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One of urgent problems of present-day analytical
chemistry is the development of simple, reliable, and
sensitive sensors for the quality control of medicinal
and cosmetic preparations, foodstuffs, biochemical
monitoring, and clinical diagnostics. Prospects for the
use of sensors in the practice of chemical analysis are
determined by a number of their advantages in com-
parison with traditional analytical procedures, i.e.,
rapidity and economic feasibility of analysis, and also
technological and methodological simplicity and no
need in the attraction of highly skilled personnel. The
inclusion of biological components—enzymes, anti-
bodies, DNA— in such analytical means ensures an
increase in the sensitivity and selectivity of analysis
and expands its possibilities because of the high selec-
tivity of biochemical interactions.

Research into the development of enzymatic sen-
sors for the determination of biologically active com-
pounds in environmental and food samples, pharma-
ceutical preparations, and body f luids have been
actively conducted in the world in recent 20–25 years.
The majority of the known enzymatic sensors are tra-
ditionally based on the electrochemical registration of
an analytical signal, and such biosensors allow the
successful determination of organic compounds from
many classes, whereas the development and evolution
of biosensors with optical (spectrophotometric, f luo-
rimetric, and chemiluminescence detection) has
received less attention.

Sensors are developed using enzymes catalyzing
the transformation of either only one compound
(examples of such highly specific enzymes are scanty)
or a group of compounds with similar properties.
Enzymes catalyzing transformations of compounds
differing in properties and structure, for example,
reductant and oxidant substrates, are of special inter-
est.

In this regard, horseradish root peroxidase occu-
pies a special niche in biochemical methods of analy-
sis. It is a well-studied highly active commercial
enzyme, catalyzing transformations of different
groups of organic substances, whose determination is
of considerable interest. In particular, peroxidase
reductant substrates are phenolic compounds of dif-
ferent structures and oxidant substrates may be
organic peroxides [1–3]. Among the first group are
many major ecotoxicants and natural and industrial
antioxidants; the second compounds may be quality
markers of food and medicinal and cosmetology prod-
ucts and also important technical and pharmaceutical
raw materials. In addition, both peroxidase reductant
and oxidant substrates are the most important markers
of various socially important diseases. The determina-
tion of a whole class of compounds listed above is an
important task of chemical analysis.

The main requirement for any chemical sensor is
that the response of the sensing layer must be propor-
tional to the concentration of only the compound to be
determined (or several compounds in the group deter-
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mination). The matrix components of the analyzed
sample must not affect the results of measurements of
the analytical signal. However, real samples, which are
of the most analytical interest, usually have matrixes of
complex composition (for example, biological f luids),
also insoluble in water (many cosmetic and drug
preparations, foodstuffs). The components of these
matrixes can not only bring errors into the results of
measurements, but in some cases also considerably
complicate the analytical procedure. For this reason,
the analysis of real samples often includes additional
sample preparation using toxic or aggressive organic
solvents, filtering or separation, which significantly
increases errors of the results of measurements and the
duration of analysis, and also complicates its proce-
dure.

According to the authors, a promising approach to
solving the above problems is the development of
solid-phase sensors based on the formation and mea-
surement of an optical (spectrophotometric or f luo-
rescence) signal directly on the sensor surface in its
sensing layer rather than in the test solution. There is
good reason to believe that the introduction of such
indicator systems and approaches, expanding the pos-
sibilities of enzymatic methods, will strengthen the
positions of optical biosensors among the modern
analytical means.

This review is devoted to the problem of the
improvement of the existing and the development of
new optical sensors based on immobilized peroxidase
for the determination of biologically active com-
pounds.

PEROXIDASE IN A SELF-ASSEMBLING 
COMPLEX WITH CHITOSAN AS A BASIS 

FOR THE BIORECOGNIZING LAYER
OF AN OPTICAL SENSOR

As was noted above, horseradish root peroxidase is
an enzyme most often used in chemical analysis [2, 3].
However, the expansion of its analytical applications is
limited by insufficient specificity and sensitivity to a
number of substrates and effectors, and also by the low
stability of the native enzyme and the low efficiency of
biocatalysis in organic media in the determination of
biologically active compounds in samples poorly solu-
ble or insoluble in water [4].

Within the three last decades, interests of research-
ers in the search for approaches to the implementation
of enzymatic catalysis in organic solvents steadily grew
[5–8]. It should be noted that, in nonpolar (hydro-
phobic) solvents, which almost do not affect the struc-
ture of proteins, enzymes usually retain catalytically
active conformations [9, 10] and are stable [11, 12]. In
the presence of polar organic solvents, biocatalysts
partially or completely lose their catalytic activity
because of the denaturation of the protein globula [13,
14]. Among the approaches recommended for

increasing the stability of biocatalysts to this type of
inactivation, we can note the following: immobiliza-
tion of enzymes on solid supports [15], change of
amino-acid residues of the protein [16, 17], its cova-
lent modification by low-molecular reagents [18, 19]
and polymers [20], and the molecular imprinting of
enzymes with ligands insoluble in water followed by
lyophilization [21]. However, none of these methods
of the stabilization of biocatalysts ensures the retention
of their high catalytic activity in a wide concentration
range of polar organic solvents.

A promising approach (previously not used in
chemical analysis) to solving the specified problems is
the incorporation of biocatalysts into self-assembling
polyelectrolyte structures. An advantage of enzyme–
polyelectrolyte complexes formed by nonspecific elec-
trostatic interactions is a possibility of modeling the
physical and chemical properties of the complex and
the kinetic parameters of reactions catalyzed by it by
varying the nature and molecular weight of polymers
and changing their ratio in the reaction mixture and
the conditions of complex formation (nature of buffer
solutions, pH, ionic strength, etc.) in the course of
immobilization [22]. Therefore, there are possibilities
for the development of highly active and stable enzy-
matic systems with the specified properties (sensitivity
and selectivity) for solving specific analytical prob-
lems.

It should be noted that the method of enzyme
incorporation into a polyelectrolyte complex differs by
the simplicity of the used procedures, ensures the uni-
form distribution of the biocatalyst in volume of the
support, and gives stable immobilized preparations
with well reproducible characteristics [7, 21]. In addi-
tion, such systems are easily obtained and in some
cases are optically transparent and convenient for the
further use in chemical analysis. The formation of
polyelectrolyte complexes between polyions today is
the simplest method of the formation of structures of
nano (water-soluble conjugates, nanoparticles) and
microscopic (physical gels, films) sizes [22]. Their
subsequent immobilization on solid supports (optical
glasses, test strips, plates, etc.) leads to a considerable
improvement of the mechanical properties of enzyme
preparations and forms a basis for the design of bio-
sensors [23–25].

