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ABSTRACT

Hydroxyapatite/poly(ethylene glutarate} (HApR/PEG) biomaterial composites were
prepared by ring-opening polymerization {ROP} of cyclic oligo(ethylene glutarate) (C-PEG)
in porous HAp scaffolds. The HAp/C-PEG pre-compaosites were prepared by immersing the
porous HAp scaffolds in the mixture solution of C-PEG and dibutyl tinoxide catalyst overnight
and polymerizing at 200°C for 24, 48 and 72 hours under vacuum. PEG in the composites
was present as a thin layer coating on the HAp grains and was evenly distributed throughout
the samples. The PEG content was about 13 — 16 wt% and decreased with increasing of
polymerization time. Its molecular weight (Fw, weight average) measured by gel
permeation chromatography was in a range of 4,300 — 6,800 g/mol. Compressive strength
of the HApP/PEG composites was significantly increased from 3 MPa of the porous HAp
scaffold to 11 — 15 MPa depending on the PEG content in the composites. In vitro bioactivity
of the HAp/PEG composites was studied by soaking in simulated body fluid (SBF) at 36.5°C
for 7 — 28 days. After prolonged soaking, the HAp nanocrystals precipitated from the SBF
solution and formed as a layer of globular aggregates, coated on the composite surfaces.

This result suggested that the HAp/PEG composite was a bioactive material.
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Ll - A g 1 i 4 o i
WpmziRaeinala GPC ianiminluanares PEG #ldiaannisvindfjfisen ROP fianiay

5197 Aauanslupng1en 3.3

L

! v ! 14 !
Ane1af 3.3 windnluenaaduuaznisnszarasinminluanasesingdu PEG  #ldann

ar - =

UMsenefwelsaduiuuacuwiy, gy C-PEG RilFandjiseufisena

q
=

wedwalseduunntngs war PEG ludasdelssnaviléiannifizendjisane

q

awnlsdununtlagg

aauunilunig | wanluniein

angsiaaene | MUfiiFea ROP | UAATEN ROP M. M. MWD

°C) ()
PEG - - 1950 3530 1.80
C-PEG - - 430 570 1.31
200 24 2590 4320 1.67
HAp/PEG 200 48 2860 6430 2.25
200 72 2900 6840 2.35

a1nA1eed 3.3 wudriaminluanawdelaatimin (M.) 184 PEG RléRnnisi

v
- [

Ufjigen ROP Henaglutas 4,320 — 6,840 g/mol TergendnAniminluianaeeingRusias
4 1 a 1 S ]
C-PEG uwazAnwinluanawdulaaiiminges PEG vitdazdanfinaw Waarlunisvin
oo [ 4 AI é’ :’/ a’l’ ] di o 3, cil al dg e
UffiFandaiinau Metliraziflunailewnainsezinanlunisindfisaiinau lunel
] ] L = ﬂl 4 | i o | =
auldluanates C-PEG BudludngiuBdusiuisvyznasnnweisuadsuiidmniuie s
nsdensetssaaldluanates C-PEG wanar avald ailuaraldluanaues PEG ilaun
i @ 2: ar AI & ar ?/ ] L] = o
Ty laf Ryl liunminTaanaiisau dnludstielédnsrezinanTunsindjisen RoP faflu

ar -4 -] 1 t ’D’ L o [=]
prulshiflaninaleamsederninminluansees PEG ingdedszney

-]
335 dulAmuANLtusinarasiandalenan
HAp hdagfidlandBdenaiian wmsuazuaning nadAtasuudausanaresian
= 7 o o J o
913N HAp wuufignguinRaumeauiudasndalsznay HAp/PEG Mwianldainantizlunisin

Ufjiten ROP Migaungil 200 °C ilwsraziann 24, 48 kaz 72 Falus fuasslumnaeii 3.4
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A19h 3.4 Araoanudsusanarasdauigsin HAp  Uignsfuuardeudagdedsrnay

HAP/PEG Wisidtisiliannisind jiisen ROP

anmElunin ' 5
— , B ATNBARA
. Ufjfsen ROP ATAITHUINUTINA .
ANTRIDEN — ANMHLTILTINA
AUVNN | a0 (MPa)
. (MPa)
“C) | (falw)
HAp 13413 ; . 3.4 29.2
200 24 14.8 189.1
HAp/PEG 200 48 . 12.0 153.1
200 72 10.6 126.8
Cancellous bone - - 2-13 -
Cortical bone *** - - 100-230 -

unnEe * 13NN PEG Alamevsaamatin TGA
** F.G. Evans and A. King. Biomedical Studies of the Musculoskeletal
System.
W. Bonfied. Elastic and Viscoelasticity of Cortical Bone. In: Natural
and Living Biomaterials.
*** R.V. Audekercke and M. Martens. 1984. Mechanical Properties of

Cancellous Bone. In: Natural and Livivg Biomaterials. Elsevier.

A17199 3.4 WUAIAIANUTIUSINAUA ZATNEARAAINUTIUTINATEITRA LT
1 ﬂ] é’ [a] - ﬂr 1 A QI g ]
UszneuiiAinzuanfanasin HAp Uigns IasArmnuuwdeusanaiinueludag 11 - 15
1] q o a‘ : 1
MPa (Uszao 3 - 4 win) warArnandaauLdausanaindueyludae 130 - 190 MPa
v v 1 1

(Uszanu 4 - 6.5 win) viatlilleawnain PEG funsnsnagnielugniuresdau HAp flaany
tangugendtfieuisiin HAp Asiu PEG Axtaadfullpangfinssunisiuusauasnisuaningas
fau HAp Belldnwaszudanlss Wellussntouanuinseyinsedanidelsznay PEG azniutii
o 1 nlf -4 o = 4 L ot ﬂ: é’ 4#’
Fuussuazdaniuussluiadewdagdelsenauinlianatuisalunisfuusaiinauiile

as = - J
wWinufieufudewesiin HAp 1Wsgns
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=

FaudsdrAnydeduiingrudndracidninadedinnudusinnrasiasds

sznay 1un Bunuuasnimintuenates ROP-PEG lufeutandesznay Fansvilugdd
ar -8 A ’0, ar 4 %’ a

3.8 uasspuduiudssudnainiaunasiminluanaedalaeiiudnaes ROP-PEG ludeau

o b & 1 ar = A =y = 3 A
Fagdedszney AuaArpnuudswsanaresianiialsznay WeRansanainnsivaziuladile

