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Abstract

Detection of the lactate content is of great importance in clinical diagnostics, fermentation industry, and control of the
quality of food products. The work was aimed at the development of a sensitive element of the amperometric biosensor,
based on enzyme lactate oxidase and carbon electrodes modified with platinum and palladium nanoparticles (Pt&Pd),
for the lactate analysis in the presence of interfering substances. The voltamperometric characteristics of the modified
sensor were studied, the enzyme stabilization was carried out. An influence of the medium parameters on the biosensor
operation was comprehensively investigated. The working characteristics of the biosensor were thoroughly analyzed, its
stability and selectivity were investigated. An increase in the bioselective membrane activity as a result of using Pt&Pd
nanoparticles was shown. The developed biosensor for the measurement of lactate concentration is characterized by the
linear range of 0.05-0.8 mM, the lower detection limit 0.1 uM and sensitivity of 3.03 nA mM~' cm™ The main interferents
were shown to have no effect on the work of created lactate biosensor. The lactate content in several types of wine and
must was determined with created biosensor (lactate concentration in wine ranges from 0.5 to 5 g/l), and the results
were compared with those obtained by the traditional spectrophotometric method; good correlation was shown (the
correlation coefficient R2=0.98). The developed sensor can be used in winemaking for selective detection of lactate in
raw material during fermentation and control of the final quality of wine.
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1 Introduction

Grape wines are multicomponent systems, which include
organic acids, carbohydrates, alcohols, etc. The concentra-
tion of ingredients in wine considerably differs depending
on the grapes variety, climatic, geological, agrotechnical
and other conditions. The data of qualitative and quantita-
tive analysis of the components can be a ground to judge
about naturalness of beverages and correctness of their
production [T, 2].

The control of organic acids is relevant at all stages of
winemaking, because the acidity is one of the main marks

of the wine taste. The presence or absence of organic acids
in the sample, their amount and ratio can define the qual-
ity of beverages and avoid their falsification. Thus, the con-
trol of fermentation processes allows a correlation with the
taste of the final product [3, 4].

Information on the concentration of lactate is signifi-
cant in wine industry because this parameter determines
not only the taste and specific aroma of wine but also the
bacterial activity during fermentation [5]. Reliable informa-
tion on the lactate content in the must at different stages
of wine production allows the control and regulation of
the fermentation process [6]. Additionally, stability of

B4 L. Shkotova, luda_shkotova@yahoo.com | 'Institute of Molecular Biology and Genetics, NAS of Ukraine, 150, Akademika Zabolotnoho
Str., Kiev 03680, Ukraine. 2Institute of High Technologies, Taras Shevchenko National University of Kyiv, 2, korp.5, Pr. Akademika Hlushkova,
Kiev 03022, Ukraine. 3Nencki Institute of Experimental Biology, Polish Academy of Sciences, 3 Pasteur Str., 02-093 Warsaw, Poland. *Kyiv
National University of Technologies and Design, 2, Nemirovich-Danchenko Str., Kiev 01011, Ukraine. *Institute of Cell Biology, NAS

of Ukraine, 14/16, Drahomanov Str., Lviv 79005, Ukraine.

®

Check for
updates

SN Applied Sciences (2019) 1:306 | https://doi.org/10.1007/542452-019-0315-9

Received: 14 December 2018 / Accepted: 27 February 2019 / Published online: 6 March 2019

SN Applied Sciences

A SPRINGERNATURE journal


http://crossmark.crossref.org/dialog/?doi=10.1007/s42452-019-0315-9&domain=pdf
http://orcid.org/0000-0003-2594-0413

Research Article

SN Applied Sciences (2019) 1:306 | https://doi.org/10.1007/542452-019-0315-9

wines at storage also depends on the lactate concentra-
tion [7]. Therefore, permanent, real-time, and casual moni-
toring of lactate concentration is actually necessary.