Choice of polyelectrolyte nature for the formation of
peroxidase complexes. A promising method of the for-
mation of noncovalent polyelectrolyte–enzyme com-
plexes is the use of natural polysaccharides. An
increased interest in this type of polymers is deter-
mined by their high biological activity and the ability
of formation of interpolyelectrolyte complexes with
proteins. By varying the chemical nature of polysac-
charides and using their different derivatives, one can
obtain matrixes with characteristics optimum for per-
oxidase, including recognizing ability necessary for
the further application of its immobilized prepara-
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tions, in particular, in the composition of biosensors.
In the study of the effect of polyelectrolyte nature on
the physical and chemical properties of peroxidase, we
tested natural polysaccharides and their synthetic
derivatives of three different types: anionic, i.e., car-
boxymethylcellulose and calcium alginate; nonionic,
i.e., agarose, β-cyclodextrin and starch; and also cat-
ionic, i.e., chitosan [26]. The activity and stability of
peroxidase in their presence was controlled by the rate
of the indicator reaction of the oxidation o-dianisidine
by hydrogen peroxide [7, 27]. Despite different nature
and types of polysaccharides, all of them accelerated
(by 22 ± 4%) the rate of the peroxidase transformation
of the organic substrate. It is extremely important for
the further analytical application of enzyme prepara-
tions that peroxidase in the presence of chitosan [7]
was the most stable. Chitosan is a polysaccharide pos-
sessing high affinity to proteins, especially to enzymes,
and a good sorption capacity. It is often used as a sub-
strate for the immobilization of biomolecules by dif-
ferent methods: covalent and noncovalent binding,
encapsulation, inclusion into gels, etc. This is due to
its properties, such as biocompatibility; low toxicity;
chemical inertness; ability to form films, gels, and
membranes; mechanical durability; high permeability
with respect to water; and hydrophilicity. Chitosan is a
promising matrix for the development of optical sen-
sors, because it does not absorb in the near UV and
visible spectral regions [27, 28]. In addition, the pres-
ence of reactive amino groups in the polymer, as it will
be shown below, ensures the regulation of the sensitiv-
ity and selectivity of peroxidase to a number of organic
substrates, for example phenols of different structures
[28].

The effect of chitosans with different molecular
weights on the catalytic activity of peroxidase (degree of
deacylation 85%) was studied using the same indicator
reaction of the oxidation of o-dianisidine by hydrogen
peroxide. It was found that all chitosans, both low-
molecular (average molecular weights (MW) 5, 10,
and 25 kDa) and high-molecular (average MW
150 kDa) in different concentrations in the reaction
mixture (0.01−10 and 0.001−0.05 wt %, respectively)
have an activating effect on peroxidase, the strength of
which depends both on the molecular weight of the
polymer and on its concentration (0.1 nM). The most
activating effect on peroxidase has a 0.1% (by weight)
solution of chitosan with the average MW 10 kDa
(Fig. 1) [7].

The activating effect of chitosans on peroxidase is,
obviously, due to the formation of a self-assembling
complex {enzyme–polysaccharide}, more catalyti-
cally active than the native biocatalyst. A similar
increase in the activity of such enzymes as xanthokid-
nase and chitinase through the formation of their
polyelectrolyte complexes with chitosan was noted in
[29].

The existence of electrostatic interactions between
peroxidase and chitosan (on an example of a polymer
with MW 150 kDa) was proved by us in the study of the
effect of potassium chloride (0.001−0.1 M) on the rate
of the peroxidase oxidation of o-dianisidine in the
presence of the polysaccharide (it is known that strong
electrolytes break electrostatic interactions between
polyions). It was shown that the strength of the acti-
vating effect of chitosan on peroxidase decreases with
an increase in the concentration of KCl in the reaction
mixture. In the absence of the polysaccharide, potas-

Fig. 1. Degree of peroxidase activation (And, %) as a function of the molecular weight (MW, kDa) and concentration of chitosan
(cchitosan, wt. %) in the reaction mixture (0.05 M phthalate buffer solution, pH 5.0). MW of chitosan, kDa: (1) 5; (2) 10; (3) 25;
(4) 150. 
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sium chloride in the studied concentration range did
not affect the rate of the indicator reaction [7].

Effect of chitosans with different molecular weights
on the stability of peroxidase. To study the stability of
immobilized peroxidase preparations, its polyelectro-
lyte complexes with chitosans with average MW 5, 10,
25, and 150 kDa were previously attached by physical
adsorption on a solid adsorbent [7] and then stored in
a tight packing at 4°C. The activity of the obtained
enzyme preparations was controlled until it remained
at the level not lower than 50% of the initial one. The
stability of polyelectrolyte complexes with low-molec-
ular chitosans increased with an increase in MW of the
polysaccharide. The complex in the presence of
10 wt % of chitosan with MW 25 kDa demonstrated
the best stability (activity at a level of 50% of the initial
preparation was retained within 120 days). However,
the maximum stability was shown by the polyelectro-
lyte complex formed by high-molecular (MW
150 kDa) chitosan with the concentration 0.001 wt %:
it retained not less than 50% of the initial activity
within 550 days (Fig. 2).

Because the stability of the biocatalyst in the com-
plex is one of the most important analytical character-
istics of sensors, the further research was done with
chitosan of the average MW 150 kDa.

The effects pH, ionic strength, and nature of buffer
solution on the catalytic activity of the complex {perox-
idase–chitosan} were studied in detail under the opti-
mum conditions of the formation of noncovalent
complexes as a result of electrostatic interactions
between the polyelectrolytes. Such studies were neces-
sary, first of all, in the cases when the pKa of the poly-

mer (pKa of chitosan is 6.3−6.5, it dissolves only in the
protonated form [29, 30]) and the isoelectric point of
the enzyme (pI of peroxidase is 7.2 [31]) differed insig-
nificantly.

The catalytic activity of peroxidase in the reaction
of the oxidation of o-dianisidine in the presence of
0.0005–0.01 wt % of high-molecular chitosan
attained a maximum in a 0.05 M phthalate buffer solu-
tion at pH 5.9–6.2 [7]. Therefore, the activity of the
complex was maximum in the pH range in which,
judging by the values of pKa of chitosan and the elec-
troneutrality point of peroxidase, we could expect the
greatest number of deprotonated chitosan groups and
also a sufficient number of protonated peroxidase
groups necessary for the formation of a polyelectrolyte
complex. Of not lesser importance is the concentra-
tion of chitosan in the system. The complex
{enzyme−polysacharide} shows the highest catalytic
activity (is twice as high as for the native enzyme) in a
0.05 M phthalate buffer solution at the concentration
of high-molecular chitosan in the reaction
0.006−0.009 wt %.

In the study of the effect of the nature of a buffer
solution on the properties and conditions of complex
formation, phosphate and citrate buffer solutions with
pH 5.9−6.2 were used in addition to the 0.05 M
phthalate solution. In the citrate buffer solution, chi-
tosan in different concentrations (0.0005−0.01 wt %)
in the reaction mixture did not change the catalytic
activity of peroxidase. In the phosphate buffer solu-
tion, chitosan activated peroxidase, but weaker than in
the phthalate solution. The change in the character
and strength of the effect of polysaccharide on the

Fig. 2. Duration (t, days) of retention of not less than 50% activity (of the initial) of peroxidase preparations immobilized on poly-
urethane foam in the presence of chitosans with different molecular weights and concentrations in the mixture for immobiliza-
tion. MW of chitosan, kDa: 1 – 5, 2 – 10, 3 – 25, 4 – 150. 
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enzyme can be due to either a significant increase in
the ionic strength of the buffer solution, or a change in
the anion charge, or the simultaneous effect of these
two factors [7].

