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Husak E.V., Danylchenko S.M., Gordienko O.V., Inshyna N.M., Oleshko O.M., Pogorielov M.V. Surface chemistry of
biological apatites in mineralized tissues (on the example of spongy bone tissue).

ABSTRACT. Background. It is well known that poorly crystallized carbonate apatite is the main mineral component of the
normal calcified hard tissues of human skeleton. However, some attributes and characteristics of bioapatites in physiological-
ly mineralized tissue remain undefined. It is thought that structural imperfections and surface properties of the bioapatite
nanocrystals govern the crystal chemistry and therefore should be crucial factors in formation, resorption and remodeling
behavior of the biominerals. The biocrystal surface plays an exceptional role as a boundary between mineral and organic
components and location of the main processes. The correlations between structural defects and content of labile ions on the
crystal surface may reflect some ultrastructural features of bioapatite and ability to ion exchange. Objective. The aim of the
research was to study the crystal-chemical characteristics of bio-related calcium apatites. Methods. In our research we used
pyrolysis and subsequent ultrasonication in aqueous medium. Because apatite solubility is minor at normal conditions, the
free ions can be removed in aqueous solution, keeping unaffected apatite structure, and then their concentration can be de-
termined by atomic spectroscopy (AS). Results. 60-70 % of Mg present in bone seems to be incorporated in bioapatite struc-
ture substituting Ca, while the remaining Mg is located on the bone mineral crystal surface where it is easily available and
could be removed by ultrasonic treatment. Also we got evidence that Mg and Na in bone apatite can be both in structurally
bounded (substituting calcium in lattice) and in labile state (localizing on the crystal surface), while K is not able to join the
apatite structure in significant amount or to be chemically bounded to it.

Key words: bioapatite, crystallite, crystal lattice, mineral and organic component, spongy bone tissue, elemental composi-
tion, "noapatyte environment”.
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Beryn

Kictka mae ckmamHy OaraTopiBHEBY OYyIOBY,
HAHOPIBHEBHMH CKJIQZIOBUMH SKOi € MiHepaJbHa
(KpucTalliTH amaTUTy) Ta opraHiyHa (komareH) ¢asu
[1]. Takum urHOM, 6A30BUMU CKJIAJIOBUMHU KiCTKH €
MiHEpaji30BaHI BOJIOKHA KojlareHy | Tumy, a CmiB-
BITHOIICHHS 3a3HAYCHUX KOMIIOHCHTIB € 3aITOPYKOIO
MEXaHIYHHUX XapaKTEPUCTHK OpPTaHYy.

Minepainizaiisi B KiCTKOBif TKaHWHI — CKJIaJ-
HUI Tpolec BiIKIaJaHHs IUIACTHHKO-TTOMIOHUX Ha-
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HOYACTHHOK TIIPOKCHAIIATUTY B MiX(iOpUIsipHOMY
Ta no3adiopuwisipHomy npoctopi [2]. LleHrpaasaum
SAPOM KO)KHOI YacTWHKHM 010amaTHTy € KpUCTal;
30BHIIIIHE HEAaTHUTHE OTOYEHHS SIKOTO CKJIaJaroTh
aMOp(HUIA TiapaTHUH AP 3 PO3YUNHEHUMH Y HHOMY
KaTiOHaMU 1 aHIOHAMH Ta TIOBEPXHEBAa IUTIBKa MOJie-
KYJI BOJIH, KOPCTKO 3B’sA3aHUX MiXK co00r0. Okpemi
KPHUCTATITH MiX CO0OI0 (OPMYIOTH KOHIJIOMEpaTH
MapayiebHUX IJIACTHHYATHX KPUCTANiB, 00’ €THAHUX
Mix coboro. Taka OararopiBHeBa OyoBa 0ioamaTuTy
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3a0e3meuye HOMY IIUPOKHUN CHEKTP K MEXaHIUHUX
Tak i (i310JIOTIYHAX MOXKIIMBOCTEH B opraHismi [3].

