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Physicochemical regularities of the sorption of amino acids
on the surface of hydroxylapatite

Biogenic and pathogenic mineral formations contain calcium phosphates. It is known that hydroxylapatite is
the main mineral component of bone tissue, tooth enamel, and dentin. The basis of the processes of minerali-
zation is proposed to be in the adsorption interaction of free amino acids and associated protein molecules
with inorganic components in body fluids and emerging phases. However, the mechanism of their interaction
is not fully understood. In this paper the adsorption of amino acids on the surface of hydroxylapatite has been
studied. The synthesis of calcium phosphates from solution has been carried out. According to the results of
XRD and IR spectroscopy it has been established that precipitation is represented by the phase of
hydroxylapatite. The adsorption of amino acids in a wide range of variation of their concentrations and the
pH of the solution has been investigated. It has been established that adsorption of amino acids on the surface
of hydroxylapatite reaches saturation. The effect of pH on the maximum adsorption of amino acids on
hydroxylapatitehas been considered. It has been established that adsorption of amino acids is described by the
Langmuir model. The result of IR spectroscopy confirmed adsorption. It has been determined by the sign of
the surface charge of the solid phase of hydroxylapatite. The values of the Gibbs energy have been calculated.
It has been revealed that the interaction of amino acids with the surface of the hydroxylapatiteis characterized
by physical adsorption.

Keywords: hydroxylapatite, adsorption, amino acid, dissolution, surface charge, solution, Langmuir model,
Freundlich model.

Introduction

Calcium phosphates are part of biogenic and pathogenic mineral formations. Biogenic formations are
part of different organs and have different functions; they are genetically determined, their place in the body
is strictly defined. Pathogenic mineral formations occur in the disruption of the functioning of the whole or-
ganism or its separate organs. It is known that hydroxylapatite is the main mineral component of bone tissue,
tooth enamel and dentin. The hydroxylapatite plays an important role in many physiological processes in the
human body [1-4].

In the papers [5—13] the researchers described that calcium phosphates had an excellent biological ac-
tivity and had been widely used in bone reconstruction or orthopedic supplements, as the primary inorganic
material the composition of the hard tissues of the body.

Interaction of organic and mineral components is important in such processes of biogenic crystalliza-
tion, as the formation of mammals bone matrix, as well as the emergence and growth of pathogenic entities.

Hydroxylapatite (HA) and dicalcium phosphate dihydrate (DCPD) CaHPO4-2H,O are of greatest inter-
est from number of the biocompatible low-temperature calcium phosphates. In nature DCPD expressed in the
mineral brushite is the most soluble of biocompatible calcium phosphates, whereas HA is less soluble [14].
In [9] it is examined the differences in stability of calcium phosphates, and also indicated the CA/P ratio, to
confirm the differences between the calcium phosphates.
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There are a number of assumptions, according to which the basis of the processes of mineralization, is
in the adsorption interaction of free amino acids and associated protein molecules with inorganic components
in body fluids and emerging phases [15, 16]. The mechanism of their interaction is not fully understood.

In this regard, recent studies aimed at studying the regularities of adsorption of amino acids on the inor-
ganic component of physiognomic and pathogenic neoplasms.

The aim of this work is investigation of peculiarities of adsorption of amino acids on the
hydroxylapatite by varying the pH of the solution.

Materials and methods

The synthesis of hydroxylapatite. It is carried out by deposition from aqueous solution at room tempera-
ture by the method of spontaneous crystallization in accordance with the following reaction:

10C&(NO3)2 + 60\IH4)2HPO4 + 8NH4OH g Calo(PO4)6(OH)2 + 20NH4NO3 + 6H20

The precipitate is obtained by mixing dilute solutions of calcium nitrate Ca(NO;),4H,0, and ammoni-
um hydrogen phosphate (NH,),HPO, in the ratio of 1.67:1, and aqueous solution of ammonia NH,OH at
room temperature (22-25 °C). When the synthesis was carried out, to a 500 ml solution containing Ca(NOs),,
5 ml of conc. NH4OH solution, 500 ml of a solution (NH,),HPO, with a concentration of (50 mmol/l) are
rapidly poured. The total volume of the mixture is 1000 ml. After mixing the solutions, the pH of the system
is corrected to 12.00 £ 0.05 with solutions of NaOH (20 %) and/or HNO; (1:1).

