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Abstract. This study focuses on creating a method to
produce ion-crosslinked alginate-based hydrogel systems
that enable immediate drug release. The research investi-
gates the kinetics of releasing a bactericidal drug to facili-
tate the healing process relief. The technique involves
enhancing the immobilization of amphiphilic medicines
on calcite microparticles, followed by concentrating them
in the pores formed through a microparticle decomposi-
tion.
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1. Introduction

Recently, researchers have driven significant pro-
gress in the field of innovative targeted drug delivery
systems aimed at increasing therapeutic efficacy while
minimizing side effects and facilitating application."” A
variety of controlled-release drug delivery systems with
many advantages (e.g., reduction of side effects, fre-
quency of application, achievement of desired drug re-
lease profile) have already been developed.®°

Hydrogel-based controlled-release  transdermal
drug delivery systems have received great attention owing
to their non-invasive nature and ability to provide the
desired drug release profile.”'"'? Hydrogels are three-
dimensional (3D) water-swellable cross-linked hydro-
philic networks, insoluble in water and biological fluids
and capable of retaining moisture.”” "> The significant
water content helps to mimic the tissue’s natural environ-
ment and hydrate dry wounds, promoting autolytic heal-
ing and maintaining a moist, heat-insulated wound bottom
environment.'® The hydration process in hydrogels is
activated by hydrophilic functional groups (hydroxyl,
amino, and carboxyl) in the polymer chains.'” " Further-
more, hydrogels can increase granulation and epitheliza-
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tion, reduce the temperature of the wound bottom, and
minimize inflammation in the adjacent tissue.”*' How-
ever, compared with occlusive dressings hydrogels have
many disadvantages (e.g., high water concentration, un-
able to absorb significant amounts of wound exudate),
making them unsuitable for bleeding wounds).”* Swelling
degree is one of the important parameters to study and
control in hydrogel-based targeted drug delivery systems
due to the maceration of healthy skin; thus, the skin
around open wounds must be protected from excessive
moisture.”

Hydrogels can be loaded with drugs of local or an-
tibacterial action.”*® In addition, hydrogels provide oxy-
gen and moisture vapor transport; however, the perme-
ability to bacteria and liquids depends on the fabrication
method and pore size. The porous mesh structure is also a
requirement for the efficient loading of drugs into the
polymer matrix and controlled release of biologically
active agents;” furthermore, the limited swelling ability
imparts easy removal of non-crosslinked polymers and
non-immobilized drugs.”

Many biocompatible natural and synthetic poly-
mers are used to create hydrogel wound dressings, such as
poly(vinyl alcohol), poly(2-hydroxyethyl methacrylate),
poly(N-isopropyl-2-acrylamide), chitosan, hyaluronic
acid, gelatin, and sodium alginate.” ' Sodium alginate is
now widely utilized in wound healing/treatment because
of its excellent biocompatibility, ability to maintain a
physiologically moist environment, good liquid absorp-
tion ability, and appealing anti-bacterial properties.’> >’
The stability of alginate gels, cross-linked by bivalent
ions, provides the possibility to form hydrogels with tar-
geted parameters and properties using various methods of
adding ions to the reaction mixture. However, the harsh
medium of polymer network formation (using crosslink-
ing agents, radiating crosslinking, photo, and thermal
crosslinking) remains an obstacle to the effective immobi-
lization of drugs in the process of hydrogel fabrication for
subsequent controlled release.”®

