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Abstract: Biosensors are promising analytical tools applicable in clinical diagnostics, food industry, environmental
monitoring, and other areas in which rapid and reliable analyses are needed. This review covers the basic types of
biosensors and their designs and general operating principles. A classification of biosensors according to the type of
transducer they involve and according to the nature of the biological entity used as the recognition element is
presented. Methods of immobilization of biological components, namely, adsorption, microencapsulation, inclusion,
cross-linking, and covalent binding are briefly characterized. The main areas of application of biosensors in the food
industry—food safety and quality assessment, process monitoring, and others—are considered.
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INTRODUCTION

The issue of food safety and quality is becoming
increasingly challenging. This is due to the fact that
hazardous foods that can contain toxic substances,
including those of anthropogenic origin, appear on the
market. Environmental pollution caused by sewage
from industrial and agricultural enterprises, which
contains residual pesticides, fertilizers, growth
stimulants, and other harmful substances, leads to
accumulation of toxicants in fish, meat, and dairy
foods. In addition, in the 1980s some countries began
extensive studies in the design of genetically modified
organisms (GMOs) intended for the production of
foods, animal feeds, and pharmaceutical and veterinary
preparations. This highlights the need for extensive
supervision aimed at revealing the strains that were
created in violation of safety principles and at checking
whether a product obtained using a GMO is identical to
its natural prototype.

In view of the aforesaid, increasing attention is
being focused on development of sufficiently sensitive
and selective express analysis methods. Prominent
examples of analytical systems combining all of the
above merits are biosensors [1-4].

GENERAL OPERATING PRINCIPLES
AND DESIGN OF BIOSENSORS

Biosensors are analytical devices that employ
sensitive biological materials to "recognize" certain
molecules and provide information on their presence
and amount as a signal convenient for recording and
processing [4—10].

Any biosensor consists of the following three basic
components: recognition element, which is a biose-
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lective membrane involving various Dbiological
structures; physical transducer; electronic system for
signal amplification and recording and for user-friendly
data representation [4, 7—17]. Figure 1 presents a
general scheme of a biosensor.
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Fig. 1. General scheme of a biosensor.

A recognition element is the basic component of
any sensor. It is due to its recognition element that a
sensor can selectively respond to one or several
analytes among a large number of other substances. All
types of biological structures—enzymes, antibodies,
receptors, nucleic acids, and even living cells—are
used as a recognition element in biosensors.
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A transducer converts the changes caused by the
reaction between the selective biological layer and the
analyte into an electric or optical signal. This signal is
then measured using a light-sensitive and/or electronic
device.

CLASSIFICATION OF BIOSENSORS

Biosensors are classified according to transducer
type or according to the nature of their biological
component. The following four basic transducer types
can be distinguished [4, 7-10].

Electrochemical Transducers
— Potentiometric transducers. The analytical signal in
this case is the potential drop between the working
electrode and the reference electrode or between two
reference electrodes separated by a semipermeable
membrane (at a zero current through the electro-
chemical cell). An ion-selective electrode (ISE) usually
serves as the transducer. The most widespread
potentiometric biosensors employ pH electrodes.
— Voltammetric transducers. Here, the electroactive
species oxidation or reduction current is measured. The
latter is induced by producing the preset potential drop
between the electrodes. In most cases, a constant
potential vs. the reference electrode is applied to the
working electrode (or a bundle of electrodes). The
observed current is proportional either to the volume
concentration of electroactive species or to the rate of
their disappearance or formation in the biocatalytic
layer [4].
— Conductometric transducers. These transducers
measure the electrical conductivity of the solution in
the course of a biochemical reaction. They are less
commonly used in biosensors, particularly when the
recognition element is an enzyme. However, they
should not be discounted in detection of affine
interactions [4].
— Impedimetric transducers. These devices measure
the impedance of an electrochemical cell and the
variation of this impedance with ac frequency [9].
— Transducers based on field-effect transistors. The
systems involving ion-sensitive silicon field-effect
transistors are, in essence, conventional potentiometric
systems, with the only difference that the input
transistor of the electronic circuit of the high-resistance
voltmeter is transposed into the solution being
analyzed. This considerably enhances the resolving
power of the transducer and thereby raises the
sensitivity of the biosensor. The biosensitive layer is
usually placed directly on the surface of an ion-
sensitive membrane as part of the gate of the field-
effect transistor [4]. Biologically modified, ion-
selective, field-effect transistors provide means to
directly determine small peptides and proteins as their
characteristic charge [18].

A serious drawback of all potentiometric systems
based on the above operating principles is their
sensitivity to the buffer capacity of the solution, which
markedly restricts their application.

