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Abstract

Over the past two decades, electrochemical biosensor devices have received great attention in the field of food analysis
owing to their attractive performances. In the food industry the quality control during manufacturing process and final
products requires quick and reliable analytical methods. A promising alternative to the traditional analytical techniques
are the electrochemical enzymatic biosensors - devices that combine the robustness of electrochemical techniques with
the specificity of biological recognition processes and offer great advantages due to size, cost, sensitivity, selectivity, and
fast response. This brief review has attempted to summarise the literature on the recent progress in the development of
enzyme biosensors with amperometric detection for quantitative analysis of glucose and lactate in various food samples.
The review concludes with an outlook on the future challenges and perspectives in this area.
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1. Introduction

In food quality control, the development of reliable,
sensitive and selective methods for fast, precise sensing
and quantification of food ingredients and supplements,'*
toxicants,> antibiotics, and allergens,!’ is an issue of con-
stantly increasing importance.!!~1¢ Recently, as a new di-
rection of the analytical technology is distinguished the
development of electrochemical enzymatic biosensors —
complex systems that include an immobilised enzyme (bi-
oelement) and a physical transducer of the signal which
may be potentiometric or amperometric, as well as a de-
vice for signal reading and processing. The amperometric
biosensors have a superior sensitivity and better linear
range than potentiometric devices and are the most suc-
cessful commercially. In particular, in food analysis the
majority of the electrochemical biosensors are based on
the amperometric electrodes in combination with oxidas-
es enzymes and it seems that these systems will continue to
dominate the technology of commercial biosensors.

The electrochemical biosensing systems provide the
opportunity for an accurate, highly selective, sensitive and
susceptible to automatisation analysis, and are a promising
alternative of the traditional analytical techniques, that are
time-consuming and often require specific expensive

equipment or multi-step painstaking procedures for sam-
ple preparation. Not at least, the electrochemical biosen-
sors offer the possibility of miniaturisation and potential
for development of portable hand-held devices for real
time monitoring. Fully automated biosensor systems are
being developed and adapted for continuous on-line or
periodic monitoring of various processes in food industry.

The amperometric enzyme-based biosensors are
dominant in the food sector since they have a number of
advantages in determining submilimolar levels of the ana-
lyte: extremely low detection limit, high sensitivity, wide
linear range, fast response and relatively low cost of analy-
sis. Generally, biosensors do not require extensive sample
preparation and in most cases only a suitable dilution is
needed; the high specificity and the wide linear dynamic
range allow direct quantification of the target analyte. The
results are obtained within minutes, which is particularly
important as it allows corrective actions during manufac-
turing process.

Amperometry is based on the measurement of the
current resulting from the electrochemical oxidation or
reduction of an electroactive species. The resulting steady-
state current is proportional to the bulk concentration of
the analyte. Three-electrode set-up has to be used for am-
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perometric measurements — a working electrode (electri-
cally conductive material combined with an immobilised
enzyme), that is maintained under constant potential, ref-
erence and auxiliary electrode. The working electrode is
either metal (usually Pt, Au) or carbon-based material
(glassy carbon, graphite, screen-printed or carbon paste
electrode). As the immobilisation of enzymes on the elec-
trode surface is a necessary and critical step in the design
of biosensors, the transducer should provide a stable sur-
face for immobilisation of biomolecules while retaining
their structure, mobility and biocatalytic activity.

In order to enhance the sensitivity of biosensors, na-
nomaterials like metal and metal oxide nanoparticles,!”-2°
carbon nanotubes (CNTs),222 graphene and its deri-
vates, 2227 are used in the construction of transducers for
increasing the electrode surface area. As a result the nano-
structured electrodes possess unique characteristics such
as large surface-to-volume value and extremely high cata-
Iytic efficiency. Nanomaterials not only accelerate the elec-
tron transfer and so improve the response characteristics
of the transducers, but also act as immobilisation matrices.
The immobilisation of enzymes on nanomaterials en-
hanced the amount of the enzyme loading, supported the
retention of biocatalytic activity and therefore improved
the sensitivity of the biosensor device. Electrochemical bi-
osensors incorporating enzymes with nanomaterials,
which combine the recognition and catalytic properties of
enzymes with the electronic properties of various nano-
materials, are new materials with synergistic properties
and they have excellent prospects for interfacing biological
recognition events by electronic signal transduction with
extremely high sensitivity and stability.?3

Within the family of nanomaterials, CNTs are arous-
ing growing interest, mainly due to their exceptional struc-
tural, electronic and chemical properties. CNTs have a
unique tubular structure, good biocompatibility and mod-
ifiable sidewall, making them ideal candidates for the con-
struction of biosensors with high performances. CNT-
based biosensors generally have higher sensitivities, lower
limits of detection, and faster electron transfer kinetics
than traditional carbon electrodes, but to fully explore the
potential of the complex enzyme/CNTs5, it is essential to
find optimal methods for enzyme immobilisation.?’ CNTs
can be functionalised with hydroxyl, carboxyl, carbonyl or
amino groups. Functionalised CNTs exhibit increased sol-
ubility, catalytic activity and biocompatibility, since en-
hance the immobilisation of biorecognition molecules on
the electrode surface facilitating covalent bonding.
Combination of CNTs with other nano-sized materials
such as metal nanoparticles for surface modification of
electrodes has proved to be feasible and more effective
than using either nanomaterial alone in biosensing design.
Several quality review papers, published in the past dec-
ade, comprehensively discussed the uses of novel func-
tional nanomaterials as key components of various elec-
trochemical biosensors, some of which were successfully

applied in food analysis, and provided trends in biosensing
strategies based on nanomaterials.3-%

For biosensing purposes, the immobilisation proce-
dure must be reproducible and stable to ensure extended
working and long-time storage stability. Factors such as
accuracy of measurements, sensor-to-sensor reproducibil-
ity and operational lifetime are drastically influenced by
enzyme stability, i.e. the enzyme immobilisation appears
as a key factor to develop efficient biosensors with appro-
priate analytical performances.’® Moreover, the immobili-
sation matrix may function only as a support or may also
be concerned with mediation of the signal transduction
mechanism.?! A variety of enzyme immobilisation meth-
ods are applied including physical adsorption (van der
Waals interactions or hydrogen bonding), covalent attach-
ment, physical entrapment in polymer matrices, cross-link
formation (the process uses bifunctional agent forming a
“bridge” between protein and electrode surface; most often
used cross-linker is glutaraldehyde), and self-assembly
formed monolayer (long-chain alkylthiols, amines, or di-
sulphides are used). As a promising strategy, sol-gels also
have been used to immobilise enzymes - the technique
provides an environment similar to that of the enzyme in
solution.® The choice of an appropriate immobilisation
method is strongly individual and depends on the nature
of the enzyme used, transducer type, physicochemical
properties of the analyte, and biosensor’s operating condi-
tions.*

Amperometric biosensors can be classified into three
categories in accordance with the principle of the response
generation:*!

1/ first generation biosensors — the signal corresponds
to electrochemical reaction of an active reagent or
product, involved in the biochemical transforma-
tion of the target compound; they are also called
“mediator-less” amperometric biosensors;

2/ second generation biosensors — the response results
from the oxidation/reduction of the redox media-
tor (freely diffusing low molecular weight com-
pound that effectively shuttles electrons between
the electrode surface and the enzyme’s active cen-
tre);

3/ third generation biosensors — the enzyme’s active
centre has a direct electrical connection to the
transducer and the concentration of the analyte is
directly proportional to the redox current gener-
ated at the polarised electrode.

