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Abstract This chapter is devoted to the analysis of the efficiency of a different types
of the immune biosensors for the control of toxic agents among of environmental
objects, The main attention is paid to the non-labeled immune biosensors and, in
particular, optical ones. Among them the immune biosensors based on the porous
silicon (PS), surface plasmon resonance (SPR) and total reflection internal ellip-
sometry (TIRE) are detailed considered. In additional to, the immune biosensors
based on calorimeter and thermistors as well as on the piezocristals are described. As
model of toxic elements the synthetic chemicals as pesticides and nonylethoxylates
as well as the nature biological substances, in particularly, a number of mycotoxins:
T2, aflatoxins, patulin and others are used. It is necessary, to underline that the
analysis was fulfilled with the model solutions and with real samples: some corn,
vegetables and fruits. At the end of the chapter the perspectives of the developed
instrumental analytical devices based on the principles of biosensorics are analyzed.
Especially it draws attention to the development of multi-parameter portable
biosensors based on the basis of the nano-structured porous silicon (nano-PS) from
one side and on the artificial selective template surface, calyx(4)arenas and aptamers.
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1 Introduction

Scientific-technical progress gives a lot of new possibilities to sharply increase the
life of people but it brings, unfortunately, simultaneous a number of difficulties for
human which should be overcome with the including of the specific measures for
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the adaptation of the living organisms to the new conditions. At first it means the
application of very wide specters of chemical substances. According to classifica-
tion from the position of ecology and sources of manufacturing the chemical
substances (ChS) may be divided on: pesticides, products of industry (polychlori-
nated biphenyl’s, hexachlorbensens) and concomitant substances (dioxins, furans
and polycyclic hydrocarbons) [101]. The production of similar substances in USA
only has achieved in 1997 ≈ 5 × 109 tons [52]. In spite of the fact that controlling
units in all countries are recommend using biodegradable surfactants but their
mineralization can not be complete and they accumulate gradually in natural water
sources [18]. Acute effects of ChS are well known and the cases of their mass use in
big concentrations as results of disasters are described in details [11, 24]. Chronic
sub-lethal effects of ChS are associated with the worsening reproductive perfor-
mance, influence on skin, immune, neural and endocrine systems [8, 15, 49]. ChS
may be absorbed by phytoplankton, filtrated organisms and vegetables [25, 40, 98].

Pesticides are as the essential part of the modern agro technologies. Due to their
use we have possibility to keep 50 % of the crop capacity. However, in conse-
quence of high toxicity of pesticides there is needed a complex system to eliminate
their negative effect and first of all it concerns the constant control of these sub-
stances in different classes of environmental objects.

Other aspect of the scientific-technical progress is in the intensification of the
production of ChS and their application as detergents in different fields of the
human activity and especially in the domestic conditions. As a rule, such ChS has
not direct toxic effect but after biodegradation some substances are formed from it
which may be delivered to so-called “endocrine disrupting factor”. Nonylphenol
ethoxylates (nPhEthO) are as one group of such factors [79, 80].

The next third of ChS belongs to biological derivatives which naturally are
widespread among products and, moreover, may be used in purified form as
instrument for attack of bioterrorist [23, 85]. The problem with weapons including
bio- and chemical substances exists a long time. One of group of biological toxins is
presented by mycotoxins which include more than 300 individual substances
produced by different fungi strains [47]. T2 mycotoxin, aflatoxins, searelenone,
patulin and others cause a great interest since they are widespread and characterized
by high level toxicity. T2 mycotoxin has more toxic effect (in 400 times) than
mustard gas and lewisite [47, 68]. It is well-known that mycotoxin T2 was packed
into rockets, bombs, cisterns, some explosive cylinders, hand-grenade and they
were applied in Laos and Afghanistan as yellow rain [51, 68]. This mycotoxin may
be prepared by very simple way. Both circumstances (simplicity obtaining and high
level of toxicity) form a very serious problems since these toxic elements may be as
instrument for bioterrorists. There is necessity to mention that the use of toxins in
generally among others groups of biological weapon by terrorists is the most
probably since viruses and bacteria present big danger not for victims only but for
executors of terrorist act too.

The list of ChS which are produced and widely used may be continued and
continued but at last we would like to pay attention nano-particles. In recent
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decades, it was created several thousands of varieties of nanomaterials, and
therefore the possibility of exposure nanoparticles on animals, humans and the
environment in whole is increased [63]. A number anthropogenic sources, such as
metallurgical, cement industry; combustion of coal, polymeric compounds, oil, gas,
diesel fuel, and other processes have significantly increased contents of nanopar-
ticles in the environment [70]. It is generally recognized that changes in the physical
properties of the material at the transition to form nanoparticles naturally accom-
panied by changes in its biological effects. In particular, a substantial their accu-
mulation, in the lung, penetration to the tissue, overcoming skin barrier, ability to
have the so-called “inflammatory potential” and to interact with different biological
molecules, including nucleic acids as carrier of genetic information [27, 96]. The
level of hydrophobic properties and the presence of electrical charge increase
nanoparticles to binding with biomolecules and to their accumulation and in
organisms since the immune system often is not able to recognize presence of such
complexes [31].

Despite the dramatic increase in the use of nano sized materials, little infor-
mation is available on their potential toxic effects on the environment. Their
potential deleterious effects on ecological health should be identified to allow their
safe use. Most current literature on the toxicity of nanoparticles come from mam-
malian studies that focus on respiratory exposure or from in vitro assays with
mammalian cells [6]. In last time it was taken the attention to the estimation of
nano-particles on the reproductive function of animals which is under effect of these
substances [9, 33]. The ecotoxicological studies of nanoparticles are much more
limited, with only a few reports focusing on the acute toxic effects of nanoparticles
on the aquatic biotas [32].