He MeHI 3Ha4yynmM HEOpraHiYHUM KOMIIOHE-
HTOM KiCTKOBOI'O MaTPUKCY € BOZa, sika 3a0e3reduye
3B'130K BHYTPIIIHHOTO Ta 30BHINIHHOT'O CEPEIOBHIII 1
TPaHCIIOPTYBAaHHS PEUYOBHMH MK KJIITHHAMU Ta I103a-
KJIITUHHAM MaTpuKcoMm [4].

PiguHHMI ceKTOp KICTKH pO3[ileHHi Ha BHYT-
PIIHBOKIIITHHHY Ta MO3aKIITUHHY Boay. [lo ocran-
HBOI BiZIHOCATH BUIbHY (MOOLIBHY) BOJY, SIKa 3aI0B-
HIOE MIKpOIOpH, MiKpOCynuHHU, ['aBepcoBi kaHamu,
JIAKyHApPHO-KAHAJIBIII€BI CUCTEMH, CIIAOKO3B’sI3aHy —
3B’s13yeThbCsl 3 (hiOpHIaMu, MaTpukcoM Ta (opMye
aMop(HUIA TipaTHUIA 1ap TiIPOKCHATIATUTY, YKOPC-
TKO3B’s13aHYy BOJIy — CTAaHOBHUTh 30BHIIIHIN map 6io-
MiHepaiy [5-8]. 3a paxyHOK Takoi Jiokaji3alii Boja
BUKOHYE HACTYITHI pOJi: CTaOLII3aMil0 KpUCTATIYHOT
CTPYKTYpH 0loamaTuTy, 3aXHCT BiJl MEXaHIYHHUX I10-
IIKOJDKEHB, PyX KPUCTATITIB BiTHOCHO OJIUH OJIHOI'O
Ta Kojiareny [2,6].

BBaxkaeTbcsi, MO CTPYKTYPHI HEIOCKOHAIOCTI
Ta BJIACTHBOCTI ITIOBEPXHI HAaHOKPHCTAJIB OioamaTu-
Ty BU3HAYAIOTh 1X KPUCTAIOXIMIIO i € KpUTHYHUMHU
(dakTopamu y mporecax GpopMyBaHHs, pe3opOIlii Ta
nepeOynoBu OiominepaiiB. [loBepxHsi OiokpucTanmy
BiJlirpa€e poib MeXi MOALTY MiHEpaNbHOI 1 OpraHiy-
HOi CKJIaJIOBHX Ta MicClle Tepe0diry roJoBHUX (¢i3io-
JoriyHuX mpouecis. Kopensiii Mi>k CTpyKTypHUMH
nedexramMu Ta BMICTOM PYXJIUBHX 10HIB Ha ITOBEPXHI
KpHCTaly Ma€ BiJIoOpakaTH IEBHI YAbTPACTPYKTYp-
Hi 0COOJIMBOCTI 0i0amaTUTy Ta CIHPOMOXKHICTH IO
ioHHOro oominy [9-11]. TuM He MeHII, MOBEPXHs
KPHCTAJIB Ta iX HeanaTHTHE MiHepalbHEe OTOYEHHS
SK y (i3i0J0TiYHOMY 3aJHIIAIOTHCS HEAOCTATHHO
BHUBYEHHMHU.

I'yOuacra KicTKOBa TKaHWHA Ma€ 3HAYHY IUIO-
LIy TIOBEpXHi, BUCOKHI BMICT BOJHM 1 SIK PE3yJIbTaT
BUCOKY KJIITUHHY aKTHBHICTb. TOMYy OTpUMaHHs
HOBHX JaHMX PO IOHHUI OOMIiH Ta B3a€MOIII0 MK
(ha3010 HAHOKPUCTAIIIB 1 HEKPUCTATIIYHIM MiHEpallb-
HUM OTOYCHHSM Y 0i0amaTHTaX KaJbIIio i€l TKaHU-
HU Ma€ CHPUSTH PO3IIUPEHHIO Cy4acHUX YSBJIIEHb
PO OCOOJUBOCTI HOPMAJIBHOI MiHepasi3alli KUBOi
TKaHWHH, a TaKO)X BUHAWJEHHSM 3ac00iB e(peKTUB-
HOT'O BIUIMBY Ha IIi niponiecH. MeTo1o naHoi podotu
€ BHU3HAYCHHS MICIb TIEPEBAKHOI JIOKATI3aIli i Bij-
MOBiZHUX (BiTHOCHUX) KoHIeHTpauii Na, K ta Mg,
JUIsl I€TajdbHOI OIIIHKK EJIEMEHTHOI'O CKJIAAy MiHe-
pai3oBaHUX TKAHHH.

