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CONSTRUCTION OF BIOREACTOR
FOR REMOVING OF THE PHENOL COMPOUNDS
AND BIOSENSOR FOR THEIR ASSAY

Abstract. In this study, we describe the fabrication of sensitive biosensor for the detection of
phenolic substrates using laccase immobilized onto HexaCyanoFerrate (HCF) modified graphite
electrode. The results of amperometric analysis revealed that the Pt-HCF-modified laccase bio-
nanoelectrode possesses better electrochemical behavior for laccase than non-modified carbon
electrodes (control). The bioelectrode have demonstrated 4 folds enhanced maximal current at
substrate saturation (Imax) values, 5 folds increased sensitivity and twice wide linearity com-
pared with control bioelectrode. A laboratory prototype of a bioreactor based on chitosan beads
with encapsulated bioelement: laccase-Fe,O, — for degradation of diclofenac, which can be suc-
cessfully used for biodegradation of xenobiotics (DF) in model solutions, was constructed.

Key words: HCF, laccase, ABTS, amperometric biosensor, xenobiotics.

DISTRIBUTION OF XENOBIOTICS IN THE ENVIRONMENT

One of the most important environmental problems facing today is the pollution of soil, water
and air with toxic chemicals. Due to the rapid pace of industry and the widespread use of plastic,
detergents, pharmaceuticals, pesticides in agriculture, environmental pollution is causing a seri-
ous problem. The United States produces 80 billion pounds of hazardous organic matter annually,
and only 10% of it is disposed of safely [1].

Monitoring of phenolic compounds in the food industry and for environmental and biomedical
analyzes using portable, cost-effective devices has become an area of growing interest over the
past decade. Phenolic compounds are widespread in nature. They can be found in fruits and veg-
etables, and they are responsible for the organoleptic properties of some foods, such as wine and
olive oil [2; 3]. Their antioxidant properties help prevent cancer and cardiovascular disease [4].
Phenols are also the breakdown products of natural organic compounds such as humic substances,
lignins and tannins. However, some phenols are ubiquitous pollutants that enter natural waters
with chemical effluents. Industrial activities, such as refineries, pharmaceuticals, production of
resins, paints, textiles, petrochemicals and cellulose, including phenol production [5; 6].

Thus, aquatic organisms, including fish, are exposed to these contaminants [7], and due to
their toxicity, some phenolic compounds are subject to regulation as water contaminants. In this
context, the European Commission (EC) and the US Environmental Protection Agency (US
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EPA) have established lists and classifications to prioritize hazardous substances for monitoring
in drinking or natural waters, including special attention to phenolic compounds [7-9].

Phenol compound is the basic structural unit that is part of the structure of various organic
molecules and without which the existence of modern industry and modern human economy in
general would be impossible [9; 10]. But at the same time phenol and its derivatives occupy the
first places in the list of pollutants of the US Environmental Protection Agency and the US Toxic
Substances and Diseases Registry. Toxic phenolic compounds are formed from several sources
such as partial degradation of phenoxy herbicides, use of wood preservatives and waste genera-
tion in petroleum industries (refineries, gas and coke industries), pharmaceuticals, phenol-formal-
dehyde production of resins, plastics, etc. [9-11].

Of particular concern are the emerging pollutants, mainly those contained in phenolic com-
pounds that have an endocrine effect, and are represented by chlorophenols and their deriva-
tives [9-11]. Chemicals that disrupt the endocrine system are substances that mimic the effects
of hormones [11, 12], which has an adverse effect on the reproduction of wildlife and man;
some phenolic compounds, such as bisphenol A, nonylphenol and their alkylphenol deriva-
tives, triclosan, genistein and others, are widely used in industrial and domestic applications,
produce estrogenic activity [11-13].

Ingestion of phenol and its derivatives leads to toxic effects on blood, liver, kidneys and
heart [14]. For example, the heart rate decreases, blood pressure drops and heart failure occurs.
Various physicochemical methods are used to remove phenol from polluted waters, such as ion-
ization, adsorption, reverse osmosis, electrolytic oxidation, use of hydrogen peroxide, photoca-
talysis, etc. [14-17].