Optical Transducers
Optical transducers may be based on absorption,
fluorescence, luminescence, internal reflection, surface
plasmon resonance, or light scattering spectroscopy.
For example, an immunosensor based on localized
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surface plasmon resonance on gold nanoparticles has
been developed for determining casein in milk [19].

Piezoelectric Devices

Piezoelectric sensors employ crystals that undergo
elastic deformation under the action of an electric
potential. An alternating potential at a certain
frequency generates a standing wave in the crystal.
Analyte adsorption on the surface of the crystal, which
is covered with a biological recognition element, alters
the resonance frequency, and this is an indication of
binding taking place. Piezoelectric immunosensors are
considered to be among the most sensitive sensors
developed to date, for they are capable of detecting
antigens in the picogram range
(http://www.tms.org/pubs/journals/JOM/0010/Kumar/
Kumar-0010.html).

Thermometric Transducers

Measuring the amount of heat with a sensitive
thermistor provides means to determine the analyte
concentration.  Thermal biosensors are  quite
uncommon.

Any type of biochemical element can be combined
with different transducers to obtain a wide variety of
biosensors. Up to 80% of the biosensors are
electrochemical ones; depending on the nature of their
biological component, they are also referred to as
enzyme electrodes, immunosensors, and DNA sensors
[3,5,8, 15].

The recognition elements in biosensors are
biological entities that can recognize a single substrate
among a multitude of others. This requirement is met
by four entities: enzymes, antibodies, nucleic acids,
and receptors [8].

Enzymatic Sensors

These include pure enzyme preparations or
biological preparations (tissue or microbial culture
homogenates) showing a certain biological activity.
The simplest enzymatic biosensor design is used when
the substrate or the product of the enzymatic reaction is
electrochemically active, capable of being rapidly and
reversibly oxidized or reduced on an electrode upon the
application of an appropriate potential. According to
their functions, enzymatic sensors are subdivided into
substrate and inhibitor ones. Substrate biosensors are
intended for determination of specific substrates of
enzymatic  reactions. Examples are  glucose
determination using a glucose oxidase—based
enzymatic sensor and urea determination using a urease
sensor [20, 21]. Inhibitor sensors are intended for
determination of substances reducing the activity of an
enzyme. An example is the determination of
organophosphorus pesticides inhibiting acetylcholine
hydrolysis catalyzed by acetylcholinesterase [6, 79].

The most common enzymatic biosensors are
glucose and urea biosensors [8].

Immunosensors

Immunoglobulins, which are protective proteins
secreted by the immune system of an organism in
response to the ingress of alien biological compounds
(antigens), are employed in this case as the biochemical
receptor. Immunoglobulins, also known as antibodies,
form strong complexes with antigens. Immunosensors
are used to detect the participants of immunochemical
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interaction, namely, the antibodies and antigen. The
presence of antibodies in blood is a diagnostic
indication of infection or a toxic action of certain
substances.

Antigens can be determined not only in biological
liquids, but also in other media, including the natural
environment. Provided that there are specific
antibodies, immunosensors can detect practically any
compound, showing a high specificity and selectivity.

DNA Sensors

The biochemical components of DNA sensors are
nucleic acids (DNA). Most frequently, they are not
natural components isolated from a living organism,
but their fragments called DNA probes or DNA
primers. They are selected so that they reflect the
specificity of the DNA structure as a whole. DNA
probes are synthesized by DNA amplification via a
polymerase chain reaction. They can be additionally
modified so as to enhance their stability or facilitate
their introduction into a biosensor. Oligonucleotide
sequences having no natural analogue, selected
according to their capability to interact with certain
biomolecules, are also used in DNA sensors. These
synthetic nucleic receptors received the name of
aptamers [23, 24]. Since present-day science is unable
to predict the aptamer structure required for each
particular ligand, one has to synthesize all possible
oligonucleotides for obtaining an aptamer (imposing a
reasonable limit of, e.g., 40—100 nucleotides) and then
select those which bind most strongly to the target.

Another purpose of DNA sensors is to reveal
proteins and  nonmacromolecular  compounds
specifically interacting with certain DNA fragments.
These objects include regulatory proteins, tumor
markers damaging DNA, and many anti-cancer drugs.
Aptamers are nearly as specific as antibodies and
exceed them in stability. The aptamer-based DNA
sensors are called aptasensors. DNA sensors are used
to determine the nucleotide sequence in a target DNA
molecule that is complementary to the probe. This
provides means to reliably diagnose pathogenic
microorganisms and viruses and to solve problems of
fine genetic diagnostics [3, 15, 25]. Examples of the
latter application are affiliation, detection of genetic
disorders, and detection of products made from
genetically modified organisms.

