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DFT Study of Chitosan Ascorbate Nanoparticles Structure

In recent years, use of chitosan (CS) nanoparticles as nanocarriers has received much attention due to their
biodegradability, biocompatibility and non-toxicity. CS nanoparticles containing drugs, flavors, enzymes and
antimicrobial agents can maintain their activity. Such nanoparticles can stimulate the stabilization of ascorbic
acid (AA) and improve controlled release. This study investigates the interaction of CS monomer with AA
and sodium tripolyphosphate (TPP) using density functional theory (DFT) during the formation of chitosan
ascorbate (CA) nanostructure (CAN). On the basis of existing results, the formation of the CS monomer from
the complexes occurs due to the donor-acceptor interaction, which is energetically favorable in all considered
interactions according to the calculations. At close range, proton transfer has been identified with interaction
energies, namely CS-AA (-6.82 kcal/mol), CS-TPP (-4.56 kcal/mol) in the aqueous phase, which indicates
that in the process of CAN formation, in most cases, the formation of a donor-acceptor bond occurs between
the amino groups of CS with the enol group of AA and the relative coordination of CS with TPP. The intro-
duction of the aqueous phase led to a drop in the interaction energy. On the basis of our results for the linking
types (interaction energies), we propose a simple mechanism for their impact on the CAN formation process.

Keywords: chitosan, ascorbic acid, sodium tripolyphosphate, chitosan ascorbate, nanoparticles, modeling.

Introduction

Chitosan (CS) is a polysaccharide consisting of N-acetyl-D-glucosamine and D-glucosamine linked by
the B-(1—4) bonds [1]. CS is recognized as a natural biopolymer that includes numerous functional groups
such as the amine (NH) and hydroxyl (OH) and it is made via the deacetylation of chitin. Ascorbic acid
(AA) is known to play an important role in metabolism, acting as both an acceptor and a proton donor in en-
zymatic systems, due to the mobility of hydrogen atoms in enol hydroxyls at C-3 (pKa = 4.2) and C-2
(pKa = 11.6) [2]. CS is a biodegradable, nontoxic biopolymer; it has properties that stimulate plant growth
and inhibit phytopathogenic fungi; it possesses immunological modulation and antiviral efficacy; it has a
wide range of applications, particularly in anti-coronavirus applications [3, 4]. Water-soluble environmental-
ly safe derivatives of CS, in particular, chitosan ascorbate (CA) are of great interest in the world. A wide
possibility of CS modification allows one to obtain its water-soluble derivatives, among which CA is of spe-
cial interest, that exhibits pronounced bioactivity in the growth and development of plants [5, 6].

CA is an organic salt formed by the reaction of CS with AA and it shows a more pH-independent solu-
bility profile, thus providing more flexibility in biomaterial processing and fabrication. CA is synthesized by
the direct reaction of CS and AA in water (Figure 1) [7-9].
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Figure 1. Mechanism of interaction between CS and AA
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The product formed is CS-AA complex, which is different from CS-AA mixture in that no protonation
of CS occurs in the latter [10]. AA presents several electrophilic groups. It contains four hydroxyl groups in
positions 2, 3, 5 and 6 with different acidities allowing acid—base reactions. The —OH in position 3 is more
acidic one (pKa = 4.2), while the hydroxyl in position 2 has a pKa of 11.6, and those in positions 5 and 6
behave as secondary and primary alcohol (pKa ~ 17 and 16, respectively) [11]. The acidic hydroxyl in posi-
tion 3 of AA was expected to react with the amino group of CS, converting it into ammonium ions. The FT-
IR spectra demonstrate the formation of complex between CS and AA [11]. The peak at 1754.4 cm™, which
was the stretching vibration of lactone C=O forming intramolecular H-bond in AA, was shifted to
1720.8 cm™ at a reduced intensity. It could be seen that new absorption band characteristic of bending vibra-
tion of -NHs* appeared at 1616.1 cm™. This result suggested that the -NH, groups on the CS chains were
protonated by the H* supplied by AA [12]. The decrease of peak at 3428.2 cm™ indicated the reduction of
free -NH; groups after the formation of CS-AA complex [13].

