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Abstract

Project Code : TRG5280021

Project Title : Design and development of bioceramics for biomedical applications

Investigator : Siwaporn Meejoo Smith

Email Address : siwaporn.smi@mahidol.ac.th

Project Period : 2 years

This work aims to study the effects of pH on the release of antibiotics, vancomycin (VCM), from
hydroxyapatite-collagen (HApCol) nanocomposite. Potential application as implant materials of
HApCol was investigated in simulated body fluid (SBF) and cultured with rat osteoblast-like
UMR-106 cells. Bioactivity studies showed that mineralization of new apatitic crystals had
formed mainly near the edge pore of the HApCol composite after soaking the composite in a
SBF solution for one week. VCM was successful loading into HApCol composite, with loading
efficiencies of 77.82%. Controlled release of VCM from the composite is critically pH
dependent. The release kinetics indicates 80% accumulative release of VCM from the HApCol
composite for pH 7.4 after 25 hours; while only 2-3 hours is required to reach 80%
accumulative release for pH 6.5 and 4.0. More details about the burst effect are discussed. It
has been confirmed that the drug-loaded HApCol composite is also bioactive by in vitro cell
adhesion and proliferation tests. Thus, this multi-functional of HApCol nanocomposite has the
potential to enhance cell attachment and to provide controlled drug delivery for bone implants.
Precaution of using this drug-loaded biomaterial in patients with complications has been

suggested.

Keywords : Hydroxyapatite/Collagen, Controlled drug release, Vancomycin
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wasie awdey luszniumueioussdasaiugu pH sasmInaalwasi pH = 9 dan

[
9

M3LeuENTazans NaOH (J.T. Baker, USA) lassstafivianuailfluminassdunse
"3msw:ﬁuaﬂ*ﬂ@U"lajﬁmiﬁﬂﬁu%qﬂ%feg’l uazld1in 3A ATnsindalosan (3A de-ionized
water)  ARBANINNINANGY lunanasssnsvirusstaaddaslfoanlamnsdu
(Vancomycin, VCM) (Fluka, Biochemika) tJuen]aaug fmSUTuaouINTLIaSENADN N

&6 HApCol mimw‘mLLa:mi'ﬂ(ﬂaaumivfhﬁ'uvl,ﬁma%'amw"lﬁuamiumwﬁ 1

A % & [ 14 a .
NN 1 LNUNILROITUABUNIIRILAINCHIRD SJIW &% Hydroxyapatite-Collagen

(HApCol) LazIHABUMITUITIYEN WIBUNINMINAROURNUANITININ

a a s @ o v & . a A€o o
mMaaTaNaaNlngea HApCol Fsldnaaaitanazsrindanduuinuunisdunssgsniy
AMIFINENEWIING N353 HAP Ut matrix  A2aaLanaztINAUGIENTELINANT
ANATNEUTINVBION NNANNRITAZAY AaNlNEA HApCol aztialasnszuinnis self
. . ' A i 6 IS - ' =1
organization y:#i19lasauunAaaaIlaude wia1suand (CO0)  uaznyuanluiiiow

+ ' 2+ 3- a Y = & &
(NH3) LLE\]Z%’Z%’J’NVLE]E]E]% Ca ez PO, uum%mmaﬂamaﬂﬁﬁawﬂm Nanwad HAp



I NAIULNLUUADAR IR UATNILNBLANATEANAN (electrostatic  interaction)
lagaziinstnuen pH IWasniasaansdnisenariomadugnsazais NH,OH srausa
ATUN UM DUNITLATHNEINANLALAZLBNA TUABULTN aza18ABAALANlUINARNNT
fia losaulasiianududuradanIazans 3g/l  WEIARRITATAIDIUNTLNIABAR NI
ATANHAURNA IMNUULANEITALANE CaCl, (0.4 M) asluanazanonaaanlan waasfiebin
A v & < AN o Sad & .
gannAvauniuing 3 Tilus lasmsazansfildnaniziilsadn Col-Ca mniudan
\AuanTazany K,HPO, (0.24 M) adluansazane Col-Ca (lasliaasain Ca/P 1u 1.67)
wazauaIazansdalliFan gwiaunsaiuqudl pH - anaansdizenn ~9 drumaid
a a & & g & Aa
81382818 NaOH lagazwuaznauduniiiaduwlutuaanil nnuuauaIazanaNiaznas