Removal of phenol by biological methods has an advantage over physico-chemical methods
due to their environmental friendliness and economic efficiency and the possibility of complete
mineralization of the substrate. To date, the biodegradation of phenol has been studied in detail
using pure and mixed cultures of suspended bacteria. However, due to the inhibitory effect of
phenol on microorganisms, the biological treatment of phenol-containing wastewater is a prob-
lem. Therefore, for the biodegradation of high concentrations of phenol from effluents, it is espe-
cially important to identify a suitable microorganism that can withstand such conditions.

BASIC PRINCIPLES OF BIODEGRADATION OF XENOBIOTICS

The main strategy of biodegradation of xenobiotics by microorganisms is their transformation
into products that can be used for catabolic and anabolic processes (for energy production and
synthesis of cellular substances).

Biodegradation and complete mineralization can be carried out using aerobic and anaerobic
microorganisms. Aerobes oxidize organic compounds with redox enzymes. In turn, anaerobes
decompose xenobiotics by fundamentally different mechanisms. The terminal acceptor of elec-
trons in anaerobes is not oxygen, but nitrate, sulfate or carbon dioxide.

A group of different microorganisms is more effective in destroying foreign substances than
monocultures. The ability to biodestruct organic xenobiotics is inherent in both gram-positive
(Nocardia spp., Mycobacterium spp., Corynebacterium spp., Arthrobacter spp., Bacillus spp.)
And gram-negative (Pseudomonas spp., Acinetobacter group, Cynetobacter spge. Xanthomo-
nas spp.) Organisms and fungi [18; 19]. Most xenobiotics are insoluble in the aqueous phase, so
it is difficult for prokaryotes to transport them into the cell because they are insoluble in the soil.
Bacteria have developed special mechanisms for this.

The cell synthesizes rthamnolipids, which are exometabolites. According to their physico-
chemical properties, they are amphiphilic compounds, ie one part of the rhamnose molecule is
hydrophilic, and the lipid part of the molecule is hydrophobic. These molecules form micelles,
which contain hydrophobic organic compounds and in this form penetrate into prokaryotic cells.
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Industrial production of biocatalysts based on technical enzymes is economically viable. Var-
ious enzymes are widely used in industrial biocatalytic processes, while laccase is of particular
interest [20]. The broad substrate specificity of these enzymes and their ability to use atmospheric
oxygen as an electron acceptor makes laccase a promising component of various industrial pro-
cesses — bleaching and decolorization of tissues, delignification of pulp, production of antibiotics
and anticancer drugs, wastewater treatment from organic pollutants [21]. The study of biocat-
alytic alternative methods of wastewater treatment from pollutants today helps to reduce the
impact of toxic substances on the environment [22] and is relevant because in Ukraine, unfortu-
nately, we have a very difficult environmental situation

CHARACTERISTICS OF LACCASE AND THEIR FUNCTIONS

Laccase (CF 1.10.3.2, para-diphenol: oxygen oxidoreductase) contains four copper atoms at
its catalytic center [21]. Depending on the source of the enzyme, the substrate specificity and cat-
alytic activity of laccase may vary [23-26]. They are able to catalyze the oxidation of a wide range
of substrates of organic and inorganic nature, which results in four-electron reduction of molecu-
lar oxygen to water [21, 21]. Yakhida was first discovered in the sap of the Japanese lacquer tree
Rhus vernicifera [27]. Subsequently, laccase and laccase-like oxidase have been found in many
plants [28; 29] and some bacteria [30, 31], where they are involved in pigmentation and patho-
genesis [32]. However, most of the laccase described so far have been isolated from different spe-
cies of fungi [24; 33]. The most studied of these are the enzymes of basidiomycetes, which cause
white rot of wood. These fungi include Trametes versicolor, Trametes hirsuta, Trametes ochracea,
Trametes villosa, Trametes gallica, Trametes maxima, Coriolopsis polyzona, Lentinus tigrinus,
Pleurotus eryngii and others [34]. Laccase catalyzes the oxidation of various organic substrates
with the formation of radical products. Following this process, the oxidative coupling reaction
plays a key role in the processing of many biologically important compounds: lignins, melanins,
alkaloids, as well as humic and tannins [35]. In this regard, the main functions of laccase in living
organisms are the formation of fruiting bodies of fungi, participation in pathogenesis, as well as
degradation and biosynthesis of lignin [34].