Despite the ubiquitous presence of these interactions in chemical processes, few DFT studies on these
systems exist in the literature [14-16]. There are few works on determining the activation energy of the for-
mation reaction and modeling the structure of chitosan ascorbate nanostructure (CAN). Complexes of CS
with organic acids are obtained mainly by the method of ionotropic gelation, coacervation precipitation and
ultrasonic dispersion [13, 17-23]. However, there are advantages and disadvantages of the above methods
for obtaining nanoparticles. If the method of ionotropic gelation is considered technologically acceptable and
no additional purification is required for a long time of the final products, then by the method of coacervation
precipitation, side compounds are formed due to ions of inorganic salts. When obtaining nanoparticles of CS
derivatives by ultrasonic dispersion, it is impossible to control the process, which in turn makes it difficult to
control their characteristics.

Thus, the formation of nanoparticles is a multifactorial process that depends on the ratio, concentration
of components and solution pH [7-9]. The method of ionic gelation is the most well-known one among the
methods for obtaining CAN. However, in studies when obtaining CAN, deprotonation of CS is not carried
out; this stage plays a special role in the formation of a donor-acceptor bond between the amino group of CS
and the enol group of AA [17-21]. Since without deprotonation of the amino groups of CS, an excess
amount of AA in the reaction system increases, this makes it impossible to analyze the properties of the final
product [18, 22]. Therefore, in recent works, there was improved the method with the inclusion of the step of
deprotonation of CS amino groups [7, 19, 23]. Based on the obtained deprotonated CS with varying pH and
the ratio of the reaction components and the TPP stabilizer, it is possible to control the size of the resulting
nanoparticles of CS derivatives with organic acids, including AA. Nano derivatives of CS with AA have
growth-regulating, antimicrobial and wound-healing properties; solutions of nano derivatives of CS are envi-
ronmentally safe and low-toxic [19-21]. It is noted in the literature that the reaction of formation of CS
nanoascorbate occurs due to the donor-acceptor bond. The ratio of components and solution pH play a spe-
cial role in this process [25, 26]. Aqueous solutions of AA are used in order to obtain water-soluble nano de-
rivatives of CS. The formation of CAN is carried out by varying the solution pH in the range from 4 to 5.5
[19, 27]. The study of the physico-chemical properties of biologically active nanostructured complexes of CS
with AA are poorly studied, and theoretical works of formation of CAN have not been found [3, 21-27].

Computational research effectively helps to understand the nature of these interactions and it is less
time-consuming and considerably less expensive than experimental analyses. Thus, the objective of the cur-
rent work is to investigate the interaction of CS with AA and TPP using the DFT method to be a primer for
understanding the CAN formation as well as for theoretical validation of literature experimental results. The
optimized geometry, frontier molecular orbitals (FMOs) and details of quantum molecular descriptors were
calculated.

Experimental

Computational methods

In this work, we have carried out quantum theoretical calculations and optimized the model of interac-
tion of monomer form of CS with AA and TPP structure at the B3LYP/6-31++G(d,p) level (DFT) [29-31]
by the GAUSSIANO9 program package [28] and calculated its properties. The charge state of atoms has been
calculated, diagrams of boundary molecular orbitals have been constructed: the highest occupied (HOMO)
and lowest free (LUMO) molecular orbitals, and their energies have been determined. In DFT reactivity de-
scriptors, such as global hardness (1) is determined using finite difference approximation and Koopmans’
theorem [32] as:
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where E — is the energy and N is the number of electrons in the electronic system at constant external poten-
tial (v), 0 — is the chemical potential:

(u = 1/2(Enomo + ELumo)). (2)
n was calculated in terms of ionization potential (—Exomo) and electron affinity (—ELumo) using the following
formulae:

n= ( E.umo — Enomo ) /2. 3)
Free energy of solvation is computed by equation:
AGsol = Gsolvent - Ggas | (4)

that numerical values obtained by using Solvation Model of Density (SMD) [33]. The interaction energy
(4Ein) between CS and AA, TPP is calculated using super molecular approach

AE;, = ( Eca )_(Ecs +Epm + ETPP) ] )
where Ecan — is the energy of the CAN adduct; Ecs— is the energy of CS; Ean — is the energy of the AA
and, Erep — is the energy of the TPP.

The energy difference was taken before or after the proton transfer, i.e., for example, between CS* and
AA-, TPP- ions. Global reactivity descriptor, namely the global hardness is calculated using global hardness
values. In order to quantify the reactivity in aqueous phase, solvation energies are calculated using self-
consistent reaction field theory with the help of the Polarizable Continuum Model (PCM) [34, 35]. In calcu-
lating interaction energy, basis set superposition error (BSSE) is taken into account by using counter-
poise = N [36, 37].