Marepianu i MmeToaun

ExcriepumenT OyB mpoBeneHuid Ha 12 Oinmx
Ja0opaTOpPHUX IIypax 6-MicsiuHOTrO BiKy. TBapuHH
YTPUMYBAJINCh HAa 3BUYAHHOMY Xap4yOBOMY pallioHi
Ta B YyMOBax, IO BiINoOBinaroTh «CaHITapHUM Mpa-
BUJIaM CTBOPEHHS, OOJaJHAHHS Ta YTPUMAaHHS EKC-
MIEpUMEHTAIBEHO-010JI0TTYHNX KITIHIK (BiBapiiB)» BiA
06.04.73 p. Ta nonoBHenHsM Bix 04.12.78 p. mo Ha-
kazy MO3 CPCP Ne 163 Bix 10.03.66 p. «IIpo no-
00BI HOPMH XapuyBaHHS TBapUH Ta IPOMYLIEHTHY.
Vs ekcriepuMeHTallbHa YacTHHA JOCHIKEeHHs Oyra

MPOBEZICHA 3Ti/IHO 3 BUMOTaMH MiXKHApOJHUX MPUH-
LHUIMIB ,,CBPOINCHCHKOI KOHBEHINT IMOI0 3aXHCTy
XpeOETHUX TBAapHH, sIKi BUKOPHUCTOBYIOTHCS B €KC-
MepUMEHTI Ta HIMX HaykoBUX niuax‘ (CtpacOypr,
1986 p.), npunHnmmiB ['enbCiHCHKOI IeKIapartii, mpu-
nuasaroi ['enepanbHOIO acambOieero BcecBiTHROI Me-
nuaHoi acorriarii (1964-2004 pp.) Ta BiOIOBIIHOTO
3aKoHy YKpainu ,,IIpo 3aXucT TBapuH BiJ XKOpPCTO-
koro noBomkeHHa (Ne 3446-1V Bix 21.02.2006 p.,
M. KuiB) [5,6,7,12]. Ycix TBapuH BUBOJMIH 3 €KCIIe-
PUMEHTY NULIXOM NepeNo3yBaHHSI HApKO3y, Micis
YOro BUAQSUIM Ta30BY KicTKy. JlocmipKkyBaHuii mate-
piaj ouMIIAK Bif M’SIKHX TKaQHHUH. 3pa3Ku JOCIIKY-
BaHOIO MaTepialy 3Ba)KyBajH 1 BiIIATIOBATIH Y MY-
(enbHIl eyl mpoTAroM 6 TOJAWH NPU TeMIlepaTypi
450+5°C. Po3TepTi 3pa3ku BiAmairoBaiu y Myheib-
Hill TIeYi MPOTATOM TOMHU IO TOCATHEHHI TeMIiepa-
Typ 600£2°C, 640+£2°C, 680+2°C, 72042°C,
760+£2°C BignosigHo. Ilicnst 3BakyBaHHS 3pa3Ku
00pOOIISIIH YABTPA3BYKOM MPOTroM 10 XB ycTaHO-
Bui Y3/IH-A (SELMI, Vkpaina) B 6inucTHIBOBaHIN
Bomi 3 pH 6,6. O3ByueHi cycrneHsii (GiIbTpyBau.
OTpuMaHi pO3YMHH KOXKHOI TEMITEpaTypH BiJlIaieH-
HSl aHaJi3yBaJW Ha aTOMHO-a0COpOLIHHOMY CIIEKT-
POMETpi B PSXKUMI eMicii Ta OJTyMEHEBOT aToMi3arllii
JUTsl BU3HAaYeHHs KoHIeHTpaii Na, K, Mg.