As a general rule, designing electrochemical biosen-
sors requires consideration of both the target analyte and
the complexity of the sample in which the analyte has to be
quantified. Enzymatic electrochemical biosensors are
based on biological recognition - enzyme macromolecules
have binding “pockets” with unique hydrogen bonding
and electrostatic biorecognition patterns to achieve ex-
tremely high specificity to the substrate. In order to oper-
ate, the enzyme must be stable and available to catalyse a
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specific biochemical reaction under the operating condi-
tions of the biosensor. However, in electrochemical bio-
sensing the detecting device is directly in contact with the
analysed sample and interferents are a serious problem.
Food/beverage samples contain a number of low- and
high-molecular weight interfering compounds: oxidisable
acids (ascorbic acid, citric acid, caffeic acid, vanillic acid,
etc.) and bases (amines, etc.), sugars, proteins, lipids,
polyphenols, pigments, pesticides, etc. Some of these com-
pounds are electroactive and capable to produce current
signal, while others may cause electrode passivation/bio-
fouling by adsorption. In particular, at a suitable applied
potential phenolic compounds polymerise to form a poly-
meric film on the electrode surface, thereby decreasing
biosensor signal.

In order to minimise the contribution of interfering
species, several approaches have been proposed in devel-
opment of glucose and lactate biosensors. The use of artifi-
cial electron transferring agent (mediator) in the construc-
tion of biosensors leads to lowering the operating potential
and so reduces the interference effects of other electro-
chemically active species. The most commonly used medi-
ators are ferrocene derivates, Meldola blue, Prussian blue,
toluidine blue, methylene green, and osmium complex re-
dox polymers.

The other approach is to use permselective mem-
brane to restrict the access of the interfering substances.
Different types of polymeric membranes serving as a bar-
rier, ensuring the selective penetration of the substrate be-
ing determined into the layer with immobilised enzyme,
have been introduced in biosensor design. Permselective
membranes such as cellulose acetate, polyaniline, and
polypyrrole are based on size exclusion, whereas mem-
branes such as Nafion and polyvinylpyridine are based on
charge exclusion. The polymeric films used for this pur-
pose are usually solvent-cast or electropolymerised. In
contrast to solvent-cast films, where it is difficult to obtain
uniform thickness coating, electropolymerisation offers
advantages with respect to thickness control, reproducibil-
ity, and uniformity of the polymer film on the electrode
surface.

Cellulose acetate and polypyrrole (PPy) membranes
have been reported to have a good interference effect and
they are one of the first polymers used to improve biosen-
sor’s selectivity. The polymer structure is distinguished by
small-sized pores and allows only small molecules to pass
through. Overoxidised PPy rejects proteins and acts as an
ion-exchange membrane — forms an ultra-thin film that is
ion-selective against anions. Recently, successfully applied
in construction of selective electrochemical biosensors is
Nafion - sulphonated tetrafluoroethylene copolymer.
Nafion membranes possess excellent mechanical stability,
low swelling capability in aqueous media, and high cati-
on-conductive properties. The negative charge of Nafion
prevents the diffusion of anionic components through pol-
ymer film, coated on the electrode surface, and acts as a

highly effective barrier for various interferences, signifi-
cantly enhancing biosensor selectivity. Polystyrene and
polyurethanes with phospholipid polar groups have also
been used as membrane coatings.

Using amperometric biosensors, various analytes
such as alcohols, sugars, pesticides, etc. can be determined
quantitatively in food samples with extremely high selec-
tivity and sensitivity. Biosensor arrays save time as they
offer the possibility for detecting multiple target analytes
simultaneously. Single enzyme-based and multi-en-
zyme-based biosensor systems are developed and success-
fully applied in food processing for monitoring food qual-
ity and safety.>%-31:42-44 [n this review, we have summarised
and discussed the recent development of enzyme-based
amperometric biosensors for glucose and lactate and their
applications in food industry. Finally, future trends in am-
perometric biosensor development are briefly discussed.
Despite the clear advantages of electrochemical biosensor
systems, compared to classical analytical techniques, there
is a long way to emerge from the research laboratory to the
marketplace. Considerable efforts should be focused on
the development of commercially available highly sensi-
tive, miniaturised, and portable devices for fast and relia-
ble analysis. In this context, the synergy between nano-
technology, biotechnology, and electronics, will have a
pronounced influence on the development of new electro-
chemical biosensing devices in the foreseeable future.

2. Amperometric Glucose Biosensors

Information about glucose content of foods and bev-
erages is essential for both producers and consumers.
Glucose monitoring is crucial in tracing the fermentation
processes in the wine, brewing and dairy industries. In
food control, the accurate evaluation of the glucose con-
tent in foods is extremely important for the maintenance
of its physiological level in blood of diabetic individuals.
According to the World Health Organisation (WHO),%
the number of people with diabetes has risen from 108
million in 1980 to 422 million in 2014; WHO predicts that
the diabetes will be the seventh leading cause of death in
2030.

In the field of product authentication, the determi-
nation of glucose content in honey or wine can prove their
originality and even help to identify the region of the
world from which the product originates.64”

The enzyme glucose oxidase (GOx) (EC 1.1.3.4), fre-
quently used for glucose detection, is unusually sustaina-
ble towards environmental influences, and is relatively in-
expensive. GOx is a homodimeric enzyme (flavoprotein)
with an FAD molecule non-covalently bound at the active
site of each 80 kDa subunit. GOx catalyses oxidation of
B-D-glucose, utilizing molecular oxygen as an electron ac-
ceptor, to produce D-gluconic acid and hydrogen peroxide
(H,0,):
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B —D —Glucose + O, &)

D —gluconic acid + H,0,

This reaction allows quantitative determination of
glucose by detecting the amount of oxygen, consumed
during the reaction, or detecting the amount of H,0,,
product of the reaction. The first method has significant
drawbacks: the concentration of oxygen in aqueous solu-
tions is high, making it difficult to determine low concen-
trations of the analyte; moreover, in the real samples the
oxygen concentration is not constant and may vary.
Quantitatively glucose can be determined by measuring
the current generated from the oxidation or reduction of
H,0,. Hydrogen peroxide can be oxidised at a convention-
al Pt-electrode, but the direct electrooxidation of H,O,
requires high overpotential and quantification suffers from
interference of other compounds. The process is accompa-
nied by co-oxidation of interfering species that are present
in the real samples. For instance, food samples usually
contain a high concentration of ascorbic acid and/or citric
acid. Both species are classical interferents in the electro-
chemical analysis. As a result, the registered signal is high-
er and does not correspond to the real concentration of the
analyte. The problem can be solved partially by using
permselective barrier (membrane) to block the access of
this type of interfering species at the electrode surface.

Conventional amperometric glucose biosensor that
includes a cellulose acetate membrane, treated with am-
ylamine and glutaraldehyde, is described.*® The system
operates at a potential of 0.65 V (vs. Ag/AgCl, 3 M KCI)
with linearity of the signal up to 320 mM glucose. This
type of biosensor has been tested successfully for glucose
determination in orange juice and tonic samples, and the
results are similar to those obtained with the conventional
measurement method (spectrophotometry).