Results and Discussion

Model structures were built for simulating the possibility of CAN structure. Models were presented as
one unit of CS representing the main model molecule. The interactions between CS molecules with AA and
TPP can occur, as observed in the results addressed so far, by donor-acceptor interaction involving —OH or
—NH;s* groups from CS. To evaluate this interaction, as well as describe some quantum properties of CAN
model, which is scarce in the literature, a computational study was realized. FMOs were calculated to gain a
deeper insight into the quantum properties of the CAN model. The FMOs results provide knowledge about
the energy gap and electronic properties between the HOMO and LUMO of the CS-AA and CS-TPP interac-
tions. The HOMO can be considered the outermost orbital containing electrons, characterizes the ability to
donor of electron, while LUMO is considered the innermost orbital containing free places to accept elec-
trons [38].

The optimized CS-AA and CS-TPP structures have been calculated by B3LYP/6-31++G(d,p), level of
theory is shown in Figure 2. The distance between the hydrogen atom of the CS amino group and the oxygen
atoms of AA and TPP is in the range of 1.52-1.98 A, which is typical for donor-acceptor interaction and thus
establishes the fact that the product of the interaction of one monomer units of CS with AA and TPP are held
together by a donor-acceptor mechanism. A bond is formed in the case of interaction of CS with AA
(r=1.60 A, 0 =171.19, as well as CS with TPP (r =1.53 A, 6 = 178.7°).

According to calculations, the hydroxyl group of AA in position 3 (C3-O) will react with the amino
group of CS, converting it into ammonium ions. The enol group of AA reacts with the -NHs* group of CS
with the formation of oxoammonium (Figure 1), due to the donor-acceptor interaction, a CS complex is
formed. Amino groups in CS chains can be protonated by AA to form a positively charged water-soluble
polysaccharide. CA in an acidic solution undergoes ionic gelation and forms CAN particles with a crosslink-
ing agent added to the solution. Crosslinking occurs due to electrostatic interaction between positively
charged amino groups of CS and negatively charged oxygen atoms of TPP. The size of the formed particle
mainly depends on the concentration of the acid (acetic acid) and deacetylation degree (DD) of CS [25, 26].
CS with a higher DD is characterized by a large number of effective binding points, i.e., amino groups that
are protonated in an acidic solution [7]. Moreover, in an acidic solution, the degree of protonation of amino
groups in the chains of CS increases, which, as a result, increases the ability to form cross-links with TPP.
The binding of TPP to the polymer occurs until the degree of binding that also depends on the concentration
of TPP, decreases, which eventually leads to the formation of smaller nanoparticle sizes, and after saturation,
excessive binding will lead to the formation of aggregates, resulting in a large particle size [8-10, 25, 26].
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The magnitude of interaction is of paramount importance for nanostructure stabilization. A very strong
or a feebly weak interaction, both are equally unfavorable for biological activity. A very weak interaction is
unfavorable for the stability of such nanoparticles. For exhibiting biological activity, a suitable interaction
energy range is 10 kcal/mol [21-24]. With an aim to examine the magnitude of interaction between CS and
AA, TPP, we estimated the interaction energy using super molecular approach. Initially we calculated the
interaction energies (AEix) in the gas phase and then observed the impact of aqueous phase on the interac-
tion energy (Table 1). In the gas phase, AEix. is observed to be quite high and the order is CS-AA
(-68.76 kcal/mol) > CS-TPP (—64.58 kcal). The observed trend does not corroborate with that predicted from
the bond angle (6) values in donor-acceptor bonding. This indicates that the bond angle in donor-acceptor
bonding is not the sole criterion that governs the interaction energies between two compounds.

During of CAN delivery, transfection of nanoparticles takes place through a complex physiological me-
dium, whose main constituent is water [13, 17]. Cationic charge of CS attracts large scale of solvation and
thereby enhances stability of CS. Therefore, incorporation of aqueous phase produces a spiky fall in interac-
tion energies as compared to the gas phase. The aqueous phase AEix. (using PCM model) values of interac-
tions are in the order: CS-AA (-13.67 kcal/mol) > CS-TPP (-11.2 kcal/mol). We have further calculated the
free energy of solvation (AGse) (using SMD solvation model) of the chosen CS-AA and CS-TPP. The order
is observed to be: CS-AA (—66.32 kcal/mol) > CS-TPP (-62.45 kcal/mol), higher values are due to positive
charge inherent in the interactions.