The efficiency of the use of microorganisms or enzymes for the biodegradation of xenobiotics
remains a major challenge for environmentalists and bioengineers. Some strategies have been
proposed to overcome this issue, such as the use of immobilized cells of microorganisms or
enzymes (laccase).

The development of fast, simple and relatively inexpensive methods of screening and accurate
determination of the content of phenolic derivatives in the environment is an urgent problem of
modern analytical chemistry and biotechnology. In particular, biosensor methods of analysis that
can provide inexpensive, sensitive and selective analysis in real time. Biosensors are currently
considered to be the most promising of all the methods of toxin detection proposed by analytical
biotechnology. Thus, the development of simple sensitive selective methods for the analysis of
phenol and its derivatives, including enzyme biosensors, is very important for human safety.

IMMOBILIZATION OF LACCASE

Enzymes have a number of features that make their use better than conventional chemical
catalysts. However, there are a number of practical problems that reduce their service life, such
as their high cost of separation and purification, their reuse, the instability of their structures
and their sensitivity to specific process conditions. Many of these undesirable limitations can be
solved with the help of immobilized enzymes. Immobilization is achieved by fixing enzymes or
in solid substrates, resulting in inhomogeneous immobilized enzyme systems. In immobilized
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form, enzymes are more reliable and more resistant to environmental changes, which allows
easy recovery and reuse [36].

Laccase immobilization has been studied with a wide variety of different methods and sub-
strates. For example, laccase immobilized on TiO, nanoparticles mixed with a polyester sul-
fonated membrane is used. TiO, functionalized PES membrane showed better efficiency of the
immobilization enzyme than non-functionalized membrane. Optimal performance was observed
PES membrane containing 4% by weight of TiO,. These biocatalytic membranes also exhibit
good enzyme stability, tolerance to a wider pH range under the harsh filtration conditions required
when used for water treatment. Kinetic studies have also shown that the affinity of the enzyme
for the substrate is preserved after immobilization compared to the chemical and physical stabi-
lization of the enzyme [26].

The enzyme isolated from Trametes versicolor is immobilized on silicon dioxide, which is
chemically modified with imidazole groups and Amberlite IRA-400. This allows the enzyme to
remain active for several weeks [19].

Laccase was immobilized on magnetic chitosan microspheres with glutaraldehyde as a
cross-linking reagent. The immobilized enzyme shows maximum activity at pH 3.0. It is shown
that the indicators of thermal stability and storage stability for the immobilized enzyme exceeded
those of the free enzyme [20].

MATERIALS AND METHODS

Characteristics of used reagents and drugs.

All aqueous solutions used in the work were prepared on double distillate. Working solutions
of hydrochloric acid were prepared by diluting the corresponding concentrated acids of qualifica-
tion “h.ch.”, acetic — from acetic acid (glacial). The work used solutions of glutaraldehyde, which
was prepared by dissolving the reagent Sigma-Aldrich were used in the study: 2,2 -azinobis
(3-ethylbenzothiazoline-6-sulfonate) diammonium salt (ABTS), phenol, and other inorganic salts.

Sigma-Aldrich polymer chitosan was used in the work. All buffers and standard solutions
were prepared using Milli-Q purified water (Millipore).

The composition of the environment and cultivation conditions.

Strains of microorganisms were grown in a mineral medium of the following composition
(g/l): KNO, — 2.5 g, KH2PO4 - 2 g, NaCl — 0.5 g, MgSO, - 7TH,0 — 0.5 g, mineral elements — 2
ml, yeast extract — 0.2 g, which was dissolved in distilled water. The source of carbon, depending
on the purpose of the experiment were: glycerol — g, glucose — 10 g, maltose — 10 g.