To reveal the reasons for the effect of the nature of
the buffer solution on the conditions of complex for-
mation, diagrams of species distribution of phthalic,
phosphoric, and citric acids were studied and the val-
ues of the ionic strength of the corresponding buffer
solutions were calculated at pH 5.9. At this pH value,
the ionic strength increases in the following series of
0.05 M buffer solutions: phosphate (I = 0.03 M),
phthalate (I = 0.09 M), citrate (I = 0.18 M). The ionic
strength at which the degree of peroxidase activation
with chitosan is more than 60% in a 0.05 M citrate buf-
fer solution is only 1.5-fold lower than that in a 0.2 M
phthalate buffer solution with I = 0.27 M. Therefore,
the nature of the buffer solution slightly affects the
ionic strength of the solution, which could determine
the conditions of {peroxidase−chitosan} complex for-
mation.

It should be noted that, according to distribution
diagrams, about 7% of phosphoric and 80% of citric
acid at pH 5.9 occur as doubly charged ions; for
phthalic acid at the given pH such ions were not found.
According to the data of [32], the presence of doubly
charged acid anions favors the linking of chitosan
molecules, which occurs at pH 5.9 in the citrate buffer
solution. In the phosphate buffer solution, two pro-
cesses compete, i.e. reaction of peroxidase with chi-
tosan and a chitosan−chitosan interaction. In the first
case, a possibility of complex formation between the
protein and polysaccharide molecules is excluded; in
the second case, the concentration of the polyelectro-
lyte complex in the system is low.

Particle size distribution of the {peroxidase−chi-
tosan} complex. In the study of the uniformity of the
obtained particles of the polysaccharide complex and
their average hydrodynamic radius by photon correla-
tion spectroscopy, it was found that, under the opti-
mum conditions of complex formation, peroxidase
particles form with chitosan an ordered structure with
an average particle size of 22 ± 3 nm [4]. Such high
uniformity of the obtained particles at the nanolevel
points to the prospects of their further use for prepar-
ing homogeneous and reproduced biosensitive films as
a basis of optical sensors.

Effect of dimethyl sulfoxide on the catalytic activity
of the {peroxidase−chitosan} complex. In mixtures of
polar organic solvents, enzymes often lose their cata-
lytic activity because of the denaturation of the bio-
molecule, the degree of which depends both on the
polarity of the organic solvent and on its concentration
in the reaction medium [33, 34]. Protein complexes
with polyelectrolytes are stable in the presence of
organic solvents [35–39].

We studied the activity and stability of the {peroxi-
dase−chitosan} complex in the medium of a polar

organic solvent, dimethyl sulfoxide (DMSO). The
choice of DMSO was due to its quite frequent applica-
tion in medical practice for the targeted transport of
medicinal substances through skin cover and cell
membranes. As a result, it is a constituent of many
pharmaceutical preparations. In addition, DMSO is
used for sample preparation to analysis by biochemical
methods. For example, it is used as an extractant of
physiologically active compounds from cell mem-
branes of different structure, biological f luids and
other biosamples and as a solvent of pharmaceutical
preparations, drugs, etc. [40]. In addition, this solvent
mixes with water in any ratio, which allows the inves-
tigation of its effect on the activity of peroxidase in a
wide concentration range in the reaction mixture.

We found that, at the concentration of DMSO
30 vol % in the reaction of the oxidation o-dianisidine,
the {peroxidase−chitosan} complex is twice as active
as the native enzyme; at the concentration of organic
solvent 60 vol %, their catalytic activities are equal;
and, in the presence of 70 vol % of DMSO, only the
complex possesses catalytic properties [7].

A comparison of the stability of native peroxidase
and that in the complex with chitosan in the presence
of 30 vol % of DMSO showed that the enzyme retains
one half of its initial activity in the medium of the
organic solvent within 7 and 28 h, respectively.

Formation of optically transparent films based on
the {peroxidase−chitosan} complex. To develop sen-
sors on the basis of the {peroxidase−chitosan} com-
plex with the spectrophotometric and fluorimetric
registration of an analytical signal, we developed a
simple technology of the formation of biorecognizing
films on optical glasses and in cells of a polystyrene
plate. In a comparative study of the transmission of
films after their storage in an aqueous solution (0.05 M
phosphate buffer solution with pH 6.5) for an hour
and in an aqueous−organic medium (in the presence
of 30 vol % of DMSO), we found that the films stored
in the presence of an organic solvent were more trans-
parent (T = 96 ± 2%, n = 5) than those stored in an
aqueous solution (T = 81 ± 4%, n = 5). To study the
morphology and topology of the films obtained from
various media, we used atomic force microscopy
(AFM). Figure 3 testifies that the films after storage in
a 30% (by volume) DMSO solution are more uniform
and smooth than the films obtained from the aqueous
solution (fluctuations by height in 1 μm2 of the surface
were 30−35 and 140−150 nm, respectively). The
thickness of optical films, equal to 5 μm, was found by
optical spectroscopy [4, 41].

Therefore, we have shown that the inclusion of per-
oxidase in a complex with chitosan gives highly active
and stable enzyme preparations in water and
water−organic media, the application of which opens
wide prospects for the development of optical sensors
and devices working both in aqueous and aque-
ous−organic media.
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DESIGN OF SOLID-PHASE 
SPECTROPHOTOMETRIC 

AND FLUORIMETRIC SENSORS, 
SCHEMES OF REGISTRATION 
OF AN ANALYTICAL SIGNAL

The use of solid-phase optical sensors based on the
formation and measurement of an analytical signal
outside the solution expands the analytical possibili-
ties of sensors through the determination of biologi-
cally active compounds in samples based complex
matrixes (turbid, colored, insoluble in water, of
unknown composition) at their minimum sample
preparation. However, it should be noted that the sen-
sitivity, selectivity, and especially the rapidity of solid-
phase sensors described in the literature are insuffi-
cient for fulfilling many analytical tasks. An approach
based on the formation and measurement of an ana-
lytical signal on a solid surface has not been previously
used in the development of spectrophotometric and

fluorescence sensors for the determination of phenolic
compounds, hydroperoxides, phenothiazine, cate-
cholamines, and their metabolites.

As the simplest design of a solid-phase sensor based
on the formation and measurement of an analytical
optical signal directly on the sensor surface (in its sens-
ing layer) rather in the test solution, we proposed a
plate adapted to cell departments of standard spectro-
photometers and fluorimeters by its sizes. The surface
of the plate was coated by a sensing layer containing
the enzyme and the components of an indicator reac-
tion immobilized in chitosan, so that the indicator
compound remained in this sensing layer after the per-
formance of the reaction [4, 28, 41]. The mixture was
applied by the drop method and uniformly distributed
over the plate surface located on a strictly horizontal
surface and dried in air at room temperature [4, 28].