Quantum chemical methods are important for obtaining information about the molecular structure
and the interaction behavior. In the synergic effect of interactions of the type
CS + nucleophile(AA, TPP) = CAN, intermolecular donor-acceptor interactions formation is favored when
the HOMO of the CAN has lower energy than the HOMO of CS or LUMO of AA and TPP [34]. Hence we
have calculated the energy separation AEgas aq = (Exomo (gas, aq)y can — EHOMO gas, ag), nucleophite (aA, Tpp)). It 1S €Vi-
dent from Table 1 that Exomo,can iS lower than Enomo, nucleophite(aatery @and Eiumo,cs. This indicates that the
formation of a donor-acceptor interactions is beneficial in all considered interactions from the HOMO-
LUMO energy data. Mapping of HOMO and LUMO orbitals is shown in Figure 2.

Earlier, [39-41] reported a correlation between the energy separation AEgas, aq Values and interaction en-
ergy, AEinwhich showed an increase in interaction energy with an increment in AE values (AE;y against AE-
gas, ag). Here we observe quite high AEgss values (—51.49 kcal/mol to —72.42 kcal/mol) for interactions in the
gas phase in compliance with high magnitude of the gas phase interaction energies (-64.58 kcal/mol to
—68.76 kcal/mol). Incorporation of aqueous phase lowers AEaq values (—4.56 kcal/mol to —6.82 kcal/mol)
along with a fall in interaction energy (-11.2 kcal/mol to 13.67 kcal/mol). However, no linear relationship
between AE and AEix is observed. Apart from DE values, shape of the LUMO of the donor and HOMO of
the acceptor is also important. Figure 2 reveals that HOMO and LUMO of CS-TPP is localized over the
—NH;s* group, and this facilitates the —NHs* group to participate in donor-acceptor interactions. Moreover,
LUMO of CS-AA is spreading over the O atoms of AA and TPP, which makes them hydrogen acceptor dur-
ing donor-acceptor bonding formation.

Gas phase BSSE corrected AEix calculated values of the chosen adducts are presented in Table 1. We
observe quite high AEgas values for CS-AA and CS-TPP interactions (—72.42 kcal/mol and —51.49 kcal/mol)
in the gas phase. Incorporation of aqueous phase lowers AExq values (—6.82 kcal/mol and —4.56 kcal/mol),
respectively. However, no linear relationship between AE and AEix is observed. Apart from AE values, shape
of the LUMO of the donor and HOMO of the acceptor is also important. Figure 2 reveals that HOMO of CS-
AA is localized over the -NHs* group, whereas the LUMO orbital resides on the lactone-ring of AA mole-
cule, which makes them hydrogen acceptor during donor-acceptor bonding formation. The LUMO of CS-
TPP is localized over the TPP molecule, HOMO is slightly spreading over on -NHs* group of CS molecule.

Table 1
Calculated parameters (in kcal/mol) of the studied systems
AEint AEint. | AGsor (Us-
gl AEie. | (using | ing SMD M, gas | m, agueous
Structure | (BSSE PCM | solvation AEgas AEyq AGgas | AGaq phase phase
correct)
model) | model)
CS-AA | -68.76 | —70.21 | -13.67 | -66.32 | —72.42 | -6.82 | -40.34 | -3.37 | 63.7 60.3
CS-TPP | 6458 | -66.32 | -11.2 —62.45 | -51.49 | -456 | -41.35 | -3.08 | 49.7 59.3
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HOMO of CS-AA

HOMO of CS-TPP LUMO of CS-TPP

Figure 2. Molecular orbital surfaces for HOMO and LUMO of CS-AA and CS-TPP

We performed thermochemical analysis, to examine the thermodynamic driving force involved in the
interactions. The AGgas and AGaq values are presented in Table 1. It is evident that in the gas phase, free en-
ergy favors interactions. In the gas phase AG values follow the order CS-AA (—40.34 kcal/mol) < CS-TPP
(—41.35 kcal/mol). However, a spiky fall in AG values is observed in the aqueous phase exhibiting negative
AGaq values. AGyq values are in the order: CS-AA (—3.37 kcal/mol) < CS-TPP (-3.08 kcal/mol). This clearly
demonstrates the influence of solvent polarity on the parameter and the large role of thermodynamic driving
forces in the aqueous phase, also for other systems [16, 39-45].