In order to improve the electrochemical response of
H,0, (resp., the selectivity of glucose detection), the ap-
plied potential should be efficiently lowered. The low-po-
tential detection of H,O, is one of the most successful
strategies for oxidase-based biosensors providing both
sensitivity and extremely high selectivity in the presence of
easily oxidisable compounds. A number of researches con-
firm that the optimal potentials for biosensor applications
are close to 0.0 V (vs. Ag/AgCl) where, depending on the
type of the electrode material, the current of H,0O, reduc-
tion may be several hundred times higher than the current
of oxygen reduction. At such low potentials the interfer-
ence of electroactive substances in the real samples is re-
duced or totally eliminated.

Recently, there are a numerous studies on the devel-
opment of effective electrocatalysts for reduction of H,0,
by modifying the surface of the bare electrode with suita-
ble electrocatalytic active phase that facilitates elec-
tron-transfer process — metal or metal oxide particles, bi-
metallic nanomaterials, conducting polymer films, metal

complexes, etc. In this connection, new carbonaceous
electrodes modified with microquantities of noble metals
(Pd, Pd+Pt, Pd+Au) have been proven to be promising
transducers for the development of biosensors. On their
basis, improved model biosensor systems for glucose*->!
and xanthine>*>2>3 analysis have been developed.

In some cases, electrodes modified with horseradish
peroxidase (HRP) as an eflicient biocatalyst for reduction
of H,0, are used. The development of bienzymatic sys-
tems that include both GOx and HRP, leads to a significant
increase in the selectivity of the analysis, but also consider-
ably complicates the architecture of the biosensor.

A number of research groups have used Prussian
Blue (ferric hexacyanoferrate) as an “artificial peroxidase”
At an optimal potential for sensor/biosensor applications
0.0 V (vs. Ag/AgCl) Prussian Blue (PB) has been shown to
be highly active and selective catalyst in H,O, electrore-
duction in the presence of oxygen (the current of H,O,
reduction was several hundred times higher than of oxy-
gen reduction).> Here it should be noted that the stability
associated with limited working pH-range of the PB-based
transducers is a crucial point commonly raised by referees
as an objection against their practical applications.

Carbon film resistor electrodes have been evaluated
as transducers for the development of oxidase-based en-
zyme biosensors.>® The electrodes were first modified with
PB and then covered by a layer of covalently immobilised
oxidase enzymes. These enzyme electrodes were used to
detect the substrate of the oxidase (glucose, ethanol, lac-
tate, glutamate) via reduction of hydrogen peroxide at 0.05
V vs. Ag/AgCl in the low micromolar range at response
time within 2 min. Finally, the glucose, ethanol, and lactate
electrochemical biosensors were used to analyse complex
food matrices - must, various wines, and yoghurt. Data
obtained by the single standard addition method were
compared with a spectrophotometric reference method
and showed good correlation, indicating that the elec-
trodes are suitable for food analysis. However, the lifetime
of the enzyme electrodes, stored 1 month in 0.1 M phos-
phate buffer pH 7.0 at temperature of 4 °C, evaluated by
running two calibration curves per week, was unsatisfac-
tory — glucose biosensor retained 50-60% of its initial ac-
tivity, while the activity of lactate biosensor was in the
20-40% range.

For industrial control, the use of automated methods
is desirable and the flow injection analysis (FIA) is worth-
while. In this connection, the combination of the FIA sys-
tem with amperometric biosensors became attractive due
to its versatility, simplicity, and suitability for large-scale
analyses. Biosensor developed on the basis of glassy car-
bon with electrodeposited Prussian Blue, immobilised
GOx, and coating of a Nafion polymer layer, was used for
industrial routine measurements of glucose in instant cof-
fee samples.*® The linear concentration range is from 0.15
to 2.5 mM glucose (RSD < 1.5%) with detection limit of
0.03 mM. The system has a high operational stability and
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fast response which enables the measurement of 60 sam-
ples per hour and is suitable for automated monitoring of
glucose in commercial soluble coffee.

An amperometric biosensor system with ferrocene
as a mediator and a Nafion protective film operating at
0.25 V (vs. Ag/AgCl, 3 M KCl) was used to determine the
glucose content in wine.”” Neutral Red*® and osmium pol-
ymers* were also successfully used as mediators for glu-
cose analysis in wines and alcoholic beverages.

The support material, used for enzyme immobilisa-
tion, should possess mechanical stability and rigidity, as
well as high affinity to proteins. Recently, in biosensor de-
sign chitosan has been widely used as a support for en-
zyme immobilisation.*¢! Chitosan is a natural linear
amine-rich polysaccharide, non-toxic biocompatible poly-
mer, distinguished by its ability to form flexible, transpar-
ent membranes with sufficient mechanical strength, high
adhesive consistency and protein-binding capacity. The
common drawback of the direct entrapment of enzyme in
the polymer is relatively low efficacy of enzyme loading.
This results in inconsistency in amperometric response
and reduced sensitivity during long-term operation of the
biosensor. Therefore, for better enzyme loading cross-link-
ing agents (glutaraldehyde GA, thiol linkers) have been
combined with polymer layers. An amperometric enzyme
electrode based on GOx immobilised on chitosan mem-
brane via cross-linking showing the highest response to
glucose utilised 0.21 ml cm™ thick chitosan membrane.*
Under optimal experimental conditions (pH 6.0, tempera-
ture of 35 °C, and applied potential of 0.6 V vs. Ag/AgCl)
detection limit of 0.05 mM was reached. The performance
of the biosensor was evaluated by determining the glucose
content in fruit homogenates; the accuracy was compared
to that of a commercial glucose assay kit and results indi-
cated that the present immobilisation method and meas-
urement procedure are reliable and have potential for
commercial application.

An amperometric biosensor, distinguished by its
simplicity and relative low cost, based on GOx, hydrogel,
of chitosan and highly ordered titanium dioxide nanotube
arrays (TiO,NTAs) has been evaluated by Artigues et al.®?
In the recent years, TiO,NTAs has been extensively stud-
ied and proved as material suitable as an electrochemical
interface for biosensor applications. TiO,NTAs offer excel-
lent biocompatibility, high active area that allows immobi-
lisation of a high number of enzyme molecules, and re-
markable ability to promote charge transfer processes. The
GOx-Chitosan/TiO,NTAs biosensor showed a sensitivity
of 5.46 pA mM~! with a linear range from 0.3 to 1.5 mM;
no significant interferences from fructose, ascorbic acid,
and citric acid were obtained. Measurements done with
the studied biosensor showed high repeatability (RSD
equal to 0.8%) and reproducibility (RSD equal to 2.5%).
The biosensor has good storage stability — after 30 days
85% of its initial current response was retained. Glucose
content of different food samples - soft drinks, milk, yo-

ghurt, fried tomato, and ketchup, was measured using the
biosensor and compared with the respective HPLC value.
In all the cases, the glucose concentration was determined
with sufficient accuracy (deviation less than 10%) regard-
less of the matrix composition.

Conducting (poly)thiophene films were also applied
as support material in designing glucose biosensors. The
development of biosensors by electrochemical polymeri-
sation of (poly)thiophenes, namely 2,2'-bithiophene (2,2'-
BT) and 4,4'-bis(2-methyl-3-butyn-2-ol)-2,2'-bithiophene
(4,4"-bBT), followed by immobilisation of GOx on the
films, is described.®* N-cyclohexyl-N'-(2-morpholinoethyl)
carbodiimide metho-p-toluenesulphonate (CMC) was
used as a condensing agent, and p-benzoquinone (BQ)
was used as a redox mediator. The enzyme electrodes
based on films of 2,2'-BT and 4,4'-bBT were tested for
their ability to detect glucose in synthetic and real samples
— pear, apricot, and peach fruit juices.