aananduiian 1 1alud waradaznaualsiindnaantesauandl pH - vaIrinand

aznawdu 7 nuulivinaznauwiacnsis Freeze dry

a 6 % 6 a 6 wa o 1
2.2 mswgamananumuammmmauummasna

My neAautanislassaonandaang Minefiansidsuwasssdsng
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nanaslasmzia s TR lassaienane obsteoblast Uo4M1 ( rat obsteoblast-like
UMR-106) (American Type Culture Collection (ATCC) No.CRL-1661) 144 Dulbecco’s
modified Eagle’s medium (DMEM; Sigma, St. Louis, MO, USA) uazlwa1nasueae
10% fetal bovine serum (FBS; PAA, Pasching, Austria) az 100 U/mL penicillin-
streptomycin (Gibco, Grand Island, NY, USA) msuwivugvasaasvirlusiazldd (1-
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flask) 75 cm3 (Corning, NY, USA) aelu humidified atmosphere ‘ﬁlﬁ CO, 5% QILRAEY
37 °C uaz sub culture cell ﬁdﬁﬂ%ﬂ’mluinﬁﬂumi“nm ATCC lunmInaaas confluent
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(pH 7.2) DHNITIASIIUINTOINSI U fix LTRSEIE 2.5% glutaraldehyde (Electron

Microscopy Science, Fort Washington, PA, USA) 11 0.1 M tninaswesmnaiduiian 3
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VCM-loaded HApCol anthlsuisaiinmaldszuugyanme uazinfaudiudinirauas

ilUAezAamgIuingnuasinas, cell adhesion waz cell proliferation dginafia SEM
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PMNBUABTIBHFUAINEILES incubate 1ITUAK MNBWINEIUNIUTIAUINULENAZ N
sanaramstuinlsdiiowsnenUimeiannifiuwessnly uazviluisdeds freeze
dry lasdiagnsanntuaeuitisanii VCM-loaded HApCol m3dansmstaataassn VCM
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% L A v ) A 1 A o a 6 a
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1 A s A 1 6 1 A R d‘y
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a d > 2 . . A
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2 v @ ' {
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A é’w R ' 6 1

81ARYK 280 nm  wANNNRGIGANEIIN uNamMansueImMIlantiasen VCM 210
J = ' L= ] Q 1

HApCol 4unu pH w3ald laumIneaedsasnan azUsuen pH vada1Iazans VCM an

74 Ju 64 dumIazanInezaniiaaelagldunIaainaad lUnasannmInaaes

mMyvaadaassn 5 TlusuazdSunamsdaataassn VCM anaaulwie HApCol 2z¥in

maadunngaisnam



3. laN1INaaad u,azu‘nfimmf

Mwh 2(ii) waaJ powder X-ray diffraction pattern 293naNINEa HApCol 370 XRD
pattern WUNANNT1NT9 20 = 30°-35° TaLieTlMARI1 HAp Tianlanuidunandandng
N P A « =< =2, v o A v ed a £ \

@ nstwananudundnudndautrsdrhsaansosnulsngnmysiiiadulugisusnvas
mitiaanlng (HAp) uazmaiialasiaianszgniuszuudiniw nanafatisusnsesmisiia
NANAzNURIUNLTUaRILgIU (amorphous phase) 28INRBUARLTLNEI G LTU CaHPO,-2H,0,
Cay(PO,)-3H,0 UAzdUe UNUNITWY HAp URINRINNLAAUHATHINIIUNUA (substitution)
W3aMITINAINY (addition) Vadazaa wIaMIgadud (reabsorption) wazmIanaznanlna
a & T Aa £ = o & A A A = | P
aNAYY (re-precipitation) NiNadwLiuiIa1a18 gRUARRIaNAY GLADW INFOUABLTUNGE N

naN ludsduazNamwasaInandn HAp ludraudan

MNN 2 NAMTLRENUBITIRONGTad () of Hydroxyapatite-collagen (HApCol)
nanocomposite 1ag (a) Aauutly Simulated body fluid (SBF) waz (b) wadus b SBF 1Tuiaan
7% Mw (i) 8@y FT-IR spectrum 83 collagen fibrils wazAaNINRe hydroxyapatite-

collagen (HApCol)