]
=

sraziatlun1siiufisen ROP AAAnTY LﬂuwﬂlﬁmﬁwﬁnimaqaLﬂﬁaimﬂﬁwﬁn'ﬂm
ROP-PEG Wuianelsynauilanfisdusefilfedlssnudaluiade 3.3.4 uddnauudouse
NA1895801 395 NaUNFUTATRARY %ﬂﬁﬁuﬁwgﬁudﬂLﬂuuaLﬁmmmnmmmmmmﬂ?mm
PEG Tudaniiasznay HAp/PEG é’q&u?‘éammmﬂgﬂ‘lé’dmﬁmmmﬂd ROP-PEG lufamidv
ﬂ?::n@uﬁfaLﬂw’ffauﬂmﬁﬂﬁﬁ%ﬁwammmﬂmv“ﬁat,mnmm:ﬁim@@ﬁﬂmmuﬁm?anmmﬁ'@u
Tanvivlszneu deAfananandsiulaamssiuninnass ROP-PEG lwiagesznay
danBeuisunuudusinasesiagdalrzneufieionldiunsygnlusenie
syl wudn Jegdaszneufiien1flunny anvzgumgiusznanlunisinUfieen Rop 1
A uuTsusanelugag 5 — 20 MPa SalndiAuaunsygniugauaes Cancellous bone RilAN
praudeuseneeglutas 2 - 13 MPa Aepedndaaidelszneufistanidirazanansainly

A A o A 3 ot 1
Ussgnsldendludouasanszgninigngusitediundasnisiuusslsiagludasfenansls

—
-
p.

=
oo
= 2%
= £
o) {102
- @
- =
) +8 ®
S g
o 6 @
o w
& te &
£
12 o
T Q

; : 0

24 48 72
ROP period {hr)

A as & 1 ‘0‘ o’ tﬂl ROJ o
sUN 38 neuansauduiutrzndtaFunn PEG dwiinTuianaiafulagiintnaes PEG
lufaudandslsznay HAP/PEG  LazAIANLIILIINATeIdag edseney

HAR/PEG Twsitenlélnaldszaziaanlunisinufizen ROP Ana
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1232891 891l52nau HAP/PEG



TunisAnmantifaudaslinwionwaasdagdalszney HAp/PEG WiaTuals
arldsruussnaniiguugiuazasdlssnausiivvrdeesaaanai i lndAaefiussuuniely
] r‘dJ ar i =l ] o . " ﬁil =5 2 o
FameNyeed fansAneluszuudenans Fandy <n vito” anmaiinisiaenldrruudnaed
a [ 3 L1 o o 1 :I/
sananalunisAnwnidesduispauiividifMunnirdagdensed il 19l usananywdi
J o ) 3 L] [ ) & (L4 [
Wasansyuusainanaatunsaaiaaulding luthanduden bisduielddndnaass uas

a4 iy a2 = ° 4 o . o
ansaatuaNtiadsingiidne EnisreananldlussuudiaesdaGundt “arsaratuanaed
1Y ]
pdnaTasvanlus1anie (Simulated  body  fluid, SBF)” wulsznaumiadaisaiiunian
L3 B & o o ] = 1 [ o dl = =
psflsznevuazanudndulndifssivlesanefuvidlusenauysd Telessusliuvidlu
L] i i o A o { Ll
asavane SBF iiulesauiinuadasinenssiunisa¥anndaunszgnuuiandaunszinig
2 | Jf = e
nsmaasy Trapsnauisolunsafeansdannszgnuniuiiafasduassinialsaniazees
1 &
asazane SBF (uArfdensasndeslalunnsdanmaesiandansed uanainliansazany

SBF {luansazansd liileedlssnautesdsauyisa lussuuanasd saviuaslddnilusiesldans

[ :J: = = Al’ a 1 = ] v =5
FUEINFRLTAIDILLATFY BIAVTUSL NN ANAINDIRATTRAFDN1TE T8I TaN nT<An

4.1 MIVTENATRERA BN IABIARBYRUNAT IUF AN (Simulated body fluid, SBF)
an3avany SBF annsawinliannasadfandluman 4.1 Tnuen azans
grnpflanndafl 1 - 7 Fazfaaslutinnduiunas 1400 fadans tunsudaairtedunau
wlindnuazaruaNgung Haesdsazane il Andszang 36-37°C A eLlfuAnANy
nea-LuaBsdsazaneiaunge lalnsasasnuay (CH,OH),CNH, 1A Uszunm 7.4 udqasdsu
Bumsresansaraneiavuailu 2000 Saddnssaeiangu arndufuasazate SBF luta

wanaRnignennfitlseanns 5°C arrazane SBF AwBunldiiaanudndureslessusiiuvid fa

kA LRI 4.2
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FATWT 4.1 @15LA

Tl lunsTanansazane SBF

ansaililElunsisieuansazany Wrnouansild
1. NaCl 15.992 nfu
2. NaHCO, 0.700 nfu
3. KCI 0.448 niy
4, K,HPO, 3H,0 0.348 niu
5. MgCl, 6H,0 0.612 N3y
6. Na,SO, 0.144 nFu
7.CaCl, 0.556 Niu
8. 1M HCI 80 HaRANg
9. (CH,0H),CNH, 12.116 nfu

A319N 4.2 Aansdnduresleasueliuyiilugaisazats SBF uaz Human blood plasma

1inleeaw | Simulated body fluid (mM) | Human blood plasma (mM)

Na' 142.0 142.0

cr 148.8 103.0
HCO, 4.2 27.0
K™ 5.0 5.0
Mg 1.5 1.5
Ca”’ 2.5 2.5
HPO,” 1.0 1.0

4.2 managauandadlimedimneesiamdalssnau HAP/PEG
Wtauiasdlsenan HAp/PEG wndmtandi WGeusaanseatensadanay

AfluFifiaauazidan 400 800 1000 uaz 1200 ANARL uazdndnafedanuduinaynp

iTsum 4 lupsau mmi’ué’wr’f@uf‘a’ac-;:L%aﬂsxnﬂulﬁa:mﬁluﬁﬂﬂ@%uimm'l‘hﬂ‘éimfa"aﬁm‘imﬁﬂ

v g L Oﬂl =9
uaahaliuagung e
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Wfaudamdelsznoy HAP/PEG Nyl lunaanussqinatiig Tneuilouasnay
ussqietaeuiley mﬂ&uﬁwﬂ@mmmG?T'Jmifmﬁi@L%’ﬁﬁ'uﬂmﬂ%’ﬂmﬁwmﬁfaﬂ@uma‘ A
Uanedndhailsesetlanansazgnaaiutueeunugnmnsivadillfmaussqaisazana
SBF Lﬁaﬁ@ﬁ@ﬂﬂum@m?@LL&'ﬁaﬁﬂu@@mmsfiﬁfmﬂwLLa:mmm?ﬂgmmmm SBF wilugns
mmuqmmﬁﬁ 36.5°C Tmaﬁm;cvmmafaumﬂlﬁszuuﬁqﬂfawméwmﬂﬁummlugﬂﬁ 4.1
anifuiannstleuansazane SBF w%‘mﬁ’qmuauﬁmmmﬂummqm?ﬂ::ma SBF 7EmIga
130 finfamssiadu Tnuarsazat SBF Tluaruiamdeilsznouudaazgnassiuvieludann
AuansazaraieinllBiassisiell nisffufaetientawdsnisutluansazans SBF 1y