Microbial Biosensors

In most common microbial biosensors, the
biological component is separated from the recording
device. This is due to the fact that the response of
microorganisms to variations in the chemical
composition of the medium is rather sluggish compared
to the response of enzymes or antibodies, because the
former is mediated by matter transfer across a
biomembrane. For this reason, it is necessary to create
a higher concentration of living cells than is allowed by
the geometry of the transducer. A microbial biosensor
may be a columnar or membrane reactor or a
suspension of microorganisms in a solution with an
immersed sensor [8, 14]. The microorganisms
employed in these sensors can execute various
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functions. They can convert the analyte using enzymes
they secrete into the culture medium during their
metabolism or enzymes remaining in their living cells.
These sensors are similar to enzymatic sensors, with
the only difference that a group of enzymes, not
necessarily a single one, may be involved in the
conversion of the substrate [14, 16]. The action of
microorganisms is based on the fact that they change
their respiratory activity as they assimilate organic
substances. These microbial biosensors are called
respiratory biosensors. They are used in the
determination of the total amount of oxidizable
organics in, e.g., wastewater [14, 26-28]. Respiratory
microbial biosensors are also wusable in the
determination of antimicrobial agents suppressing
microbial respiration.

Microbial oxidation reactions are low-selective,
because, as distinct from individual enzymes,
unicellular organisms can decompose various organic
substances at similar rates. Genetic engineering makes
it possible to design microorganisms producing certain
enzymes whose activity can be measured in the same
way as in the case of enzymatic sensors. This is how
the stability of enzymes can be enhanced and their
concentration can be increased in the case of low-
stability proteins. The best known examples of these
sensors include toxin determination systems based on
the inhibition of luciferase, a microbial enzyme that
generates luminescence during the oxidation of some
substrates [14, 29-31].

Another area of application of microbial sensors is
investigation of the effect of substances on a cell as a
model of a multicellular organism. These biosensors
are also employed in toxicological studies to estimate
the median lethal concentration of toxicants and in the
optimization of individual doses of antibiotics and the
amounts of antimicrobial and antifungal additives for
paints and finishing materials. Finally, microbial
biosensors are used to estimate the condition of natural
microorganism communities, for example, in
monitoring the performance of biological wastewater
treatment systems.

Biosensors Based on Supramolecular
Structures of a Cell

These biosensors occupy an intermediate place
between enzyme and DNA sensors, since they involve
intracellular entities that have a fairly complex
hierarchical structure. These entities include lipid
membranes with built-in receptors, cell organelles
(mitochondria ~ and  chloroplasts),  polyenzyme
complexes, etc. These biosensors have not found wide
application yet, because their biological components,
when isolated from their natural medium, are
insufficiently stable to maintain the operating
parameters of a sensor for a long time. They are used in
the investigation of biochemical processes, for
example, for verifying the mechanism of the toxic
action of pollutants and for determining the pathway
via which an action potential or another biochemical
signal is transmitted from a cell. These biosensors
include phytotoxicity sensors involving components of
the photosynthetic apparatus of plant cells.
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IMMOBILIZATION OF BIOLOGICAL
COMPONENTS

For a biosensor to operate reliably, its biomaterial
should be bound to the transducer surface. This
operation is referred to as immobilization of a
biological component.

Immobilization means bringing a biomaterial
(enzymes, antibodies, nucleic acids, oligonucleotides)
into insoluble form by incorporating it in an inert
support or by chemically of physically binding it to the
transducer surface.

There are five basic methods of immobilizing
biomaterials [8—10].

1. Adsorption. This is the simplest method that
does not need any substantial pretreatment of sensor
components or use of special-purpose chemicals.
Alumina, activated carbon, clay, cellulose, collodion,
silica gel, glass, hydroxylapatite, and many other
substances are known to adsorb enzymes without
affecting their native conformation.

Both physical adsorption and chemical adsorption
(chemisorption) are usable in this case. In physical
adsorption, the biomaterial is held on the surface by
Coulomb, van der Waals, or ionic interactions or
hydrogen bonding. In the case of immobilization of
cellular structures, the adsorptive binding of cells to the
surface of a pretreated polymer can be so strong that
the removal of the cells from the polymer surface
causes their lysis.

The result of adsorptive immobilization is largely
determined by the properties of the transducer surface,
including its charge, the presence of polar groups, its
redox potential, and its energetic uniformity.
Adsorption does not afford a high concentration of a
biological component. In order to increase the amount
of biological component adsorbed, the transducer is
pretreated so as to generate charged or polar groups
enhancing biomaterial adsorption. This is done by
using various methods of oxidation and surface
modification with polymers or functionalizing
reagents. For example, the oxidation of gold and
carbon electrodes increases their protein, nucleic acid,
and microorganism adsorption capacity.