Especially there is necessary to underline that for the an effective as well as safe
use of nano-particles and different composites with their participation the detailed
and comprehensive analysis should be done not only concerning general toxicity of
these substances and in respect of their genotoxicity since the last effect may be
reflected in form of cancerogenesis for living organisms and more significantly in
arousing genetically mutations in next generations. That is why there is a very
important to control of the level of genotoxicity of nanomaterials.

Taken into account the global dispersion of ChS and extraordinary dangers
which they present for living organisms there arises necessity to resist imminent
catastrophe. In really such situation is formed when a large scale of production and
consumption of ChS is exist.

Now, there is a very important question: how to prevent non-desirable conse-
quences, to preserve live and health of people. To counteract this undesirable
situation it arises a urgent necessity in the organization of the permanent control
since, as a rule, the ChS are toxic, stable, and have the ability for bioaccumulation
and long term transferring in atmosphere [101]. These substances may influence on
the living organisms far from places of their production and on remote territories.
So, discovering chemicals in Arctic where they are never been produced and where
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their concentration are increased up to level which is threatening for wild nature and
humanities is confirming the global character of their dispersion [4, 54].

In all cases there is necessary to have instrumental analytical devices for the
express, sensitive and simple monitoring of the contamination of the environmental
objects by the concrete toxins.

Certainly, to prevent non-desirable effect and to do effective this monitoring we
developed some family of biosensors for the fulfillment of control on the third
levels. At first it is foreseen the determination of the general toxicity of the analyzed
objects, than the revealing what is group toxins presented in the contaminated
material and last the discovering of the individual chemical substance.
Unfortunately, the existing conventional methods of analysis often do not satis-
factorily solve these practical needs, since they are sophisticated, time-consuming,
expensive and difficult to be applied under on-line regime and on-field conditions.
There is thus a specific need to use a new generation of instrumental analytical
devices, in particular, based on the principles of biosensorics. Nevertheless, among
them, some developed variants do not meet the requirements of practice due to their
complexity, high prices and others disadvantages or to lack of adaptability in the
analysis of required indicators.

To overcome this gap between biosensor development and practical demand, we
have started studying a number of optical and electrochemical biosensors capable to
fulfill analysis under real time and on-field conditions as well as to check simul-
taneously a large number of samples and analytical parameters. This article is
devoted to analysis of biosensors which were created by us. Among the different
types of proposed biosensors, we have paid special attention to portable optical
systems suitable for working under on-field conditions and obtaining results in
on-line regime without the application of any additional labels, which are used, as a
rule, in these cases. Recently, it has been demonstrated that achieving such goals is
possible by applying nano-structured porous silicon as a transducer surface with the
registration of the specific signal through measuring photoluminescence or photo-
conductivity. Such biosensors are very effective for screening observation. We pay
attention too that the results of analysis (especially mycotoxins) depend on the
conditions of the sample preparation.

2 Creation of Non-labelled Immune Biosensors
for the Determination of Low Weight Toxic Synthetic
Substances in Environment [79, 80]

In this section we would like to demonstrate efficiency of the immune biosensor
based on the porous silicon (PS) at the determination of such low weight toxins as
nonylphenol (NP) and 2,4-dichlorophenoxyacetic acid (2,4-D). Moreover, it will
compared the obtained results with that which were demonstrated by the immune
sensor based on the surface plasmon resonance (SPR).
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2.1 The Overall Characteristics of PS Obtaining
and Specific Signal Registration

To prepare PS samples the monocrystalline (MK) silicon plate (p-type with the
specific resistance (ρ) = 10 Ohm/centimeter) was treated at first by computer
controlled and in-focus beam from YAG: Nd (yttrium-aluminum garnet, alloyed
Nd3+) laser (wave-length λ = 1.06 μm, pulse duration τ = 2 × 10−4 s and energy
E = 0.3 J) in the regime of surface scanning. Then this plate was immersed in the
mixture of HF: HNO3: H2O = 1:3:5 (in volume ration) for 3–10 min. At last the
obtained plates of PS was cut into sections with the dimensions in 4 × 4 mm2. The
total scheme of PS preparation is given in Fig. 1. The dimensions of pores (diameter
and depth) were controlled by atom force microscopy (AFM).

To observe visible PhL the PS plate was placed in quartz cell with the volume of
2 ml and was exposed to He-Cd laser beam (wave-length λ = 440 nm,
power = 0.001 Watt. The intensity of PhL was measured with the use of the set
included standard monochromator, photoelectric multiplayer (FEU-83) and per-
sonal computer (PC). The overall scheme of excitation and measurement of
intensity of PS PhL is shown in Fig. 2. Before immobilization of biological com-
ponents the surface of PS was washed by ethanol and several times by distilled
water and then PS samples were dried at the room temperature in laminar-cleaned
conditions. Immobilization of biological components was accomplished by passive
sorption. For this purpose PS samples were dipped in the solution of one of immune
component, which was taken in the appropriate concentration and they were
incubated during some time (the concentration of solutions and time of immobi-
lization were determined by experimentally way). After immobilization of bio-
logical components PS surface was washed by the phosphate buffer (20 mM, pH
7.3) contained NaCl (140 mmol/l) and then it was dried.

The observed depth of pores was in range 10–200 nm and their diameter (d) and
width of rising (silicon crystallite) was from 50 to 400 nm. In concordance with the
classification of PS on the micro- (d < 2 nm), meso- (2 nm < d < 50 nm) and macro-

MK silicon plate

Laser treatment
(YAG: Nd laser; =1,06 µm;  = 2x10-4 sec; E = 0,3 J)

Chemical treatment (HF : HNO3 : H2O = 1 : 3 : 5), 3-10 min

PS (dimensions: 4 4 mm2, diameter of pores: 50-400 nm)

PhL registration (He-Cd laser nm, P = 0,001 Watt)

Fig. 1 The overall scheme of
PS preparation
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(d > 50 nm) porous [72] and according to our AFM analysis the obtained PS
samples may be characterized as macro porous structures. PS had maximal level of
fluorescence at wavelength of 650 nm with semi-band *400 meV. The intensity of
its fluorescence increased at the increasing of laser beam density from 11.5 to
33.5 J/cm2. That is why we kept this index at the level of 33.5 J/cm2. Exponent
describes the spontaneous decreasing of PhL intensity at the temperature of 300 K
and this effect is occurred during ≥200 μs. Some details of the determination of the
specific immune complex formation were described early [75–78].