To carry out an indicator reaction, the sensor was
immersed in a solution containing the analyte, stored

Fig. 3. AFM profiles and surface images of a biosensitive layer based on the self-assembling complex {peroxidase–chitosan} after
storage in a 0.05 M phosphate buffer solution of pH 6.5 (on the right) and in the medium water (0.05 M phosphate buffer solution
of pH 6.5)–DMSO (30 vol %) (on the left). 
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in it for a necessary time (batch version of the indica-
tor reaction), taken outside, and dried in air at room
temperature [4, 28, 41].

The analytical signal was registered by the absorp-
tion (spectrophotometric detection) or reflection (flu-
orimetric detection) sensor directly in the sensing
layer on the surface of the plate (substrate). The sub-
strate was installed on the frontal surface of the cell
department of the spectrophotometer or in the cell
department of the f luorimeter before a reflecting mir-
ror, respectively (Fig. 4). Such design allowed a com-
bination of two methods of measurement of an analyt-
ical signal when necessary. In using of a reflecting sur-
face in the f luorimetric signal registration, the
sensitivity of the determination significantly
increased, because a larger part of the excited radia-
tion arrived at the detector.

However, a serious problem in the registration of
the f luorescence signal using solid-phase sensors of
the proposed design is the high value of the back-
ground signal in the region 300–500 nm (λex = 300–
400 nm and λem = 400–500 nm). The presence of an
intense background signal makes the measurement of
the useful analytical signal actually impossible. To
identify the nature of the background signal, reduce its
value, and also determine the working region of the
spectrum (and, therefore, to choose suitable indicator
systems), we used an approach consisting in changing
the angle of reflection of the exciting radiation. It was
found that the ratio of the f luorescence intensity of the
background to the f luorescence intensity of the indi-
cator pyronin B attained a minimum at the angle 75°.
The recommended width of entrance and exit slits was
5.0 nm [31].

Thus, we proposed new designs and devices for
registering an analytical signal on a solid surface taking
into account their further use in universal commercial
spectrophotometers and fluorimeters.

SPECTROPHOTOMETRIC SENSORS 
FOR THE DETERMINATION 

OF BIOLOGICALLY ACTIVE COMPOUNDS 
AND THEIR APPLICATION 
TO CHEMICAL ANALYSIS

Determination of a number of phenolic compounds
and peroxides of different structures. The presence of
reactive amino groups in the chitosan are responsible
for its ability to enter some reactions characteristic for
amines. For example, it is known [42] that chitosan
reacts with quinones. Some methods of the practical
application of such interaction were proposed, includ-
ing the removal of phenolic compounds from sewage
waters after their enzymatic oxidation and the prepa-
ration of modified polymers on the basis of chitosan.
However, this approach has still not find application
in the analytical practice. At the same time, the adduct
of chitosan and quinone strongly absorbs light in the
UV and visible spectrum regions and, therefore, this
reaction can be used for the determination of phenolic
compounds after their preliminary oxidation, i.e., an
optical biosensor for the determination of phenolic
compounds, which does not require additional chro-
mogenic substances can be developed. The operation
of the proposed sensor is based on two consecutive
processes: the enzymatic oxidation of a phenolic com-
pound with the formation of a quinone product and
the interaction of the quinone product with chitosan
amino groups with the formation of a strongly absorb-
ing adduct [4, 41]. The last process was investigated in
detail and described in the works by Payne with coau-
thors [42, 43], who supposed that the reaction of the
formation of the chitosan−quinone adduct proceeds
by the Michael addition mechanism [44].

In developing a spectrophotometric biosensor, the
model of a water-soluble phenolic compound was
hydroquinone, which was a peroxidase substrate.
Hydroquinone is used as an antioxidant in the pro-
duction of polymers and as a skin-whitening compo-
nent in some pharmaceutical preparations for
external use.

Fig. 4. Schemes of measurement of (1) absorbance (1) and (2) fluorescence of the sensing layers of a solid-phase optical biosensor. 
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Under the optimum conditions of the formation of
a biorecognizing matrix on the surface of an optical
glass and the registration of an analytical signal,
hydroquinone can be determined with the following
characteristics: analytical range 20−200 μM, RSD =
2% at the concentration of hydroquinone 20 μM (n =
4), limit of detection 3 μM (Table 1) [4].

It should be noted that adducts of the products of
enzymatic oxidation of some phenolic compounds
and chitosan absorb light in UV or visible spectrum
regions at 300 nm or shorter wavelengths [4, 41] How-
ever, in most cases their effect on the determination of
hydroquinone at 345 nm was low and, if necessary,
could be eliminated by chemometric methods. The
absorbance of a chitosan film at 345 nm is low and well
reproducible. Other substances present in the system
also do not affect the analytical signal: the product of
the enzymatic oxidation of hydroquinone (quinone) is
the only compound in the system which interacts with
chitosan and is thus incorporated into the film, whose
absorbance is the analytical signal.

The biorecognizing layer is characterized by high
stability (it was studied at the concentration of hydro-
quinone 100 μM). The plate with hydroquinone
before use can be stored in a refrigerator within at least
3 months. The initial response of the biosensor was
taken equal to 100%. The response of the biosensor
after 5 days of storage at room temperature (25°C) was
69 ± 7% (n = 4, P = 0.95), and after 90 days of storage
of the same sensor at 4°C it was 98 ± 8% (n = 4, P =
0.95). Moreover, the adduct used for the determina-
tion was also highly stable in time, and its absorbance
virtually did not change on the storage of the biosensor
within, at least, 6 weeks after the determination. An

important feature of the developed biosensor is that
the analytical signal was the absorbance of the plate
rather than of the reaction solution. This ensures the
analysis of emulsions and opaque solutions without
the preliminary separation of the matrix. If any parti-
cles of a sample (for example, cream) remained on the
plate surface, they could be washed from the film with
water. As the analyte was covalently bound with chi-
tosan, it could not be washed from the film. Moreover,
for the optical biosensor developed by us, the value of
absorbance at the analyte concentration 20−200 μM
was found in the range 0.4−1.6; therefore, there was
no need in using expensive highly sensitive devices.
This favorably distinguishes the proposed sensor from
the sensor of a similar design developed by Abdullah
with coauthors [41], whose response in the presence of
much higher analyte concentrations (500–9000 μM
pyrocatechol) changed in the range 0.01−0.06 absor-
bance units, respectively.