A considerably stronger binding between the
biomaterial and the support is provided by
chemisorption yielding covalent bonds (see below).
The recognition elements prepared by adsorption are
very sensitive to pH, temperature, ionic strength, and
substrate concentration variations.

Adsorption is mainly used at the research stage,
when even a weak binding between the biological
material and the transducer is sufficient and the sensor
is not intended for long-term operation.

2. Microencapsulation. This is one of the
widespread methods of making electrochemical
sensors. A biomaterial is placed near the transducer
(electrode) so that it is separated from the rest of the
solution by a semipermeable membrane allowing
analyte molecules and the products of the catalytic
reaction to pass through. For this purpose a direct or
inverse emulsion is initially prepared from a polymer
solution in an organic solvent and an aqueous solution
of the biological component. The emulsion is dried to
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obtain a membrane whose polymeric matrix
incorporates microcapsules of water containing
biomolecules and nonmacromolecular electrolyte ions.
This immobilization method leaves intact the
hydrophilic environment of the biopolymer at all
immobilization stages, making it possible to achieve a
sufficiently high residual activity of the enzyme. The
immobilized enzyme is actually free but is localized in
a certain part of the measurement cell.

Several types of membranes are wused in
microencapsulation. Along with cellulose acetate
(dialysis) membranes, which are impermeable to
protein molecules and slow down transport of many
nonmacromolecular compounds, membranes made
from polycarbonate (Nucleopore), the natural protein
collagen, and from polytetrafluoroethylene (Teflon) are
employed, the latter being permeable only to some
gases [8]. Negatively charged membranes used in
glucose sensors are made from the Nafion polymer
(http://www.biosensoracademy.com/rus/readarticle.php).

This immobilization method is readily applicable to
various sensor models. It ensures a reproducible
performance of the enzyme, protecting it against
contamination and degradation. On the whole,
microencapsulated enzymes are resistant to variations
of the pH, temperature, ionic strength, and chemical
composition of the medium. Nevertheless, some
molecules and species, such as small gas and
electrolyte molecules, pass through the membrane.

3. Inclusion. Biomaterial inclusion into a forming
polymer matrix is actually a universal method
applicable to various types of recognition elements.
The polymer can be deposited from an organic solvent
by diluting the solution with water or from a
microemulsion by drying it on the sensor surface. The
polymer can also be obtained by gelation from a
gelatin, agar, polyacrylamide, or alginate solution or by
polycondensation of some organic esters or
chloroanhydrides [32]. The latter technique is called
sol—gel immobilization (Fig. 2).

Polymeric
network of gel

| Enzyme

Fig. 2. Enzyme inclusion in gel pores.

A matrix consisting of a synthetic polymer is
prepared in the presence of a biomaterial. A cross-
linking agent is usually added in order to unite separate
polymer strands into a three-dimensional network. The
biologically active molecules find themselves
entrapped in the polymer bulk. An obvious advantage
of this method is its universality. Its drawback is that
the network impedes diffusion and hampers analyte
permeation. In addition, if the molecules included into
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the network are not chemically bonded to it, they can
be washed away.

Proteins and nucleic acids are immobilized in
polymers of o- and m-phenylenediamine, p-amino-
phenol, thionine, other phenothiazine and phenoxazine
dyes, and derivatives of pyrrole, thiophene, and aniline.

The inclusion of biomolecules in polyionic
complexes results from complexation in the layer-by-
layer deposition of polyelectrolytes from solution. The
native environment of the enzyme is retained in
synthetic lipid membranes, specifically, Langmuir—
Blodgett (LB) films that are similar in composition and
properties to natural biomembranes. These membranes
are used as a model in the investigation of membrane
processes, as well as in protein and nucleic acid
immobilization [33]. LB films as such have a low
mechanical strength; for this reason, they are deposited
onto the surface of an inert hydrophobic polymer
(polyvinyl chloride, Teflon).

s 55 DMA
]
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Fig. 3. Self- assembled monolayer of C,H,,+;
alkanethiol on the surface of the gold electrode of a
DNA sensor.

Self-assembled monolayers (SAMs) differ from LB
films in that they are more strongly bound to the
support [34, 35]. Monolayer formation begins with the
interaction between the polar moiety (head) of separate
molecules and the support surface (Fig. 3). The
subsequent ordering of the molecules in the monolayer
plane, or layer self-assembling, is due to the van der
Waals interaction between the hydrophobic moieties
(tails) of the molecules. Various materials, including
silicon, metals, and oxides, can serve as the support
[36]. SAMs are usable as a matrix for inclusion of
biopolymers and hydrophobic nonmacromolecular
compounds.