A simple inexpensive paper-based amperometric
glucose biosensor based on Prussian Blue-modified
screen-printed carbon electrode (SPCE) was developed.®
The use of cellulose paper proved to be a simple, “ideal’,
and green biocompatible immobilisation matrix for GOx.
The glucose biosensor allowed a small amount (0.5 pL) of
sample solution for glucose analysis and had a linear cali-
bration range from 0.25 to 2.00 mM with a detection limit
of 0.01 mM glucose. Its analytical performance was
demonstrated in analysis of selected commercial glucose
beverages. Despite the simplicity of the immobilisation
method, the biosensor retained 72% of its activity after a
storage period of 45 days.

Glucose biosensor based on GOx, poly(3,4-ethylene-
dioxythiophene) (PEDOT) and anthranilic acid (AA)
doped with poly(4-styrenesulphonic acid) (PSSH) was
successfully applied for determination of glucose concen-
tration in food samples such as grape juice and honey.®®
After a careful examination of the experimental data, it can
be stated that the presented biosensor will be an appropri-
ate tool for measurement of glucose concentration in food
samples, provided that the concentration of ascorbic acid
in such samples remains below the level of 0.1 mM.

Glucose oxidase was immobilised in conducting co-
polymers of three different types of poly(methyl-meth-
acrylate-co-thienyl-methacrylate).®® Immobilisation of
enzyme was carried out by entrapment in conducting pol-
ymers during electrochemical polymerisation of pyrrole
on the copolymer electrodes. The amount of glucose in
orange juices was investigated by using the developed en-
zyme electrodes.

In biosensors development, incorporation of biocat-
alyst within the bulk of carbon matrix offers some advan-
tages such as: high stability, possibility to incorporate oth-
er components, and a renewable surface.®” Glucose and
sucrose concentrations were determined with < 3% errors
with an amperometric method by using FIA technique.®®
A carbon paste electrode containing GOx, HRP, and ferro-
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Table 1. Electrochemical biosensors for glucose analysis in food samples.

Electrode modifier Method Sensitivity Linear range, M Samples
(Potential, V) (Detection limit, M)
GOx + cellulose acetate Amp - up to 3.2 x 107! orange juice, soft drinks
membrane + GA*® (0.65V) -
GOx + PB + GA® Amp 8 pA mM! 1x107°-8x10™* wine
(0.05 V) (1 % 10°5)
GOx + PB + Nafion®® FIA, 25.13 nA mM! 1.5x 10 -25x%x 1073 instant coffee
Amp (-0.05V) (3x107)
GOx + PNR + GA™ Amp 3.5pA mM! cm™ 9x107°-1.8x 1073 wine
(-0.35V) (2.2x107)
GDH + diaphorase + CNTs + Amp 13.4 yA mM! cm™ 1x1075-8x 107 sweet wine
Os-polymer + NAD* % (0.2V) (1x107%)
GOx + CS%0 Amp 0.0597 pA mM™! 1x10°-13x%x 107! fruit homogenates
(0.6 V) (5x107)
GOx + CS®! Amp 21 mA M ecm™ 5% 107°-1.5x 102  mixed fruit juice, orange
(0.6 V") (1x107) juice, sport drink, cola
GOx + CS + TiO,NTAs® Amp 5.46 pA mM! 0.3x102-1.5x 1073 soft drinks, milk, yoghurt,
(-0.4V) (7 x 107) fried tomato, ketchup
GOx + poly(2,2-BT) + BQ® - 9x%x10°-52x%x1073
Amp (3x107) fruit juice
GOx + poly(4,4'-bBT) + BQ® 0.4V - 1.5x10%-52x1073 (pear, apricot, peach)
(5x107%)
GOx + PB + cellulose paper® Amp 2.14 yA mM™! 25%x10™-2x 1072 glucose beverages
(-0.3V) (1x107%)
GOx + PEDOT + PAA + PSSLi® 2.74x 1074 A M1 9.6x 1074 -3 x 1072
Amp (2.9 x10™%) grape juice,
GOx + PEDOT + AA + PSSH® (0.6 V) 257 x 1074 AM! 1.86 x 1073 -3 x 1072 honey
(5.6 x 104
GOx + HRP + Fc%® FIA, 10.7nAmg'L 25-80mgL! fruit juices
Amp (0.0 V) -
GOx + CMC + ferricyanide® Amp - 1x103-1x107" lactic fermenting
(0.4V) (1x1073) beverages
RhO, + GOx + Nafion” Amp 0.098 pA mg!' L 1-250mgL™! instant tea,
(-0.2V) (0.2mgL™) honey
GOx + GA”! Amp - 4x107°-25x1073 wine and must
0.2 V) (4% 10°5)
GOx + HMDA + GA”? FIA, 505 + 55 uA mM™! up to 1.5 x 107> pineapple and
Amp (0.7 V) (1 x107°) orange juice
GOx + PPy”® Amp 3.5uAmM ! cm™? 5x107%-2.4x1072 fruit juices,
(0.7 V) (2.69 x 107°) non-alcoholic beverages

The potential value is referred vs. Ag/AgCl, 3 M KCI; "vs. saturated calomel electrode (SCE); Amp - amperometry; FIA - flow injection analysis; GOx
- glucose oxidase; GDH - glucose dehydrogenase; CNTs — carbon nanotubes; NAD - nicotinamide adenine dinucleotide; GA - glutaraldehyde; PB
- Prussian Blue; CS - chitosan; NTAs — nanotube arrays; PNR - poly(neutral red); HRP - horseradish peroxidase; Fc - ferrocene; PEDOT -
poly(3,4-ethylenedioxythiophene); PAA - polyacrylic acid; PSSLi - poly(4-lithium styrenesulphonic acid); AA - anthranilic acid; PSSH - poly(4-sty-
renesulphonic acid); 2,2'-BT - 2,2'-bithiophene; 4,4'-bBT - 4,4'-bis(2-methyl-3-butyn-2-ol)-2,2'-bithiophene; BQ - p-benzoquinone; CMC - car-
boxymethyl cellulose; HMDA - hexamethylenediamine; PPy - polypyrrole.
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cene was used in combination with the soluble enzymes
invertase and mutarotase. The effect of invertase, mutaro-
tase, and ascorbic acid on the electrode response was ex-
amined. The proposed method for glucose and sucrose
measurements was validated in real samples of fruit juices.

An amperometric biosensor system based on
screen-printed electrodes for simultaneously detection of
glucose and L-lactate has been developed and applied for
simple and rapid monitoring of their levels in lactic fer-
menting beverages.® Using the proposed method, assays
were completed within 5 min and a good agreement with
high-performance liquid chromatography results was ob-
tained. The system was based on three-dimensionally lay-
ered electrodes and ferricyanide as a mediator. A linear
relationship between steady-state current and concentra-
tion was found over a range of 1-100 mM (glucose) and
1-50 mM (lactate). The stability of the proposed system
was examined - after storage in a freezer at temperature of
=30 °C under dry conditions, the biosensor response was
stable for at least 10 months.

Table 1 summarises applications of various types of
electrochemical glucose biosensors in food analysis.

In the literature, third-generation biosensors based
on direct electrochemistry of GOx have been reported.”7
These biosensors operate close to the redox potential of the
enzyme, eliminating the need of redox mediator or perox-
idase. The devices have significant advantages such as sim-
pler design and independence from O, content in the solu-
tion (the electron acts as a second substrate for the enzy-
matic reaction). However, analytical results for glucose
detection in real food samples with third-generation bio-
sensors are not reported yet.