= tﬂl U tﬂl v dq/ o 1 = v Y
lagAanninefiledann XRD  Aanansnsihanmarwevednanlasdszunmlasianis
° o , < A ' a = A
fwartw lasld aunns Schererfomula, d = kMPcosd @9d fa ALadETaITUIAKNEN A AD
{ [ = ! {d o o o ' A ]
ANNENIARUBDITITEN (0.154056), k Ao AasnNFuNUEALFIIIVINANDITiA LTz
fncrystal unity Waz B AafN full width at half maximum (FWHM) 28985 tsNaailfe iy i
laslunsnasasilaszuiy (002) N1 20 = 26° TUATFIWIAAVUIANEN WLIIRAINNLT
> 1 a 9 =3 a J n}'v
g13a10e19lu SBF  azdilassatananluamiaumluiuas ~36 nm 1ialin wananiswio

{ s %) %) { ' Y % ° [V {
XRD 11 26 = 30°-35° Goiugggromaniilu HAp  Aaundedisyimd laswusyimi



s

A a { { o

20 = 26° uaz 39° VFYYIUFIUNU T9U19AAINNIN WAN HAp TaUNaiINITINIGIVRY

a % ' { ' . a £
Hanlufiansaindrulaalu matrix ABRA1LI LAZHANTIINAREY XRD 18IARA1LAULITANTD
WUR QNN 3199 20 ~10°-20° uaz ldwugggiman detldirunaasawindwlail

& =3 £ IS . . a A
ANUIuNEN HaMINAFAUNITOANENINNTINIW in vitro Basnaulwia HApCol Nnaaad
lasuguHu HApCol 1w SBF luiian 7 3% fauduanisnaassazwuininmsasssiniiuxan
284 HAp (U1 2(a)) udl XRD Aafilddeudinirnlafisunufalunoaunldsnds lavfia

AnTediiaannnsaInanoianiae HAp WRINDNWKUURININTEY HAPCol Uazisuanin

2 A & a & & AN & A 2 A &
Nﬂﬂ‘ﬂwaﬂwuuuullﬂ]ql]LﬂuwﬂﬂﬂquauyimﬁiaNﬂﬂm”ﬂu’]@lﬁﬂm’]ﬂ

AWA 3(@) WaT 3(b) WRAIAIWNINNANTILATIZHAY SEM wudwﬁwﬁnsaué’aﬁuag}iuu

1 & o v Aa =1 d‘;/ a = dq,d =
LNLULUADARTLIW m‘nﬂ%m@gmm@Laﬂ’l,w,uamiﬂaﬂwa@l HApCol lasnanitiaualuszay

=

wilnaasuazdaudiaznudmnuwiulasiasindzliedonsinay (nwh 3()) lasfznd
alwIzAUIANIAAkaLITRIIaRNAUEE Raninuas HApCol Nasgadianisnaslasil
|d' < a A 0/ [l . = 1 1
wanvwalngduduuiimi HAp dednaglu matrix aaaaau lasiizadszninsaunianss
NaNTL Y TavuwavasgnuluiagBrimuianyueaiuazun (scaffolds) TadunuInd1eny
damui lUdszgndlgduiagmenmaunnd lasnily scaffolds Aflzwsuawalnauaziainm
Dugnugadnazthanliidudisdiaiens, unwifig uazdaidnsedduann Ny
2113 lasraunihalnsmenuit gaunfiawa 1-50 ym Junumanndmiviuaaunis