Samples for testing procedures for the determina-
tion of hydroquinone are often pharmaceutical oint-
ments and gels for skin whitening. It is known that the
long use of hydroquinone-containing products is haz-
ardous to health; therefore, the use of hydroquinone is
limited or forbidden in many countries [45]. In addi-
tion, such samples are of interest from the viewpoint of
sample preparation to analysis. To demonstrate the
efficiency of a sensor in the analysis of pharmaceutical
products, it was used for the determination of hydro-
quinone in a cream for skin depigmentation (“Ach-
romin” from Alen Mak, Bulgaria), in which it was the
only active component (Table 2). The result 1.9 ±
0.1% (n = 4, P = 0.95) obtained by the method of stan-
dard additions using the proposed biosensor did not
differ from the result obtained by HPLC with amper-

Table 1. Analytical characteristics of the spectrophotometric sensor for the determination of different phenolic compounds
and hydroperoxides

* In all cases RSD did not exceed 8%.

Analyte Analytical range, μM* Limit 
of detection, μM Sensitivity, M–1 Organic solvent, 

vol %

Phenolic compounds
Phenol 20–100 13 2 × 103 –

Hydroquinone 20–200 3 7 × 103 –

Pyrocatechol 20–250 7 3 × 103 –

Quercetin 10–150 3 12 × 103 DMSO (10)

Rutin 10–150 10 4 × 103 DMSO (10)

Esculetin 10–200 10 4 × 103 DMSO (10)

Hydroperoxides
Hydrogen peroxide 100–1000 45 25 × 102 –

2-Butanol peroxide 50–1000 32 12 × 102 DMSO (20)

Benzoyl peroxide 50–250 45 9 × 102 DMSO (20)

tert-Butyl hydroperoxide 150–2500 60 10 × 102 Acetone (50)
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ometric detection (1.9 ± 0.1%, n = 3, P = 0.95) and
corresponded to the value declared by the producer
(1.9%). It should be noted that use of the sensor pro-
posed by us in the analysis of a real sample for the con-
centration of hydroquinone was much more conve-
nient than the analysis by HPLCs and spectrophotom-
etry in the UV region, as it was not necessary to make
the sample transparent; the homogenization of a sam-
ple weighed portion in water or DMSO was sufficient.

The response of the sensor to phenolic compounds
decreased in the series quercetin, hydroquinone, cate-
chol, rutin, esculetin, phenol. For phenols such as
resorcinol, pyrogallol, and phloroglucinol, no
response of the biosensor was observed. This is, prob-
ably, because the products of the oxidation of these
phenolic compounds do not react with chitosan to
form Michael’s adducts, because, as we know, all of
the studied phenols are oxidized with hydrogen perox-
ide in the presence of peroxidase [1–3]. The use of two
consecutive reactions as an analytical system ensures
the elimination of the interfering effect of many com-
ponents of nonphenolic structure (except for qui-
nones), which can present in real samples.

In developing procedures for the determination of
organic hydroperoxides, the indicator (chromogenic)
substance was pyrocatechol. Determination was con-
ducted under the conditions optimum for the determi-
nation of phenolic compounds at the concentration of
pyrocatechol 1 mM. The sensitivity of the biosensor to
organic hydroperoxides decreased in the series 2-buta-
none peroxide, benzoyl peroxide, tert-butyl peroxide.
The analytical characteristics of the developed proce-
dures are summarized in Table 1.

The analytical possibilities of the spectrophoto-
metric sensor were tested in the determination of nine
phenolic compounds of different structures and also
of organic hydroperoxides. In the determination of
phenolic compounds (quercetin, rutin, esculetin) and
organic peroxides (2-butanon peroxide and benzoyl
peroxide) poorly soluble in aqueous solutions, the
reaction was conducted in the presence of DMSO
(10 and 20 vol %, respectively) (Table 2) [46].

Determination of phenothiazines in aque-
ous−organic media. Phenothiazines are a class of arti-
ficially synthesized heterocyclic compounds used in
medicine as tranquilizers, antidepressants, neurolep-
tics, anti-allergens, etc. [47]. The chemical structures
of this group of preparations are based on a heterocy-
clic system, which consists of a six-membered thiazine
heterocycle with two condensed benzene rings [48].

Because of their amphiphilic nature, phenothi-
azine derivatives, when entering an organism, interact
with cell membranes and are distributed between two
phases, aqueous solution and hydrophobic lipid
bilayer (cell membrane) [49]. For the effective tar-
geted transport of phenothiazine derivatives into cells
(for example, chloropromazine into erythrocyte cells),
polar organic solvent DMSO is also added to the com-
position of pharmaceutical preparations as the effec-
tive carrier through membrane structures. The same
solvent is used for the extraction of phenothiazine
from biological f luids, tissues, and also for the dissolu-
tion of drugs in the preparation of various samples to
analysis [50]. The determination of phenothiazine in a
biological matrix is usually preceded by complex sam-
ple preparation, i.e., the extraction and preconcentra-

Table 2. Determination of phenolic compounds and organic peroxides in real samples using the spectrophotometric sensor

Sample/ sample preparation Analyte/concomitant components 
according to the label claim

Found using 
a biosensor

Claimed 
by the manufacturer

Cream “Achromin”/suspending
in water, alcohol, 
or acetonitrile

Hydroquinone/paraffin, protegin X, 
glycerol, lanoline, sodium chloride, 
eutanol G, hydroquinone, vitkonol 
АРМ, parsol МСХ, rose fragrance, 
sodium metabisulfite, trilon BD, 
trilon В, lactic acid

1.9 ± 0.1% 1.9%

Vitamins “Askorutin”/tablets sus-
pended in DMSO

Rutin/ascorbic acid, sucrose; potato 
starch; calcium stearate; talc

0.051 ± 0.003 г/tablet 0.05 g/tablet

Injectable powder 
“Korvitin”/sample dissolution
in DMSO

Quercetin/polyvinylpyrrolidone, 
sodium hydroxide

0.052 ± 0.004 g/0.5 g 0.05 g/0.5g

Gel “Basiron”/suspending in water Benzoyl peroxide/acrylate copolymer, 
poloxamer 182, carbomer 940 (car-
bopol 980), glycerol, sodium edetate, 
sodium dioctyl sulfosuccinate, propyl-
ene glycol, silica colloidal anhydrous, 
sodium hydroxide

5.0 ± 0.4% 5%
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tion of phenothiazine. The need in the stage of sample
preparation is connected, first, with the low concen-
tration of preparations in biological samples (of the
order ppm or ppb), and, second, with the ability of
phenothiazine to bind with protein molecules present
at the analyzed samples.

The most widespread and convenient method of
the extraction of phenothiazines from the matrix is
their liquid−liquid extraction with a suitable organic
solvent that does not mix with water [51]. The solvent
for the extraction of phenothiazine from blood plasma
is most often a mixture of a nonpolar (hexane) solvent
with a small volume (5 vol %) of a polar (including
DMSO) solvent [52, 53].

The developed sensor was used for the determina-
tion of the following phenothiazines: chloroproma-
zine (or aminazine), promazine, and trif luoropera-
zine (or triftazine). These preparations are commer-
cially available, widely used in medical practice as
drugs; the mechanism of their peroxidase oxidation
was partially studied and described in [54, 55].