After the heterogeneous system settling for two days, the solution was filtered using a water-jet pump,
Bunsen flask and a Buchner funnel (using two filters, a blue ribbon). After filtration, the filter cake was
washed with water (V=50 ml), dried in a drying box at a temperature of ~ 100 °C until complete removal of
water. The dried precipitate is ground in a porcelain mortar into a powder, transferred into a special marked
container and weighed on an analytical balance.

It is the determination of the sign of the charge of the particles of the sols of hydroxylapatite by the
method of capillary analysis. When a piece of filter paper is immersed in water, thin wall paper is charged
negatively. These allow determining the sign of the charge of the colloidal particles. Negatively charged par-
ticles rise through the capillaries.

We used the direct potentiometric method for pH measurements. The measurements were carried out in
a glass beaker, which pre-processes. The measurement error is +£0.01 pH units.

Determination of the concentration of calcium ions in the experiment performed by direct potentiometry
using ion-selective electrode and calibration schedule determined by the value of [Ca®"].

Determination of phosphate ions was carried out by the molybdenum blue method (State Standard
18309-72) on the KFK-2 device, using the red filter (A, = 690 nm) and cuvettes with a layer thickness of
2 cm. The determination is repeated three times and the average values of optical densities to build a calibra-
tion curve: D = f{C(PO,>)}, calculate the regression equation.

Error determinations are found within 2-4 Rel. %. X-ray diffraction (XRD) is used to study the mineral
(phase) composition of synthesized solid phases of hydroxylapatite. A diffractogram was obtained by the
«method of powder» for stationary x-ray apparatus DRON-3 [17, 18]. Phase identification was performed
using ASTM international indexes and tables [18]. The sensitivity of the XRD method for these measure-
ments is 3 %.

The infrared spectroscopy method was used for more information on the composition of the samples
obtained. IR spectrum was obtained on the FSM 2201 spectrophotometer. Mathematical processing of the
data was carried out using statistical software Statistica 10 and Static2 from the StatSoft statistical package.
The sensitivity of the method of IR-spectroscopy for the measurement data was <5 %.

The method of area measurement was used to analyze the specific surface of synthetic calcium phos-
phates. Analysis of the specific surface of the samples according to the BET method (SBET-N2) was carried
out using techniques of single-point standard gas adsorption equilibrium at an absolute pressure in the ad-
sorption unit Sorbtometr, IK SB RAS (OSC SB RAS, Omsk). The limit of permissible relative error of
measurement of the specific surface in the mode of multiple measurements is not more than 5 %.

The adsorption experiment. 0.5 g of hydroxylapatite sample was placed in a flask and the solution of
amino acids was poured. The concentration of amino acids was varied as follows: 2, 4, 6, 8, 10, 15, 20, 25,
30 mmol/l and pH range 5.00-8.00 £ 0.05 (except 6.50) in increments of 0.50. Shaking is carried out for 30
minutes, then it was left for 48 hours. After the specified time the content of the flasks was filtered and there
was determined the content of amino acids in the filtrate by the method of transfer of amino acids in a solu-
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ble copper salt and subsequent photometric determination, the pH after adsorption was measured, the mass of
precipitation was determined.

Determination of the concentration of amino acids in the experiment was assessed by the photometric
determination of amino acids. The essence of the method fordetermination of the concentration of amino ac-
ids used in the analysis is based on the conversion of amino acids into soluble copper salts and their subse-
quent photometric determination. KFK-2photoelectric colorimeter was usedfor measurements. Determina-
tion of optical density of standard solutions is carried out in the wavelength interval that includes the value of
670 nm. A calibration curvewasbuiltfor measurements. Determining the unknown concentration of amino
acids was performed using a calibration chart.

Results and discussion

1. The results of the synthesis of crystals of hydroxylapatite. The methods of XRD and IR spectroscopy
were established that the precipitation obtained after 48 hours of crystallization, represented by the phase of
hydroxylapatite (Fig. 1), belonging to the hexagonal crystal structure (2 © corresponds to 31.8, 32.9, 39.9).).
The crystallite size was calculated of equal to D = 13 nm [19], which is consistent with the data [2].