a

aianaaaiRaadIuly (vascularization ingrowth) Tunnizfigwiuniiauwia 100-300 um $uiu

v v
a a

@iamm%ﬁoﬂsz@ﬂlmi lasaui3pduiiwuin aaulwda HApCol ﬁmmmaagwguagﬁ 2-10
um  lasnsfizpwiadn 9l 1inanmianaznauzasnanluszaumnluwanizas HAp U
LULULABARILAY WAINAN HAp mﬁhﬁ?mauﬁaﬁuimvwanwﬂuuug‘lu scaffold VaIADARILI
wazith laglugumnaiinilduwaznguues HApCol 8aad AIN1INITNBAIVAITUIABYAA
289 HApCol leuaaslunini 3(c) lagauiaayn1aves  HApCol dulngjazliduru
AUENA1IE1I 400-1200 nm M 3 (d, e) WRAINANIIATIZHEIL TEM sz electron
diffraction pattern 284813028879 WU HAp ﬁmm@m&m@ﬁﬁm’mzmﬂi:mzu, 50-100 nm
WAZAUNINIUTZNN M 10-20 nm %aﬁ@hlﬂﬁlﬁmﬁ'wm@wﬁﬂﬁwulum:g]ﬂ NANTBI HAp
ﬁammﬁgﬂiwaﬁugmmﬁauﬁu Ao (uuswan givsuezen waddnwazuduilimiautu

= { . . o é Qo
%W NI 3(e) W&a3 electron diffraction pattern Hanwoetdwialninnang G]N"Ii\‘ll,ﬂuam:rmz



o i da = 2 _ 9 & ¥ e v o a
2DINIBLNNUANNVLTUNENEN Naﬂ']?ﬂ@aaﬂuﬁa(ﬂﬂﬂa\‘]ﬂUNﬂﬂ"l‘J‘ﬂ@aa\‘i‘ﬂVL@'ﬂ']ﬂ XRD il
g s ] l-ﬂl vV & e =) tﬂl v
sy massIdagn iadusyomianning

1 181 (c)
P 16 4
14
® 12
= 10
8 o
N = 4_
3]
A n-
AL L 200 400 600 800 100D 1200 1400
X19.8K 3.8um Diameter (nm)

100nm 4{

27NN 3 (@)-(b) MWINNFBIIANTIARBIANATOUUUUFDINTIA (SEM micrograph) 183

HApCol N Masueeanen (c) w3 Size distribution 2a3naulnEa HApCol (d) nMwan
ﬂﬁaaﬁgamsﬂﬁ‘ﬁLﬁﬂmammudaamu (TEM image) 289083 ln&a HApCol  uae (e) 31Ju,uu

MILALNUUBLENATOW (electron diffraction patterns) vadnaulwia HApCol

INNNIFINA XRD pattern 289 HApCol AansmuzaaiNainilaunuinafi laannuan HAp
d a a U = J a % & [ 3
TIANINANTRIINGN HAp  TUUBRIRUIVEY  HApCol mmmmammgﬂmmnwam*s
ARG SEM  ("WA 4(b)) nwh 4(a) uas 4(b) LFAIIWIUVBY HApCol LLazmgmﬂﬁ
FINAINULBRINUNVI HAPCol Badanuslu SBF tJuwian 7 71 anus1eu gﬂﬁ 4(b) UENI

v & A =1 d' @ e (% U ' 6 d' a a v

I%L%uawNanmwmﬂu"l@mm@Laumuﬂummaﬂizmm 10 Hm  NUIIHRINEIDD
HApCol 3MNKANMIIATIEHRAI EDS (MW 4(c)-(d)) wumsidsinguaslasssnwuaaifiouuas
WagWayslu  matrix ﬂaamwuuaﬂuagmﬂﬁLm:iwﬁaﬁ'uuuﬁmﬁwao HApCol lag
8aINEININMINVEY Ca/P (@137197 1) vuRINUN HApCol 1w 1.71 lusmenaanaiwiinin
299 CalP sluagmﬂé'oﬂdnﬁfmﬂu 1.62 lagdnaaInaiwinniinuay Ca/P dandnalnaifesny