Photopolymerized layers are prepared by depositing
a homogeneous mixture of monomers and a biological
component onto a support and by exposing the mixture
to UV radiation. This procedure exerts a weaker
denaturing effect on the biomaterial than the chemical
initiation of the same reaction.

4. Cross-linking. In this method, the biomaterial is
chemically bound to a solid support or to a gel using
so-called  Dbifunctional reagents, for example,
glutaraldehyde [13, 37, 38]. An example of such cross-
linking is the action of glutaraldehyde, which forms
Schiff bases with amino, hydroxyl, and thiol groups of
proteins and nucleic acids (Fig. 4).

Various types of polymers (gelatin, agar,
cyclodextrins, polyvinyl chloride, polyacrylamide, and
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many other polymers and gels) were investigated in
detail as matrices for a biomaterial, but none of them
was found to be perfect [39]. As in the case of
encapsulation, substrate diffusion through the resulting
material may be rather slow. Biologically active
compounds in these materials can gradually degrade.
Another disadvantage of the method is that the
resulting materials have poor mechanical character-
ristics. At the same time, this method can be of use in
enhancing the stability of adsorbed biomaterials.

H
Froe—awy = | v o
rotein —NH, + 1 [ + HN—{ Protein

—2H,0

Fig. 4. Interaction between glutaraldehyde and an
amino group of a protein.

5. Covalent bonding. Covalent bonding is likely
the most widespread immobilization method. As
follows from its name, it means the formation of a
covalent bond between a biomaterial and a support.
The choice of chemicals to be used in this
immobilization method depends on the molecules to be
bonded and on the support material. Covalent bonding
is usually carried out in three steps: the first step is
purification of the support and functionalization of its
surface with the necessary groups, the second step is
biomaterial deposition, and the third one is removal of
weakly bound molecules with a pure solvent.
Obviously, the sequence of chemical reactions should
be chosen so that the bonds formed at the early stages
persist at the later stages. The following support
materials are used to produce sensors: metals, (usually
gold, silver, or platinum), glass, carbon,
polysaccharides (cellulose and its derivatives), nylon,
poly(methyl methacrylate), and materials having free
—NH,, —SH, or -COOH groups or imidazol groups.

Usually proteins are covalently bonded through
nucleophilic functional groups in their side amino acid
chains that have no effect on their enzymatic activity.
Covalent bonds form mainly at moderate temperatures,
low ionic strengths, and physiologic pH values. In
order to protect the active site of the enzyme during the
reaction, the latter is conducted in the presence of a
substrate.

The covalent immobilization of DNA and
oligonucleotides is carried out by cross-linking them
with chitosan to obtain a multitude of amide bonds
[37]. Methods of covalent bonding of DNA to
aminodextrins and silanized supports were also
developed [40].

A widespread method is modification of terminal
nucleotide residues. The introduction of thiol groups
into these nucleotide residues provides means to
obtain, via chemisorption on gold, regular layers of
oligonucleotides that are mostly oriented orthogonally
to the surface.

The main advantage of covalent bonding is that, on
the one hand, it ensures strong biomaterial-support
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binding and prevents biomaterial loss and, on the other
hand, it provides means to produce sensors with a long
service life [8].

In some cases, a biomaterial can be bound to the
transducer by several methods. It is always necessary
to investigate the efficiency of binding by each
method; in particular, it is necessary to compare the
activity of an enzyme in solution and the activity of the
same enzyme in the immobilized state. A binding
method and a matrix (support) should be chosen before
completing the fabrication of the sensor.

APPLICATIONS IN THE FOOD INDUSTRY

The food industry needs express analysis methods
for checking the quality and safety of foods, for
process monitoring, for increasing the product yield,
for energy input optimization, and for raising the
process automation level. Determination of chemical
and biological contaminants in foods is of paramount
importance for ensuring healthy nutrition for people.

Table 1. Main applications of biosensors in the food industry

The biosensors employed in the food industry are
primarily intended for determination of contaminants,
also covering a few important food components, such
as sugars, alcohols, amino acids, phenolic compounds,
lactic acid, malic acid, ascorbic acid, and acetic acid
[8, 41, 42]. It is, therefore, necessary to invest in
development of food quality biosensors, since they
proved to be a viable alternative to conventional
analytical methods, such as chromatography [41, 43].
However, very few biosensors are playing a significant
role in quality control in the food industry.
Considerable effort should be put into development of
inexpensive and sufficiently reliable biosensors capable
of operating under real conditions [44].

As was mentioned above, the sensors used in the food
industry are mostly intended for food safety analysis
(detection of contaminants, allergens, toxins, pathogenic
microorganisms, detergents, etc.), for determination of the
composition of foods and raw materials, and for
fermentation process control (Table 1) [45].