The IR spectrum of the samples contained the whole spectrum of the bands characteristic
forhydroxylapatite (Fig. 2) and have a complex structure. The presence of absorption at 1113, 1019,
958 cm ' and 604, 573, 469 cm 'correspond to vibrations of a group PO, as well as trough sat 3576,
3400 cm' that are characteristic for OH- stretching vibrations of molecules of structurally bound water. One
can also notice that the spectrum contains absorption bands of CO,> with the peaks at 1460, 1420 and
865 cm™'. In addition, a broad band in the region of 2700-3700 cm™ and peak at 3540 cm 'can be attributed
to the stretching vibrations of H-O-H and OH, respectively.
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Figure 1. The diffraction pattern of the synthesized Figure 2. The IR spectrum of the sample of hydroxylapatite
sample of hydroxylapatite at pH = 5.5040.05 (48 hours) synthesized at pH = 5.50+0.05 (48 hours)

The specific surface of hydroxylapatite was calculated by the method of BET, and its value was
72.0 m*/g. Analysis of the supernatant liquid and calculation of the Ca/P ratio showed that the Ca/P in the
synthesized hydroxylapatite was equal to 1.67 that corresponded to the ideal HA.

2. The results of adsorption experiment. As a result of the adsorption experiment, isotherms of adsorp-
tion of amino acids to hydroxylapatite were obtained (Fig. 3). Referring to the curves, it can be concluded
that the adsorption reaches saturation. This allows for C,,, = 0.030 molxL™" to compare the values of adsorp-
tion while varying the pH of the solution to finding the values of maximum adsorption (Table 1).
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Figure 3. Isotherms of adsorption of amino acids on hydroxylapatite
Table 1
The maximum adsorption of amino acids at varying pH, q, molxkg™
. . pH
Amino acid 5.00 5.50 6.00 7.00 7.50 8.00
Glycine 0.400 0.350 0.400 0.400 0.450 0.400
Alanine 0.150 0.150 0.200 0.150 0.150 0.150
Aspartic acid 0.150 0.150 0.200 0.200 0.250 0.300
Glutamic acid 0.300 0.250 0.250 0.200 0.200 0.200
Arginine 0.200 0.200 0.200 0.150 0.150 0.150

The pH wvalues, at which the maximum adsorption of amino acids on the surface of
hydroxylapatiteoccurs, are shown in the table 1. These amino acids are in charged ionic formsat given pH
values of the solution.To determine the equation describing the adsorption, the experimental data were pro-
cessed from the position of the Langmuir theory (1) and the Freundlich theory (2) (Table 2):

quLC
=dmr 1
1 1+K,C 0
where ¢,, — is the limiting amount of adsorption, molxkg™”; K; — is the adsorption equilibrium constant;

C — is equilibrium concentration of adsorbate, molxL".
1

g=K,C", )
where Kr— is coefficient of proportionality; n — is exponent, n<1.
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Table 2
Equations described by the models of Freundlich and Langmuir,
for adsorption of amino acids on hydroxylapatite by varying the pH of the solution
. . Qmax» Equation model of R’
Amino acid molxkg ' PHimax Langmuir Freundlich Langmuir | Freundlich
46.49xC
Glycine 0.450 7.50 | ¢=0.749 ) OATXE g=9.158xC""™* 0.960 0.958
1+46.49xC
Alanine 0.200 6.00 | ¢=0.239 ><M g=0.938xC**" 0.958 0.899
1+11.40xC
4
Aspartic acid 0.300 8.00 | g=0.368 XM q=2.965xC"* 0.969 0.831
1+33.47xC
A
Glutamic acid 0.300 5.00 | ¢g=0.368 x& q=2.966xC"** 0.969 0.831
1+3=33.15xC
.. 5.00— 13.08xC 0.361
Arginine 0.200 =0216X——— =0.782xC 0.957 0.846
£ 6.00 | 1+13.08xC__ | ‘

The obtained values of g, are adequate, as all practical values of ¢ are less than g,,. As can be seen from
Table 2, adsorption of amino acids has a good correlation in the linear coordinates of the model of Langmuir.
It was further used to calculate the change of Gibbs energy according to the formula (3) (Table 3):

oG =—-RT xInK, 3)
where R — is the universal gas constant, R = 8.314 kJ/(KmolxK); K — is the constant of adsorption equilib-
rium.