Three main types of analysis were compared: (a) the competitive way when the
conjugate of 2,4-D or NP with bovine serum albumin (BSA) or soybean inhibitor of
trypsin (STI), or ovalbumin (Ova) immobilized on the PS and free appropriate
substance compete for specific antibodies (Ab) in the solution; (b) the same way as
in point “a” but free 2,4-D or NP and their conjugates compete for specific Ab
immobilized on the PS and (c) the direct way when appropriate specific Ab were
immobilized on the PS and free 2,4-D or NP were alone in solution.

2.2 Efficiency of the Immune Biosensor Based on the PS
at the Control of Low Weight Toxic Synthetic
Substances

In case of use competitive analysis (when free and conjugated with BSA 2,4-D com-
peted for Ab immobilized on the PS surface) we have obtained the sensitivity of 2,4-D
analysis on the level of 5 μg/L and linear plot was in frame of 5–200 μg/L (Fig. 3).

If the conjugated 2,4-D with BSA was immobilized on the PS surface and free
2,4-D and specific Ab were in solution to be analysed the sensitivity analysis was

Fig. 2 Block scheme of device for PS PhL measurement. 1—laser, 2—modulator, 3—prism, 4—
aluminum mirror, 5—quartz cell, 6—PS sample, 7—UM-2 monochromator, 8—FEU, 9—PC,—
laser beam,—PhL quanta, —electrical connections
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higher, approximately in 5 times (up to 1 μg/L). The optimal conditions of NP
analysis were in general the same as for 2,4-D but in this case we used antiserum
(not pure Ab). That is why first of all the optimal dilution of antiserum was
determined. It was shown that this dilution should be about 1:7500 since in this case
we can have about 50 % of maximal sensor response (Fig. 4). The sensitivity of NP
analysis by competitive way and in case of the immobilisation of NP-BSA on the
PS was 10 μg/L (Fig. 5). So, the developed immune sensor allows providing rapid,
sensitive and selective analysis of individual pesticides.

We would like to pay attention on the possible mechanism of the work of these
immune biosensors. According to our hypothesis the work of the immune sensor
based on PS PhL is connected with hydrogen proton interruption from PS surface
by the formed immune complex. It is accompanied by sharply decreasing intensity
of ChL. The last process is directly proportional to the intensity of immune complex
formation. The obtained results (Fig. 5) testify that two process, namely, inter-
ruption of hydrogen from surface and its blocking by biological molecules may
effect on the PS PL.

The binding of small molecules (2,4-D and NP) with immobilised specific Ab
has an influence on the PS PL at their high concentration only. At the same time
conjugates of these molecules with some protein are able to change of parameters of
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Fig. 3 Changes of intensity of PS ChL at the analysis of free 2,4-D in solution. 2,4-D-BSA was
immobilized on the surface. Time of incubation 30 min
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Fig. 4 Left The level of sensor signal at the different dilution of specific antiserum. The
concentration of free NP was 100 ng/ml. The time of incubation of PS surface with mixture of
antiserum and free NP was 30 min. Right The dependence of immune sensor signal on the
concentration of NP in solution to be analyzed
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PS PL more effective. Maybe the presence of a big mass of target molecules at the
low weight substances causes the additional blocking of PS recombinant centres.

It was compare the efficiency of NP and 2,4-D analysis by the immune
biosensors based on the PS and SPR. In last case the glass plate with 20 nm
thickness of the evaporated gold film were as transducer. We have too analysed in
detail three main variants of approaches: (a) conjugate (NP or 2,4-D with some
protein—BSA, or STI, or Ova) was direct immobilised on the gold surface and free
NP or 2,4-D with appropriate antiserum were in solution; (b) the specific Ab from
antiserum was immobilised on the gold surface through intermediate layer from
Staphylococcal protein A or some lectin and free NP or 2,4-D as well as NP or
2,4-D conjugated with some protein were in solution; (c) the same as in “b” but Ab
immobilised and oriented toward solution reacted with free NP or 2,4-D and then
with appropriate their conjugate (approach with to saturation of active binding sites
on the surface). In all cases the surface was preliminary treated by polyelectrolites
self assembled (PESA) as it was described early [55, 56]. The obtained results are
shown in Fig. 6). It was shown that in case of the immobilisation of specific Ab
from antiserum on the gold surface covered by PESA or PESA with lectins we
obtained the same sensitivity of 2,4-D determination, namely: about 1 ng/ml. If we
used procedure of the immobilisation of specific Ab from antiserum on the gold
surface covered by PESA with protein A and fulfilled competitive analysis the
sensitivity of the 2,4-D determination was increased approximately on one order.
Maybe protein A is more effective intermediate agent for the directed orientation of
Fab-fragments of Ab towards solution than lectins. It is connected with that Ab may
have carbohydrates not at the Fc-fragment only and at the Fab-fragments also. In
case of preservation of the similar immobilisation procedure but at the fulfilment of
analysis with to-saturation of active binding sites on the surface some smaller
concentration of 2,4-D may be registered.