1987 7, 14, 21 uay 28 Tu et Taadedsznaiieanainansazate SBF &radonsinduie
Tuksiigninniides mﬂﬁuﬁﬁm@L?ﬁqﬂ?znﬂulﬂmm@ﬁzﬁﬁmﬂﬁnmﬁé’fmmﬂﬁﬂ XRD WAy
SEM LLa:'mmﬂﬂ?iﬂmm@wﬁmmzﬂ?mmmmm@ﬂqﬁﬂa‘:n@uuuﬁuﬁwmi’mL%q
lsenavdinawmaila Energy Dispersive X-ray spectrometry $a11 SEM (SEM-EDS)

WIATALAE SBF ﬁ‘lmmu*‘a’mﬁmsznﬂunﬂq 7 fu wnanadogsavinazanyle

o o © 4 a o naa T w '
ﬂﬂ‘atﬁ‘uLﬂuuﬂx‘i‘&‘lﬂﬂﬂ’a%’]ﬂtﬁﬁ&l@‘ﬂﬂ ‘31’1ﬂuu@:@’lﬂﬂﬂﬁ“nﬂﬂﬂ‘lﬁﬂﬂﬂ?\im’]ﬁﬂﬁ@i?w’a‘immx

WnRsIaRgadiananunifae matla FT-IR

gUn 4.1 ganasreunelfsrLLAIABILR9FNNY
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4.3 HamInarasLatnisanlsnna
anravans SBF dluansazaneffimnudusiaaantie (Supersaturated solution) 184
lasausiuviituatyaiialatanizatnaiie lasauaasumsidauuasiaanasa Nitlueeslsznay

o 1 d 1 & g ~x o kg
wanlunisnendnees HAp Tamniinienesiarednan HAp uuNwRaTesfagnauaansusly

Y
ar

@198AN8 SBF azuamdeansianudadlaniadan waesdand
717 4.2 uamananismmaiigafienanenfiefeutandalsznauniavdenisugly
ansazane SBF Fanwaila XRD ewassianislAsuiasesignieidlundnuuitufiores
Taguiveznay wuARuAmnIndauuresfelidndresinudetrsnaudenisugly
41582078 SBF yngaan drnpauiinudnfidoumis 20 = 31.8, 32.2 uaz 32.9 831 defin
wnilfuRintes HAp wudinafufew HAp 1gniuarfeutagdalsznen HAPPEG feuns
wiluansayait SBF
deutdrRnuAnluununinninduauuaesi@dndaesiandalsznay HADPEG
maundanisudiuansazae SBF  azadieadsiudagidedsznauneunisud wigiuinas
NN IR SN TN T BT N AR (Peak resolution) fiAndalauanas naanizdle
vuzensudietisluansazans SBF iadu Tafindnrnsinauansdenisiedases
HAR HAP TUIALRNANNANTATANE SBF uuﬁuawmﬁ’@ui’ﬁq@qﬂs:nﬂu den@an HAp @nBuE
fananaglidnenztesiinuansinsainain HAp fidaannisuasleifgoumgfigelufou HAp
Wigviuazieutamdelsznoy HAp/PEG rieuutluansazans SBF
gﬂ-‘ﬁ' 4.3 UAPANTIN SEM mﬂqﬁuﬁm‘i’ﬂ@ﬁqm:nﬂu HAP/PEG Aaudanisut iy
asazant SBF (usztziaan 28 Ty wudnlassaiieqaninrestundnaes HAp Aanadnann
ansazang SBF Hanwuiduayniansanauatugnuea (Ballkike particles) $aumafuating
wmuﬂuﬁ’mﬂmlugﬂﬁ 43 (a) Fuilewintadaane ’Lugﬂ‘?i 4.3 (b) arnuindurdndandnn

°

Usznaufaea@antunadanseauwn dluuvsadendn (Needle-like crystals) a713usINTINGR

1
L

| ] -3 A’ o ar o o N = ar o T
uat uanmmmanL‘ﬂuuﬂﬂmﬂamﬂmnwm:wngmmwlmmumwmsmmLuumfmmﬁmn"n

n
o ¥ @
B

niananaddnyusiugldndacnureulunisdnGessinaesndnlussuny 000 (Preferred

i . ' - o o 3 o & 9 o oo '
orientation) uNnd1szUNLEN] Aazdinldainnisdintuaesanduesfinfiniumie 20 =
25.8 8en Liauddasiderlszney HAp/PEG luatsazans SBF wluszazinaunu Gedndangnq
Wuiinaagszuty 002 msnandn HAp. anwaziiduiendneniianisiiinainaisazans SBF
< ' = ¢ v oA R R e &
TIUANAIIANEANTDI HAp annisuaaled Aatuisarunsatudulsdndinisnenan HAp Ty

Wtnandanisuddandalsznay HAP/PEG Tusvuuanaeeueassinianysel
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1 -3 :J/ = ai 3 1 = 1
peinalsfimudunanaas HAp PanuAnaInansazana SBF Wraziiansuvunliunn
wa ashiansnsnualidyaunnaninw@n HAp iAranniswaa lndluteauniagdelsenauld vin
1 L
WiRnflsngluglununadaauwtesisdldnddenadnafianisdouiviusswinefinzes HAp

Wiandalsznauiufinaas HAp Iiaannnsmnuanluasasane SBF

(f) HAp/PEG - SBF 28 days

WMMWWMWWW

(e} HAp/PEG - SBF 21 days

(d) HAp/PEG - SBF 14 days

WMMMJWWMW

(c) HAp/PEG - SBF 7 days

WPVttt
(b) HAp/PEG - SBF 0 day

(a) HAp scaffold

20 30 40 50 60
CuKa 20

Qs

a4z gluuoma@sawueesiedidndaes (@) HAp 13an b) Jemdedsznay
HAp/PEG (200°C, 48 Faluq) raunnsutluaisazany SBF wardanidstlsznay
AreuRIn1sugluansazane SBF ({uaan (c) 7 71 (d) 14 34 (e} 21 4 was (f)

28 Ju
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! o g = ar
43 A SEM  wamsAnmnurlasiaiisqaniaresiuiadandelzney HAP/PEG