Table 3
The value of the Gibbs free energy for adsorption of amino acids, —-AG, kJ xmol ™"
. . pH
Amino acid 5.00 5.50 6.00 7.00 7.50 8.00
Glycine 8.94 8.87 9.08 9.08 9.51 8.80
Alanine 6.47 7.42 6.03 6.47 7.42 7.42
Aspartic acid 8.53 8.53 8.50 8.50 8.56 8.70
Glutamic acid 8.67 8.53 8.53 8.46 8.46 8.46
Arginine 6.37 6.37 6.37 7.42 7.42 7.42

The values of the Gibbs energy were calculated and there was revealed that the interaction of amino ac-
ids with the surface of the hydroxylapatitewas characterized by physical adsorption due to forces of electro-
static interaction of positively and negatively charged centers, as well as due to the formation of hydrogen
bonds.

Analysis of the surface charge of the solid phase of hydroxylapatite at pH = 5.00, 6.50, 8.00 + 0.05 has
shown that its surface is positively charged under the given pH values of the solution. It can be seen that after
adsorption (C,, = 4 mmol/l), glycine addition does not change the sign of the surface charge, because it is
possible to incorporate glycine into the hydroxylapatite structure. With the addition of alanine, there is also
no surface recharge, since physical adsorption binds its positive and negative groups at the ends, and as a
result, the uncharged side group does not affect the charge of the surface. When adsorption of arginine is also
binding its end groups, but at these pH values it is in the form of positively charged zwitterions, and as a re-
sult, outside the surface is it’s charged positively side group, which does not change the charge of the sur-
face. However, with the addition of aspartic and glutamic acids, it can be seen that the surface is recharging,
they are at the given pH values of the solution in the form of negatively charged zwitterions. Because of this,
adsorption on the surface has a negatively charged side group that forms a layer on the surface, which as a
result changes the charge of the surface of the hydroxylapatite (Table 4).
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Table 4
The sign of the charge hydroxylapatite in the presence of amino acids of a similar concentration
. . H
Amino acid 5.00 550 [ 500
Without amino acid + + +
Glycine + + +
Alanine + + +
Aspartic acid — — —
Glutamic acid — — —
Arginine + + +

The result of IR spectroscopy confirmed adsorption. On the IR spectrum of the sample after the adsorp-
tion experiment (Fig. 4), the vibration band at 1650 cm™ should be considered as the total, reflecting the vi-
brations of C = O, N-H, O-H bonds in amino acid and OH-ions in hydroxylapatite. Also, the appearance of
specific absorption bands associated with the vibrations of N—H and C—N bonds, which appear in the 3500—
3300, 1650-1500, 1360—-1000 cm ' regions, is registered, which confirms the possibility of adsorption of
amino acids on hydroxylapatite.

0,14-_
0,12_-
0,10-
0,08—-

0,06 4

Transmittance, %

0,04 4 r

0,02 - T '

0,00 4

T T T T T T T 1
0 1000 2000 3000 4000
Wavenumber, cm’™!

Figure 4. The IR spectrum of the sample after the adsorption experiment (48 hours)

Previously we have found that glycine, aspartic and glutamic acids adsorption is described by
Freundlich model. For alanine and arginine adsorption is described by the model of Langmuir [20, 21].

Conclusions

1. It was carried out the synthesis of hydroxylapatite, the structure of which was confirmed by XRD and
IR spectroscopy. The values of the sign of the surface charge of hydroxylapatite were found to be positive. T

2. The processes of adsorption of amino acids on the hydroxylapatite were investigated. There was
identified that the values of pH of maximum adsorption were as follows: glycine at pH = 7.50 £ 0.05, the
alanine at pH = 6.00 £ 0.05, aspartic acid at pH = 8.00 £ 0.05, glutamic acid at pH = 5.00 £+ 0.05, arginine at
pH = 5.00-6.00 = 0.05.

3. Adsorption of amino acids was described by the Langmuir model.

4. The values of the Gibbs energy were calculated. There was revealed that the interaction of amino ac-
ids with the surface of the hydroxylapatite was characterized by physical adsorption.