Nevertheless in model experiments with the corn at the same conditions we can
determine 2,4-D in concentration about 0.1 ng/ml only. The model experiments
were fulfilled in two ways. (1) 2,4-D in different quantities (mass ratio) was added
to corn and carefully mixed. Then corn was washed by the solution of ethanol.
(2) Corn was reduced to fragments and extracted by tris-HCl buffer with pH of 7.5.
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Fig. 5 The changes of intensity of PS PhL at the analysis of free 2,4-D by the competitive (o) and
direct (•) analysis. Time of incubation 15 min. Concentration of 2,4-D-BSA—100 mg/L
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Then 2,4-D was added to extract in different concentrations. Probably in both cases
some part of 2,4-D was adsorbed on the corn particles and as result of it the
concentration of this substance was sharply reduced. At the immobilisation of
specific Ab from antiserum on the gold surface covered by PESA with protein A
and at the fulfilment of analysis with to-saturation of active binding sites on the
surface the sensitivity of NP determination may be on the level of 1 ng/ml and
lower.

2.3 Efficiency of the Calorimetric Immune Biosensor
at the Control of Low Weight Toxic Synthetic
Substances

This biosensor was designed in two different forms: as micro calorimeter and
thermistor based devices. Efficiency of immune biosensor for the determination of
low molecular substances we will demonstrate by the results obtained in the
experiments with NPh [21, 22]. The portable biosensor based on the microcol-
orimeter and thermistors are shown in Fig. 7.

For successful development of the calorimetrical biosensor at first it was nec-
essary to set the optimal concentration of antiserum (for example antiserum to
NPh). For this purpose 150 µl antiserum in different concentrations was brought in
a measuring cell and incubated during 15 min for establishment of base line (for this
time a temperature in a barn was set on an optimum level). Then 50 µl solution of
NPh in concentrations of 1; 5 and 10 µg/ml were brought into the cell. So, it was set
that the optimum concentration of antiserum was about 5 mg of protein in 1 ml.

For the determination of NPh in solutions with the help of thermal biosensor it
was necessary to build-up corresponding calibration curve. For this purpose 150 µl
of antiserum (in concentration 5 µg of protein in 1 ml) was brought into a
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Fig. 6 SPR immune sensor response in the presence of different concentrations of 2,4-D in
solution. Left—Conditions: Ab (antiserum) were immobilised on the surface covered by PESA and
protein A. 2,4-D-BSA saturated bounds left free after interaction with 2,4-D solution. Right—
Conditions: specific Ab (antiserum) were immobilised on the surface covered by PESA and
protein A, NP-STI saturated bounds left free after interaction with NP solution

Efficiency of Non-label Optical Biosensors … 393



measuring cell and then 50 µl of NPh in a range of concentration from 0.5 up to
10 µg/ml was pumped into the measuring cell. Thus, it was demonstrated an
opportunity of “direct” detection of NPh by calorimetrical biosensor with the
sensitivity about 1 µg/ml. The overall time of analysis is about 20–30 min.

Certainly that the sensitivity of the determination of NPh by thermal immune
biosensor is much less than in case of application of SPR or TIRE biosensor but it is
necessary to mention simplicity of measurement fulfilment. Maybe thermal
biosensor could be used for the screening of toxic elements in environmental
objects with next verification of results of analysis by optical immune biosensors.

2.4 Conclusion

At the optimisation of all parameters of the analysis by the proposed immune
sensors it is possibility to reveal the concentrations of 2,4-D and NP on the level of
practice demands, in particular, less than 0.1–1 μg/L, respectively. The total time of
analysis was about 6–10 min only. The developed immune sensors allow providing
rapid, sensitive and selective analysis of individual pesticides. These immune
sensors may be created as stationary and portable devices. The last model of
biosensors may be used for fulfilment of analysis in field conditions. The main
principle of work of the immune sensor based on the SPR is common known.
According to our hypothesis the work of the immune sensor based on PS PhL is
connected with hydrogen proton interruption from PS surface by the formed
immune complex and blocking of active silicon sites. It is accompanied by sharply
decreasing intensity of ChL. The last process is directly proportional to the intensity
of immune complex formation. There is necessary to underline that the immune
biosensor based on the PS is more simple and more cheap than that based on SPR
and it can be used for wide screening observation of environmental objects.

Fig. 7 Thermal biosensor
system based on the principle
of the measurement of the
heat transferring and the solid
phase electrolyte thermistors.
1—thermal sensitive unit; 2—
interface with the registration
unit; 3—laptop
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3 Creation of Non-labelled Immune Biosensors
for the Determination of Low Weight Biological Origin
Toxic Substances in Environment

In this section it will be given the main attention to the immune biosensors for
control of level of mycotoxins in different environmental objects.

3.1 General Characteristics of Mycotoxins and Methods
of Their Analysis

Different generations of micromycetes are able for the synthesis of a big set of
mycotoxins: aflatoxins, rubratoxins, ochratoxins, fumonisines, trichothecenes and
others [14]. Mycotoxins may be found in desert, in alkaline lands and in highland
regions although they are more characteristic for middle latitudes [17]. These toxins
are accumulated in feeds and foods at the appropriate temperature which promotes
to grow of fungi’s. They present a special group of low-molecular weight and
non-immunogenic substances which as a rule have thermo stability. Different types
of mycotoxins may cause intoxication with the destruction of organs and tissues:
liver, kidney, oesophagus, bowels, brain and genitals. That is why, mycotoxins are
included into list of substances which content in foods, feeds and row materials
should be regulated. According to State standard of Ukraine (DSTU 3768-98) the
maximal content of T2 in corn for the bread and technical grain is permitted on the
level of 0.1 and 0.2 mg/kg, respectively. In Czech Republic the determination of
mycotoxins is included in the system of the environment monitoring [60].