The development of a technique for porous hy-
drogel fabrication capable of immobilizing drugs in the
process of crosslinking polymer matrix should solve this
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problem and allow to create the drug delivery system with
immediate release controlled by the diffusion of a solvent
or biological fluids. Wang ef al.”’ templated alginate hy-
drogels on mesoporous valerite (CaCOj) crystals. Ibupro-
fen’’ and bovine serum albumin (BSA)™ were used as
model drugs. In this study, valerite crystals with immobi-
lized drugs were previously obtained. The crystal suspen-
sion was mixed with an alginate solution with subsequent
cross-linking owing to the hydrolysis of glucono-o-
lactone. Acidification caused easy dissolution of CaCO;
and release of Ca®" via acidification crosslinked alginate
for hydrogel formation. Macro-sized pores were formed
as a result of the dissolution of calcium carbonate in the
places where the valerite crystals were initially located.
Ibuprofen’” and BSA* were rapidly released from the
samples, which confirmed the possibility of using CaCO;
crystals as soluble cores for hydrogel crosslinking. The
described method is multi-stage, in particular, the long
procedure of multilayer coating of microparticles leads to
additional material and time losses.

Surfactants, which are gemini quaternary ammo-
nium salts, are widely used in medicine as antibacterial
drugs.***® The mechanism of action of quaternary ammo-
nium salts as surface-active substances with an antibacte-
rial effect has already been studied and consists in their
absorption on the bacterial membrane and its destruction,
which is associated with the negative charge of the bacte-
rial membranes.”**' The positive charge of the surface-
active substance promotes its absorption on the surface of
bacteria and increases the antibacterial activity of the
agent.”* Surfactants as antibacterial drugs are on the
market, for example, dequalinium chloride and ethonium.
Ethonium is an antiseptic, disinfectant drug with antibac-
terial and fungicidal action, which has several positive
effects, such as a calming effect, inhibition of the inflam-
matory process, and low toxicity.*”* The fungicidal activ-
ity of ethonium and its homologues was investigated by
Oblak and his co-workers, who showed that most of the
active molecules have an ethylenediamine spacer group
and a decyl radical in the ether group, similar to the etho-
nium molecule.***

Herein, the method of porous hydrogel formation
was improved by using another polymorphic modification
of CaCOs (calcite) and ethonium™ as a model antibacterial
drug with the aim of ion-crosslinked hydrogel systems
fabrication capable of immediate drug release. The kinetics
of ethonium release for the healing process of open wounds
was investigated. According to the proposed method, cal-
cite microparticles (MPs) were directly mixed with the drug
solution, making the process easier and reducing time and
reagent losses. Hydrochloric acid was used to initiate the
decomposition of microparticles and the formation of
crosslinking Ca*" ions in sifu. The use of calcite microparti-
cles and amphiphilic molecules of the drug allows the etho-
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nium concentration on the surface of the MPs. Therefore,
the drug release depends only on the hydrogel kinetics of
swelling owing to the localization of the drug in the pores.
As a result, a drug delivery system was developed with
immediate drug release, increased bioavailability,™* and
reduced time of therapeutic effect onset.*

2. Experimental

2.1. Materials

Low molecular weight sodium alginate (NaAlg)
with molecular weight of 250 kDa, Sigma-Aldrich), N,N-
bis(carboxymethyl)-N,N,N',N'-tetramethylethylenedia-
mmonium chloride (ethonium) with pharmacopoeial pu-
rity (experimental production of the Institute of Organic
Chemistry of the National Academy of Sciences of
Ukraine) were used for hydrogel films formation. Anhy-
drous calcium chloride and sodium carbonate (Sigma-
Aldrich) were utilized for calcium carbonate microparti-
cles (MPs) synthesis. A 96 wt. % ethanol solution
(UkrSpirt LLC) was used for CaCO3; MPs purification. 0.1
M hydrochloric acid solution was used for CaCO3; MPs
decomposition.

2.2. Synthesis of Calcium Carbonate
Microparticles

Microparticles of calcium carbonate for alginate
crosslinking were synthesized by the method of an ion
exchange reaction of salts according to the reaction:

CaCl, + Na,CO3 = CaCOs | +2NaCl (1)

Solutions of sodium carbonate and calcium chlo-
ride with concentrations of 0.5 M were mixed with a stir-
ring rate of 13,500 rpm. After one minute, the stirring was
stopped, and the reaction mixture was left to settle for 10
min. The resulting precipitate was separated using filter
paper and washed three times with 20 mL of distilled
water. Final washing was carried out with 20 mL of 96%
ethanol solution. After that, the microparticles were dried
in an oven at a temperature of 50 °C for 72 hours.