3. Amperometric Lactate Biosensors

Lactate is a key metabolite of the anaerobic glycolytic
pathway. In food industry the lactate level is an indicator
of the fermentative processes and is related to the fresh-
ness, stability, and storage quality of various foods and
beverages such as wine, beer, cider and diary products
(milk, cheese, yoghurt, butter). In wine industry the malo-
lactic fermentation is monitored by following the decreas-
ing level of L-malic acid, and increasing level of L-lactic
acid - conversion that leads to deacidification and soften-
ing of the wine taste. Contamination of milk, fruit juices,
canned fruits/vegetables, and eggs with lactic acid bacteria
during production or storage leads to increased level of
L-lactate — marker of spoilage. In meat processing it can be
taken as an indicator of pre-mortem stress imparting the
deficiency in the meat quality.

On the other hand, L-lactic acid (E 270) is used as a
preservative and food supplement; it is added as an acidu-
lant to foods and beverages, where a tart flavour is desired
(jams, jellies, candy, soft drinks, etc.) and also as emulsify-
ing agent in bakery products. Moreover, in clinical analysis

and sport medicine analysis of lactate is relevant for diag-
nostic of ischemic conditions and cystic fibrosis; blood lac-
tate level correlates to the status of anaerobic metabolism
during muscle work and is an indicator for training status
at athletes. As an alternative to the conventional analytical
methods (chromatographic and spectrophotometric) for
lactate monitoring, amperometric biosensors, which pro-
vide reliable, direct and rapid measurements, are success-
fully used. Most of the commercial biosensors for lactate
utilise lactate oxidase as a biorecognition element.

Lactate oxidase (LOx) (EC 1.13.12.4) is a globular
flavoenzyme, mostly used in amperometric biosensor ap-
plications. The quantitative determination of L-lactate, us-
ing LOx, is based on the following catalytic reaction:

L
L —Lactate + O, L pyruvate + H,O,

LOx catalyses the oxidation of L-lactate to pyruvate
in the presence of dissolved oxygen and forms H,0,. The
produced H,0, can be reduced or oxidised electrochemi-
cally to give a current proportional to the concentration of
L-lactate.

Raw milk and dairy products are among the most
important foods, and their quality is of great importance
for human health. Bienzyme amperometric biosensors for
lactate analysis in milk and dairy products have been re-
ported.8! Biosensor system, reported by Torriero et al., is
based on a glassy carbon electrode with immobilised LOx
and HRP with a mediator osmium redox polymer.3’ The
working potential of 0.0 V (vs. Ag/AgCl, 3 M KCl) elimi-
nates the interference of the electroactive substances in
milk samples and allows detection of extremely low lactate
concentrations (5 nM). Analysis is rapid, highly selective,
and sensitive and there is a good correlation with the re-
sults obtained by standard spectrophotometric method.

L-lactic acid was determined in cow’s milk, goat’s
milk and whey protein concentrate (WPC)-enriched goat’s
milk yoghurts by using an amperometric biosensor involv-
ing a bienzyme graphite-Teflon-LOx-HRP-ferrocene
composite electrode. The correlation between the L-lactic
acid results obtained at the same applied potential (0.0 V
vs. Ag/AgCl) using the bienzyme biosensor method and a
standard colorimetric enzymatic method was 0.95. One-
and two-way analyses of variance indicated that the bio-
sensor method was able to discriminate between WPC
supplemented and non-supplemented yoghurts, whereas
this discrimination could not be accomplished with the
colorimetric enzymatic method.8!

To overcome interference of electroactive substances
such as polyphenols and ascorbic acid, some research
groups used mediators, redox polymers, and membranes,
that serve as a selective barrier for easily oxidisable species:
poly(5-hydroxy-1,4-naphthoquinone-co-5-  hydroxy-3-
acetic  acid-1,4-naphthoquinone),®>  polyvinylimida-
zole-0s,3  polyaniline-co-fluoroaniline film,3* chitosan
membrane with ferrocyanide,®® polysulphone membrane/
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MWCNTs with ferrocene,® overoxidised polypyrrole
(PPYox).%”

The advantages of covalent immobilisation tech-
niques were coupled with the excellent interference-rejec-
tion capabilities of PPYox and a bilayer disposable lactate
biosensor able to operate in FIA was developed by
Palmisano et al.#” The biosensing layer, obtained by gluta-
raldehyde co-cross-linking of LOx with bovine serum al-
bumin (BSA), was cast on an underlying electropolymer-
ised layer of PPYox. In this work co-cross-linking of en-
zyme with BSA by GA is preferred as a simple procedure
mainly because it allows a higher degree of intermolecular
bonding, a lower extent of enzyme crowding and enzyme
deactivation, and results in an immobilised enzyme layer
showing high enzyme stability and good mechanical prop-
erties. When integrated in a FIA system, a linear response
up to 1 mM and detection limit of 2 uM were obtained; the
introduction of a microdialysis membrane-based sampler
extended the linear range up to 50 mM lactate. The an-
ti-interference characteristics of the biosensor permitted
lactate determination in untreated milk and diluted yo-
ghurt samples.

A similar immobilisation technique has been applied
in the development of an interference and cross-talk-free
dual electrode amperometric biosensor for simultaneous
monitoring of glucose and lactate by FIA.# The potential
of the biosensor system was demonstrated by simultane-
ous determination of lactate and glucose in untreated to-
mato juice samples.

In order to improve the sensitivity of lactate biosen-
sors, nanomaterials are used to increase the working sur-
face of the electrode. Amperometric biosensors based on a
gold planar electrode and two types of nanocomposites,
derived from different MWCNTs, were used to determine
lactate in foods (apple juice, tomato paste, olive brine, pro-
biotic drink), in red and white wines.?> Biosensors are con-
structed by immobilizing LOx and HRP in a layer of chi-
tosan onto the electrode surface and ferrocyanide was
used as a mediator. The protein affinity of chitosan pre-
vents enzyme denaturalisation, thus offering an en-
zyme-friendly environment. Amperometric measure-
ments were performed at -0.05 V (vs. Ag/AgCl, 3 M KCl).
The linear concentration range of biosensor, based on a
gold electrode, was from 5 to 244 pM with a limit of detec-
tion 0.96 uM. The analytical system shows satisfactory sta-
bility (no loss of sensitivity after 60 consecutive measure-
ments) and excellent stability after 15 months storage at
room temperature (retained 90% of its initial sensitivity).

Bienzymatic biosensor with LOx, HRP, and redox
mediator ferrocene, included in graphite-Teflon compos-
ite matrix, was developed.®® Lactate content in red wine
and yoghurt was determined at potential of 0.0 V (vs. Ag/
AgCl, 3 M KCI). The composite bioelectrode exhibits long-
term stability — reproducible amperometric signal was
achieved with no significant loss of enzyme activity after
storage for 6 months at 4 °C. Detection limit of 90 nM has

been determined and excellent selectivity of analysis in
real samples has been demonstrated. The sensor developed
can be applied for monitoring and optimizing the fermen-
tation process, and for controlling the quality of fermented
products.