AeuaanITRd luansazane SBF wwian 28 du (a) N1da3a1e 2,500 Wi uae

(b) NMAIUEE 10,000 ¥

A -
sUT 4.4 uansdilnmsy EDS uaznNIW SEM WamIn1snseanefiaeadans (Elements

YU
k3

Mapping) LuWuRanARa1919989f0uiandeilsznay HAP/PEG futanlfainaninglunig
Wiufjisen ROP ﬁﬂqquﬁ 200°C \lusraziaan 48 s reuntsugluansazate SBF uazud
nsudluansazany SBF /nawlnniy EDS wudﬂmﬁﬂs:n@wﬁnuuﬁuﬁwmﬁ’@ué’ﬂqL%q
tsznaufimsdsuudlasnemdanisutluansazans SBF ﬁﬁ‘:ﬂmmﬁmq TrefFunnisng C 8
mﬂﬁaﬂumm:ﬁﬂ‘%mmma Ca uaz P ﬁﬂ"]Lﬁm'ﬁﬁulﬂalﬁmzﬂmmmsuﬁﬁ’wi’mﬁqﬂs:n@u
uﬂﬁqn@mmmim@mﬂuﬂmﬂLmmmiLﬂ'&Jwuﬂmé’mmﬁqu‘tmﬂ‘[umfaqmﬁgfadﬁﬂ?:ﬂ@u fi9
wanlugLld 4.5 annswuddnmdaulaninates Ca/C nevdsnisutluaisazaia SBF 3
walinfsdudeszarnalunisudiiadu nadenaraieananiiduuns ROP-PEG flnaga
ﬁu?@q&mafi’a@ﬁqﬂ?zn@mﬁmmmaﬂﬂﬁqlmzwmﬁﬁqnwwﬁf?a@Lﬁaﬂszn@ﬂum@@:ma SBF
unalFiunn ¢ uuuiagaatng lwansdaafuinisiasiresiundn HAp A nlasay Ca’'

- X = @ = 1 A 1 ot 2’/
and PO,” luansszais SBF vuiuiaresfewiandedsznausensan Jeanisriasavasdunin

1 1 QI 3 7 ' % :’1 o =
HAp Tual hiealidiunos Ca way P Hauiindundauiu saiudnsdoulaeiuaees Ca/C R9d
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Afind atielsimuaidnmdaulaeluazes  Ca/P Bnnsulasundadlidaiauiin tnadn
dnmdiulnaiug 189 CarP mﬂaﬁ’ﬂué“aq@aﬂﬁ':nﬂm:ﬁﬁqdﬂﬂqtﬁu%uﬂﬁzﬁ@ﬂ e
sreznannsugluansazane SBF aunssialiAtdszanms 1.63 mendenisutifussazioan 28
Fu uananniiFndnrdndaetuates CaP fwninlndiRsaiudsnndaulnalua CaP 189
Kaw HAp 13gvid wasanaranaziiesnannluszazusniiutluaisazany SBF dnyqyinans Ca
uaz P Tmaidaulugyunann HAp ﬁLﬁmmnmmﬂﬂhﬂuﬁ’@uﬁ’ﬂ@Lﬁaﬂa‘:nﬂu widlaszazinanly
s reldiRadu HAp FiRnsAnaNnasazane SBF ﬁqﬁuﬁmmqmmm Ca uay P 1wt
wiAanandues HAp ﬁfﬁmmnmsmnNﬁnéauﬁuﬁtymﬁmﬁn HAp lufaudandatlscnay
AcliunnslAaunlasAndnsdonlantua CaP Aidaauntevudinisudluaisazane SBF
adelsimunanisnatigailiendnmalieudagimelsznavsqamaiia EDS Winaasnadasi
LasNIMATA XRD uay SEM delénanaanudadnedi

nsnefaTestusAn HAp vufeudaslslszney HApP/PEG fustenlneld
Ufjisen ROP anemAsnisudluasevans SBF uamtnantifanudedlonwdoninaasieusan

dsznay
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(e)

(d)

o P
(C)JLJ
C
g O

@ca &P GC

(b) P
@) 9
P
ek ) 100 162 200 250
ks
s 4.4 snmst EDS waznn SEM wamin1anssatfia194a1s (Elements Mapping) 1

AH = o & - a < aj £’4
WufanafRT919189 (a) fewdanidelsvnay HAP/PEG Muwizauineldannylunis
a o, Chie, 4 - ﬁI’ L] i
W1ufjnsen ROP fieaumndi 200°C \uszeriaan 48 4alne feuntsudluatsavane
SBF LAazNaInNI7ut buansazans SBF sz ziaan (b) 7 9% (¢) 14 9% (d) 21 54

uay (e) 28 1
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caic

1.8

mCaP

1.6

1.4

1.2

Molar ratio

0.6

0.4

0.2

0

HAp/PEG - HAp/PEG - HApPEG - HAp/PEG - HAp/PEG -
SEF 0 day SBF 7 days SBF 14 days SBF 21 days SBF 28 days

Sample

o e : ¥ w oy e
145  nruaasAngnmgiulaaluassndng Ca/C waz Ca/P Uuiufiafausiating
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5.1 medaameiingaulansenfuel lndusznistiugl
mAstifunnsflanseniuel indiddnsdoulaniug Car eglutdas 1.56 - 1.67

warlansenduatnndidanszildgninunsdendufewms findiifigngu Tauniswnd

qnuugi 1100°C Wueuiiianamunwinedelsyan 1.07 giom® uazilfaraudeusens

] ] o 1 ar -3 A 1 ar
WwAENAU 3.4 MPa ANHAANAAINNWINLTNNALRRE YNNU 29.2 MPa

5.2 nedaaseiingAunaditafifungausaussanslsenaursledinieffungmiisn
o ol = & = e = o’ . = or

nadiafiaungansanduanmsildanyjisamedwme lardfunuuacuwiv Sdnwosilu
1pamsuiladuimnaetivissiiguunivies M, inAu 3500 g/mol M, winfiu 1950 g/mol
MWD iU 1.8 uaziiwadieiaungaisaiduassildundansizdansdsznauaesog
Ui anedinelardunuilaosldansisenaucs C-PEG Mfldnwousiduresuie@ivaasen
. _ _
WImIa M, Wi 570 g/mol M, Wiy 430 g/mol MWD iU 1.3 uazgmuund lunis

VRDNIMRINAN WinrTU 127°C

5.3 JumiivdsznaussuinlonsanBuaihininunefiefiRtungmism

Fandatlsznen HAPPEG annrsadaassildfinyfisaanedmelaaduiuuiag

e

L

189819951 C-PEG nelugnwguaasien HAp Tneindfjiseiguuugi 200°C uazianlunis
WUATeN 24 48 uar 72 dalue wudn

1
v o ar
| ]

faudagidelsznauiisFanARAmantanne Wewnd PEG  unsnfiaagn

q
173 &

fuRavenelunaznieuaniau HAp

" 1fFuan PEG Tufendagidedsznaundsunduiugoumgiuazioan lumennyUingen

y - ° o T, ﬂ' z o/ - 1
eguuniuazinailunsindjieniinaw Yinn PEG Tudasidadlszneuiia
& K » o - oo

anad daalirumninresiagdlszneuiiAianas
v

" widnluenaves PEG ludeaudagdalsznevudsdulaensaiuguvgiivazinanly
n1svRgen 199 PEG ludewdandedssnavaglutes M, 4,300 - 6,800 g/mol
uay MWD agluta9 1.7 - 2.4

ar

o Co « X .
= anuwdausenauazAtnendannwiusansaueg fufulFunnuazihwiniuians
a . : o 2 e a o o
194 PEG Twiagidslsznau lauAarinudausanasasfowsandalsznouilssas
ql ‘3 H o ¥ 9’ q‘ ¥ '
167 Rnauagludae 11 - 15 MPa uazAnandaaNudusanainawag ludeq 126