Strains were grown at 20-2°C or 28°C in 500 ml flasks on a shaker with constant aeration
(150 and 200 rpm).

Laccase Trametes zonate was obtained from the culture fluid. To do this, up to 80% of ammo-
nium sulfate was added to 100 ml of extracellular laccase culture fluid, kept cold and unscrewed.
The obtained laccase preparation was used to construct a bioreactor.

Determination of laccase activity in solution using ABTS.

Determination of laccase activity was performed in 50 mm acetate buffer, pH 4.5, containing
1 mm ABTS, in a final volume of 1 ml. The test sample was added to the reaction mixture and
the reaction product formed at 420 nm was analyzed by colorimetric method. The unit of activity
(Unit) was taken to be the amount of enzyme that provides the formation of 1 pmol of colored
product in 1 min under the conditions described above.

Design of amperometric biosensor.

Amperometric biosensors were designed on the basis of standard amperometric potentiostats
using a three-electrode sensor configuration: silver-silver-silver Ag/AgCl/KCl (3 M) was used as
a reference electrode, and as an auxiliary - a platinum rod electrode. The working electrodes were
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designed on the basis of graphite rods (RW001, diameter 3.05 mm, Ringsdorft Werke, Bonn, Ger-
many), placed in a glass tube and sealed with epoxy glue. Before direct use, the working surface
of the carbon electrodes was polished with sandpaper and washed with water in an ultrasonic bath
for 10-15 minutes.

Amperometric measurements.

Amperometric measurements were performed at room temperature in a 50 ml electrochem-
ical cell filled with 15 ml of 50 mM acetate buffer solution, pH 4.5 (background). In the case of
chronoamperometric analysis, the chemoelectrodes were placed in a vigorously stirred solution
and, after establishing the baseline signal, increasing concentrations of catechol added to the cell.
The results of measurements in units of current were recorded and processed with the help of
amperometric potentiostat.

Methods of forming chitosan balls.

A solution of chitosan (0.5 ml) with a concentration of 20 g/l was taken mixed with 0.05 ml
of laccase solution (1 mg/ml) and 0.1 ml of suspension pre-treated with ultrasonic Fe,O,-NP
(30 mg/ml), stirred vigorously for 15 minutes at room temperature. The crosslinking agent was
glutaraldehyde (GA). Therefore, the resulting mixture was collected in a volume of 0.01 ml and
added dropwise to 0.05 M solution of GA, which was kept for 0.5 h to form beads, then washed
and used for analysis.

Statistical analysis.

The experiments were performed in three to four replicates. The arithmetic mean (M) was
determined for each sample. The calculation of statistical indicators and plotting was performed
using the program Origin 7.5. The linearization of the graphs was performed according to the
regression equation Y = A + BX (A and B are the parameters of the equation), calculated the lin-
ear correlation coefficient R and the level of reliability of the relationship p (for the event R = 0).

RESULTS AND DISCUSSION

Construction of a laccase biosensor using Pt-HCF nanoparticles for catechol analysis.

Catechol (1, 2 dihydroxybenzene) is an industrial feedstock and acts as one of the environmen-
tal pollutants causing various health issues like skin irritation, eye damage etc. It is a challenge
to the researchers to design efficient sensing material for catechol. The following aspects must
be taken into account when determining phenolic compounds: 1) the toxicity of phenolic com-
pounds significantly depends on the structure, so their determination must be selective; 2) pheno-
lic compounds are characterized by rapid chemical and biochemical oxidation, so the methods of
their determination must be express; 3) The MPC of phenol compound in water is 0.001 mg / 1,
so the methods of its determination must be highly sensitive. Monitoring of phenolic compounds
in the food industry, as well as for environmental and medical applications has become more
relevant recently. Conventional methods for detecting and quantifying these compounds, such as
spectrophotometry and chromatography, are time consuming and expensive. However, laccase
biosensors are a rapid method for monitoring these compounds on-line and in situ.