An amperometric bienzymatic biosensor based on
incorporation of LOx and HRP into a CNTs/polysulphone
membrane by the phase inversion technique onto
screen-printed electrodes has been developed by Perez
and Fabregas.®® In order to improve the sensitivity and to
reduce the working potential, experimental conditions are
optimised and ferrocene as a redox mediator has also been
incorporated into the membrane. The biosensor response
time to L-lactate was 20 s and showed an excellent repro-
ducibility (RSD 2.7%); at an applied potential of 0.1 V (vs.
Ag/AgCl) the detection limit of 0.05 mg L™! L-lactate with
a linear range from 0.1 to 5 mg L' were determined. The
system has been successfully applied for quantitative de-
tection of L-lactic acid in different wine and beer samples.

Lactate biosensors based on various types of trans-
ducers and immobilised LOx were developed, and lactate
determination during fermentation process was per-
formed in wine and must samples.”**-% Commercially
available screen printed electrodes SensLab are preferred
as transducers from research groups of Shkotova and
Goriushkina. Appropriate function of the electrochemical
biosensor requires effective coverage of the transducer
with enzyme. In this connection, Shkotova and co-authors
present two ways for immobilisation of LOx onto the
working electrode surface: 1/ physical adsorption into a
Residrol polymer layer, and 2/ immobilisation in poly
3,4-ethylenedioxythiophene applying electropolymerisa-
tion.”® Electrochemical measurements with both biosen-
sor systems were performed at potential of 0.3 V (vs. Ag/
AgCl) in phosphate buffer, pH 7.2. The first type biosensor
is characterised by a shorter linear dynamic range (0.004
- 0.5 mM) and higher sensitivity (320 nA mM™!) as com-
pared with the second type biosensor (0.05 -1.6 mM and
sensitivity of 60 nA mM™). The immobilisation method
has been shown to have no effect on the stability and the
pH-optimum. Both biosensors are applied for analysis of
lactate in wine and must. Due to their good analytical
characteristics and operational stability, the use of these
biosensors in wine quality control is recommended.

With same application are the amperometric biosen-
sors based on platinum printed electrode and immobilised
enzymes alcoholoxidase (AOx), GOx, and LOx, developed
by Goriushkina et al.”! Their application is shown in quan-
titative detection of ethanol, glucose, and lactate with a
linear concentration range of 0.3 - 20 mM ethanol, 0.04 -
2.5 mM glucose, and 0.008 - 1 mM lactate. The operation-
al stability of both ethanol and glucose biosensors remains
for two months, whereas for the lactate biosensor this time
is only 4 days. The developed biosensors show high selec-
tivity with respect to the substrates and have been success-
fully applied for the analysis of complex mixtures.
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Biosensors based on sol-gel approach are distin-
guished by improved activity and stability of the bioele-
ment. One advantage of sol-gel immobilisation is that the
enzyme is entrapped within the matrix without covalent
bonding involved, hereby the enzyme activity is better pre-
served and the sensitivity of the biosensor is higher. The
porous 3-D structure of sol-gel matrix favours the diffu-
sion of substrate molecules and facilitates the specific in-
teraction with the enzyme’s active centre. A lactate biosen-
sor with an appropriate stability, suitable for food quality
control and clinical analysis (including non-invasive diag-
nostics), is developed on the basis of LOx immobilised in
gel membranes formed from alkoxysilanes on the top of
Prussian Blue modified electrode.®® Operational stability
of the elaborated lactate biosensor was tested in flow-in-
jection mode by injecting 0.1 mM of lactate. It was found
that after 500 injections the current response remained
85% of its initial value. The biosensor remained not less
than 90% of its initial activity after 6 months of storage in
a waterproof package at 4 °C. The authors do not state data
on the reproducibility of the biosensor. A main disadvan-
tage of the sol-gel immobilisation approach is that it is not
uniform - the thickness of the layer, the amount, and the
distribution of loaded enzyme may vary a lot, affecting the
sensor-to-sensor reproducibility.

A lactate oxidase amperometric biosensor was devel-
oped and optimised for malolactic fermentation monitor-
ing during wine-making process.”* LOx was immobilised
on Prussian Blue modified screen-printed carbon elec-
trode in order to reduce the electrochemical interferences.
The biosensor showed high sensitivity (852 pA M™!) and a
detection limit for lactic acid of 0.005 mM (0.45 mg L1).
The operational stability and the lifetime of the biosensor
were also evaluated and were equal to 8 h and 30 days, re-
spectively. In flow injection system the biosensor was used
for lactic acid analysis during malolactic fermentation of a
red wine and the results were compared with those ob-
tained by ion chromatography with good agreement.

An amperometric lactate biosensor with LOx immo-
bilised into a Prussian Blue modified electrode was fabri-
cated.” The advantage of using cetyltrimethylammonium
bromide (CTAB) in the electrodeposition step of PB films
onto glassy carbon surfaces was confirmed taking into ac-
count both the stability and sensitivity of the measure-
ments. The biosensor was used in the development of a
FIA amperometric method for lactate determination.
Under optimal conditions (pH 6.9 and applied potential of
-0.1 V vs. Ag/AgCl, NaCl sat.), the repeatability of the
method for injections of 0.28 mM lactate was 2.2% (n =
18). Due to the near-zero working potential, high catalytic
activity and selectivity of Prussian Blue towards the ca-
thodic reduction of hydrogen peroxide, the biosensor sys-
tem exhibited a practically interference-free response to-
wards the target analyte. The usefulness of the developed
biosensor was demonstrated by determining lactate level
in beer samples and the results were in good agreement

with those obtained by using a reference spectrophoto-
metric enzyme method.

Polypyrrole (PPy) is a conductive polymer with pos-
itive charges that can be formed onto electrode surface
through electropolymerisation using cyclic voltammetry.
As advantages of PPy can be specified: 1/ the thickness of
the PPy layer can be quantitatively controlled by con-
trolling the number of cycles applied during cyclic voltam-
metry, and 2/ enzymes with negative charges can be ab-
sorbed into PPy layers via electrostatic forces. However,
some authors note that the enzyme loading capability of
PPy is low which may results in a reduced biosensor sensi-
tivity. Further, PPy layer is most stable at pH range of 5.5
- 6.0, which limits the type of the used enzyme.

Biosensor system based on LOx, immobilised on the
surface of planar electrode modified with Prussian Blue
and electropolymerised polypyrrole film, was applied in
quality control of kvass (traditional Russian yeast drink).%®
The analytical characteristics of the resulting biosensor are
as follows: a sensitivity of 190 + 14 mA M~! cm~2, a linear
dynamic range from 0.5 to 500 pM, and high operational
stability. Due to the low working potential (0.0 V vs. Ag/
AgCl) the biosensor is indifferent to species that present in
the analysed samples and included in FIA system allows an
express assessment of the quality of food products.

Marzouk and co-authors present an analytical FIA
system by amperometric simultaneous detection of glucose
and lactate.” The enzyme-generated H,0, is measured by a
working platinum electrode with deposited layer of m-phe-
nylenediamine. The system is applicable for quantitative
analysis of glucose and lactate in dairy products.

An amperometric biosensor system based on
screen-printed electrode and ferricyanide as a mediator
has been used for simultaneous detection of glucose and
lactate in dairy drinks.%” The linear range is from 1.0 to 100
mM glucose and from 1.0 to 50 mM lactate. The duration
of the analysis is only 5 min. An excellent agreement of the
results with those obtained by HPLC has also been demon-
strated.