2.3. Methods of Calcite Microparticles
Characterization

The X-ray diffractometer (Philips X'Pert equipped
with an X'Celerator Scientific detector, "Philips", the
Netherlands) was utilized to confirm the polymorphic
modification of the synthesized microparticles of calcium
carbonate.

A transmission electron microscope (Tecnai F20
X-Twin, “FEI Europe B.V., P.0O.”, The Netherlands) was
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used to study the size and purity of the synthesized mi-
croparticles of calcium carbonate.

The study of ethonium adsorption by synthesized
microparticles of calcium carbonate was carried out under
static conditions. 100 mg of CaCO; was added to etho-
nium solutions with a concentration of 1-5 mg/mL. The
resulting mixtures were stirred for 2 h at room tempera-
ture. After that, the mixture was kept for 24 h to establish
equilibrium conditions. The concentration of ethonium
was determined by the photocolorimetric method® using a
bromocresol green indicator at a wavelength of 630 nm.

2.4. Modification of Sodium Alginate

NaAlg was modified with octan-1-amine
(AlgM)* to obtain a partly hydrophobized polysaccharide
(Fig. 1) capable of forming hydrophobic-hydrophobic
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bonds between octan-1-amine chains and carbon chains of
amphiphilic active pharmaceutical ingredients. Sodium
alginate 0.5 wt. % solution was converted into alginic acid
solution by pH shift to 3.2 using 0.1 M HCI. Then, 200
mg 1-ethyl-3-(3-dimethyl aminopropyl) carbodiimide
hydrochloride (EDCI) was added to the solution as an
activator. 10 min later, octan-1-amine was added to the
reaction mixture respectively in a ratio of 1:200. The re-
sulting mixture was thermostated for 24 hours at 60 °C.
AlgM was isolated from the reaction mixture through two
successive filtrations: filter paper to isolate the activator
and ultrafiltration using PM UP020 membrane. Ultrafiltra-
tion was used to separate AlgM after precipitation accord-
ing to the addition of non-solvent (96% ethanol) to the
first filtrate in a 4:1 ratio.

OH OH

OH HN—CgHy7

Fig. 1. Scheme of Na-Alg modification

2.5. Formation of Alginate Films

Alginate films (CaAlg and CaAlgM) were formed
to study the influence of alginate modification on the
swelling degree. The preparation of CaAlg and CaAlgM
samples was conducted by the following procedure. 100
mg of calcium carbonate microparticles was added to 10
mL of a 4% solution of sodium alginate (NaAlg) or algi-
nate modified with octan-1-amine (NaAlgM). The mix-
ture was dispersed in an ultrasonic bath for 10 minutes.
The final volume was poured into a Petri dish with a di-
ameter of 75 mm and dried at a temperature of 50 °C for

HN——CgH,7

24 hours. Next, the dried sample is cooled to room tem-
perature. After that, the film was placed in 20 mL of 0.1
M hydrochloric acid solution for 30 minutes with the aim
of cross-linking.

Cross-linking of the samples occurred via the reac-
tion between alginate and Ca®" ions (Fig.2) which were
released during the decomposition of calcium carbonate
microparticles with hydrochloric acid (reaction 2). After
cross-linking, the samples were washed 3 times with dis-
tilled water (20 mL) and dried for 24 h at 50°C.

CaCO3 +2HCIl = CaC12 + COQT + H20, (2)
CaCl, = Ca™ +2CI

HN——CgH, 7

HN——CgH,7

Fig. 2. Scheme of complexation reaction between NaAlgM and Ca®" ions
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2.6. Methods of Alginate Films Characterization

The kinetics and swelling degree were determined
using a gravimetric method during 90 minutes at 20°C.
Before measurements, the samples were placed in a desic-
cator for cooling to 20°C for 24 hours.