3.2 Specificity of Biosynthesis of Mycotoxins

The mechanisms of the formation of mycotoxins from the primary metabolites
depend on producer type and biosynthesis conditions. Among them it is distin-
guished next: (1) polyketide specific for aflatoxin, ochratoxin, patulin and others;
(2) terpene which is correspond to trichothecenes; (3) mediated trough cycle of
tricarboxylic acids (in case of rubratoxins); (4) amino-acid when initial substances
are presented by some structures (ergoalcaloids, cyclopiasonic acid and others) and
(5) hybrid (composition of two or more mechanisms) which is typical for
cyclopiasonic acid [83]. The main way for the biosynthesis of big group myco-
toxins is polyketide mechanism. Depends on quantity of the incorporated C2-units
mycotoxins which are synthesized according to first mechanism are divided on
tetraketide (patulin), pentaketide (ochratoxin), hexaketide, heptaketide, octaketide,
monoketide (zearalenone) and decaketide (aflatoxins).
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3.3 Chemical and Physical Abilities of Trichotecenes

They are belong to chemical substances named as sesquiterpenoids and tri-
chothecene ring contended olefinic bond between C-9 and epoxy group in field of
C-12, 13 is their speciality [16]. There are up to 150 derivates of such structure.
Depends on structure of trichothecene center mycotoxins are divided on four
groups: A—when substances have H or OH groups at C8; B—in case of the
presence of carboxylic group at C8; C—micro cyclic trichothecene and D—when
the second epoxy group is at C7 [2].

Trichothecenes are low-molecular substances (250–55 Da), non volatile and bad
soluble in water but they have a good solubility in acetone, ethyl acetate, chloro-
form, dimethyl sulfoxide, ethanol, methanol and propylene glycol [16]. Pure tri-
chothecenes are characterized by the low level of the steam tension but they
evaporate at the heating with organic solvents. High purified mycotoxins have wait
color and fixed melting point [2].

Micotoxins may be preserved in solution or crystalline form at that they are
stable at the light and oxygen effects. They do not inactive at the influence of 480 °
C during 10 min or at 260 °C during 30 min. For chemical neutralization of T2
mycotoxin 3–5 % of solution of sodium hypo chloride is used the efficiency of
which may be improve by some quantity of alkali [104].

3.4 Biotransformation of Trichotecenes

As opposite to others mycotoxines trichotecenes do not require a preliminary
metabolic activation for the manifestation of their toxicity [12]. At the application
on the skin or in case of use with food trichothecenes cause immediately irritation
of skin or mucous of bowels. In experiments with single cells or their cultures it was
shown that trichthecenes cause disintegration of polyribosome and as result of it the
inhibition of protein synthesis starts (Ciegler and Bennett [14, 104]. Lipophilic
character of trichotecenes gives them to sorb simple and fast on the skin and
mucous of tissues. At the “per os” introduction of mycotoxin to mouse the peak of
its concentration appears in the range of one hour [46, 106]. A different cells
transform T2 toxin trough removal of oxygen from epoxy ring at the C-12, 13
position with the formation of binary carbonic bound and with the oxygenation of
isovaleric side chains [95, 109]. Pancreas and bowels tissues are as main organs
which metabolize trichotecenes. Pharmacokinetics investigations are shown that T2
mycotoxin appears in blood serum aside from way of introduction in organism. Up
to 95 % of T2 mycotoxin introduced by intravenously is removed form organism
through urine and excrements in ratio of 3:1 [103].
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3.5 Some Biological Effects of Trichotecenes

Mycotoxins effect on a many organs and the most toxicity was revealed for A type.
Nevertheless, mycotoxins of D type have a small toxicity in spite of the presence of
two epoxy groups. The reduction of double bond leads to minor decreasing of the
toxicity but at the lost of epoxy ring at C9–C10 stipulates sharply its reduction [62].

Semi lethal dose (LD50) at the T2 inhalation is 200–5800 mg*min/m3 [106] the
similar results may be achieved for lewisite and mustard gas at the dose of 1500–
1800 mg*min/m3 [105]. At the application of T2 mycotoxin on the skin LD50 is on
the level of 2–12 mg/kg and it is higher than in case of mustard gas (100 mg/kg)
[31]. The process intoxication may be increased much more if T2 mycotoxin will be
used as solution based on dimethyl sulfoxide [95]. At the low concentrations of T2
mycotoxin it is observed the inhibition of growth of young animals and the
decreasing of their stability to diseases as the result of immune system destroying.
In particular, experiments with birds have shown that this mycotoxin may effect on
the immunocompetent organs [41]. Firstly, T2 mycotoxin was revealed at the cow
toxicosis and it was stated that Fusarium tricinctum is as main producer.
Mycothecium, Trichoderma, Trichothecium, Cephalosporium and Stachybotrys
may provide synthesis of this toxin but in much less level [3]. It was registered the
intoxication of horses in Japan and symptoms of the intoxication were revealed at
the concentration of 1 mg/kg [100]. The similar disease accompanying by murrain
was observed among goslings and turkey poultry [42]. The incident of the people
disease as result of using of foods fabricated from moldy wheat was described [5].
During number years in Bashkiria and Orenburg district it was registered accidents
of people death as result of using of foods fabricated from grain (millet, wheat and
barley) which was passed the winter and effected by Fusarium sporotrichioides
[71]. It is known a number of pathological states stipulated by the chronic intoxi-
cation: toxicosis, disease of red mould, hemorrhagic disease, alimentary toxic
aleukia and others [29].