PesynbTaTi Ta iX 00roBopeHHs

Tepmiuna 00poOKa 3pa3kiB KOMOIHAIIT 3 YIIbT-
Pa3BYKOBOIO OOpPOOKOI0 MiHEpATiTIB y OiIUCTHIIBO-
BaHii Boxi 3 pH 6,6 3maTHi 3a0e3meunTt iHpOpMa-
Iif0 TIPO €JIEMEHTHUH CKJIaJ[ TBEPIOi KPHCTaTIUHOI
¢da3u (uu ¢a3) Ta MIKPOCIEMEHTHE OTOYCHHS KPHC-
TaNMiYyHUX YacTMHOK. pH GimucTuiiboBaHOI BOAM He
BIUIMBAE HAa PO3YMHHICTH OIOJOTIYHOTrO amaTHry.
VYipTpasBykoBa 00poOKa JO3BOJSE 3a0C3MEUUTH
OLIIbII MOBHHH MeEpexisi MIKPOEIEMEHTIB 3pyiHOBa-
HOT'O TiJJPpaTOBAHOrO Iapy 0i0amaTtuTiB y BOJOPO3-
YUHHUM CTaH MICIsI KOXKHOI TeMIlepaTypHOI 00po0-
ku. BigmamroBanns 3a t 600+2°C moka3ye BMICT i0-
HIB BUTBHOI 1 3B’s13aHOI 3 OPraHIYHUMH CHOJYKaMU
BOIM Ta camol opraniyHoi Qasm. JliamasoH Biama-
JICHHS Y IPOMIXKY Bij 640£2°C mo 760+2°C Bifmo-
BiJla€ TeMIlepaTypi MoYaTKy peKpHucTaiizalii 3 yrBo-
PEHHSIM BiTHOCHO Oe3leeKTHHX KpHUCTaNiB 3a pa-
XYHOK 10HHOTO OOMiHY MiX iX 00’€MOM 1 moBepx-
ueto [13]. Tlpu pekpucramizalii BHHHKAIOTh HOBI
KPHCTAJITH, SIKi POCTYTh 32 PaXyHOK Ae(deKTHOI Ma-
TPHUL IIPU YTBOPEHHI B Hill 3apOJKIB peKpHcTaliza-
uii. [Iponecu pocTy KpHCTayi4HOI PEIIiTKH KpHCTa-
JIB alaTUTy CYNPOBOUKYIOTHCSI BUXOJOM KaTiOHIB Y
HearlaTUTHE OTOYCHHs a00 HAaBMAKH IX 3aXOIICHHIM
[14,15].

3a mormoMororo crioco0y BU3HAYECHHS TIEpEBaK-
HOI JIOKaJTi3allii Ta KOHIICHTpAIlii MaKpo- Ta MiKpoe-
JIEMEHTIB O10JIOTIYHUX MiHEpaTi30BaHUX TKAHUH
OyJI0 MpOBEICHE OCITIKCHHSA (ha30BOrO EIIEMEHT-
HOI'0 CKJIaJy MarHilo, Kajlilo, HaTPil0 HOPMAJIbHO
MiHepasi3oBaHOI Ty0uacToi KICTKOBOI ~TKaHWUHHU
(Tabmn.1).
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Tabmuns 1

Bwmicr kaniro, Marsito, HaTpiro B TyOUacTiii KICTKOBiH TKaHWUHI B HOPMi

Hasga nipoou

(t oBpoBKH 3pazka) K, MKr/T Mg, MKT/T Na, MKr/T

600°C 3886,85+53,7 240,56+12.9 214,27+15,3
640°C 4051,86+45,2 52,02+2,4 2904,39+34,7
680°C 3753,25+87,34 677,69+36,1 5363,13+56,2
720°C 3940,79+39,2 797,06+£34,7 8063,09+75,1
760°C 4031,11+37,1 321,61£28,6 1264,45+23,8