To study the pH dependence of the swelling solu-
tions with pH 5.5 (corresponding to pH of healthy undam-
aged skin), pH 7.2 (coinciding to pH of inflammatory
wounds), and pH 8.2 (correlating to pH of chronic
wounds) were used.”**! The masses of the samples were
determined every 10 minutes. Degrees of swelling (o)
were calculated according to the following equation:

m—m,

o= -100 %,

my
where m, is the initial mass of a dry hydrogel film, and m
is the mass of a swollen wet film at the moment of time.
The morphology and the surface of the cross-linked
hydrogel samples were studied using an electron micro-
scope (model 1430 VP, "LEO Ltd", Great Britain).

2.7. Formation of Alginate Films
Loaded with Ethonium

Films with an immobilized bactericidal drug (Ca-
Alg+Eth and Ca-AlgM+Eth) were formed according to
the following method. 100 mg of CaCO; microparticles
and 5 mL of ethonium solution with a concentration of
20 mg/mL were added to 5 mL of 4 wt. % solutions of
NaAlg or NaAlgM and placed in an ultrasonic bath for
20 min. The final volume was put into a Petri dish with a
diameter of 75 mm and dried at a temperature of 50 °C for
24 hours. The dried films were cooled to room tempera-
ture in a desiccator before cross-linking. Afterward, the
samples were immersed in 20mL of 0.1 M hydrochloric
acid solution and kept for 30 min. All the hydrogel films
were washed 3 times with distilled water (20 mL) and
dried for 24 h at 50°C.

2.8. Methods of Alginate Films Loaded
with Ethonium Characterization

The surface area of the samples, the total pore vol-
ume, and the average pore size were determined by the
method of nitrogen adsorption-desorption at a temperature
of 77.4 K using the automatic gas sorption system Auto-
sorb 1Q and AsiQwin ("Quantachrome Instruments",
USA). Samples were pre-prepared by degassing at 150 °C
for 20 hours in a nitrogen atmosphere.

The evaluation of the kinetics of the drug release
was performed at different pH and temperature values.
The pH dependence of ethonium release was evaluated
using solutions with different pH (pH 5.5, pH 7.2, and pH
8.2) as a swelling ratio determination. An evaluation of
release was carried out with a stirring rate of 500 rpm and
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a temperature of 20°C (room temperature) or 37°C
(physiological temperature). Ethonium concentrations
were measured using a UV-1200 spectrophotometer at the
wavelength of 220 nm every 10 min for 4 hours. Each
sample measurement was conducted 3 times. All results
were within 3% standard deviation;

" —\2
C(x—X
Standard Deviation = Z"l(—l)
n—

where x; is the value of the i point in the data set, ¥ is the
mean value of the data set, n is the number of data points
in the data set

The drug release usually occurs as a first-order re-
action according to the laws of chemical kinetics. Regard-
ing the kinetic modeling, data for the ethonium release
were fitted to the first-order reaction; thus, to determine
the rate constants plots were constructed in the coordi-
nates of the linear form of the first-order release kinetics:™

kt = ln(&j.
C

where k is the release rate constant; ¢ is the release time;
C, is the initial concentration; and C is the current concen-
tration.

3. Results and Discussion

3.1. Characterization of Calcite Microparticles

The X-ray diffraction method was utilized for
studying CaCO; microparticles synthesized by the method
of an ion exchange reaction of salts according to reaction
1. According to Fig. 3, it was established that the reflexes
and their intensities for the obtained microparticles corre-
sponded to the literature data for calcite (23° (1906), 30°
(13800), 36° (2100), 39° (2960), 44° (2700), 47° 2500),
49° (2600)), which confirms the formation of the desired
polymorphic modification of CaCO; — calcite.” ™
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Fig. 3. Diffraction pattern of the synthesized
calcite microparticles

Transmission electron microscopy (TEM) com-
bined with energy dispersive spectroscopy was utilized to
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confirm the chemical purity of the synthesized CaCO;
microparticles and determine the content of atoms of each
type (Table 1).