3.6 Traditional Methods of the Determination
of Mycotoxins

The identification of mycotoxins in different objects of environment is not simple
procedure but in spite of it the special system was developed today. The standard
analytical methods include a several procedures: sampling, extraction, purification,
identification, determination and, at last, verification of results. At first, after
beginnings of problem with mycotoxins the biotests were proposed and for this
purpose a wide set of biological objects were used: from cell cultures to the verte-
brate animals [30]. Biotest in which the mortality of chick-embrio was as the criteria
of toxicity may be considered as traditional. Biotests with the application of different
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strains of yeasts obtained a greatest development. The limit of the sensitivity to T2
varies for individual strains and it may be in frame from 20 to 50 ng [10]. Simplified
variants of such biotests gives possibility to control the contamination of corn by
trichothecenes with the analyze fulfillment over the time of 24 h [7]. Biotests were
used for the investigation of the dependence of toxicity on the peculiarities of
mycotoxin structure [45, 69]. In what follows the methods based on the technology
of the thin layer chromatography (TLCh) were elaborated. These methods provide
high specificity but they have much less sensitivity (about 0.2–5 µg/ml) and demand
preliminary concentration of the analyzed extract in 10–1000 times.

Implementation of idea about “bioautographic” approach combined advantages
of both methods based on the microbial analysis and TLCh allow control several
mycotoxins in the same sample simultaneously. Potential possibilities of biotests
are not yet realized and till today a new their variants with the improved charac-
teristics are appeared.

The application of gas liquid chromatography (GLCh) allows to increasing the
sensitivity of analysis. Unfortunately, the application of this method demands
multistage procedure of the sample preparation and its chemical modification [67].
The sensitivity of the T2-mycotoxin determination in serum blood by this method is
on the level 30 ng/ml with the reproducibility of results upon the average of
95.5 ± 8.6 % [108]. GLCh is used as one of reliable method for the verification of
results of analysis [99]. The same role may be fulfilled by the high-performance
liquid chromatography (FPLC) and high pressure liquid chromatography (HPLC).

After obtaining of the specific antibodies (Ab) to some types of mycotoxins there
is appeared possibility to use immune chemical approaches including the radio
immune (RIA), immune chemiluminescence (IChL) and fluorescence
(IFL) analyses, as well as the ELISA-method [13]. So, RIA is able to reveal
T2-mycotoxin in maize and wheat at 1.0 and 2.5 µg/kg, respectively [43]. In case of
others types of biological liquids the sensitivity of T2-mycotoxin analysis was from
2 to 5 ng/ml [26].

The development of the immune chemical methods was accomplished by two
ways: obtaining of the specific antibodies and development of special algorithms of
analysis [28]. In other case at the application of the monoclonal antibodies con-
jugated with horse radish peroxidase and at the realization of competitive variant of
analysis it was achieved the sensitivity no less as 10 ng/ml [66]. More complicate
homogenous competitive analysis with the use liposome contended some sub-
stances labeled by the fluorochrome allows to obtaining sensitivity of
T2-mycotoxin determination at the concentration of 2 ng/ml [44].

Today, for the characterization, identification and confirmation of the results of
the analysis the methods based on the mass spectroscopy, nuclear magnetic reso-
nance or in combination with the GLCh, HPLC gives possibility to analyze
mycotoxins at the picogram level [48, 102]. Unfortunately, in not all cases there is
possible to avoid such complicate procedure of the sample preparation as process of
the obtaining of derivates.
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3.7 Instrumental Analytical Approaches Based
on the Principles of Biosensorics at the Determination
of Some Mycotoxins

3.7.1 Optical Immune Biosensor [57, 58, 64, 83, 84, 86–90, 92]

For the determination of some mycotoxins in the model solution it was used the
immune biosensor based on the total internal reflection ellipsometry (TIRE).
A typical set of Δ(λ) experimental spectra are shown on Fig. 8.

It demonstrates the spectral shift caused by consecutive adsorption of layers of
polyamine hydrochloride, protein A (both as intermediate layers at the immobi-
lization of selective structures) and specific Ab as well as by binding different
concentrations of T2-mycotoxin to Ab (from 0.15 up to 300 ng/ml).

Ellipsometry data fitting allows the evaluation of thickness values of the
adsorbed layer. Since the refractivity increments caused by adsorption of different
biomolecues represent only 0.1–0.14 % of the refractive index, the spectral changes
were associated mainly with the thickness. The resulted calibration curve for T-2
mycotoxin showed a possibility of detection of T-2 mycotoxin in concentrations
down to 0.15 ng/ml (or 0.15 ppb).

The calibration curves (i.e. thickness changes vs. mycotoxin concentration)
obtained from the TIRE experiments for the other two mycotoxins: zearalanone and
aflatoxin are shown in Fig. 9. The response to aflatoxin appeared to be about 3
times less than that for zearalanone; and both are smaller than that for T-2 (compare
with Fig. 9). This could be due to the limited concentration (or activity) of anti-
bodies. Another explanation may be related to the hydrophobicity of the above
mycotoxins and thus their abilities to form aggregates in aqueous solutions [84–87].

700 750 800 850 900 950

-100

0

100

200

300

9876
5

4321

Δ
,d

eg
re

es

λ , nm

Fig. 8 Typical spectra of Δ for the bare Au surface (1), after consecutive adsorption of PAH (2),
Protein A (3), antibodies to T-2 (4), and after binding T-2 mycotoxin in different concentrations of
0.15 mg/ml (5), 1.5 mg/ml (6), 7.5 mg/ml (7), 75 mg/ml (8), 300 mg/ml (9)
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The results showed that mould grain products contain T-2 mycotoxin in dan-
gerously high concentrations of more than 100 ng/ml. Even stale grain products
may contain up to 15 ng/ml of T-2 which is higher than the allowed amount; while
fresh products do not contain any traces of T-2.

Similarly to T-2, the minimal detected concentrations for both zearalanone and
aflatoxin are about 0.1–0.4 ng/ml, respectively, which is quite remarkable achieve-
ment (no other optical direct immunoassays provide such high sensitivity) [59].