~ 189 MPa fullenfaudisuduAtA s naaensegnludantauyse wudn
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Abstract: Hydroxyapatite/poly{ethylene glutarate) (HAp/
PEG) biomaterial composites were prepared by ring-opening
polymerization (ROP) of cyclic oligo(ethylene glutarate)
(C-PEG) in porous HAp scaffolds. The HAp/C-PEG pre-
composites were prepared by immersing the porous HAp
scaffolds in the mixture solution of C-PEG and dibutyl tin-
oxide catalyst overnight and polymerizing at 200°C for 24,
48, and 72 h under vacuum. The successful ROP of C-PEG
in the porous HAp scaffolds was corroborated by the sig-
nals of hydroxyl end-group of PEG shown in the '"H NMR
spectrum of the ROP-products extracted from the compo-
sites. PEG in the composites was present as a thin layer
coating on the HAp grains and was evenly distributed
throughout the samples. The PEG content was about 13-16
wt % and decreased with increasing polymerization time.
Its molecular weight (M,,, weight average} measured by

gel permeation chromatography was in the range of 4300
6800 g/mol. Compressive strength of the HAp/PEG com-
posites was significantly increased from 3 MPa of the po-
rous HAp scaffold to 11-15 MPa, depending on the PEG
content in the composites. In vitre bioactivity of the HAp/
PEG composites was studied by soaking in simulated body
fluid (SBEF) at 36.5°C for 7-28 days. After prolonged soak-
ing, the HAp nanocrystals precipitated from the S5BF so'u-
tion and formed as a layer of globular aggregates, coeted
on the composite surfaces. This result suggested thai the
HAp/PEG composite was a bioactive material. € 2006
Wiley Periodicals, Inc. T Biomed Mater Res 80A: "00-000,
2007

Key words: hydroxyapatite; poly(ethylene glutarais); ring-
opening polymerizatior; biomaterials; nanocrystals

INTRODUCTION

Since the early 1970s, bioactive materials such as
glasses,? glass ceramics,>® hydroxyapatite (HAp),
composite materials,''""* and so forth have been syn-
thesized and developed for medical applications. HAp,
Cayo(PO4{OH),), is one of the most attractive materi-
als for implantation because of its biocompaltibility and
being the same crystalline phase as bone mineral. There
are, however, some disadvantages of HAp, that is diffi-
culty to shape and brittieness, causing a limitation on
the usage of HAp. Thus, many researchers have stud-
ied the composites dealing with the combination of
HAp and some polymers, such as polyethylene
(PE),“’]2 poly-L—lactide,I3’14 polycaprolactone,l? and

Correspondence to: Siriphannon; e-mail: kspunnam@kmitl.
ac.th
Contract grant sponsor: The Thailand Research Fund

© 2006 Wiley Periodicals, Inc.

poly(methyl methacrylate),® in order to improve some
properties, especially mechanical properties."'*

From the aforementioned reason, our research group
had studied the preparation of composites between
HAp and various types of polyesters, that is aliphciic
and aromatic polyesters. The polyesters were selected
because they possessed a very wide range of me-hani-
cal properties and bioactivity, depending on their struc-
tures and functional groups, and so we could design
various composite systems with different properdes for
different medical applications.

In this research, poly(ethylene glutarate) (PEG),
which was an aliphatie polyester, was selected because
it was a biodegradable polymer.”” Various biodegrad-
able polymers had been used in medical implants to
ensure a temporary mechanical or therapeutic function.
After prolonged implantation, they would gradually
degrade and be replaced by the surrounding tissues. In
addition, HAp/biodegradable polymer composites
were atiractive, because the HAp could release calcium
ions that would be neutralized by the acidic degrada-
tion products of biodegradable polymers.




({8

. TABLEI
Ion Concentrations of Simulated Body Fluid
and Human Blood Plasma

lon Concentration (mM)

Nat K* Mgt Ca®* C° HCO; HPOF
1488 42 10

Simulated 1420 50 15 25
body
fuid
Human
biood

plasma

1420 50 15 25 103.0 2740 1.0

Some previous rescarchers prepared HAp/polyester
composites by soaking a porous HAp block in a poly-
mer solution'® or polymer melt."”” However, the viscos-
ity of polymer solution or melt caused variation of
polymer distribution in the HAp/polyester compo-
sites. To overcome this problem, we prepared the pre-
composites by soaking the porous HAp scaffolds in the
dilute solution of cyclic oligo(ethylene glutarate) (C-
PEG).? These precomposites were heated under vac-
uum to induce the ring-opening polymerization (ROP)
of C-PEG within the porous HAp scaffolds, resulting in
the HAp/PEG composites. Characteristics, compres-
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sive strength, and in vitro bioactivity of the HAp, PEG
composites were studied.

EXPERIMENTAL PROCEDURE

Preparation of raw materials

Porous HAp

HAp was prepared by coprecipitation of caleium hy-
droxide (Ca(OH),) and phosphoric acid {(HaPOy). First,
0.5 mol of calcium hydroxide was suspended in 5¢ mL
of water. The suspension was vigorously stirred and
kept at 10°C. Concentrated phosphoric acid was
diluted to 03 mol/L, then 250 mL of the diluted phos-
phoric acid and 250 mL of ammonium hydroxide were
simultaneousty added into the suspension at a rate of
about 1 mL/min using peristaltic pump. After all the
H3PO, solution was added, the precipitate was filtered,
dried overnight at 100°C and calcined at 500°C for 2 h.

A polymeric binder was prepared by dissolving 20 g
of poly(vinyl alcohol) (PVA) in 100 mL of distilled
water. The calcined HAp powder was dispersed in the

(a)

20 25 30 3%

’ s ,;.:'}:‘:
(b} - Quiside

2pm

Figure1l. XRD pattern (a) and SEM micrographs (b) of HAp scaffold.
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TABLE1I
GPC Data of PEG Precursors and C-PEG

Molecular Weight (g/mol)

Sample M,, M, MWD
PEG 3500 1950 138
C-PEG 570 430 1.3

PVA solution and then left to set as a cake. The cake
was then cut into rectangular shape with a dimension
of 1 x 1 x 0.5 cm® and fired at 1100°C for 5 h. The po-
rous HAp scaffolds were obtained after burning out of
PVA at high temperature. Chemical composition and
crystalline structure of the synthesized HAp were ana-
lyzed by X-ray fluorescence spectrometer (XRF; Bruker
AG, SR53400) and X-ray diffractometer (XRD; Bruker
AG, D8 Advance), respectively.