Integrated amperometric biosensors for the determi-
nation of L-malic and L-lactic acids in wine during fer-
mentation were developed by co-immobilisation of the
enzymes L-malate dehydrogenase (MDH) and diaphorase
(DP), or LOx and HRP, respectively, together with the re-
dox mediator tetrathiafulvalene (TTF), on a 3-mercapto-
propionic acid (MPA) self-assembled monolayer-modified
gold electrode by using a dialysis membrane.”! After 7 days
of continuous use, the MDH/DP biosensor still exhibited
90% of the original sensitivity, while the LOx/HRP biosen-
sor yielded 91% of the original response after 5
days. Calibration graphs were obtained with linear range
from 0.52 to 20 uM for L-malic acid, and from 0.42 to 20
uM for L-lactic acid, respectively. The experimental results
obtained with both biosensors exhibited a very good cor-
relation when plotted against those obtained by using
commercial enzymatic kits.
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Rahman et al. developed an amperometric lactate bi-
osensor based on a conducting polymer poly-5,2'-5',2"-ter-
thiophene-3'-carboxylic acid (pTTCA) and MWCNTs
composite on a gold electrode.”® Lactate dehydrogenase
(LDH) and the oxidised form of nicotinamide adenine di-
nucleotide (NAD*) were subsequently immobilised onto
the pTTCA/MWCNTs composite film. The detection sig-
nal was amplified by the pTTCA/MWCNTs assembly with
immobilised enzyme. The applicability of the biosensor
was demonstrated successfully in commercial milk and
human serum samples.

Polyethyleneimine (PEI), a cationic polymer, was
also used to immobilise LOx* and LDH! to the surface
of a screen-printed carbon electrodes, which were subse-
quently applied to the determination of lactate in yoghurt
samples. PEI possesses a strong positive charge in aqueous
solutions enabling electrostatic binding of the enzymes to
the electrode surface.

It should be noted that the use of charged protective
layers like Nafion in design of lactate biosensors influences
the response characteristics of the sensor as well, and in
particular obviously reduces the sensitivity of the resulting

Table 2. Electrochemical biosensors for lactate analysis in food samples.

biosensor device because the analyte is negatively charged.
Such effect was observed by Patel et al. in developing of
disposable-type lactate oxidase biosensors for dairy prod-
ucts and clinical analysis.?® It was established that the bio-
sensor without coating of Nafion showed naturally higher
response than that coated with Nafion and the current sig-
nal was dramatically attenuated by increasing the total
amount of Nafion on the electrodes.

Table 2 gives an overview for applications of amper-
ometric lactate sensors in the food analysis.

Biosensors are not only objects of fundamental and
applied research but they are also important commercial
products. Depending on application, the biosensor could
be alaboratory stand, portable, or hand-held device. Several
commercial instruments based on electrochemical amper-
ometric biosensor are available — Fuji Electric Co. (Japan),
IBA GmbH (Germany), Yellow Springs Instruments (USA),
Nova Biomedical (USA), Analox Instruments (UK-USA),
Sensolytics GmbH (Germany), Tectronik (Italy), BioFutura
s.r.l. (Italy), Biosentec (France), and Chemel AB (Sweden)
produce glucose and lactate biosensor devices applicable in
bioprocess control and food analysis.

Electrode modifier Method Sensitivity Linear range, M Samples
(Potential, V) (Detection limit, M)
LOx + PB + GA® Amp 10.4 pA mM™! 1x107°-5x10™* wine, yoghurt
(0.05V) (1x107)
LOx + CMC + ferricyanide® Amp 1.7124 pA mM™! 1x103-5x10"2 lactic fermenting beverages
(0.4 V) (1x1073)
LOx + PEDOT"! Amp 8x10°-1x107 wine and must
(0.2V) (8 x 1079)
LOx + HRP + Os-PAAS0 FIA, 1x10°-25%x 103 fresh milk, skimmed milk,
Amp (0.0 V) (5x107) acidophilus milk, skimmed
yoghurt, fruit yoghurt
LOx + HRP + Fc?! Amp 5x10°-1x 10 yoghurts
(0.0V) -
LOx + poly(JUG-co-JUGA)3? Amp 70 + 10 pA M cm™ 5x10°-1.5x 103 yoghurt
(=0.1 V") (5 x 10°5)
LOx + HRP + Fc + CS® Amp 3.47 nA uM™! 5x10°%-2.44x 10 wine
(~0.05 V) (9.6 x 107)
LOx + HRP + CNTs + Fc Amp 1168.8 pPAM'mm™2  1.1x10°-5.6x 107 wine and beer
+ polysulphone membrane® (-0.1V) (5.6 x 107)
LOx + GA + BSA + PPyox%” FIA, 300+ 10 nA mM™!L up to 5 x 1072 untreated milk, yoghurt
Amp (0.65 V) (1x1073)
LOx + Resydrol® 320 nA mM~! 4x10%-5x10"
Amp - wine,
LOx + PEDOT®® (0.3V) 60 nA mM-™! 5x10°-1.6 x 1073 must
LOx + HRP + TTF + MPA™! Amp 2711 + 190 pA M! 42x107-2x%x 107 wine
(~0.05 V) (4.2 % 107)
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LOx + APTS + PB? FIA, 0.18 AM'cm™ 5x107-1x 107 beverages
Amp (0.0 V) (1x107)
LOx + PB + CTAB% FIA, - 4x107%-2.8x%x 10 beer
Amp (-0.1 V) (8.4 x 1077
LOx + PPy + PB% Amp 190 + 14 mA M~! cm™ 5x107-5x 107 kvass
(0.0V) (5x107)
LDH + pTTCA + MWCNTs + NAD*%  Amp 0.0106 pA uM™! 5x107-9x107° milk
0.3V) (1x 10°6)
LOx + PEI + PCS + Nafion® Amp 0.682 nA pM! upto1lx1073 yoghurt, buttermilk
(0.6 V) (5% 1077)
LOx + PtNPs + GCNF + PEI + GA!% Amp 413 yA Mt em™ 1x107°-2x1073 wine, cider
(0.3V) (6.9 x 107)
LOx + laponite-organosilasesquioxane'®!  Amp 0.33+0.01 AM'cm™ 3x10°-3x10"  yoghurt, fermented milk,
0.4V) (1x1079) red wine
LOx + laponite/CS hydrogels + FeMe!®2  Amp 0.326 £0.003AM'cm? 1x10°-7x10™* white wine,
(0.4V) (3.8 x107°) fermented milk, beer
LOx (SIRE-technology)!%® Amp - uptolx10™ tomato paste, baby food
(0.65 V) (3.3 x 10°9)
LDH + PyrOx!'% EIS - 1x107°-2.5x107 yoghurt
(0.0 V) (1.7 x 10°5)
LOx + HRP + PPy!% Amp 13500 £+ 600 yHAMtem2  1x10°6-1x10* red wine
(0.075 V) (5.2x107)
LOX + natural protein membrane!® FIA, 81.2 pA mM! 1x10%-1x1073 milk, cheese, kefir
Amp (0.59 V) (5 x 10°5)
LOx + HRP!?” Amp 0.84 nA pM'L 1x10°-1.8x10™ yoghurt, cheese, milk
(0.0 V) (1x107)
LDH + SWCNTs + VB + Nafion!% Amp - 2x10™%-1x1073 probiotic yoghurt
(0.2V) -
LOx + DTSP? Amp 0.77 + 0.08 pA mM! upto3x 107 wine, beer
0.3V (1x107%)
LOx + MnO, + nanoCoPc!1? Amp 3.98 yA mM! cm™? 2x10°-4x107? milk
0.5V -
LOx + 3,4DHS-AuNPs!!! Amp 5.1+0.1 pA mM! upto 8 x 1074 wine, beer, yoghurt
03V") (2.6 x 1076)
LOx + PB!12 Amp 11.7+ 0.5 nA mM™! up to 5 x 1072 fermented milk products
(0.0V) (1x1073)
LDH + GONPs!13 Amp - 5%x103-5x 1072 beer, wine, milk, curd,
(0.7 V) (1x107) yoghurt
LOx + DNPs + MPTS + HMF!!4 Cv 2.6 pA mM! 53x10°-1.6x 1073 wine