The EDX analysis detected calcium, oxygen, cop-
per, and magnesium in the structure of microparticles. The
presence of Mg can be caused by impurities in the cal-
cium chloride used for the synthesis of microparticles.

Table 1. EDX analysis of synthesized CaCO; microparticles
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The presence of Cu can be a consequence of copper mesh
utilization during the EDX analysis.

The morphology of the synthesized CaCO; parti-
cles was analyzed using transmission electron micros-
copy. As can be seen from Fig. 4, ellipsoid calcite mi-
croparticles are characterized by an average size of
1.5%2.0 pm.

Element Content, wt % Content, mole %
Calcium (Ca) 62.2+04 421+04
Oxygen (O) 32.8+0.5 55.6+0.5
Copper (Cu) 48+0.2 2.0+0.2
Magnesium (Mg) 0.2+0.02 0.19+0.02

a)

b)

Fig. 4. TEM images of CaCOj; microparticles with magnification: a) 2 um; b) 1 pm

The adsorption of ethonium on the surface of mi-
croparticles of calcium carbonate was determined to con-
firm the sorption of ethonium on the surface of CaCO;

. . 56,57 . .
microparticles in the process of sample preparation. It
was established that the limit value of ethonium adsorp-
tion on synthesized microparticles of calcium carbonate
was 1.47 mg of ethonium per 1 mg of CaCOs.

3.2. Characterization of Ca-Alg
and Ca-AlgM

Crosslinking of polysaccharide chains using Ca®*
ions occurred according to the reaction illustrated in
Fig. 2. Ca®" ions were formed in situ during CaCO3; MPs
decomposition by hydrochloric acid (reaction 2). As a
result, the macropores (diameter > 50 nm)***’ appeared at
the location of calcite microparticles.

The presence of macropores on the samples' sur-
face can be assumed based on a visual assessment of the
surface microphotographs acquired by scanning electron
microscopy. According to the measuring scale of the de-
vice: the average range of diameters of the pores is 50—
140 nm for Ca-Alg (Fig. 5a) and 50-150 nm for Ca-AlgM
(Fig. 5b).

Swelling degrees were evaluated by the gravimetric
method at different pH values. Regardless of the pH value
Ca-Alg (Fig. 6a) and Ca-AlgM (Fig. 6b) reached an equi-
librium state after 40 and 60 min, respectively. According
to the results, the hydrogels demonstrated high swelling
indexes (o >150%®"). Moreover, the swelling degree did
not change during further immersion in an aqueous envi-
ronment. Ca-AlgM was characterized by a higher swelling
ratio compared to Ca-Alg regardless of the medium pH
which can be explained by a higher surface area and vol-
ume of micropores formed during the crosslinking process.
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Fig. 6. Kinetics of swelling at different pH values for a) Ca-Alg and b) Ca-AlgM at r =20 °C

The pH-sensitivity of swelling was more observ-
able for Ca-Alg: the lowest degree of swelling was char-
acteristic of a solution with a pH value of 5.5, and the
highest one for a neutral medium with a pH of 7.2. The
same tendency, namely, a lower swelling degree in an
acidic medium and a higher swelling degree in a neutral
medium, was noticed for Ca-AlgM.