Poly(ethylene glutarate) and cycdlic
oligo(ethylene glutarate)

One hundred and twenty-eight grams of dimethy!
glutarate (DMG} and 50 g of ethylene glycol were
mixed and heated with vigorous stirring at 100°C. Tet-
raisopropy! orthotitanate (0.5 wt % ‘of DMG) was
added, and the reaction temperature was then raised to
150°C under reduce pressure and kept over a period of
24 h. The mixture was then cooled down to room tem-
perature. The crude product was dissolved in a mini-

(a) Hyag

(b) H7.10

O F

T Yy \J T T 1"

¥ ™ v T T
55 50 45 40 s 30 5 29 L5 1.0 ppm

Figure 2. 'H NMR spectra of PEG precursor (a) and C-PEG (b).

mum amount of dichloromethane and precipitated in
stirred methanol. The precipitate, PEG precursor, was
collected and dried in an oven at 70°C for 72 h.

The PEG precursor (4 g) and dibutyltin oxide (3 mol
% with respect to polymer) were dissolved in 240 mL
of chlorobenzene. This mixture was refluxed for 10
days in order to cyclodepolymerize the PEG precursor.
The sclvent was removed from the mixture by rotary
evaporator. The cyclic product (C-PEG) was dried in an
oven at 70°C for 72 h.

The C-PEG was characterized in comparison with
the PEG precursor by "H-NMR (Bruker AG, NMR 300
ULTRA SHIELD} using tetramethylsilane (TMS) as in-
ternal standard, and Fourier transform infrared spsc-
trometer (FT-IR; Bruker AG, IF528) using KBr disc. The
weight average molecular weight (M,,), number aver-
age molecular weight (M), and molecular weight dis-
tribution (MWD) of PEG and C-PEG were determined
by gel permeation chromatography (GPC; Millipore,
WATER 150-cv} using tetrahydrofuran as the mobiie
phase, at a flow rate of 1 mL/min. The GPC measure-
ment was carried out at 30°C and commercial polysty-
rene standards were employed for the determination of
the molecular weight of polyesters.

Preparation of HAp/PEG composites

About 0.1 mol/L of C-PEG and 3 mol % of dibutvitin
oxide were dissolved in dichloromethane. The as-pre-
pared porous HAp scaffolds were immersed in the C-
PEG solution for 24 h to allow most of the C-PEG to
penetrate into the porous structure of HAp. The pre-
composite samples were in situ ROP at 200°C under
vacuum for 24, 48, and 72 h.

(b) 1728

/. oy

17

o o wos -~
oY

Figure 3. FI-IR spectra of PEG precursor {a) and C-PEG (3.

Journal of Biomedical Materials Research Part A DOI 10.1002, jbm.a
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TABLE I
Average Densities, Weight Percent of ROP-FEG, Compressive Strength and Modulus of HAp/PEG
Composites in Comparison With HAp Preform
wt % of
PEG in Compressive Compressive
Densi HAp/PEG Strength Modulus
Sample (mg/m") Composite (MPa) (MPa})

HAp templates 1.07 - 3 29
HAp /PEG-24h 1.23 16 15 189
HAp /PEG-48h 122 14 12 153
HAp/PEG-72h 1.21 13 1 127

Characterization of HAp/PEG composites

The HAp/PEG composites were characterized in
comparison with the porous HAp scaffolds, using XRD
and scanning electron microscope (SEM; LEQ,
LEO1455VP) with associated energy dispersive X-ray
spectroscopy (EDX; GENESIS2000, EDAX). The weight
percent and decomposition temperature of the ROP-
PEG in the composites were determined by thermogra-
vimetric analysis (TGA; Perkin Elmer, Pyris 1 TGA), in
which the composites were heated from 50 to 900°C at
a heating rate of 10°C/min. The ROP-PEG was
extracted from the HAp/PEG composites by soaking
in dichloromethane for 24 h and characterized by 'H-
NMR using TMS as internal standard. The M,,, M,
and MWD of the ROP-PEG were determined by GPC
using the same condition as the PEG precursor.

Compressive strength and compressive modulus

Compressive strength and compressive modulus of
the porous HAp scaffolds and the HAp/PEG compo-

sites were measured by universal testing machine
{Lloyd Instrument, LR30K) using 30 kN load cell with a
test speed of 2.5 mm/min.

In vitro bioactivity of HAp/PEG composites

Preparation of simulated body fluid

Simulated body fluid (SBF) was prepared by dissolv-
ing reagent-grade NaCl, NaHCO;, KCl, X;HPO4-3H;0,
MgCl,-6H,0, CaCly, and NayS0y in distilled water,
with the ion concentrations adjusted similarly to those
in human blood plasma as shown in Table 1.7# The
pH of the SBF solution was buffered at 7.4 with 1 mol/
L of HCl and tris-(hydroxymethyl)-aminomethars
[(CH,OH):CNH,}.

In vitro testing

The surfaces of the as-prepared HAp/PEG compo-
sites were polished using 4-um diamond paste. The
composites were soaked in the SBF solution at 36.5°C

MMWMMMMMMM«W@

(d) HAp/PEG-72hrs

{c¢) HApIPEG-48hrs

(b) HAp/PEG-24hrs

{a) HAp

TT—T"T

20 30

LI Sl S Sy M S et M B S E Bt B S S SN B B B B SN S B MR T s B R B BN B

40

50 60

CuKa 20
Figure 4. XRD patterns of HAp scaffold (a} and HAp /PEG composites polymerized at 200°C for 24 h (b), 48 h (¢}, and 72 h {d).
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(c)HAP/PEG 48 hr  5pm  (d) HAP/PEG 72 hr

——
5um

Figure 5. SEM micrographs of HAp scaffold (a) and HAp/
PEG composites polymerized at 200°C for 24 h (b), 48 h {c},
and 72 h (d).

for 7, 14, 21, and 28 days using slow-flowing systems.
In this system, the SBF solution was drawn from a sup-
ply bottle by peristalic pump, at a flow rate of about
130 mL./day. The SBF solution then flowed through the
HAp/PEG composite in a sample cell. After passing
over the composite at each interval, the SBF solution
was collected in individual bottles for further analysis.
In all experiments, one pellet was removed from the
soaking systems after each predetermined soaking
time, gently washed with distilled water, and dried at
room temperature.

The surfaces of the soaked HAp/PEG composites
were investigated by XRD and SEM. Changes of cal-
cium (Ca), phosphorus (P), and carbon (C) concentra-
tions on the composite surface were -determined by
EDX microanalysis.