We were the design a biosensor using Pt-HCF and laccase for catechol analysis. 10 pl of laccase
solution from Trametes zonata (with a concentration of 1 mg - ml-1 and a volumetric activity of
12 Units - ml"', in 50 mm acetate buffer, pH 4.5) was applied dropwise to the surface of the work-
ing electrodes. 5 pl of a colloidal solution of Pt-HCF (1 mg - ml!) and dried the resulting mixture
(enzyme + nanoparticles ) cover 1% aqueous neutralized Nafion solution for 10 min in air at
room temperature. Before use, the bioelectrodes were stored in 50 mm acetate buffer pH 4.5 at
+4°C. The cyclic voltamperometric analysis using catechol as a model laccase substrate was per-
formedto estimate the optimal working potential of the reduction of electroactive products of the lac-
case's reaction with a bioelectrode based on Pt-HCF-Nafion bio-nanocomposite. It has been shown
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that the addition of catechol to measuring cell resulted in an increase in the redox currents of the bio-
nanoelectrode. The significant increase in the redox currents clearly indicates the high efficiency of
electron transfer between the electroactive product of the laccase reaction and Pt-HCF-Nafion-mod-
ified surface of the working electrode. In addition, it allows estimating the optimal operating poten-
tial for the biosensor (laccase/Pt-HCF/GE electrodes), which corresponds to 230 mV vs Ag/AgCl
reference electrode. The potential of 230 mV vs Ag/AgCl was chosen as optimal for further work
to study the characteristics of the designed bio-nanoelectrodes laccase/Pt-HCF/GE.
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Fig. 1. Cyclic voltamperograms the laccase/Pt-HCF/GE electrodes

The bioanalytical characteristics of the bioelectrode were investigated by chronoamperometric
approach, using as the operating potential 230 mV against the Ag/AgCl reference electrode.
The choice of such working potential is due to on the study of optimal working potential (Fig. 2).
In the designed sensor, laccase was a selective element. A copper-containing enzyme does not
require hydrogen peroxide as a co-substrate or additional cofactors for the enzymatic reaction.
In a typical laccase reaction, the phenolic substrate undergoes one-electron oxidation to form
an aryl radical, which is converted to quinone in the next step of the enzymatic reaction. The
principle of detection of amperometric biosensor based on laccase is based on the reduction of
oxidized electroactive products formed as a result of laccase enzymatic reaction.
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Fig. 2. The chronoamperometric calibration curve of bionanoelectrode
(laccase/Pt-HCF/GE electrode) response for substrate saturation (a) and within the linear
range (b) toward subsequent addition of increasing catechol concentration.
Abbreviations: B — slope of the curve; R — the correlation coefficient for linear regression

The dependence of the operating parameters of Pt-HCF-Nafion-modified laccase bioelec-

trodes of was performed using chronoamperometric analysis (Fig. 2). Evaluation of the depend-
ence of the operating parameters of Pt-HCF -Nafion-modified laccase bioelectrodes relative to
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the control (without using Pt-HCF) was performed on four main parameters: /,,,, — the maximal
response of the biosensor at substrate saturation; K,,*? — the apparent Michaelis-Menten constant;
linearity and sensitivity. The bioelectrodes based on Nafion membrane without of any Pt-HCF
nanoparticles and bio-nanoelectrodes based on nanoparticles (Pt-HCF) (Fig. 2). The modified
bioelectrode were characterized by I,.,, value of 2.41+£0.06 pA, K,/ — 0.49+0.02 mM with an
upper linearity limit of 0.17 mM toward catechol, and sensitivity — 516 A-M™-m2. The bionanoe-
lectrodes' sensitivity was calculated taking into account the area of the working electrode surface
which was equal to 7.3 mm?. Modification of nanoparticles leads to a 5-fold increase in sensitiv-
ity, which makes them promising for use in biosensors as nanomediators.

Construction of a laboratory prototype of a bioreactor based on laccase for the degradation
of xenobiotics in model solutions.

For the construction of the bioreactor, laccase was used as a degrading element due to its wide
range of substrates, the ability to oxidize organic and some inorganic substrates, as well as the
ability to remove xenobiotics from industrial effluents and change the color of dyes. In addition,
compared to the peroxidase enzyme, the laccase enzyme does not require hydrogen peroxide
(H,0,), but can oxidize organic compounds with oxygen (O,) as a substrate [20].