Food safety
Xenobiotics Bacterial toxins Pathogens
 Additives * Mycotoxins * Viruses
* Drugs » Marine toxins * Bacteria
* Pesticides and fertilizers * Protozoa
¢ Other contaminants: dioxins, PCB's,
PAH's, heavy metals, and biotoxins

Food quality

Food composition:
* Sugars

* Amino acids

* Alcohols

* Organic acids

* Cholesterol

Shelf life:

* Polyphenols and fatty acids (rancidity)
* Sugars and organic acids (maturation)
* Biogenic amines (freshness index)

* Aliina (garlic and onions)

Technological processes

» Lactic acid (cheese making) ¢ Alcohols (fermentation)

* Sugars (fermentation and pasteurization) * Amino acids (fermentation)

Other applications

* GMO ¢ Reproductive cycle of animals

Food security is among the most important
elements of the national security of any country. Food
security can be conventionally divided into the
following three components: ability to domestically
manufacture a sufficient amount of food, protectability
of the food industry against external and internal
impacts, and ability of the government to control the
quality of the foods sold to the population. In view of
this, food and raw material quality control is of primary
importance. For this purpose, it is necessary to have
express, accurate, informative, and reliable analytical
methods meeting present-day requirements. The
amounts and types of food additives used in food
production are regulated by the legislation of each
particular country. Detection and quantification of food
additives are essential for preventing manufacturers
from abusive use of these components and for
revealing substances that can cause allergy in certain
groups of people. Table 2 presents examples of
biosensors employed in the determination of various
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toxicants in foods and raw materials [14, 38, 41].

The safety regulations imposed on horticulture and
animal husbandry products, including grain, milk, and
meat, are becoming more stringent every year, and,
accordingly, microtoxin control in foods is becoming
more exacting. For example, a method for determining
microtoxin traces has been developed for milk quality
control. This method employs a bioluminescent
biosensor based on a strain of the genetically modified
yeast Saccharomyces cerevisiae [46].

Piezoelectric quartz crystal immunosensors proved
to be convenient tools for biochemical and clinical ex-
aminations of patients, for food and drug certifi-cation,
and for environmental monitoring. They are also used
in the kinetic study of biochemical interactions and in
the characterization of immunoreagent cross-coupling
[21, 38, 47-50]. The practice of employing piezoelec-
tric immunosensors demonstrated that these analytical
devices have a high potential for determining residual
amounts of pollutants (Table 2) [38].
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Table 2. Biosensors for toxicant detection in foods

Biological Detection limit, linear-
Analyte & . Transducer response concentration Reference
component/matrix
range
Estrogen} N Saccharomyces cerevisiae Luminescent 1-258 nM [46]
mycotoxin
Hapten—protein conju- . .
gate/4-aminothiophenol or Piezoelectric quartz 20 ng/mL [51]
. . crystal
Acetochlor succinimidyl propionate
Ha.lpten—pl.rotem Piezoelectric quartz 0.02 ng/mL [52]
conjugate/siloxane crystal
Alachlor Ha.lpten—pl.rotem Piezoelectric quartz 0.02 ng/mL [53]
conjugate/siloxane crystal
Butachlor Ha.lpten—pl.rotem Piezoelectric quartz 0.002 ng/mL [54]
conjugate/siloxane crystal
Bisphenol A Ha.lpten—pl.rotem Piezoelectric quartz 0.5 ng/mL [55]
conjugate/siloxane crystal
Sulfamethoxazole Hapten-—protein Piezoelectric quartz 1-50 ng/mL [57, 58]
conjugate/siloxane crystal

A large group of piezoelectric quartz crystal
biosensors is intended for detection of pesticides:
acetochlor in surface and potable water [51] and in
milk and apple juice [52], alachlor in sausages [53],
and butachlor in rice [54]. The detection limit is
0.02 ng/mL for alachlor and acetochlor and
0.002 ng/mL for butachlor, so these sensors can be
used in the determination of herbicides at their TLV
levels and below in surface, potable, and ground water.

At present, manufacturers of foods and plastic
packaging materials widely use detergents, emulsifiers,
and pigments, thus polluting the foods and
environment with endocrine disruptors (bisphenol A,
nonylphenol, linear alkylbenzenesulfonates, esters of
phthalic acid, etc.). Dergunova et al. [55, 56] have
developed piezoelectric quartz crystal immunosensors
for the detection of trace nonylphenol and bisphenol A
concentrations in aqueous solutions in the flow
injection mode. These sensors provide means to detect
nonylphenol and bisphenol A at a concentration of 0.8
and 0.5 ng/mL, respectively, in foods stored in plastic
packages.

Use of antimicrobial drugs (sulfanilamides) in the
medical treatment of cattle and poultry causes
accumulation of these compounds in agricultural
products. A sensor was suggested for the detection of
residual amounts of sulfa drugs (0.15 mg/mL) in foods
(milk, chicken meat, eggs) [57, 58].