3.3. Characterization of Ca-Alg+Eth
and Ca-AlgM+Eth

Ca-Alg and Ca-AlgM films with immobilized
ethonium were fabricated by adding ethonium to NaAlg +
CaCO; and NaAlgM + CaCOj; forming solutions with
subsequent crosslinking using a hydrochloric acid. The
presence and characteristics of mesopores (diameter from
2 to 50 nm)**” in the samples were investigated by the
method of nitrogen adsorption and desorption. The hys-

teresis loops for the Ca-Alg+Eth and Ca-AlgM+Eth sam-
ples (Fig. 7.) differed from each other, which indicates
differences in the size and number of pores in the samples.
In particular, the larger volume of adsorbate absorbed by
the sample based on NaAlgM indicates a larger volume of
micropores compared to NaAlg, which was confirmed by
data calculated based on isotherms (Table 2).

The increase of surface area and volume of micro-
pores for Ca-AlgM+Eth compared to Ca-Alg+Eth was
achieved due to the formation of a higher number of pores
because of AlgM cross-linking characteristics. AlgM has
modified carboxyl groups that cannot form bonds with
Ca”". That leads to the formation of a more compact and
ordered hydrogel structure with reduced size of pores
compared to Ca-Alg+Eth due to the formation of hydro-
phobic-hydrophobic interactions between ethonium and
AlgM carbon chains.
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Fig. 7. Adsorption and desorption isotherms for
1) Ca-Alg+Eth; 2) Ca-AlgM+Eth

Table 2. Summarized results investigated by the nitrogen
adsorption-desorption method

Volume of Average
Surface . .
Sample area. m’/ micropores pore size,
Mg -10°, em’/g nm
Ca-Alg+Eth 7.0 26.7+0.5 55+0.5
Ca-
AlgM+Eth 30.0 72.7+0.5 2.7+0.5

The size distribution of pores for Ca-Alg+Eth and
Ca-AlgM+Eth is presented in Fig. 8. According to the
obtained data, each sample has only one type of micro-
pore with a low size range. These results are consistent
with the proposed method of pore formation due to the
simultaneous release of CO, bubbles during crosslinking
of the samples according to reaction 2.

The kinetics of the release of immobilized etho-
nium from the hydrogel films was evaluated at different
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pH values because the developed samples can be used for
transdermal systems of controlled drug delivery. Each
sample was examined 3 times and the statistical error of
the results did not exceed 5%. It was confirmed that the
samples showed partial pH sensitivity of release at a tem-
perature of 20°C (Fig. 9), which disappeared with an in-
crease in temperature to 37°C (Fig. 10). The minimal pH
sensitivity of the release kinetics was a consequence of the
insignificant pH sensitivity of the swelling of Ca-Alg and
Ca-AlgM samples at 20°C (Fig. 6). The reason for the
disappearance of the pH sensitivity of the release with
increasing temperature is ethonium immobilization. In the
process of sample preparation, ethonium was sorbed on
the surface of calcium carbonate microparticles.”®”’ As a
result, during the decomposition of calcite, ethonium was
concentrated in the pores formed in the crosslinking proc-
ess; thus, ethonium is released from pores during the
swelling process according to the laws of diffusion.*
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Fig. 8. The size distribution of mesopores investigated
by the adsorption-desorption method for
1) Ca-Alg+Eth; 2) Ca-AlgM+Eth
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Fig. 9. Kinetics of ethonium release from a) Ca-Alg-Eth; b) Ca-AlgM-Eth at ¢ = 20°C
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Fig. 10. Kinetics of ethonium release from a) Ca-Alg-Eth; b) Ca-AlgM-Eth at t =37 °C

The constants of ethonium release were calculated
to confirm the differences in the ethonium release process
from the Ca-Alg-Eth and Ca-AlgM-Eth compared to the
films prepared without calcite microparticles:™ 1.2-9.6 -
10 min™' for non-calcite samples compared to 40.8-109.8
- 10” min" (Table 3). Such differences indicate that the
most conceivable reason for such differences is the effect
of ethonium adsorption on CaCOj; microparticles during
the formation of hydrogels.®**

Table 3. Constants of drug release from investigated
samples

Sample pH 7°C k- 10°, min™
20 40+ 1
55
37 72+1
20 94+ 1
7.2
Ca-Alg+Eth 37 108 £ 1
20 95+1
8.2
37 109+ 1
20 57+1
55
37 68+1
Ca- Sy 20 76 £ 1
AlgM+Eth ' 37 108 + 1
20 77+1
8.2
37 110+ 1

To summarize, the proposed crosslinking method
allows for immediate drug release, as a consequence the
bioavailability of active substances increases and the time
of onset of the therapeutic effect reduces.