So-called malolactic fermentation during the wine
maturation is of great importance for the organoleptic
qualities of wine. It results in the transformation of malate
(malic acid) into lactate, which has a milder taste and
makes the wine more harmonious. This transformation is
especially vital for creating high-quality red wines; how-
ever, it is of importance in production of dry and semi-dry
white wines too [8].

In electrochemical biosensors, where the enzymes
are integrated with electrodes, the direct electron trans-
fer is basically difficult since the enzyme active sites are
deeply buried in the protein matrix [9]. From this point,
the nanomaterials have attracted much attention due to
their electronic properties. Nanomaterials are suitable for
acting as “electronic wires” to shorten the electron trans-
fer distance, enhance the electron transfer between the
redox centers of enzyme and electrode surface along with
retaining the biological activity of the redox enzymes. Dif-
ferent nanoscaled materials including metal and carbon
nanoparticles (e.g. nanotubes, graphene, nanowires) have
been used for construction of sensors and biosensors [10].
ZnO nanorod arrays [11], MnO,-modified vertically aligned
multiwalled carbon nanotubes [12], nitrogen-doped car-
bon nanotubes [13] showed great advantages over con-
ventional materials for H,O, detection. On the other hand,
a new trend in biosensor design is the combination of two
or more nanomaterials [14].

Platinum and palladium are well-known catalyst materi-
als for electrochemical reduction of H,0, [15-18]. Electro-
catalitic activity of metals of platinum group is well studied
and documented. Their binary alloys with other transition
metals have been found to improve considerably the cata-
lyst selectivity and stability. However, the catalytic activ-
ity of co-deposits of platinum and palladium was mainly
investigated only with respect to fuel oxidation at the
anode of fuel cell.

In the work, we developed the lactate biosensor, in
which platinum and palladium nanoparticles are utilized
along with an additional Nafion protective membrane. This
biosensor could be used to control lactate concentration
in winemaking at the stage of fermentation and in the final
product, in a bottle.

2 Experimental

2.1 Reagents and solutions

Lactate oxidase (LOx) from Pediococcus species with activ-
ity of 20 U/mg solid was purchased from Sigma-Aldrich
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Co. (Steinheim, Germany); dextran, lactitol monohydrate
from Sigma-Aldrich Co. (Steinheim, Germany); 98% sodium
salt of L-lactic acid, bovine serum albumin (BSA) and 25%
aqueous solution of glutaraldehyde (GA)—from Sigma-
Aldrich Co. (St. Louis, USA); solution of Pd nanoparticles
in 5% HCI, solution of Pt nanoparticles in 5% HCl—from
Sigma-Aldrich Co. (Steinheim, Germany); 5% “Nafion"—
from “Fluka” (Germany); Na2HPO4-7H20 and KH2PO4-H20
were from Helicon (Moscow, Russia); 3% solution of hydro-
gen peroxide was from Fargomed Ltd. (Teteriv, Ukraine).
All chemicals were of analytical grade.

2.2 Instruments and scheme of measuring setup

All electrochemical experiments were performed using
a conventional three-electrode sensor BVT AC1.W4.R1
produced by thick film technology in «BVT Technolo-
gies» (Brno, Czech Repubilic), which contains 1 mm carbon
working electrode, platinum auxiliary electrode and Ag/
AgCl reference electrode.

Amperometric measurements were carried out in a
3 ml electrochemical cell at a constant potential using a
potentiostat/galvanostat PalmSens by the PalmSens PC
programme (Palm Instruments BV, the Netherlands).

2.3 Determination of electrochemical
characteristics of transducers

Amperometric transducers were studied with regard to
their reproducibility and reliability by cyclic voltamper-
ometry in the range of potential from 0 to + 1.0V (speed
of potential involute was 0.05 V/s). The experiments were
carried out in 0.1 M phosphate buffer, pH 7.2.