A considerable number of publications have been
devoted to heavy-metal biosensors. Voltammetric
biosensors have been developed for detecting lead
[59—61] and copper [62, 63]; fluorescent biosensors,
for detecting zinc and copper [64, 65]; bioluminescent
[66] and amperometric biosensors, for detecting
mercury [67].

Biosensors for food quality control and food
production monitoring are characterized in Table 3.

Biosensors are fairly widely employed in solving
scientific and practical problems in alcohol
manufacturing [14, 68]. The quality of ethanol
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production processes at all stages is characterized by
dynamics of the time variation of the concentrations of
dissolved starch, sugars, ethanol, and methanol, which
are parameters determinable with biosensors. Ethanol
determination in fermentation process control can be
carried out using various types of biosensors.
Enzymatic sensors for estimating the ethanol
concentration may be based on alcohol dehydrogenase
or alcohol oxidase immobilized on an appropriate
transducer. An amperometric biosensor for ethanol
determination in the vapor phase, based on alcohol
dehydrogenase and nicotinamide adenine dinucleotide
(NAD+) as a cofactor was presented by Park et al. [69].
Ethanol detection in the vapor phase was possible in
the 20-800 ppm range. An ethanol biosensor based on
alcohol oxidase and a Clark oxygen electrode was
described by Morozova et al. [70]. The measurement
range of this electrode is from 0.05 to 10 mM. An
amperometric biosensor involving Candida tropicalis
cells immobilized in gelatin using glutaraldehyde
allows ethanol to be determined in the 0.5-7.5 mM
range [71]. Here, ethanol determination is based on
measuring the difference between the respiratory
activities of the cells in the presence and absence of
ethanol. Valach et al. [72] designed a new microbial
amperometric  biosensor  for  flow  injection
determination of ethanol. Hammerle et al. [73]
developed an amperometric biosensor based on alcohol
oxidase, involving the methylotrophic yeast Pichia
pastoris as the catalyst for ethanol conversion into
hydrogen peroxide. This biosensor can qualitatively
determine the total volatile alcohol content of apple
juice by analyzing the gas phase over the sample,
requiring no preliminary absorption or concentration. A
biosensor based on Methylobacterium organophilium
immobilized on a thin membrane and an oxygen
electrode was also developed for ethanol
quantification. The linear response range of this
biosensor is 0.050—7.5 mmol/L [74].
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Table 3. Food quality control biosensors

Biological Detection limit,
Analyte ological Transducer linear-response Reference
component/matrix .
concentration range
Alcohol dehydrogenase . g
and (NAD+) Amperometric 20-800 ppm [69]
Alcohol oxidase 0.05-10 mM [70]
Candida
Ethanol tropicalis/gelatin, Amperometric 0.5-7.5 mM [71]
glutaraldehyde
Gluconobacter oxydans Amperometric 10 uM - 1.5 mM [72]
Methy lobacfe.rzum Oxygen electrode 0.050-7.5 mM [74]
organophilium
Alcohol oxidases Amperometric 0.7-12.3 mM [77]
Volatile alcohols Pichia pastoris Amperometric 0.10-30 mM [73]
Sugars Glucose oxidases Amperometric 0.5-2.5 mM [77]
D-Glucose . . 0.25-6 mM (-0.5 V)
and D-xylose XDH-bacteria Voltammetric 0.24-4 mM (+0.55 V) [76]
Clotting activity Casein micelles/gold . . B
of rennet electrode Impedimetric [82]
Lactate Lactate oxidase Amperometric 5.-107-5-10*M [83]
Anti-casein antibo-
Casein dy/gold-capped nano- LSPR 0.1- 10 mg/mL [19]
particle substrate
Oxalat.e oxidase/ Potentiometric — [41]
chitosan
Oxalate Oxalate oxidase/
gold nanoparticles Amperometric 1-800 uM [41]
Amvedalin B-Glucoxidases Potentiometric — [41]
e Peroxidase Potentiometric — [41]
Caffeine Pseudqmonas Amperometric 0.1-1 mg/mL [85]
alcaligenes

Starch can be determined using both enzyme and
microbial biosensors. The analytical procedure in this
case typically includes starch hydrolysis to glucose by
amylolytic enzymes (o-amylase, glucoamylase)
followed by glucose determination with an
amperometric sensor based on glucose oxidase or
microbial cells. For estimating the total utilizable sugar
content of wort being brewed, the microbial biosensor
may be preferable, because the wide substrate specificity
of the microorganisms makes it possible to obtain an
integral estimate of the total sugar content [75]. There is
a rich assortment of amperometric biosensors for
glucose determination [8].