It was found earlier [47] that promazine, chloro-
promazine, and trif luoroperazine in a neutral medium
accelerate the peroxidase oxidation of peroxidase sub-
strates, such as nicotinamide adenine dinucleotide
(NADN) and the ascorbate ion. The same effect of the
so-called “substrate−substrate” activation we also
found in the reaction of o-dianisidine oxidation. An
increase in rate of o-dianisidine oxidation linearly with
the concentration of phenothiazine in the reaction
mixture was used as a basis for the determination of
promazine, chloropromazine, and trif luoroperazine

in aqueous solutions in the presence of 30 vol %
DMSO (Table 3) [4].

As can be seen in Table 3, the performance charac-
teristics of procedures for the determination of pheno-
thiazine in aqueous−organic solution in the presence
of a {peroxidase−chitosan} complex are much better
than those of procedures in the presence of the native
biocatalyst. The sensitivity coefficient of the determi-
nation of promazine and chloropromazine in an aque-
ous−organic medium in the presence of the complex
is higher by 6 and 11.5 times, respectively, in compari-
son with the identical parameters of similar proce-
dures in the absence of chitosan. The lower boundar-
ies of the analytical ranges for phenothiazines in the
aqueous−organic medium in the presence of the com-
plex are tenfold lower than those in using native perox-
idase in aqueous solutions. It should be noted that, in
the absence of chitosan, we could not develop a proce-
dure for the determination of the most hardly oxidized
peroxidase substrate, trif luoroperazine, in an aque-
ous−organic medium. The proposed procedure for
the determination of promazine was applied to the
analysis of organic extracts from venous blood plasma
of humans with hexane−DMSO.

FLUORESCENCE SENSORS 
FOR THE DETERMINATION 

OF BIOLOGICALLY ACTIVE COMPOUNDS 
AND THEIR APPLICATION 
TO CHEMICAL ANALYSIS

Two types of new indicator systems for the determi-
nation of phenolic compounds and peroxides of dif-

Table 3. Performance characteristics of procedures for the determination of phenothiazines by their activating effect on the
reaction of o-dianisidine oxidation catalyzed (I) by native enzyme and (II) by the {peroxidase–chitosan} complex in aque-
ous solutions and in the presence of 30% (by volume) DMSO (n = 5)

Analyte Analytical range, μM RSD at сmin (n = 5, %)

0.05 М phthalate buffer solution of рН 5.8

Promazine I 0.03–0.2 0.03
II 0.02–01 0.05

Chloropromazine I 0.07–0.5 0.07
II 0.05–0.4 0.04

Trif luoroperazine I 0.1–1 0.05
II 0.09–0.7 0.08

0.05 М phthalate buffer solution of рН 5.8 + DMSO (30 vol %)

Promazine I 0.1–0.8 0.07
II 0.02–0.1 0.05

Chloropromazine I 0.5–2 0.06
II 0.05–0.4 0.04

Trif luoroperazine I – –
II 0.09–0.7 0.08
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ferent structures were proposed including the follow-
ing processes: (1) interaction of the products of the
enzymatic oxidation of phenols with chitosan, labeled
by a f luorescent tag, accompanied by the reduction of
fluorescence intensity; (2) peroxidase derivatization of
catecholamines and their metabolites with aromatic
diamines, phenylenediamine or ethylenediamine,
with the formation of f luorescent derivatives [28].

A fluorescence sensor for the determination of bio-
logically active compounds based on chitosan labeled by
rhodamine B isothiocyanate. A widespread approach to
the development of f luorescence sensors consists in
the introduction of compounds possessing strong
intrinsic f luorescence into their sensing layer followed
by the determination of the components of the indica-
tor system by the quenching of f luorescence [56]. The
biosensitive layer in this case is a mixture of chitosan,
labeled by a f luorescent tag (rhodamine B isothiocya-
nate), with peroxidase. In the enzymatic oxidation of
phenolic compounds, the f luorescence intensity of the
biosensitive layer decreases linearly with the analyte
concentration.

Determination of phenolic compounds. The opti-
mum working conditions of the sensor on the basis of
peroxidase in a complex with chitosan labeled by
rhodamine B isothiocyanate (concentrations of chi-
tosan, f luorescent tag, enzyme, and hydrogen perox-
ide; film thickness; concentration and pH of the buffer
solution; and excitation and emission wave lengths)
were presented in [28]. Procedures for the determina-
tion of pyrocatechol, resorcinol, hydroquinone, dopa-
mine, and adrenaline (Table 4) were developed using
this system.

The response of the sensing layer of the sensor was
additive at analyte concentrations belonging to the lin-
earity ranges of the calibration graphs. As the sensitiv-
ity coefficients of the determination differed in values,
the information obtained in the analysis of a sample
simultaneously containing a phenol mixture allowed
drawing a conclusion only about their total concentra-
tion in the sample.

Thus, the developed biosensors based on chitosan
labeled with a f luorescent tag can be used for the anal-
ysis of samples containing only one phenolic com-
pound (for example, pharmaceutical and cosmetic
preparations), or for an assessment of the total con-
centration of phenolic compounds in the analyzed
sample (for example, in industrial and sewage waters),
and also in an analysis using an array of sensors based
on different indicator reactions. The analysis of more
complex mixtures (biological f luids) requires the
development of more sensitive, selective, and stable
indicator systems.

Determination of peroxides of different structures.
The fluorescence response of a biosensitive layer
based on peroxidase in a complex with chitosan
labeled by rhodamine B isothiocyanate is proportional
to the concentration of not only the reductant, a phe-

nolic compound, but also of the oxidant, peroxide.
Therefore its application to the determination of per-
oxides of different structures, including organic ones,
seems promising. The reductant substrate was pyro-
catechol (phenolic compound with the highest deter-
mination sensitivity coefficient) at the concentration
2.5 μM, corresponding to the midpoint of the linearity
range. The performance characteristics of procedures
for the determination of a number of peroxides are
summarized in Table 4.

By the sensitivity and reproducibility of the results
of determination of organic hydroperoxides, the
described f luorescence biosensor is comparable with
the known analogs, including the solid-phase spectro-
photometric biosensor based on chitosan (being a little
superior to the last one). A significant advantage of the
solid-phase f luorescence biosensor in comparison
with the spectrophotometric analog consists in the
shorter duration of analysis at room temperature (10–
15 min. instead of 24 h) [4, 28, 41].