To build a laboratory prototype of the bioreactor, strong chitosan beads with encapsulated lac-
case and magnetic nanoparticles (Fe;O, — NPs) were used. Used magnetic nanoparticles (MNPs),
had the advantage due to their properties of magnetism, it is possible to control their movement
and accumulation at a distance. Chitosan was chosen for the formation of balls due to its high
sorption properties to organic compounds and mechanical stability.

The schematic diagram of the formation of chitosan beads with encapsulated enzyme and
MNC is presented in Fig. 3, the balls were formed according to the procedure described in Zheng
et al. 2016.

Chitosan + MNPs + laccase 0.05 M GA Laccase-Fe;04-NPs-chitosan

Fig. 3. Schematic diagram of the formation of chitosan beads with encapsulated
bioelement: laccase-Fe;O4-NPs.

A solution of chitosan (0.5 ml) with a concentration of 20 g/l was taken mixed with 0.05 ml
of laccase solution (1 mg / ml) and 0.1 ml of suspension pre-treated with ultrasonic Fe304-NP
(30 mg/ml), stirred vigorously for 15 minutes at room temperature. The crosslinking agent was
glutaraldehyde. Therefore, the resulting mixture was collected in a volume of 0.01 ml and added
dropwise to 0.05 M solution of alkaline aldehyde (HA), which was kept for 0.5 h to form beads,
then washed and used for analysis.

Photo of the appearance of the formed chitosan balls with a bioelement: laccase-Fe;O,-NPs
is presented in Fig. 4.

The obtained laccase / chitosan beads were packed in column-type tubes and used as a biore-
actor in experiments for bioremediation of diclofenac (DF) in model solutions (Fig. 5).
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Fig. 4. Photo of chitosan beads with encapsulated bioelement: laccase-Fe,O,-NPs.
A — encapsulated with laccase-Fe,O,-NPs in buffer; B — test tube near the magnet
with encapsulated laccase-Fe,;O,-NPs; SEM images: laccase-Fe,O,-NPs (C)
and encapsulated laccase-Fe;0, (D)

A B

Fig. 5. Photo of column type laboratory bioreactor with chitosan beads with
and without bioelement. A — control column without laccase-Fe,O,-NPs;
B — experimental column with an encapsulated element of laccase-Fe;O,-NPs

The bioreactor with chitosan beads without laccase and MNPs served as a control. Model
solutions of diclofenac at a concentration of 0.05 mm were slowly passed (with a flow rate
0f 0.005 ml / (min - cm2)) through column-type bioreactors filled with beads with and without a
bioelement. Then in the resulting solutions that passed through the column analyzed the content
of diclofenac. The scheme of the experiment is shown in Fig. 5.
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DF concentrations during degradation in the bioreactor were measured by HPLC (Dionex Ulti-
Mate 3000) with an ultraviolet detector (Dionex UltiMate 3000 RS Variable wavelength detec-
tor) using a moving phase of 2 mM acetic acid: methanol (30:70 rpm), detected UV at 274 nm.

100+

80+

8

Removal efficiency (%)

0-

Fig. 6. Biodegradation of DF in laccase bioreactor. 1 — experimental column with
encapsulated element laccase-Fe,O,NPs; 2 — control column without laccase-Fe,O,-NPs

The dynamics of DF bioremediation in the bioreactor was studied in both variants: from the
control column and from the column with laccase and MNPs (Fig. 5). In the solutions obtained
from the control column there was no complete oxidation of DF, while in the solutions from the
experimental column the concentration of DF decreased 3 times and was 0.015 mm (Fig. 4). It
was shown that the designed column had the ability to neutralize phenol for 2 weeks, with daily
(1 time per day) use. The obtained results emphasize the importance of laccase in its ability to
oxidize phenolic compounds.

Designed bioreactors can be used to treat pharmaceutical industrial effluents.