4, Conclusions

Samples of alginate films based on sodium alginate
and alginate modified with octan-1-amine were fabricated
using microparticles of calcium carbonate and immobi-
lized ethonium. Calcite microparticles were synthesized
by the method of coprecipitation of salts and characterized
by an oval shape with an average particle size of 1.5x2.0
um. The authenticity and purity of the obtained particles
were confirmed by the methods of transmission electron
microscopy and X-ray diffraction. The kinetics of swell-
ing of alginate films cross-linked with Ca®" ions formed in
situ by decomposition of CaCO; microparticles using
hydrochloric acid was studied. The significant pH sensi-
tivity of swelling at 20°C was not revealed. The scanning
electron microscopy demonstrated the formation of pores
on the surface of the samples with average diameters of
50-140 nm for Ca-Alg and 50-150 nm for Ca-AlgM.

Hydrogel films with immobilized ethonium were
investigated using the nitrogen adsorption-desorption
method, and the presence of mesopores with an average
radius of 2.7 = 0.5 and 5.5 + 0.5 for Ca-Alg+Eth and Ca-
AlgM+Eth, respectively, was established. The kinetics of
ethonium release at different temperatures and pH were
evaluated. The obtained results of the study of the immo-
bilized drug release indicate the same effectiveness of
using the original and modified alginate. The results of the
release kinetics of the immobilized drug indicate the same
effectiveness for using the original and modified alginate:
in 30 minutes at physiological temperature, the immobi-
lized drug is completely released regardless of pH. This
fact opens prospects for the development of drug delivery
systems not only for external but also for internal use with
immediate release based on a cheap natural polysaccha-
ride.
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The proposed fabrication method of polymeric po-
rous hydrogel films allows the development of transder-
mal systems for targeted drug delivery. Such systems in
the form of adhesive plasters can provide not only me-
chanical protection of wounds from contamination but
also maintain the moisture of the bottom of open wounds,
which will reduce the drying out of nerve endings and
relieve pain. The findings of this study may have signifi-
cant implications for medical and scientific research.
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MMOPUCTII'TIPOI'EJIEBI IIVIIBKA HA OCHOBI
HATPII AJIBITHATY SAK HOCII 1151 CACTEM
IMITYJIbCHOI TOCTABKH JIKIB

Anomauin. Ile docniodicennss 30cepeddtceHo Ha CmMeopenHi
Memooy BUpOOHUYMBA TOHHO-3UUMUX 2I0pOoceNesux CcUcmem Ha
OCHOBI anvinamy, sKi 3a0e3neuyiomes He2aline GUSLIbHEHHs JIKIG.
Hocnioocenns eusuae KiHemuky 6usiibHeHHs OaxmepuyuoHo2o
npenapamy O NOLE2UeHHs. npoyecy 3a20cHHA. Memoouka nepeo-
b6auac nokpawents memooy IMmooinizayii ameighinenux nikapco-
KUX 3ac00i8 HA MIKPOYACMUHKAX KANbYUMY 3 HACMIYNHUM IXHIM
KOHYEHMPYBAHHAM ) NOPAX, YMEOPEHUX VHACTIOOK PO3KIAOAHHA
MIKDPOUACUHOK.

Knrouosei cnosa: anveinamni 2iopozeii, nonicaxapuoHi niie-
KU, MIKDOYACIMUHKU KALbYill KapOoHamy, cucmema 00CMasKu JiKie,
EeMOHIll, IOHHE 3UUBAHHSL.