In accordance with the literature data [17-19] and the data of the calculation results, we proposed a
model of CAN, which is represented in Figure 3.
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Figure 3. Interaction mechanism of CS-AA-TPP

Stability of the CAN can be monitored in terms of global hardness, in both gas and aqueous phases. The
result in Table 1 elucidates the gas and aqueous phase global hardness of CS-AA and CS-TPP. Global hard-
ness of the interactions values in both phases are comparable ones but slightly lower values in the aqueous
phase imply that they are less stable in the aqueous phase.

Conclusions

In the present study, the electronic structure of interaction of CS to interact with AA and TPP has been
analyzed using the DFT calculations B3LYP/6-31++G(d,p). The DFT results establish the existence of
strong donor-acceptor interactions between CS and the AA and TPP in the gas phase. The introduction of the
aqueous phase led to a drop in the interaction energy. The results show the HOMO of CS-AA and CS-TPP is
localized over the —NHs* group, whereas the LUMO orbital resides on the lactone-ring of AA molecule,
which makes them hydrogen acceptor during donor-acceptor bonding formation. The LUMO of CS-TPP is
localized over the TPP molecule. According to the frontier orbital analysis, the AA had the greatest contribu-
tions to HOMO and LUMO. In addition, an increase in the acidity of the medium, the concentration of AA
and TPP as well as the DD of CS can be considered as a tool for obtaining nanoparticles of various sizes. CS
nanoparticles can protect AA from degradation and improve the stability of AA. CS-based drug delivery sys-
tems can be improved by adopting different theoretical and synthetic techniques and selecting appropriate
process parameters and functional properties.
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N.H. Hypranues

XuTo3aH ackopOaT HaHoOe/eKkTepiHiH KYpbulbIMbIH DFT 3epTTey

CoHFBI KbUTIAPBl XNUTO3aH (X3) HaHOOOIIIEKTepiH HaHOTAChIMAJaylibulap PETiHAe Maiianany oJap/blH
OMOBIIBIPAFBIITHIFbIHA, OWOYWIECIMAITITIHE JSHE YBITTBI €MeCTiriHe OalIaHBICTBI KOm KOHUT Oemi.
Kypambiana npenapatrap, asmuep, GepMeHTTep KoHe MUKpoOKa Kapchl areHTTep O6ap X3 HanoOemmiekTepi
o3 OenceHninirin cakrail amaasl. MyHznail HaHoOesmekTep ackopOWH KbIKbUIBIHBIH (AK) TypakranybH
BIHTAJIAHIBIPBIN, OaKbUTaHATBHIH OOcCaTyIbl jKaKkcapTa anmansl. by 3epTrey XuTo3aH ackopOaThHBIH (XA)
HaHOKYPBUTLIMBIHBIH, (XAH) Ty3imyi kesinae ToIFBBABIK (yHKIHOHAMABIK Teopwsickl (DFT) apkputer X3
MoHoMepiHiH AK xoHe Hatpuit-Tpunonmudocdareiven (TTID) e3apa opekerrecyin 3eprreiiai. Konnanbictarst
HOTWDKEJep Heri3iHle KemeHIepaeH Ty3iireH X3 MOHOMEpi JOHOPIBIK-aKIETITOPIIBIK dPEKETTeCy ecebiHeH
nmaiiga Oomazael, onm ecenTeyiep OOWBIHIIA OapiblK KapacTHIPBUIATHIH OpEKeTTecyNeple SHEPreTHKAIBIK
JKarblHaH KoJailnbl. JKaKblH KAIIBIKTBIKTA ©3apa OPEKeTTeCy 3HEeprusulapbl 6ap NMPOTOHHBIH TaChIMAIIAHYbI
aHBIKTAIABL cynbl (asanarbl X3-AK (—6,82 kkan/moins), X3-TIID (4,56 kkan/mons). byn XAH tysiny
MPOIIECiHE KOM JKaFaaiifia JOHOPJIBIK-aKIEITOPIBIK OaiaHbICThIH TY3imyi AK sHOn ToObiMeH X3 aMuH
tonTapbl xoHe TIId-men X3 cambiCTRIpManbl KOOPAMHALMACH apachlHAa KypeTiHiH kepcereni. Cyibl
(hazaHBIH eHTI3LTyi e3apa OpEeKeTTeCy JHEPTHCHIHBIH TOMCEHACYiHe oKemni. baimaHeic Typnepine (e3apa
OpEKeTTeCY SHEPTHsCH) OI3[iH HOTIXKeNepiMmi3 HeriziHae onmapabpiH XAH Ty3iny mpomeciHe ocep eTyiHIH
KaparaifbIM MeXaHH3MiH YChIHAMBI3.