RESULTS AND DISCUSSION

Porous HAp scaffolds

Chemical composition of the synthesized HAp meas-
ured by XRE was CaO 55.0-56.5 wt % and P,Os 43.0~
44.5 wt %. The Ca/P molar ratio of the HAp precursor
is 1.56-1.67, which was close to the ideal value of HAp
(Ca/P = 1.67). The XRD pattern and the microstructure
of the porous HAp scaffold is shown in Figure 1{a,b),
respectively. The crystalline peaks corresponding to
HAp were obgerved at 26 = 25.9°, 31.8°, 32.2% 32.9°,
39.6°, 46.5°, 49.4°, 50.5°, and 51.2°. The dense agglomer-
ated grains of HAp were observed in the SEM micro-
graphs of the calcined HAp scaffolds. Pores of various
sizes generated from the decomposition of PVA were
also observed not only on the surface, but also inside
the fractured specimens of the HAp scaffolds. These

__Stage: 1 Page: 5§

interconnected pores in the HAp scaffolds absorbed
the C-PEG. The average bulk density of the porcus
HAp scaffold was about 1.07 mg/m?®, which was lower
than the 3.16 mg/m?* (theoretical density) of HAp.

PEG and C-PEG precursors

Table 11 shows the GPC data of PEG and C-PEG
precursors. It was found that the PEG precursor with
M,y = 3499 and MWD = 1.8 was obtained from con-
densation polymerization of DMG and ethylene gly-
col at 150°C for 24 h, with a conversion of 60%. This
precursor was cyclodepolymerized using dibutyltin
oxide as a catalyst, in which the cyclic product (C-
PEG) with M,, = 433 and MWD = 1.31 was obtained
with 88% conversion.

Figure 2 shows the 'H NMR spectra of the PEG and
C-PEG precursors. The "H NMR spectrum of PF( pre-
cursor showed the signals of methyl groups in the
main chains at 8 4.1-4.5 ppm for —OCH,CH,—, 5 1.3-
21 ppm for —CHCH,CH,—, & 23-25 ppm for
—COCH,—, and 5 3.6-4.0 ppm for —CH,OH end
group. The amount of —CH,OH end group was much
lower than that of methyl groups in the main chains;
therefore, its signal was obtained in a trace level. All
signals of the main chain structure were also observed
in the spectrum of C-PEG, except that of —CH,OH end
group (3 3.6-4.0 ppm). This resuit indicated the trans-
formation of PEG precursor to C-PEG by cyclodepoly-
merization under dilute condition. The FI-IR specira
also corroborated the formation of C-PEG as showu in
Figure 3. Both PEG precursor and C-PEG spectra
showed the absorbance peaks at about 1728 cm™' of
Ve=g ester group and 2426 em™! of ve_n (aliphatic),
corresponding to the functional groups of main chain.
However, the peak of —OH end group was observed
only in the PEG spectrum at about 3446 con ™.

HAp/PEG biomaterial composites

The HAp/FPEG composite was prepared by in situ
ROP of C-PEG within the porous of HAp scaffold at
200°C for 24, 48, and 72 h. .

Table IIT shows the average densities of porous HAp
scaffolds in comparison with the HAp/PEG compo-
sites and the weight percent of ROP-PEG in HAp/PEG
composites. The average densities of HAp/PEG com-
posites were increased about 14% from that of HAp
scaffolds to about 1.2 mg/m® due to the impregnation
of ROP-PEG. Amounts of ROP-PEG in the composites
calculated from weight loss of the TGA thermograms
were about 13-16 wt %. It was found that the longer
the polymerization time, a lower amount of ROP-PEG
was obtained in the HAp/PEG composites. This was
because the ROP-PEG was a waxy product, and there-

Journal of Biomedical Materinls Research Part A DOI110.1002/jbm.a
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Figure 6.

EDX specira and elements mapping of the fracture surfaces of HAp scaffold (a) and HAp/PEG composites polymer-

ized at 200°C for 24 h (b), 48 h {¢), and 72 h (d). [Coler figure can be viewed in the online issue, which is available at www.inter-

science.wiley.com.}

fore, some part of ROP-PEG flowed out from the HAp
scaffolds. Although the prolonged polymerization of
C-PEG would increase the molecular weight of PEG in
HAp performs, hawever, the decreasing PEG content
was considered to cause a significant effect on the me-
chanical properties of the HAp/PEG composites. From
this consideration, a period of 24 h should be an opti-
mal time for the ROP of C-PEG in the HAp performs at
200°C. .-
Figure 4 shows the XRD pattermns of HAp/PEG com-
posites in comparison with that of porous HAp scaf-
fold. The patterns of HAp scaffold and HAp/PEG com-
posites showed the crystalline peaks at 20 = 25.8°,
31.8°,32.2°,32.9°,34.1°, 39.8°, 46.7°, 49.5°, and 50.5°, cor-
responding to those of HAp. Although the main crys-

Journal of Biomedical Materials Research Part A DOT 10,1002/ bm.a

talline peaks in the XRD patterns of HAp/PEG compo-
sites came from the HAp scaffolds, it seemed that all of
the peaks were relatively broadened due to the super-
imposition of the amorphous PEG.

Figure 5 shows the changes in the surface micio-
structures of porcus HAp scaffolds after the RCF at
200°C for 24, 48, and 72 h. Surface of agglomerated
HAp grains in the HAp/PEG compuosites was coated
with a thin layer of PEG obtained from ROP of C-PEG.
Although the HAp grain boundaries were no longer
observed in the HAp/PEG composites, the ROP-PEG
layer was not thick enough to conceal the signal from
the HAp scatfold. Therefore, some HAp grains were
still observed in the SEM micrographs of HAp/PEG
composites, and hence, the main constituent peaks of

Fs5
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TABLEIV
Molecular Weight of C-PEG and ROP-PEG

Molecular Weight (g/motl)

Sample M. M, MWD
C-PEG 570 430 1.3
HAp/PEG-24h 4320 2590 17
HAp/PEG-48h 6430 2860 23
HAp/PEG-72h 6840 2900 24

XRD patterns belonged to HAp substrate. Figure 6
shows the EDX spectra and elements mapping of the
fractured surfaces of HAp scaffold and HAp/PEG
composites. The EDX spectrum of the HAp scaffold
was mainly composed of Ca, P, and O elements. The
Ca/P molar ratio calculated from the EDX analysis was
about 1.66, which corroborated to the XRF analysis.
The spectra of HAp/PEG composites show higher car-
bon (C} content but lower Ca and P than those of the
HAp scaffold. Distribution of C from the ROP-PEG
layer was observed on the fractured surfaces of HAp
scaffolds in the elements mapping of HAp/PEG com-
posites. These results indicated that the ROP-PEG layer
was evenly distributed throughout the porous HAp
scaffolds. The longer the polymerization time
employed, the lower amount of C but higher amounts
of Ca and P were obtained in the HAp/PEG compo-
sites, corresponding to the decreasing amount of ROP-
PEG in the composites as discussed previously.