The work was executed at the partial financial support of the Russian Foundation for basic research
(grant No. 15-29-04839 ofi_m and no 16-33-00684 mol_a).
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O.A. T'onoBanosa, K.K. I"'omoBuenko

FnupomcnﬂanaTnT 6eTin(e AMUHKBIIIKbLIIAAPD COpﬁlII/IﬂCLIHbIH
(l)I/I3I/IKa-XHMHHJILIK 3aHABLIBIKTAPbI

Kanbunit pocarraps! GpusnoreHaik xoHe NaTOreHAiK MHUHEpaIbl Ty3iniMaepaiH Oip Gesiri 6osibin TaOblia-
16l [upoKkcunanaTuT CyHeKTiH, Tic IMaJi )KoHe ACHTUHHIH HeTi3ri MUHepasIbl KOMIIOHEHTI 00JIbI Tabblia-
ThIHBI Genrimi. OpraHuKaibIK jKOHE MHHEpaIIbl KOMIIOHEHTTEPJIH e3apa opeKeTi OMOreHAl KpHCTalmaHy
YPAICTepiHAe CYTKOPEKTUIepAiH CyHeK MaTpHIachlH KAIBINTACTHIPY, COHIAH-aK NMATOTeHIl TY3UIiCTepHiH
HYKJICAIMSCHIH JKOHE OCYiH KaMTaMachl3 eTy[e YJIKSH MaHbI3Fa ue. MyHIa MUHEpaljaHy MpOLECTepiHiH
HeTi3iHne onodaynarepain OeHopraHUKaIBIK KOMIIOHEHTTEPI MEH KAJIBIITACTHIPYIIBI (pazayapsl Oap aKybI3
MOJIEKyJIaNapblHa ~OalJIaHBICTBIPBUIFAH  00C ~AMUHKBIIIKBULIAP/ABIH KOHE aKybl3 MOJIEKYJaJapbIHbIH
ancopOLMsUTBIK ~ ©3apa  opekerTecyiHiH OipHeme Oomkamzaapel Oap. Auaiima omapaslH — e3apa
OpEKEeTTECYJICPiHIH TETIirl TONBIK 3epTTenMereH. Makaiaia THIpOKCHIANATUT OCTiHAE aMUHKBILIKbUIIAPIbIH
agcopbumsicer  3eprrenni. Kanpumit ¢ocdarbin epitinginen cunrtesney kyprizingi. PDOA xene UK
CIIEKTPOCKONMSCHIHEIH ~HOTIDKEIEpiHe CYHeHe OTBIpHI, TyHOa THIPOKCHIAanaTtuT (a3ackl  apKbLIBI
anpikTaFad. BOT onmiciMeH THIOPOKCWIANATUTTHIH OcTiHiH aynmaHel 72,0 M%/r GONATHIHEL AHBIKTAJIIbI.
AMUHKBIIKBULIAPIBIH 8JICOPOLHUSCH OJIapAblH KOHICHTPALMSIApbl MeH epiTinainep pH-HiH KeH ayKbIMbIHIA
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3epTreareH. [ MApoKcuiIanaTuT OeTiHAeri aMUHKBIIKBULAAPABIH — aJCcOpPOLMSCH  KAaHBIKTBUIBIK —KaXKeT
eTeTIH/Ir aHbIKTaIAbl. AMHHKBIIKBULIAPABIH MAaKCUMAJIbl aJCOPOLMACHIHA I'MAPOKCUIANATHT OeTiHaeri
epiTinginig pH-HBIH acepi KapacThIPbUIAbl. AMUHKBIIIKBULAAPBIH THAPOKCHIANIATUT OeTiHmeri agcopOims-
cbl Jlenrmiop ynriciMen cunarranrassl 3eprrensi. MK-cnekrpockonust HoTmKenepi axcopouus dakricid pac-
Tay yuriH OepinreH. ['MOpOKCHIANIATHTTIH KaTThl (pa3achHBIH OCTiHIETI 3apsAThIH Oenrici aHbIKTammbel. [un-
pOKCHIIANIaTUT OCTIHIH 3apsAbIHBIH Oenrici oH 0oJFaHbl pacTaiasl. [ MOOC SHEPTHSCHIHBIH MOHJIEPIH €CENTEY
JKYPTi3UIi JKoHE aMHUHKBIIIKBUIAAP/IBIH THAPOKCIIIANIATAHT MIEH 03apa dPEeKEeTTECTIrl (U3MKAIBIK aJcopOmus-
MEH CHIIATTAJIaThIHbI JOJICIACH].

Kinm ce30ep: THApOKCHIANATHT, aACOpOLMs, AMUHKBILIKBUIBL, epirimTiri, OCTiHIH 3apsabl, epiTiHmi,
Jlenrmrop mozeni, Opeitnanux Mopaeni.