Kinm  co30ep: xuro3aH, acKOpPOWH KBINIKBUIBL, HATpuii TpumomnpochaTsl, XHTO3aH acKopOaTsl,
HaHOOOJIIIEKTEP, MOJCTIB/CY .
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DFT Study of Chitosan Ascorbate Nanoparticles Structure

N.H. Hypranues

DFT unccnenoBanmne CTpyKTypbl HAaHOYACTHI] ACKOP0aTa XUTO3aHA

B mocnennue roapl 0oipIoe BHUMaHKE y/eseTCsl HCIIOIb30BaHUIO HAHOUACTHI XuTo3aHa (X3) B kauecTBe
HaHOHOCHTEJIEH B CBSI3H ¢ MX OMOpPa3IaraeMocTblo, OHOCOBMECTUMOCTBIO H HETOKCHYHOCTBI0. HaHouacTHIts!
X3, coxeprkamiye JeKapcTBa, apoOMaTH3aTopsl, (epMEHTH H IIPOTHBOMUKPOOHBIE areHTHl, MOTYT COXPaHATh
CBOIO aKTHBHOCTB. Takne HaHOYAaCTHI[BI MOTYT CTHMYJIMPOBATh CTaOMIM3aIMIO acCKOPOMHOBOH KHCIOTH (AK)
U yJIy4lIaTh KOHTPOJIHPYEMoe BEICBOOOKAeHUE. B 3T0it paboTe nccnenyercs B3aumMoaeicTeue MoHoMepa X3
¢ AK u tpunonudocdarom Hatpus (TIID) ¢ nomomursio Teopun (ynkiponana mwiotHocta (DFT) mpu dop-
MHUPOBAaHUH HAHOCTPYKTYpHI ackopOara xuro3ana (HAX). Ha ocHoBanum nMeromuxcs pe3yiapTaToB 00paso-
BaHue MoHoMepa XC U3 KOMIUIEKCOB IMPOMCXOAUT 3a CUET JOHOPHO-aKLENTOPHOTO B3aUMOMAEHCTBHUS, KOTO-
poe corylacHO pacdeTraM SIBISIeTCs] SJHEPTeTHYECKH BBITOJHBIM BO BCEX PACCMOTPEHHBIX B3anMonaecTBusax. Ha
OJIM3KOM pacCTOSIHUM HASHTU(QHIMPOBAH IEPEHOC NMPOTOHA ¢ PHeprusiMu BiammMojencTsus: X3-AK (—6,82
kkan/Moins), X3-TII® (4,56 kkan/monb) B BOJHOM (ha3e, 9TO CBUAETENBCTBYET O TOM, YTO B IIporecce oopa-
3oBaHuss HAX B OoibImIMHCTBE CiTydaeB MPOUCXOIMT OOpa3oBaHHME IOHOPHO-AKIENITOPHOI CBSA3M MEXIY
amuHOTrpynnamu X3 ¢ eHodbHOM rpynmnoit AK u otHOcutensHas koopauHaiua X3 ¢ TIID. Beenenue BogHoi
(ha3bl NPUBOIMIIO K IAJACHUIO SHEPTUH B3auMoseiicTBus. Ha OCHOBaHMHM HAIMX PE3yJbTAaTOB IS THIIOB CBSI-
3eil (9Hepruil B3auMOJCHCTBHA) MBI IIpeyIaraeM MPOCTOM MEeXaHU3M HX BIMAHUS Ha Ipouecc GOpMHUPOBAHUS
HAX.

KimroueBsie ciioBa: XuT03aH, aCKOPOWHOBAs KUCIOTA, TPUIIOJU(POChAT HATPHUS, aCKOpOAT XUTO3aH, HAHOYA-
CTHIIbI, MOJCITUPOBAHHE.
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