The ROP-PEG was extracted from the composite by
immersing the composite in dichloromethane for 24 h.
The molecular weights of extracted polymer were ana-
lyzed by GPC as shown in Table IV. The M,, of ROP-
PEG was in the range of 43006800 g/mol with the
MWD of 1.7-2.4. The molecular weights of ROP-prod-
ucts significantly increased from those of C-PEG, indi-
cating the transformation of C-PEG to PEG by ROP.
The longer the polymerization time, the higher molecu-
lar weight but lower amount of PEG was obtained in
the HAp/PEG composites. These were attributed to
the flowing out of ROP-PEG products from the HAp
scaffolds as discussed Frevmusly

Figure 7 shows the "H NMR specira of the extracted
ROP-products. The spectra showed the signals of
methyl groups in the main chains at 3 4.1-4.5 ppm for
—OCH,CH,—, 5 1.8-2.1 ppm for —CH,CH,CH,—, 8
23-2.5 ppm for —COCH,—, and & 3.6-4.0 ppm for
—CH30OH end group. The signal of CH,OH end group
corroborated the successful ROP of C-PEG in the po-
rous HAp scaffolds. :

Compressive strength and compressive modulus

Table Il shows the compressive strength and com-
pressive modulus of HAp/PEG composites in compari-
son with those of porous HAp scaffolds. Both compres-

sive strength and compressive modulus of HAp/PEG
composites significantly increased from those of the po-
rous HAp scaffolds due to the presence of ROP-PEG. I
was found that the compressive strength decreased fror
15 to 11 MPa with the increasing polymerization time
from 24 to 72 h. This result attributed to the effect of PEG
content in the HAp/PEG composites. Although the com-
pressive strength of HAp/PEG composites should be
increased with the increasing PEG molecular weights by
using longer polymerization time, the decrease of PEG
content was considered to be the dominant effect on the
compressive strength of HAp/PEG composites. The
compressive strengths of HAp/PEG composites poly-
merized at 200°C for 24, 48, and 72 h are in the range of
compressive strength of cancellous bone, that is 2-13
MPa.® This result suggested that these HAp/PEG com-
posites are possible for use as an implant.

Bioactivty of HAp/PEG composites

Figure 8 shows the XRD patterns of the surfaces of
the HAp/PEG composites before and after soaking in

(b)

I

Hz.10
(d)
f— H -
End group 12
A= _
1 4 3 2 1 PP

Figure 7. 'H NMR spectra of C-PEG precursor (a) and PEG
in the HAp/PEG composites polymerized at 200°C for 24 h
{b), 48 h (), and 72 h (d).
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(f) HAp/PEG - SBF 28 days

(e) HAp/PEG - SBF 21 days
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Figure 8. XRD patlerns of the HAp /PEG composites polymerized at 200°C for 48 h before scaking in SBE (a) and after soaking

in SBF for 7 days (b) 14 days (c), 21 days (d), and 28 days (e).

the SBF solution for various periods in comparison with
the HAp scaffold. After prolonged scaking in the SBF
solution, the crystalline peaks of HAp around 28 =
31.7-32° observed in the XRD patterns of:the soaked
composites were broadened. These results were consid-
ered to be due to the overlapping of 211 and 112 reflec-
tions of the newly formed HAp, related to the low crys-
tailinity and small crystallite size of the HAp. In Figure
9a), the HAp layer precipitated from the SBF solution
after soaking for 28 days was observed as a rough layer
of globular aggregates. These aggregates consisted of
needle-like HAp nanocrystals, as shown in Figure 9(b).
This microstructure indicated the preferred orientation
of HAp crystals in the c-plane, resulting in an increase
of intensity of 002 reflection at 25.8° 26 after prolonged
soaking. From these results, it was found that the partic-
ular microstructure of HAp precipitated from the SBF
solution was quite different from the calcined HAp.
Figure 10 shows the EDX spectra and element map-
ping of the surfaces of the HAp/PEG composites
before and after soaking in the SBF solution for various
periods. The longer the soaking time, the lower amount
of C but higher amounts of Ca and ‘P were obtained
similar to Figure 6. After prolonged soaking for
28 days, the C distribution was hardly observed in the
elements mapping of composite surface as shown in
Figure 10{e). The Ca/C and Ca/P molar ratios of the

Journal of Biomedical Materials Research Part A DOL10.1002/jbm.a

surfaces of HAp/PEG composites increased with the
increase of soaking time as shown in Figure 11. These
results were attributed to the dissolution of ROP-PEG
layer from the. surfaces of HAp/PEG composites
accompanied with the precipitation of HAp crystals
from the SBF solution. The diminishing of C on the sur-
faces of the soaked composites was considered to be
due to the dissolution of ROP-PEG layer and/or the

(b)

Figure 9. 5EM micrographs of the HAp/PEG composites
polymerized at 200°C for 48 h after soaking in SBF for 28 days
[magnificatior: x 2500 (a) and » 10,000 (b)].
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Figure 10. EDX spectra and elements mapping of the surfaces of HAp scaffold (a) and HAp/PEG composites polymerized at
200°C for 48 h before scaking in SBF (b) and after soaking in SBF for 7 days (c), 14 days {(d), 21 days (e), and 28 days (f). [Color fig-
ure can be viewed in the online issue, which is available at www interscience.wiley.com.]

superimposition of the precipitated HAp, resulting in
the steep increase of Ca/C molar ratio. The concomi-
tant increase in Ca and P occurred in all samples after
prolonged soaking, indicating the consumption of Ca**
and PO,*" from the SBF solution to form the HAp layer
on the composite surfaces. The Ca/P molar ratic grad-
uvally increased unti! it reached about 1.63 after soaking

for 28 days. The change of Ca/P molar ratic indicated
that the HAp layer gradually formed and then coated
on the composite surfaces after prolonged soaking in
SBF solution. This result was in agreement with the
XRD and SEM results as discussed previously. It can be
concluded from the earlier results that the HAp/PEG
composite was a bioactive material.

Journal of Biomedical Materials Research Part A DOL 10.1002/jbm.a
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Figure 11. Ca/Cand Ca/P molar ratios of the surfaces of HAp scaffold, HAp/PEG composites polymerized at 200°C for 48 h

before and after soaking in SBE.

CONCLUSION

The HAp/PEG composites were successfully pre-
pared by ROP of C-PEG within the porous HAp scaf-
folds at a temperature of 200°C for 24, 48, and 72 h
under vacuum. The content of ROP-PEG in the HAp/
PEG composites was in a range of 13-16 wt %, with the
weight average molecular weight ot 4300-6800 g/mol.
The longer the polymerization time, the higher molecu-
lar weight but lower amount of PEG were obtained in
the HAp/PEG composites. The compressive strength
of HAp/PEG composites was in the range of 11-
15 MPa, depending on the PEG content in the compo-
sites. The HAp /PEG composites with the highest com-
pressive strengths were obtained by in situ ROP of C-
PEG in the HAp scaffolds at 200°C for 24 h. After soak-
ing in SBF at 36.5°C for 7-28 days, the HAp/PEG com-
posite could induce the formation of globular aggre-
gates consisting of the HAp nanocrystals from the SBF
solution, indicating its bioactivity. T
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