2.4 Procedure of surface functionalization
of the amperometric transducer by platinum
and palladium nanoparticles

Surface functionalization of the working electrode was
performed by electrochemical deposition of the Pt&Pd
mixture in the ratio of 7:3. The electrochemical deposi-
tion by application of the potential at 0.05 V was applied
for 60 s. After applying the Pt&Pd nanoparticles mixture
electrodes were thoroughly washed with distilled water.

2.5 Immobilization of lactate oxidase

To prepare bioselective membranes, 10% BSA solution was
mixed with 10% enzyme solution, 2% lactitol solution, and
0.2% dextran solution in 0.01 M phosphate buffer, pH 7.2.
To prevent early drying of the deposited membrane, glyc-
erol was added to the final concentration of 10%. The pre-
pared solution was deposited on the transducer surface.
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For membrane polymerization, the biosensor was placed
in a crystallizer in saturated GA vapour at room tempera-
ture and then air dried for 10 min.

After measurements the biosensor was carefully rinsed
with distilled water, air dried and stored in refrigerator at
4°C.

2.6 Determination of lactate in model solution

The measurements were performed in 0.1 M phosphate
buffer, pH 7.2, at room temperature in an open vessel with
intensive stirring. Before measurements, the transducers
were kept in the buffer solution until a stable signal (base-
line) was obtained. The substrate concentration was varied
by the addition of aliquots of lactate stock solutions.

2.7 Determination of lactate in wine

Measurements were carried out in 0.1 M buffer solution,
pH 7.0, at room temperature. To obtain the calibration
curve, the aliquots of the lactate stock solution were
added to the electrochemical cell. Afterwards, an aliquot
(100 ul) of the wine to be tested was inserted into the cell
3 ml in volume (a 30-fold dilution). Once the responses
were obtained (the response time about 1 min), the cali-
bration curve was plotted, and lactate concentrations were
determined. After each response, the sensor was washed
with the buffer solution until the base signal is stabilized.
The results were compared with the data of spectropho-
tometric method [15, 16].

The experiments were repeated at least three times. The
Microsoft Origin 10 package was used for statistical analy-
sis of the results; the average value and standard deviation
were calculated; the results were considered as reliable at
p <0.05.

3 Results and discussion

3.1 Investigation of electrochemical characteristics
of amperometric transducers

To obtain reproducible results, preliminary study of the
electrochemical characteristics of transducers is necessary;
it can be carried out by the method of cyclic voltamper-
ometry. Therefore, the next task was to investigate the
electrochemical properties and sensitivity to hydrogen
peroxide of amperometric transducers, both unmodified
and modified with Pt&Pd nanoparticles.

In Fig. 1 the voltamperometric characteristics of carbon
electrodes before and after deposition of Pd&Pt nanopar-
ticles are presented.

104

current, nA

—
0,0 0,2 0,4 0,6 0,8 1,0
potencial, V

Fig. 1 Electrode cyclic voltamperogram before (1) and after (2)
modification with Pd&Pt nanoparticles, obtained in 0.1 M phos-
phate buffer, pH 7.2. The rate of potential deployment 0.05 V/s

The operation of lactate-sensitive biosensor is based on
the reaction:

LOX
L-lactate + O, — pyruvate + H,0,

H,0, — 2H* + 2e~

The lactate hydrolysis is accompanied by accumulation
of the electrically active substance, hydrogen peroxide, the
decomposition of which results in the generation of elec-
trons registered by the amperometric transducer.

Firstly, we measured the biosensor responses before
using the Pt&Pd nanoparticles as the modificator of the
electrode surface and then compared the obtained results
with the responses after modification (Fig. 2). It was shown
that the transducer’s sensitivity to hydrogen peroxide has
significantly increased.

