 25 mM HEPES buffer, pH 7.4, at a constant potential of +0.6 V vs Ag/AgCl reference electrode.
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Noteworthy, all biosensors are based on identical transducers; the
procedures of their preparation are similar. It simplifies mass produc-
tion and potentially makes it possible to produce a multibiosensor
based on a single transducer with six sensitive sites. An exception was
the biosensor for pyruvate determination - we failed to develop an effi-
cient procedure of pyruvate oxidase immobilization by GA cross-
linking, and had to use its encapsulation in the photopolymer. Similar
negative results with PyrOx immobilization via GA are described by
other authors [38]. For manufacturing it would be better to use
screen-printed platinum electrodes which are much cheaper, compati-
ble with common industry practices and do not require polishing. Fur-
thermore, usage of constant potential amperometry could allow
simultaneous deposition of PPD membranes on all electrodes in con-
trast to the one-by-one deposition by CV used in this work.

Pt was chosen as an electrode material since it catalyzes H2O2 de-
composition and thus Pt-based electrodes are the most sensitive to-
wards hydrogen peroxide [39,40]. Moreover, though relatively large
amount of Pt is required, Pt disk electrode can be used repeatedly by
renewing immobilized enzyme layer. To decrease the biosensor cost,
other materials like graphite can be used, but metallization with Pt
nanoparticles or functionalization of other kind would be required to
obtain the necessary sensitivity.
The array is promising for utilization in a flow cell coupled with the
microdialysis system, for real timemeasurements of the substrates con-
centration in tissues. In this case, it would be necessary to evaluate again
cross-talk between the biosensors in array, response time and other an-
alytical characteristics of the array since they are likely to change.

4. Conclusions

For the first time, an array of biosensors was developed for the si-
multaneous determination of six solutes: glutamate, glucose, choline,
acetylcholine, lactate and pyruvate. The analytical characteristics of
the developed biosensors – sensitivity, response time, linear range and
limit of detection were investigated. High selectivity and good repro-
ducibility of responses (the standard deviation did not exceed 5%)
were shown.

The influence of parameters of the working buffer (pH, ionic
strength and buffer capacity) on the biosensor array characteristics
was investigated. The optimum pH for the determination of glutamate
was 7–9; glucose – 7.5–9; choline – 7.5–9.5; acetylcholine – 8–8.5; lac-
tate – 7.3–8.5; pyruvate – 7–8. pH 7.4 was selected as optimal since it
corresponds to the pH value of blood and other biological fluids. It was
shown that ionic strength and buffer capacity of the working buffer
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did not affect the biosensors responses, which allows an application of
the biosensor array for the analysis of solutions characterized by differ-
ent ionic strength and buffer capacity. The biosensor array can be stored
for a month, the biosensors for glutamate and glucose – 2.5–3 months.
Thus, the developed biosensor array is suitable for further optimization
and measurements in real biological samples. To expand the spectrum
of solutes to be measured, the addition of other biosensors to the
array can be considered.
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