(1.6 x 107%)

BSA - bovine serum albumin; PPyox - overoxidised polypyrrole; EIS - electrochemical impedance spectroscopy; LOx - lactate oxidase; LDH - lac-
tate dehydrogenase; FcMe - ferrocene-methanol; TTF - tetrathiafulvalene; MPA - 3-mercaptopropionic acid; CTAB - cetyltrimethylammonium
bromide; CMC - carboxymethyl cellulose; Os-PAA - [Os(bpy)2CIPyCH2NHpoly(allylamine)]; poly(JUG-co-JUGA) - poly(5-hydroxy-1,4-naph-
thoquinone-co-5-hydroxy-3-thioacetic acid-1,4-naphthoquinone); PEI - polyethyleneimine; PCS - poly(carbamoyl)sulphonate hydrogel; pTTCA
- poly-5,2'-5',2"-terthiophene-3'-carboxylic acid; MWCNTs — multi-wall carbon nanotubes; SIRE - sensors based on injection of the recognition
element; PyrOx - pyruvate oxidase; NPs — nanoparticles; GCNF - graphitised carbon nanofibers; APTS - y-aminopropyl triethoxysiloxane;
SWCNTs - single-wall carbon nanotubes; VB - Variamine Blue; DTSP - 3,3’-dithiodipropionic acid di(N-succinimidyl ester); CoPc - cobalt phtha-
locyanine; GO - graphene oxide; DNPs — diamond nanoparticles; MPTS - (3-mercaptopropyl)-trimethoxysilane; HMF — hydroxymethyl-ferrocene;
“'vs. silver pseudoreference electrode. Other abbreviations are the same as Table 1.
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4. Conclusions and Perspectives

Over the two last decades phenomenal growth has
been observed in the field of electrochemical biosensors
for analysis of food and beverages. Amperometric en-
zyme-based biosensors have been developed and widely
used due to their well-understood bio-interaction and de-
tection process. The high affinity of the enzyme molecules
for their target analytes allowed the development of ex-
tremely sensitive and selective biosensor systems applica-
ble in complex and variable samples. In electrochemical
biosensor design precise selection of the enzyme type,
suitable working electrode, as well as suitable, robust, and
reproducible immobilisation methodology play a crucial
role in order to achieve better selectivity and stability of
biosensors. This brief review has highlighted the strategies
that have been introduced to successfully improve the op-
erational parameters of amperometric enzyme-based bio-
sensors for glucose and lactate detection in food samples.
The analytical performances in terms of high sensitivity,
wide linear range and low detection limit of some of the
reviewed biosensors evidence that these systems have the
potential to radically change food analysis. However, de-
spite the variety of electrochemical biosensors for glucose
and lactate monitoring,?>113-12% limited number of devices
successfully applied for quality and safety assessment of
foods and beverages testifies that the food sample matrices
present significant challenges and there is still a need to
improve analytical performances, both selectivity and op-
erational stability of the immobilised biocomponent and
shelf-life of biosensor systems. Moreover, designing novel
reliable and commercially available biosensors that are ca-
pable to detect nanomolar levels of analytes, as well as bio-
sensors for reliable analysis of multiple analytes using a
single device,'*%1?7 are required in the field of food indus-
try and have become an important topic in electroanalysis.

Electrochemical biosensors offer the possibility of
rapid and on-site monitoring, thus providing real-time in-
formation essential in the control of production processes.
The great advantage of real-time monitoring in food man-
ufacture, particularly of dairy and winemaking industries,
will motivate the commercialisation and widespread usage
of these devices. Generally, the driving force for commer-
cialisation of biosensor systems is the market/hand-held
size, simplicity of operation and the instrument cost.
Transforming electrochemical biosensor system into a
simple, easy-to-use, cheap and portable commercial prod-
uct from lab-scale research is complicated and still remains
a challenge due to its high cost, stability issues, and com-
plex instrumentation design. The fabrication of hand-held
biosensor devices can be complex due to the difficulty in
ensuring the operational stability and reproducibility of
the sensor; in most cases the stability of the enzyme immo-
bilised on the electrode surface is not maintained in real
sample analysis conditions. It should also be taken into ac-
count that the sophisticated sensing device fabrication also
may incur more cost which affects its commercialisation.

Current trends toward miniaturisation of biosensor sys-
tems have led researchers to use screen-printed electrodes
(SPE). The printing of electrodes is one of the most prom-
ising technologies in transducers elaboration because it is
economic, enables easy integration, improves portability,
and drastically reduces contamination. Screen-printing
technology is well established, reproducible, and easily in-
corporated in miniaturised portable devices, so SPEs be-
long to the most suitable electrodes for biosensing purpos-
es. SPEs can be modified in the same way as conventional
electrodes through surface chemistry modification or di-
rectly modifying the composition of the ink. Moreover,
with the discovery of new nano-sized materials with supe-
rior electrocatalytic properties, we expect research groups
to explore novel advanced SPEs.

Development of sensor networks and wireless signal
transmitters for remote sensing is relevant in the field of
biosensor technologies. Nowadays, fabrication of portable
potentiostats is not a scientific challenge. In fact, small
(pocket size) portable potentiostats powered by a USB
connection, combined with a simple notepad, and conven-
iently designed to fit SPEs for on-field use, are available in
the electrochemical equipment market. Particularly, for
mobile sensor/biosensor applications several companies
offer potentiostats with integrated Bluetooth, using a
smartphone for control. Such portable potentiostat with
wireless connectivity to smartphones would facilitate anal-
ysis at the point-of-use and in the field, where access to a
computer is impossible.

Future trend in biosensors engineering is develop-
ment of “smart” sensors which are capable of measuring,
analysing, and adjusting the appropriate parameters of the
analyte. The potential of this technology is enormous and
should revolutionise analysis and control, because it will
not only improve the food quality/safety, but will also pro-
vide much more effective control with less employment,
time and energy saving.
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V preteklih dveh desetletjih so elektrokemijski biosenzorji vzbudili veliko zanimanja na podro¢ju analize Zivil, pred-
vsem zaradi svojih privlaénih delovnih karakteristik. V prehrambeni industriji kontrola kvalitete med proizvodnjo ter
kon¢nih izdelkov zahteva hitre in zanesljive analizne metode. Obetavna alternativa tradicionalnim analiznim metodam
so elektrokemijski encimatski biosenzorji — naprave, ki kombinirajo robustnost elektrokemijskih tehnik s specifi¢nostjo
bioloske prepoznave ter ponujajo veliko prednosti zaradi svoje velikosti, cene, obcutljivosti, selektivnosti in hitrega odzi-
va. Pri¢ujo¢i kratki pregled literature poskusa povzeti objave v zadnjem obdobju na temo napredka v razvoju encimskih
biosenzorjev z amperometrijsko detekcijo za kvantitativno analizo glukoze in laktata v razli¢nih Zivilskih vzorcih. Pre-
gled se zaklju¢i z napovedjo bodo¢ih izzivov in perspektiv na tem podrodju.
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