CONCLUSION

The construction of laccase-based bionanoelectrode on Pt-HCF-modified graphite elec-
trode has been developed. The laccase/Pt-HCF/GE electrode was characterized by [, value of
2.4140.06 pA, K, — 0.49+0.02 mM with an upper linearity limit of 0.17 mM toward catechol,
and sensitivity — 516 A-M"'-m™2. The laccase bionanoelectrode possesses better electrochemi-
cal behavior for laccase than non-modified carbon electrodes (control). The bioelectrode have
demonstrated 4 folds enhanced maximal current at substrate saturation (/,,,,) values, five folds
increased sensitivity and twice wide linearity compared with control bioelectrode.

A laboratory prototype of a bioreactor based on chitosan beads with encapsulated bioelement:
laccase-Fe, 0, — for degradation of diclofenac, which can be successfully used for biodegradation
of xenobiotics (DF) in model solutions, was constructed.
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AHOTANIA

KOHCTPYKIIA BIOPEAKTOPA J1JIsA BUJAJTEHHSA
®EHOJBHUX CIIOJYK TA BIOCEHCOPA JIJISl IX AHAJII3Y

30epexeHHs 1 BiTHOBJICHHS BOAHUX PECYPCIB SABIISIE COOOIO BETMUE3HY MPOOIeMy I cydac-
HOTO cycminbcTBa. PeHONM Ta AesKi 3 KCeHOOI0THKIB (DeHONBHOT MPUPOAH, OKPIM CTIYHUX BOJA
OYHCHHX CIIOpPYIl, BUSIBISIFOTBCS TaKOX Y IMOBEPXHEBUX 1 IMIJ3€MHUX BOIAX, OCKUIBKH BOHH
JIMIIEHb YaCTKOBO BUJAJISIOTHCS B IIPOLEC] ICHYIOUMX TEXHOJIOTTUHUX CXEM OUYMCTKU CTIYHHX BOI.
HanxomkeHHs oxigHUX (hEeHOITy 10 IPUPOAHIX BOJOHM IPH3BOAUTH JI0 3MEHILIEHHS 3aTHOCTI
BOJIHOTO 00’€KTa 10 caMopereHepallii 3a JOMOMOI0 HasBHOTO re00i0eH03Y 1 YHEMOXKITHUBIIIOE
B [TOJAINTBIIIOMY J€3aKTHBAIIO iHIKX 3a0pyaHeHs. MiHIMaTbHA TOKCHYHA /1032 TIOXITHUX QEeHO-
Ty, IO 3MEHIIY€ KiTBbKICTh MIKpOOPTaHi3MiB, sIKi 3a0€3MeUyIOTh 3HEIIKOMKCHHSI HeOe3MeTHnX
cronyk y Bomi Ha 50%, cranoButh 22,1 mr/mm®. DeHONBHI MOXiHI € TOIUPEHUMH 3a0pyIHIO-
BauaMH, BOHH HAJIXO/ATh Y TIOBEPXHEBI BOIU 31 CTOKAMH ITiIPUEMCTB HapTOmepepoOHOi, CllaH-
HenepepoOHoT, JTiCOXIMIYHOT, KOKCOXIMIYHOI, @ TAKOXK 31 CTOKAMH TiPOJIi3HOI MPOMHCIOBOCTI.
Jlns mpukitany, KceHoO10THK OiceHONM A — 116 MOHOMED, IO BUKOPUCTOBYETHCS ISl BUPOOHU-
I[TBA MOJiKapOOHATHOTO TIACTHKY 1 EMOKCHAHUX CMOJ — CHPOBUHH IS IIPOAYKIIIi TTAKyBaIbHUX
MarepialiB JJIs XapuoBHX MPOAYKTIB Ta HarmoiB. BHacmigok rigpomisy edipHUX 3B’SI3KiB y IHX
nojiMepax, B HABKOJIMIIIHE CEPEeIOBUILE BUBLIBHIETHCS OiceHON A, IO CHPUYUHIOE ITHPOKO-
MacuITaOHUI HEraTUBHUHN BIUIMB Ha JIFOAMHY Ta TBapHH. [ OJIOBHUMHU JpKepesiaMi KCEHOOI0THKIB
(heHONBHOT IPUPO/IH € CTIYHI BOJH MICT, IiJIPHEMCTB Ta TBAPUHHHUX KOMIUTEKCIB. B Ykpaini ien-
Tpalli30BaHUM BOAOBIIBEICHHSM Yy CLIBCHKIN MiCIIEBOCTI 3a0e3neueHo Onm3bko 14% HaceneHHs,
a MICBKi BOTOOYHNCHI CITOPYIHU 3HAXOMATHCS 34e01IBIIOT0 Y He3aJ0BITbEHOMY cTaHi. HaBiTh micis
OYHMCTKH TPYHTOBHUX BOJ|, Y HUX 3aJIMIIAETHCS JOCUTHh BUCOKHH BMICT OXiTHUX (peHoIy Ta dap-
MaleBTUYHUX npernapariB. PeHoan Ta KceHOO010THKN (pEeHONBbHOT MPUPOIU KIaCU(IKYIOThCS K
KaHIIEPOreHU, € TOKCHYHUMH JUIS 310POB’sI CIIOJYKaMH, L0 3yMOBJIIOIOTh MOPYILEHHS IMyHHOT
Ta eHIOKPUHHOI CHCTEM JIFOAMHY Ta TBAPHH, @ TOMY PO3p0o0Ka HOBUX ITiJIXOJliB MOHITOPUHTY IIUX
HeOe3MEeYHNX PEUOBUH y CTIYHHMX BOJAX € JyXe€ aKTyaJbHOIO IPOOIEMOI0 ChOTOACHHS. 3arpo-
MTOHOBAHI JOCTIHKEHHS CKJIAIAal0Th 0COOINBY MapKETHHTOBO-COMIaIbHY IIHHICTH, 30KpEeMa, IS
MaiiOyTHROTO IX BIIPOBAKCHHS IPH KOHTPOJIi PiBHA 3a0pyAHEHHS CTIYHHX Ta IPYHTOBHX BOJ, a
TAKOX JUIA OLIIHKU SIKOCTi IIUTHOI BOIH.