3.2 Determination of lactate in model solutions
and comparison of sensitivity of biosensors
with unmodified and modified electrodes

Measurements were performed in 0.1 M phosphate buffer
solution, pH 7.2 at room temperature in a cell with intense
stirring. The substrate concentrations were varied by the
addition of certain aliquots of lactate stock solutions. The
graphs (Fig. 3) clearly show that the biosensor with elec-
trodes modified by Pt&Pd nanoparticles had a higher sen-
sitivity to lactate compared to the biosensor with unmodi-
fied electrodes. This phenomenon can be explained by the
changes in the catalytic activity and surface morphology
of electrodes after their coating with the Pt&Pd nanopar-
ticles [12].
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Fig.2 Response dependence for amperometric biosensors before
(1) and after (2) electrochemical modification with Pd&Pt nanopar-
ticles. Measurements were performed in 0.1 M phosphate buffer,
pH 7.2; working potential 0.6 V versus Ag/AgCl reference electrode
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Fig.3 Calibration curves of LOX-based amperometric biosensor
with unmodified (1) and modified (2) electrodes. Measurements
were performed in 0.1 M phosphate buffer, pH 7.2; working poten-
tial 0.6 V versus Ag/AgCl reference electrode

As a result of the next experiment, we received the con-
firmation of our hypothesis that responses to lactate will be
enhanced noticeably due to an increase in the transducer’s
sensitivity to H,O, (Fig. 2). The Fig. 3 shows that electrochem-
ical modification of the electrode surface led to the improve-
ment of analytical characteristics of the created biosensor.

3.3 Investigation of dependence of biosensor
response on concentrations of background
electrolyte and buffer solution

The effect of buffer capacity and ionic strength on the
basic working characteristics of biosensors is an issue of
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investigation, considering that physiological and culture
fluids have high ionic strength and buffer capacity. In
Fig. 4 the dependence of biosensor response on the ionic
strength and buffer concentration is shown.

Noteworthy, salt Na,SO, was used in the experiments
because it contains the inorganic cations and anions com-
mon for wines.

As seen, the response of the developed biosensor with
modified electrodes does not depend on the buffer capac-
ity and concentration of background electrolyte [19-21].
This enables further using of developed biosensor for
lactate determination in biological fluids and in the food
industry.

3.4 pH effect on operation of lactate biosensor

It is known that the rate of enzymatic reactions in a
homogeneous solution strongly depends on the value of
its pH. This is due to the fact that the functional protein
groups involved in the catalysis can be either protonated
or deprotonated depending on the solution pH but com-
monly only one of these forms is reactive. Noteworthy,
according to the manufacturer the optimum pH for native
LOx is 6.5. As a result of the work, it was shown that the
optimal pH value for the LOx-based amperometric biosen-
soris 7.0 (Fig. 5).

3.5 Biosensor stability

To increase the biosensor stability, the enzyme stabilizers,
lactitol and dextran, were added to the enzyme mem-
brane. It resulted in a higher stability, though the biosen-
sor activity dropped by 30% (Fig. 6). Nevertheless, the
residual activity was sufficient for the real samples analysis.

The biosensor stability during storage was studied; it
was shown that after 28 days of operation the biosensor
still retained 30% of its activity towards LOx, which ena-
bled reliable measurements (Fig. 7).

3.6 Selectivity of the developed biosensor

The biosensor with high working potential, used in the
work, creates the prerequisites for the oxidation of a num-
ber of electrically active compounds other than tested,
which are present in biological samples.

Application of additional membranes for improvement
of selectivity could make solution of problems of the diffu-
sion control, mechanical protection and reduce the influ-
ence of interfering substances. There are various com-
mercial polymers (PVC, polyethylene, polymethacrylate,
polyurethane and Nafion).

Based on the literature data and previous researches
[22], the effect of deposition of Nafion membrane over
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Fig. 4 Dependence of biosensor response on the concentration of
background electrolyte (Na,SO,) in 0.1 M phosphate buffer, pH 7.2
(a) and on the concentration of buffer solution, pH 7.2 (b). Concen-
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Fig.5 Dependence of the biosensor response on the buffer pH.
Measurements were performed in 0.1 M phosphate buffer. Concen-
tration of the added lactate 0.2 mM. Working potential 0.6 V versus
Ag/AgCl reference electrode

the enzyme membrane on the biosensor characteristics
was studied (Fig. 8). As seen, there was no influence on
the linear part of the calibration curve; however, at the
lactate concentrations higher than 2 mM the substrate
saturation was observed.