O.A. T'onoBanosa, K.K. I"'omoBuenko

Du3nko-xuMn4ecKne 3aKOHOMEPHOCTHU COpﬁHI/II/l AMHUHOKUCJIO0T
Ha MOBEPXHOCTHU N'NMAPOKCHJIAIIATUTA

@ocdarbl KaybLMA BXOAAT B cOcTaB ()M3MOTEHHBIX U IATOTCHHBIX MUHEpPaJIbHBIX 00pa3oBanuil. M3BecTHO,
YTO THAPOKCWIATIATUT SIBJISIETCS OCHOBHOW MHHEPATIbHOW COCTABISIOIIEH KOCTHOHM TKaHH, 3yOHOH sManu u
JIeHTHHA. B3anmopeiicTBre opraHn4ecKoil 1 MUHEPAIbHONM COCTAaBILIOIMX MMEET OONBIIOe 3HAaYeHHE B Ta-
KHX Ipoleccax OMOTeHHOHW KpHCTaIIM3anuy, Kak (JOPMHUPOBAHHE KOCTHOTO MAaTPHKCa MIIEKONHUTAIONIHX, a
TaKoKe 3apOoXKIEHHE M POCT NMATOTeHHBIX 0Opa3oBaHmil. CyIIecTByeT psii MPEeANOJIOKEHHH, COTIACHO KOTO-
PBIM B OCHOBE IIPOIIECCOB MHHCPAIM3AIMHU JIEKHT aJCOPONMOHHOE B3aUMOJEHCTBHEC CBOOOIHBIX aMIHOKHC-
JIOT ¥ CBSI3aHHBIX OENKOBBIX MOJIEKYJ C HEOPraHMYECKMMH KOMIIOHEHTaMM OMOXHAKOCTEH n (opmupyro-
muxesa ¢a3. OmHaKO MEXaHU3M HMX B3aUMOJEHCTBHS 10 KOHLA He M3ydeH. B pabore m3yuena amcopOuust
AMHHOKHCJIOT Ha MOBEPXHOCTH ruapokcuianatuta. OcyliecTBieH cuHTe3 GpochaToB KalblUs U3 PacTBOpA.
ITo pesynbratam POA u UK-crieKTpoCKONUHU yCTaHOBICHO, YTO OCAAKU MPEACTaBiIeHbI (a30il rHApOKCHIIa-
naruta. C momompio Meroma BOT paccumTanm ymenbHYIO IOBEPXHOCTb T'HIPOKCHIIANATHUTA, PAaBHYIO
72,0 M¥/r. ViccienoBaHa ancopOLys aMUHOKHCIOT B IIMPOKOM HHTEPBAIE BAPHUPOBAHMS HX KOHUECHTPALMH 1
pH pactBopa. JlokazaHno, 4To afcopOIHss aMUHOKHCIOT Ha MOBEPXHOCTH T'MIPOKCHJIANATHTA JIOCTHTaeT Ha-
coimenust. Paccmorpeno BiusiHue pH pacTBopa Ha 3HaueHHE MAKCHMAlIbHOW aacopOIMU aMHHOKHCIIOT Ha
MOBEPXHOCTH TUApoKcunanaTuta. JlokasaHno, 4ro afgcopOIys aMUHOKHCIOT HAa MOBEPXHOCTH THAPOKCUIIATa-
THUTa omnuchiBaeTcsi Mojenbio Jlenrmiopa. Pesynsratel MK-ciekTpockonuu npuBeieHb! AJsl MOATBEPKICHHS
(akra ancopbuuu. I[IpoBeneHo onpeneneHue 3HaKa 3apsjia IOBEPXHOCTH TBEPAOH (a3bl THAPOKCUIIANIATHTA.
ITony4yeHo, 4To 3HaUeHME 3HAKa 3apsAfia MOBEPXHOCTH T'MAPOKCHUIANATHTA MOJOXKHUTENbHOE. OCyIecTBiIeH
pacder 3HaueHui sHeprun [ 'n60ca 1 BBIBICHO, YTO B3aUMOAECHCTBHE aMHHOKHCIIOT C MTOBEPXHOCTHIO THPO-
KCHJIAIIaTHUTA XapakTepusyercs: Gpusuaeckoit agcopoimeit.

Kniouesvie crosa: THAPOKCHIIAIATUT, aICOPOLIS, aMIHOKHCIIOTA, PACTBOPEHNE, TOBEPXHOCTHBIH 3aps], pac-
TBOp, MoJielb JIenrmropa, monens Openanmxa.
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