Y 1poMy AOCIHIIPKEHHI MU OITUCYEMO BHTOTOBJICHHS 4yTJIIMBOTO 0i0CEHCOPA VIS BUSIBICHHS
(eHONMBHNX CyOCTPATIB 3 BAKOPUCTAHHM JIAKKa3H, IMMOO1J1i30BaHOT Ha MO/IM(hiKOBaHOMY reKcalli-
anogepparom (HCF) rpaditoBomy enexrponi. Pe3ynsrarn aMnepoMeTprIHOT0 aHallizy HoKa3aly,
mo Pt-HCF-monudikoBanmit makka3zHUit 610HAHOESIEKTPOI Ma€e KpaIly eIeKTPOXiMidHY ITOBEIiH-
Ky JJIs1 TaKKa3|, Hi HeMoaudikoBaHi rpadiToi enexTpoau (KOHTpoIb). bioenexkTpon mpoaeMoH-
CTpPYBaB Y YOTHUPH pa3u 30UIbIICHUI MAaKCUMAIIbHUI CTPYM ITPU 3HAYEHHSIX HACHUESHHS cyOCcTpary
(1 ax), Y IUSITH pa3iB M1 IBUIIEHY Yy TJMBICTH Ta YABIY1 INPIILY JTiHIHICTH IOPIBHSIHO 3 KOHTPOJIBHUM
6ioenexTponoM. CTBOpEHO JIabOpaTOPHUH MPOTOTHUIT Gi0peakTopa Ha OCHOBI XiITO3aHOBHX KYJIBOK
3 IHKaICyIbOBaHNM OioereMeHTOM: J1akka3o-Fe,O, — ms nerpananii nuknodenaxy (D), skuit
MOYKHA YCITIIITHO BUKOPHCTOBYBATH LTS Oioferpanamii KCEHOOIOTHKIB y MONEIEHUX PO3YHHAX.

Kurouosi cioa: HCF, makkaza, ABTS, amnepomerpuannii 6ioceHCop, KCEHOOIOTHKH.