Figure 8 displays the calibration curve for lactate in
the concentration range of 0.05 mM-0.8 mM with a lin-
earity of R?=0.99 and a sensitivity of 3.03 nAmM™" cm™2.,
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Fig.6 Calibration curves of lactate amperometric biosensor: 1.
biomembrane without stabilizers; 2. biomembrane with stabilizers.
Measurements were performed in 0.1 M phosphate buffer, pH 7.2.
Working potential 0.6 V versus Ag/AgCl reference electrode

The biosensor demonstrated the fast response (5 s) with
detection limit of 0.1 uM (s/n=3).

As seen (Fig. 8), the responses of the biosensors with
Nafion-modified membranes were lower compared to
those of the biosensors without using Nafion whereas the
biosensor sensitivity on the linear part of calibration curve
remained the same, which enables further using of this
design for analysis of real samples.

An influence of interfering substances on the biosen-
sor signal is a challenge when analyzing real samples like
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Fig.7 Stability of the modified amperometric biosensor during
storage. Measurements were performed in 0.1 M phosphate buffer,
pH 7.2. Concentration of the added lactate 0.2 mM. Working poten-
tial 0.6 V versus Ag/AgCl reference electrode
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Fig.8 Calibration curves of lactate amperometric biosensor:
1. enzyme membrane without Nafion, 2. Nafion layer over the
enzyme membrane. Measurements were performed in 0.1 M phos-
phate buffer, pH 7.2. Working potential of 0.6 V versus Ag/AgCl ref-
erence electrode

biological liquids and food products. Therefore, the effect
of ascorbic acid, cysteine, urea, glutamic acid on the bio-
sensor work was investigated (Fig. 9).

As shown in Fig. 9 the biosensors with Nafion layer
almost do not react with the interfering substances. There-
fore, the transducers of such design are suitable for the
lactate determination in wine.

3.7 Analysis of real samples

At the next stage, the lactate concentrations in 11 wine sam-
ples were analyzed (Fig. 10) using the developed ampero-
metric biosensors modified with Pt&Pd nanoparticles and
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Fig. 9 Dependence of responses of biosensor modified with Pt&Pd
nanoparticles with and without Nafion membrane on the concen-
tration of interfering substances in the working solution. Measure-
ments were performed in 0.1 M phosphate buffer, pH 7.2. Working
potential of 0.6 V versus Ag/AgCl reference electrode
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Fig. 10 Correlation of the results obtained by the biosensor with
biomembrane modified with Pt&Pd nanoparticles and Nafion with
the data of spectrophotometric method

additional Nafion membrane (axis Y). The results were com-
pared with the data of spectrophotometric method (axis X)
[23, 24].

The results of lactate analysis in the wine samples tested
are shown in Fig. 10. These were in good agreement with the
data of spectrophotometric method (the correlation coef-
ficient for lactate R?=0.98).
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4 Conclusion

The performed research resulted in the improvement of
the lactate biosensor sensitivity and selectivity due to the
functionalization of amperometric transducer with Pt&Pd
nanoparticles and Nafion. The analytical characteristics of
amperometric lactate biosensor are investigated, includ-
ing the sensitivity to ionic strength, buffer capacity and pH
of a buffer solution. The biosensor demonstrated the fast
response (5 s), high sensitivity and selectivity, linear work-
ing range of lactate determination 0.05-0.8 mM, sensitiv-
ity of 3.03 nA mM™' cm™2, detection limit 0.1 uM (s/n=3).
Application of bionanocomposites with promising proper-
ties opens new possibilities for the enzyme immobilization
and the development of new electrochemical biosensors.
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