The TIRE based immune biosensor was used for the control of T2 mycotoxin in
real samples [84, 85]. The results of TIRE experiments (direct immunoassay)
carried out on the samples of grain products are presented in Table 1. The obtained
data points for fresh, stale, and mould grain product samples were added to the
calibration curve for T-2 mycotoxin. The calibration was obtained earlier by TIRE
direct immunoassay using commercial (from Sigma) monoclonal antibodies to T-2
mycotoxin [57, 58, 84].

The patulin and T-2 mycotoxin were determined in model solution by immune
biosensor based on the SPR [57, 58, 64, 84, 86, 87]. There were realized a number
of algorithms of analysis, namely: (1) “direct” way when the immobilized specific
antibodies interact with the analyte in solution, (2) “competitive” way when the

Fig. 9 TIRE calibration
curves for direct
immunosensors for
zearalanone and aflatoxin.
The thickness values for
aflatoxin were three fold
increased

Table 1 The evaluation of T-2 mycotoxin contents in the grain products

Sample δd (nm) Estimated concentration of T-2 mycotoxin (ng/ml)

Mouldy fodder 4.900 >600

Mouldy bread 4.391 >600

Mouldy maize 4.369 >600

Mouldy buckwheat 5.274 >600

Stale bread 0.031 <1.5

Stale muesli 0.298 <1.5

Stale buckwheat 1.199 7.5–15

Fresh muesli 0.000 None
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immobilized conjugate of analyte with some protein compete with free analyte for
the specific antibodies in solution. In last case it is possible to realize third variant
when the specific antibodies are immobilized on the transducer surface and the
appropriate conjugate and free analyte compete for the free binding centers. Next
variant of analysis is “to saturate” one when the immobilized specific antibodies
interact at first with the analyte and than with the appropriate conjugate. So, it was
shown that the “direct” analysis by SPR immune biosensor allows to us revealing
patulin at the concentration of 1 mg/L (Fig. 10). It is not practically significant level.
The “competitive” way (variant 3) was much more sensitive (up to 2 orders). It can
provide the determination of patulin at the concentration in the range from 0.01 to
10 mg/L (Fig. 11). The similar results were obtained at the realization of “to
saturate” way at the patulin determination.

To provide optimal regime of the immune biosensor analysis we have examined
a different approaches for the antibody immobilization of the transducer surface
[81]. There was necessary to achieve high density of the immobilized selective
structures and to expose maximally binding centers towards solution. For this
purpose we used direct immobilization of the antibodies on the gold surface or
through intermediate layers from dodecanthiol, or such polyelectrolyte as polya-
lylamine hydrochloride. I was shown that the formation of the above mentioned
intermediate layer increase the analysis sensitivity and the application of poly-
electrolyte and dodecanthiol demonstrates the advantages of first before second one.
Mainly it is connected with the stability of results between measurements.
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Fig. 10 Calibration curve for the patulin determination by SPR immune biosensor at “direct” way
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Fig. 11 Calibration curve for the patulin determination by SPR immune biosensor at
“competitive” analysis
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The same algorithms of analysis as in respect of patulin were fulfilled with T-2
mycotoxin [57, 58, 64, 84, 86, 87]. There is necessary to underline that it was
revealed the similar regularities including the sensitivity. The minimal quantity
which can be determined by the “direct” way of analysis is 100 ng/ml. At the
“competitive” and “to saturate” ways the sensitivity are on the level of 10 ng/ml
(Fig. 12. At the same time the similar results were obtained in case of the use of
mono- and polyclonal antibodies.

SPR based immune biosensor was developed for the determination of aflatoxin
too. It was examined in two algorithms of analysis; “competitive” way (variant 2)
and “to saturate” one [19]. In both cases the polyclonal antibodies were used. The
linear field of the biosensor responses were in the frame of 12–25000 ng/ml and 3–
98 ng/ml, respectively for the “competitive” and “to saturate” ways. The specificity
of the analysis depended on the specificity of antibodies. To fulfillment of the
repeated analysis the transducer surface was treated by the solution of 1 M etha-
nolamine with 20 % of acetonitrile (pH 12). Authors confirmed our results that the
total time of the above mentioned analysis is taken about 20–30 min. This time may
be shortened at the “direct” way of analysis (up to 10 min) but its sensitivity will be
50 ng/ml only.

To determine deoxynivalenol the “competitive” analysis was developed when
the mycotoxin conjugated with casein was immobilized on the SPR surface and the
specific monoclonal antibodies and free analyte were in solution [53]. The optimal
controlled concentrations were in the frame of 2.5–30 ng/ml. For the fulfillment of
the repeated analysis (up to 500 times) the transducer surface was treated by 6 M
guanidine hydrochloride.

The results of patulin determination in real samples (tomato juice) by “com-
petitive” way are presented in Fig. 13. It can see that we have possibility to reveal
patulin at the concentration starting from 0.05 mg/L. The linear diapason is in range
of 0.05–10 mg/L. We think that the difference which is observed between standard
solution and real sample is stipulated by some non-reversible sorption of patulin in
organic phase.

At the subsistence farming of the National university of Life and Environmental
Sciences of Ukraine the sample of maize and bran affected by fungi’s were chosen.
With the help of the ELISA-method it was stated that the concentration of T-2
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Fig. 12 Calibration curve for the T-2 mycotoxin determination by SPR immune biosensor at “to
saturate” way of analysis
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mycotoxin in these samples was in frame 220 and 180 ng/g, respectively. At the
same time in case of the use of the “competitive” analysis by the immune biosensor
it was revealed the T-2 mycotoxin concentration about 230 and 188 ng/g. There is
necessary to mention that the maximal permitted concentration of this mycotoxin in
food is 100 ng/g [39].

Now we start to develop the biosensors based on the nanostructured silicon
which attracts a special attention. Such type of the immune biosensors can registrate
the formation of the specific complex by the photoluminescence or light activated
electro conductivity [35, 36, 73, 91]. The overall scheme of such immune biosensor
with the registration of the photoconductivity is presented in Fig. 14. The similar
situation is in case of the photoluminescence registration. The detailed information
about obtaining of nano-structured porous silicon and some concrete devices for
both types of signal registration are presented in [93].