To increase of the sensitivity of the determination
of hydroperoxides, the indicator reaction was con-
ducted in the medium of direct and inverse surfactant
micelles, which should favor an increase of the activity
of the enzyme because of a change of its conformation
and the accessibility of the active site. In addition, in
micellar media, the analytical signal might increase
because of an increase in the solubility of poorly solu-
ble analytes. The introduction of surfactant molecules
into the f luorophore can be associated with an
increase in f luorescence intensity as a result of the f lu-
orophore inclusion into a micelle and the reduction of
number of its rotation degrees of freedom, which
reduces the percentage of nonradiative transitions. As

Table 4. Performance characteristics of the determination
of dihydroxyphenol, catecholamines, and hydroperoxides
in a water medium using a biosensor based on chitosan
labeled by a f luorescent tag

Analyte Linearity 
range, μM

cmin, 
μM

RSD (at 
сmin, n = 4, 

P = 0.95, %)

Phenolic compounds
Pyrocatechol 0.5–5.0 0.10 4
Resorcinol 0.5–7.5 0.15 3
Hydroquinone 0.5–7.5 0.20 3
Dopamine 5.0–50.0 2.0 5
Adrenaline 5.0–50.0 1.5 6
Hydroperoxides
Hydrogen peroxide 100–1000 45 8
Urea peroxide 25–250 10 8
2-Butanone peroxide 100–1000 40 8
Benzoyl peroxide 50–750 45 7
tert-Butyl hydroperoxide 250–25000 230 7
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the effect of the biosensitive layer based on labeled
chitosan is due to the quenching of its intrinsic f luo-
rescence, the introduction of surfactant molecules can
both increase and decrease the sensitivity of the deter-
mination (because of the existence of two competing
processes in the system). Therefore, it is necessary to
distinguish the contribution of each process to the for-
mation of the analytical signal. For this reason, a pos-
sibility of using micellar media simultaneously for the
fluorescence and spectrophotometric sensors
described above was studied [28, 41].

It was found that carrying out the reaction in
micellar media is accompanied by a significant
increase in the intensity of the intrinsic f luorescence
of the chitosan film (also in the blank experiment) in
comparison with the nonmicellar system (by two times
for micelles based on sodium dodecyl sulfate, SDS).
The reproducibility of the results of measurements is
this case was considerably worse (RSD ~ 20–30% at
n = 4, P = 0.95). The performance characteristics of
the procedures for the determination of peroxides in
the medium of direct surfactant micelles using a spec-
trophotometric biosensor revealed the following regu-
larities: the sensitivity of the determination of all per-
oxides, except for tert-butyl hydroperoxide, increased
in the series media cetyltrimethylammonium bromide
(CTAB) < nonmicellar medium < TWIN 80 < SDS,
and the increase in sensitivity was regularly accompa-
nied by the narrowing of the linearity range [41].

Therefore, the analytical characteristics of the f lu-
orescence biosensor proposed by us on the basis of
chitosan labeled by rhodamine B isothiocyanate are
comparable with the characteristics of sensors
described in the literature [57–60]. A considerable
advantage of the proposed sensor is that the procedure
of the formation and measurement of the analytical
signal used in its development ensures the analysis of
inhomogeneous and opaque media. However, the
attained sensitivity and selectivity of the determination
are insufficient for fulfilling some important analytical
tasks, for example, the analysis of biological f luids and
tissues for the concentration of catecholamines, such
as dopamine, adrenaline, and their metabolites
(homovanillic and vanillylmandelic acids).

A FLUORESCENCE SENSOR 
FOR THE DETERMINATION

OF BIOLOGICALLY ACTIVE COMPOUNDS 
BASED ON THE INTERACTION 

OF THE PRODUCTS OF ENZYMATIC 
OXIDATION OF PHENOLIC COMPOUNDS 

WITH DERIVATIZING AGENTS
An approach based on measurements of the f luo-

rescence of catecholamine derivatives seems promis-
ing for the determination of catecholamines (dopa-
mine, adrenaline) and their metabolites (homovanillic
and vanillylmandelic acids). The derivatizing agents
ensuring the sensitive and selective determination of

phenolic compounds by the f luorescence of their
derivatives are aromatic and aliphatic amines.

The reaction of the derivatization of catechol-
amines and their metabolites by aromatic and ali-
phatic amines is carried out according to the following
scheme: at the first stage, the analyte is oxidized to a
corresponding quinone with an open chain, which
then enters an intermolecular Michael addition reac-
tion. In an alkaline medium, the obtained Michael
adduct is instantly reduced to a hydroxyindol, which is
then oxidized with the formation of a corresponding
closed-chain o-quinone. The final oxidation product
reacts with the derivatizing agents to form benzoxazole
or quinoxaline derivatives. The identity of the prod-
ucts of the enzymatic and nonenzymatic derivatiza-
tion was proved [61] by spectrophotometry and liquid
chromatography−mass spectrometry on an example
of the reaction of adrenaline with benzylamine.

Determination of phenolic compounds. In the devel-
opment of f luorescence procedures for the determina-
tion of phenolic compounds in the sensor version, the
derivatizing agents were o-phenylenediamine (o-
PDA) and ethylenediamine (EDA), whose derivatiza-
tes f luoresce in the region 500–600 nm. The f luores-
cence intensity is proportional to the concentration of
phenolic compounds. The spectra of f luorescence
excitation are symmetrical, and the positions of the
fluorescence maxima are independent on the wave-
length of exciting radiation [28].

To obtain the maximum amount of the f luorescent
adduct in the biosensitive layer, conditions of the for-
mation of an analytical signal (concentrations of
enzyme, hydrogen peroxide, and derivatizing agent;
reaction time, pH and concentration of the buffer
solution) were optimized. In using immobilized o-
PDA, the model phenolic compounds were elemen-
tary isomeric dihydroxyphenols, i.e., pyrocatechol,
catecholamines (dopamine and adrenaline), and their
metabolites (homovanillic and vanillylmandelic
acids). In using EDA, the researchers were limited by
the development of procedures for the determination
of pyrocatechol, dopamine, and adrenaline (Table 5).

The sensitivity and reproducibility of the results of
measurements, and also the rapidity of the analysis
significantly increased in going from signal measure-
ment in solution to its measurement on the surface,
and also in the replacement of EDA by o-PDA. Thus,
a biosensor based on o-PDA ensures the determina-
tion of catecholamines and their metabolites at the
nanomolar concentration level, which is sufficient for
the determination of these compounds in biological
f luids of humans. The time necessary for the achieve-
ment of the 90% value of the analytical signal did not
exceed 30 s. The biosensor on the basis of EDA ensures
the determination of phenolic compounds at the
micromolar concentration level, and the duration of
the reaction is from 2 to 15 min. The response of the
sensing layer of biosensors based on o-PDA and EDA
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remains at the level of 90–95% of the initial value
within two days at 25°C and for not less than 4 weeks
at –20°C. In going from measurements of the analyti-
cal signal in solution to the use of biosensors, the lin-
earity range narrows, which is indicative of the pre-
concentration of the products of the oxidation of phe-
nolic compounds in the polymer film. As in the case of
the solid-phase f luorescence biosensor based on
labeled chitosan, described earlier, an increase in the
volume of the reaction system was accompanied by a
decrease of the sensitivity of determination and the
expansion of the analytical range.