Otpumani ¢insTparu npu t 600+2°C BigHOCATH
JI0 €JIEMEHTHOTO CKJIaJly OpPraHiYHOrO KOMIIOHEHTY,
BUIbHOI Ta 3B’s3aHOI 3 OpraHiYHUMHU CIOJYKaMHU
Bomu. DinbTpaTd 3 TEMIIEpaTypHOro Mdiana3oHy
640£2°C - 760+2°C BigHOCATH OO E€JIEMEHTHOTO
CKJIaZly BOJM 3B’sI3aHOI 3 KpUCTAJIITaMU, SIKa Xapakx-
TEpU3ye 10HOOOMIH MK HEANMaTHTHHUM OTOYCHHSIM
Ta KPHUCTATIYHOIO pEIIITKOK OioamaTtuTta. 3MIHU
KOHLIEHTpALi#l B Me)XaxX JOCHTIPKyBaHUX TEMIIEPATyp
TOBOPATh PO XapakTep IOBEIIHKA €JIEeMEHTIB, a
came BXig abo BUXiJ iX 3 HEAaTUTHOTO OTOYEHHS
KpPHUCTANITIB. 3MEHIIEHHs KOHUEHTpawii Mg mnpu
Temrepatypi 760£2°C MoXe CBIIYHTH IIPO YTBO-
pennst HoBux (a3, Hanpukiaaa TKM® (tpukaibiiit
MarHiii ¢ocdar) Ta BXOMKCHHS HOT0 0 PEIIiTKA
Kpucraniry, 3meHmienns Na, K, Ca Moxke cBimuuTu
PO 3aXOIUICHHSI X KaTIOHIB KPUCTAJIYHOIO perli-

TKOIO 010anaTury.

BucHoBkn

B xomi mocnmimkeHHs Oyina oTpuMaHa MOJENb
CIIBBITHOIICHHS 1 B3aeMOIT MiXK (pa30r0 HAHOKPHUC-
TaNiB 1 HEKPHUCTAJIIYHUM MiHEPAILHUM OTOYEHHSIM
0i0amaTUTIB Kaiblilo ry04acTol KiCTKOBOI TKAHUHH.
Byna Bu3HaueHa mepeBaXkHa JIOKATi3aIlisi Ta PO3i-
npHa KoHUeHTpauis K, Mg, Na B komIiekci opraHi-
YHOI'0 KOMITIOHEHTY 3 BOZIOIO BIJIBHOIO Ta 3B’S3aHOI0
3 OpraHiYHUMH CIOJIYKaMU Ta B HEANaTUTHOMY OTO-
YeHHi O10KpUCTaTiIB.

IepcnekTHBY MOAATBIIMX JOCTiZKEHD

[NopiBHsANBHUIA aHAai3 10HHOTO HEANaTUTHOI'O
OoTOuUCHHS (hi310JIOTIYHUX 1 TATOMOTIYHUX OioamaTu-
TiB Ma€ MOTJMOUTH PO3YMIHHS MeXaHi3My OioMiHe-
paizarii y Iiiomy.
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Pedepar. llenpio nccnenoBanus sIBISIETCS U3YYEHUE YIABTPACTPYKTYPHBIX U KPUCTAIUIOXMMHUYECUX XapaK-
TEPUCTHK OMOJIOTUUCCKU 3HAYMMBIX AlTaTHTOB KAJIBIIUS Ha MPUMEpEe r'y0uaTol KOCTHOM TKAHU JJIS BHISABICHHS U
HCCIICIOBaHM OMONTOTHIeCKUX 3()(HEKTOB CTPYKTYPHBIX HECOBEPIICHCTB M MOOMJIBHBIX MOHHBIX KOMIIOHCHTOB
MTOBEPXHOCTHOM JIOKAJIU3AIIUH ITPH (PU3UOTOTHYSCKON MUHEPATN3AIINH.

KiroueBble cjioBa: OHOANMaTUT, KPUCTAJUIUT, KPUCTAJUIMYECKAs pelIeTKa, MUHEpaJbHAas U OpraHUYeCKas
COCTaRBJISIONIAs, Ty0UaTast KOCTHAs TKaHb, SJIEMCHTHBIN COCTaB, «HEAIIATUTHOE OKPYKECHHUEY.
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