Food manufacturers extensively use sweeteners,
such as D-glucose and D-xylose. The co-immo-
bilization of glucose oxidase and xylose dehydrogenase
on an electrode modified with nanocomposite films
afforded a voltammetric biosensor for the simultaneous
determination of D-glucose and D-xylose [76]

Researchers of Tula State University developed
various Dbiosensors for determining the ethanol,
glucose, and starch contents of brewing semiproducts
[77-79] and for determining the biochemical oxygen
demand of alcohol production waste [80, 81]. For
example, Alferov et al. [77] developed an
amperometric biosensor for ethanol, glucose, and
starch quantification in brewing semiproducts. They
demonstrated that the biosensor involving glucose
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oxidase allows the glucose concentration to be
measured in the 0.5-2.5 mM range and the biosensor
based on alcohol oxidase allows ethanol determination
in the 0.7—12.3 mM range.

Milk protein coagulation is among the basic
processes in cheese making. In this process, milk is
curdled using rennet, which eventually destabilizes
casein micelles. For the first time, this process was
monitored by electrochemical impedance spectroscopy
using a faradic impedimetric biosensor, and the
curdling activity of rennet was estimated using the
hexacyanoferrate(I1)/(IIT) redox couple [82].

Lactic acid is among the most important substances to
be analyzed, since it is a product of the metabolism of
practically all living organisms and a native or artificial
component of many foods. Lactate oxidase
immobilization in a conductive polymer film on the
surface of planar electrodes modified with Prussian blue
made it possible to develop a lactate biosensor
characterized by a high sensitivity (190 + 14 mA/(M cm?)),
a linear response range of 5 - 107-5 - 10* M, and a
high operating stability. This sensor was demonstrated
to be applicable to food (kvass) quality control [83].

Owing to their balanced amino acid composition
and high digestibility, casein and caseinates are widely
used as filler materials in the production of sausages,
bread, tinned stew, ice-cream, sauces, confectioner's
frosting, etc.; at the same time, casein is among the



ISSN 2308-4057. Foods and Raw Materials Vol. 2, No. 2, 2014

most potent allergens. Ha Minh Hiep et al. [19]
developed a localized plasmon resonance based
immunosensor for casein determination in milk. This
immunosensor is easy to manufacture and maintain and
is highly sensitive, having a lower casein detection
limit of 10 ng/mL.

A quick method involving an amperometric glucose
biosensor was suggested for testing chilled meat for
freshness [84].

Quality of coffee is determined by its caffeine
content. Babu et al. [85] developed an amperometric
caffeine biosensor by immobilization of Pseudomonas
Alcaligenes MTCC 5264 on a cellophane membrane.

A challenging present-day problem is that of
detecting GMOs. DNA- or oligonucleotide-based
sensors capable of detecting complementary segments
of DNA or RNA molecules upon hybridization can be
successfully used for this purpose [38]. This was
demonstrated by studies on food quality assessment
[86, 87]. The data of these studies indicate that these
sensors provide means to selectively and specifically
detect GMOs via hybridization between the gene
fragment (single-stranded DNA molecule) that is
immobilized on the sensor surface and is responsible
for mutations and the DNA isolated from the material
being examined [38].

The concentration of antioxidants is estimated as
their effect on the DNA sensor signal measured in the
presence of a DNA-damaging factor (Fenton's reagent,
copper(Il)  phenanthroline  complexes, ionizing

radiation, etc.). In testing an antioxidant mixture of
unknown composition, such as plants, foods, and tea
extracts, the antioxidant content can be expressed in
units of standard antioxidant (e.g., quercetin)
concentration. For example, natural flavonoids were
determined as their effect on the cleavage of thermally
denatured DNA by active oxygen species generated in
the Cu(Il)-H,0O,—ascorbic acid system [88, 89].

The analytical potential of the above biosensors is
not limited to the examples presented here. Many
systems have been developed and tested in recent
years, and some of them have found wide application
in environmental and analytical monitoring, medicine,
biotechnologies, and food quality control. However,
although there have been numerous publications
dealing with biosensors for food analysis, only a few
types of biosensors are now on sale [41].
Unfortunately, most biosensors have been tested only
in distilled water or a buffer solution, and only since
very recently biosensors have increasingly been tested
on real objects. In the food industry, biosensors can be
of use in solving a number of specific problems: food
aging, estimating the age of vine and distilled
beverages, disclosing food falsifications, and the GMO
problem. Obviously promising is the wide introduction
of relatively cheap, portable biosensors into analytical
practice, since they would make it possible to markedly
shorten the analysis time, enhance the quality of
analysis, and detect and quantify biological compounds
in environmental objects, foods, and biological fluids.
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