On an example of an analysis of mixtures simulta-
neously containing pairs dopamine−adrenaline,
homovanillic acid−adrenaline, and also vanillylman-
delic acid−adrenaline, it was found that, both in solu-
tion and in using a biosensor, adrenaline was much
superior to the other model phenolic compounds in
the rate of formation of its f luorescent derivatives in
the reaction of derivatization with o-PDA, because of
which the value of the analytical signal in the above
systems was not additive. Therefore, the determina-
tion of dopamine and homovanillic and vanillylman-
delic acids in the presence of adrenaline was possible
only at their multiple (100- to 1000-fold) excess. In the
simultaneous introduction of dopamine and homo-
vanillic acid, dopamine and vanillylmandelic acid,
and also homovanillic and vanillylmandelic acids into
the reaction system, the response of the sensor was
additive. It should be noted that, at pH 10 (optimum
for determination of homovanillic acid), the rate of
reaction of the enzymatic derivatization of vanillyl-
mandelic acid with o-PDA is so low that even a double
excess vanillylmandelic acid does not interfere with

the determination of homovanillic acid. The concen-
tration of homovanillic acid in biological f luids nor-
mally exceeds the concentration of vanillylmandelic
acid. Therefore, taking into account a possible dilution
of the analyzed sample, and also the required and
reached sensitivity of the determination of catechol-
amines and their metabolites, the biosensor based on
o-PDA can be used for the individual determination of
homovanillic acid in blood and urine (at pH 10) and
also for the simultaneous determination of homovan-
illic and vanillylmandelic acids in urine (at pH 9.5).

Thus, the f luorescence biosensor developed by us
on the basis of the reaction of peroxidase derivatiza-
tion with o-PDA is superior to the analogs described in
the literature in the sensitivity of determination of
phenolic compounds and comparable to them in the
selectivity of the determination and reproducibility of
the results of measurements, and also in the stability of
the analytical signal [60, 61]. The attained sensitivity
and selectivity of the determination, and also the short
response time (30 c) ensure the use of the proposed
sensor for the individual determination of catechol-
amines and their metabolites in pharmaceutical
preparations and for the determination of homovanil-
lic and vanillylmandelic acids in biological f luids.

Determination of peroxides. The biosensors
described above were also used for the development of
procedures for determination of peroxides of different
structures. The derivatizing agent was o-PDA, because
the biosensor on its basis had the best performance
characteristics than the biosensor based on EDA. The
performance characteristics of the determination of by

Table 5. Performance characteristics of the determination of phenolic compounds using a f luorescence biosensor based on
derivatization with o-phenylenediamine and ethylenediamine

Analyte Linearity range, nM cmin, nM RSD (at сmin, n = 5, 
P = 0.95, %)

Derivatizing agent o-phenylenediamine

Pyrocatechol 50–1000 20 3

Dopamine 50–500 18 3

Adrenaline 10–2500 5 4

Homovanillic acid 10–250 5 3

Vanillylmandelic acid 5–100 3 3

Derivatizing agent ethylenediamine

Pyrocatechol 500–5000 180 4

Dopamine 250–5000 75 6

Adrenaline 250–1000 150 8
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the f luorescence biosensor on a basis o-PDA are sum-
marized in Table 6.

It should be noted that the works [62–69] devoted
to optical sensors for the determination of hydrogen
peroxide and organic peroxides are rather scanty. The
known optical sensors allow the determination of per-
oxides mainly at the micro- and millimole level, i.e.,
are comparable (in some cases superior [62, 63]) with
spectrophotometric and fluorescence sensors on the
basis of the {peroxidase−chitosan} polyelectrolyte
complex in sensitivity. Note than only single optical
sensors (according to the published data) were tested
in the analysis of real samples: optically transparent
media (rain water and solution for the disinfection of
contact lenses) that did not require additional sample
preparation [67, 68]. An important advantage of the
registration of an analytical signal directly in the
biorecognizing layer of sensors proposed by us is a
possibility of analyzing colored solutions and also
samples insoluble in aqueous and micellar media
(solutions, suspensions of different density and polar-
ity) without preliminary sample preparation.

USE OF FLUORESCENCE BIOSENSORS
IN THE ANALYSIS OF REAL SAMPLES

The fluorescence biosensors based on fluorescence
quenching (labeled with chitosan) and the enhance-
ment of the signal (derivatization with o-PDA) and
also the spectrophotometric system based on the com-
plex {peroxidase−chitosan} were tested in the deter-
mination of phenolic compounds (hydroquinone,
dopamine, adrenaline) and organic peroxides (ben-
zoyl peroxide, urea peroxide) in the composition of
cosmetic and medicinal preparations of different
nature (soluble and insoluble in water). It is necessary
to emphasize that sample preparation was limited to
the homogenization (water-insoluble preparations) or
dilution (injection solutions) of the analyzed sample in

water. The results of the determination of phenolic
compounds in pharmaceutical preparations well
agreed with the concentrations specified by the pro-
ducer (Table 7).

The f luorescence biosensor based on o-PDA was
applied to the determination of the products of the
metabolism of catecholamines (homovanillic and
vanillylmandelic acids) in urine. The analysis was per-
formed by the method of standard additions under the
conditions optimum for the determination of homo-
vanillic acid (its selective determination) and vanillyl-
mandelic acid (determination of the total concentra-
tion of homovanillic and vanillylmandelic acids). The
results of the determination of homovanillic acid well
agreed with the data obtained in the determination of
this compound by HPLC with amperometric detec-
tion [28].

* * *

Therefore, our research into the development and
sophistication of the available optical (spectrophoto-
metric and fluorescence) sensors allowed us to pro-
pose original approaches to the immobilization of the
peroxidase enzyme widely used in analysis, which
ensure its activity and stability on storage and in the
course of catalytic processes under the conditions and
in the media unfavorable for proteins. New types of
design and devices for registering an analytical signal
of a solid phase (biosensitive layer) were developed on
the basis of universal commercial spectrophotometers
and fluorimeters. New indicator systems for the deter-
mination of phenolic compounds, i.e., phenothiazine,
catecholamines, and their metabolites; peroxides of
different structures were proposed for the quality con-
trol of drugs, biomedical research, and clinical diag-
nostics. An advantage of the developed optical sensors
is the simplicity of their production and operation.
The sensitivity, selectivity and rapidity of the proposed

Table 6. Performance characteristics of the determination of peroxides in water and micellar media using a f luorescence
biosensor based on derivatization with o-phenylenediamine

Analyte Linearity range, μM cmin, μM RSD (at сmin, n = 4, 
P = 0.95, %)

Hydrogen peroxide (water) 25–500 10 3

Hydrogen peroxide (CTAB) 100–2500 80 15

Hydrogen peroxide (TWIN) 50–500 30 15

Urea peroxide 25–500 15 5

2-Butanone peroxide 100–1000 80 6

Benzoyl peroxide 50–500 30 7

tert-Butyl hydroperoxide 50–2500 40 13
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devices are sufficient for the determination of the
above analytes in pharmaceutical products, and, in
some cases, in biological f luids of humans. The for-
mation and measurement of an analytical signal out-
side the solution, directly in the sensing layer of a sen-
sor, ensures the analysis of opaque and turbid media
and, therefore, samples based on matrixes of complex
composition without additional sample preparation.
The last advantage favorably distinguishes the pro-
posed biosensors from the analogs described in the lit-
erature based on the formation and measurement of an
analytical signal in solutions.
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