The changes of the biosensor signals at the both methods of the specific immune
complex formation are shown in Figs. 15 and 16. It can see that at the formation of
the specific immune on the nano-structured porous silicon the intensity of photo-
luminescence decreases and photocurrent increases in dependence on the concen-
tration of T-2 mycotoxin in solution to be analyzed. The main advantages of such
approaches for practice are their simplicity, possibility to fulfill “direct” analysis

0

0.5

1

1.5

2

0 0.001 0.01 0.05 0.1 1 10 100
C

ha
ng

es
 o

f 
re

so
na

nt
 a

ng
le

, 
m

in
 

C, mg/L

Fig. 13 Determination of patulin in tomato juice by SPR immune biosensor at “competitive”
analysis
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Fig. 14 Schematic scene of the photo resistor design on base of the nanostructured silicon for the
measurements formation of Ab-T-2 mycotoxin complex
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and not necessary to have a complicate electronic devices. Certainly, the sensitivity
of these immune biosensors should be increased and according to our opinion it
may be done through some biochemical aspects.

3.7.2 Other Types of Immune Biosensors for the Determination
of Mycotoxins

Two other types immune biosensors intended for the control of T-2 mycotoxin were
developed by us. One of them based on the application of the piezocrystalls [57, 58]
and second one—on the thermistors [85, 88, 89]. First immune biosensor shown a
very high sensitivity at the analysis mycotoxin in model solution by the “direct”

Fig. 15 PhL biosensor, where: 1—the source of the ultraviolet (UV) radiation with the
wavelength of 350 nm, 2 and 3—two s based on the mono crystalline silicon; 4—photo diode; 5—
photodiode intended for the determination of the incident UV
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Fig. 16 Left Dependence of photocurrent on the surface state: 1—bare; 2—with antibody and 3—
with the specific antibody and T-2mycotoxin. Right Dependence of immune sensor signal
(intensity of porouse silicon photoluminescence) on the concentration of T2-mycotoxin in the
solution to be analysed
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way (up to 0.15 ng/ml). Unfortunately the sensitivity of the immune biosensor
based on the thermistors had a low sensitivity (about 1 µg/ml). In this case we used
thermistors with the sensitivity 10−5 °C.

Flow injection immune analysis with the fluorescent detection is very interested
in the analyzed aspect. It allows revealing fumonisin B1 and B2 in maize at the
sensitivity about 1 mg/kg [61].

3.7.3 Peculiarities of Sample Preparation for the Immune Biosensor
Analysis

This aspect was considered in detail by us in the special article [82]. At the revealing
and the quantitative determination of mycotoxins there is necessary to provide
objectivity of analysis, its reproducibility and adequacy to the concrete situation. In
view of this European Commission has discussed in 1995 the possibility of stan-
dardization of all steps of analysis [20, 107]. The most appropriate procedure for the
sample preparation in case of the mycotoxin determination is extraction with
including of chloroform, methanol, acetonitrile and ethers or hexane for the defeating
of the obtained products. At the use of immune analysis the application of acetonitrile
dissolved in five or three times is more appropriate for the extraction of B1 and B2

fumonisines, deoxynivalenol and nivalenol in comparison with methanol [97]. We
have demonstrated [65] a high efficiency of acetonitrile at the extraction of patulin
and T-2mycotoxin from corn and potato juice. In last time a special approaches based
on the immune extraction and immune filtration were appeared [1, 38, 50].
Unfortunately it is additional procedures which are complicated and prevented to
have express analysis. To avoid this disadvantage the application of some imprinting
variants when polymer models specific sites is proposed [34]. There is necessary to
underline that the above mention approach is very perspective for the replacement of
biological selective material on the artificial chemical one. According to our data in
case of the multisensory analysis the application of the artificial sites allows
increasing specific signal against the background of nonspecific ones [85, 88, 89].

3.7.4 Conclusion

The described above data testify that mycotoxins are much dispersed and they are
very dangerous for all living organisms. The concentration of these toxic substances
should be controlled. For this purpose a number of traditional analytical approaches
are exist. Unfortunately they are laborious, time consumable, expensive and do not
allow fulfilling analysis in regimes on line and of line. All demands of practice may be
fulfilled by the development of the new generation of these approaches, in particular,
based on the principles of biosensorics. We have analyzed the efficiency of the
immune biosensors based on the TIRE, SPR, piezocrystals, thermisters and others.
Made a first steps in the field of the application of such devices confirm their per-
spective to achieve high sensitivity, selectivity, providing a chip and express analysis.
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4 Perspectives of the Development of the Biosensors
for the Express Control of Toxic Substances

At last time, we have realised possibility to create such prototype as lab-on a chip
with the application of nano-structured porous silicon (nSPS) as transducers. This
prototype is able to provide not only simultaneous analysis of several samples and
number of biochemical quantities. The manufacturing of such lab-on a chip
biosensor is fully compatible with silicon planar technology which is realized at the
production of semiconductor devices. In this case the registration of specific sensor
signal in form of a change of such parameters as photoluminescence or pho-
tocurrent of nSPS surface may be done with the help of simple and portable device.

The model of new type of lab-on a chip immune biosensor based on the nSPS is
presented on Fig. 17.

From other side we try to change biological selective and sensitive structures in
form of specific Ab on artificial sites on the basis of template programmed surface
[74, 94], calix [4] arenas [37] and aptamers (Fig. 18).
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Fig. 17 General view of lab on a chip prototype based on nSPS

Fig. 18 Structural view of calyx [4] arene (left) and surface modification for obtaining “template”,
as sensitive element for low weight substances (right)
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