L%

AT RN IRN WUV DIANT INEN LAAINTILINWANIES INNNANIINARDIBHEILFAI LALAWIN



Q‘ d v a a v v A @A o o {
HApCol Hawiifaangnineaiimuwiaaninlinszgniaulasuianild saduanddddnyn

I wy: a@mmmum:@ﬂvlﬁ

AN 4 SEM micrograph U83naNlwia HApCol 8oL &1%3U (a) fawlsli SBF Las
(b) waoutlu SBF tluiiar 1 FUand uaz (o)-(d) usaInanITiaTzRasfLznaume (EDS

analysis) TuuS1Iue9n%

A13199 1 wamﬁ,mwzﬁaaﬁﬂsznaum@; (EDS analysis) 284naN W& HApCol #8931

ki Simulate Body Fluid tJui3a1 1 dUan luuSiiaaenanu

Weight concentration (%)

Area Cal/P
C (o) Mg P Cl K Ca
HAP-Col
18.36 36.08 0.2 14.75 1.59 | 0.49 25.2 1.71
surface
Particles on
surface 27.71 35.38 0.28 11.47 1.12 | 0.47 18.53 1.62
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Namimaaamnmﬁnmwﬂﬂaﬁ%’umaLﬂﬁLLa:a‘Vumﬂ%mmaLﬂﬁi:mﬂomuﬁlﬂu
g9un3s uazasafiunislu HApCol @asinadia IR spectroscopy waaslu (Mwfl 2(c) uaz
(d)) B9fe IR sUnasweInaasIauuas HApCol anuaey las IR s1Unasnvadnaasan
13zt 900 cm” @AY MUBINITFUKLL bending VaIny C-H uazfInuF A 1685
cm’ uaz 1510 cm’’ %dLﬂuﬁ'ﬂmamg amide | (C=0) uaz amide Il (C-H) MN&aU laswuin
WAUed amide | IANWgIIINAINEYYI4VDI amide I 6’%@awanio%lﬁt.ﬁud"mgm%uane'?jaﬂ
luaaaanian (COO) %aﬁﬂizﬁyﬂuauﬁ'mﬁmﬂuwﬁn HAp s’fj'amﬂﬁﬂmé’ngmﬁﬁg@ﬂﬁﬁu
Iimufendn HAp lu matrix aaasan lagngnisaidsnanadenunisasiindn HAp
WIIMIAaNITUIU biomineralization  lunszgnaussmnmd §miL IR awnaiuvad

A <

o P -1 -1 1A
HApCol wURfURNN 1088 cm , 1035 cm WAT 961 cm  DIADRYUIUNIIRULLL

'
> o

. 3- o = -1 44
stretching a3 PO, LLazmyzyﬁmgﬁ 602 cm WAL 562 cm  DIADRUUIWNIIRULLL

)Y

3- { %) % o A ' %) [ v o
bending 284 PO, uazillaifisy IR snaivuedsyuimasnnanannusidnaiui laan
v A ' ' { -1 -1 [ LA -1 <
TBNUB9BI WuvaINaN 1450 cm ' WAz 1240 cm uasFQIMEN 873 cm  Lilu
o A o & \ & A o 1 A
aﬂwm:mﬂmasmwaaaww"lm@mmgmiuaLu@"laaaug]mmuﬂuumLmuwaGWaaW\Im o9

a ' & Py a o & A ' s A
LIUNIN QWWVL‘Y]@]LLU‘U B-type Wathausidnatsunisad ("NN 2) WU’]W@]’J']SJ@EO%E]G&EUUEUU’]MVI

' '
a a

é Y & 1 1 L aaa (%
\JusasnaasausassBiansuaaslfianimy fadruniial jizoraansinasainaaasian
a s a s ¢ A A ' 6 2+ - 3- +
aduasnisnnuewt ind WafansanamzngWidduzas Ca, COO, PO, uaz NH,
mwzvléf“ﬁagaLﬁmﬁ'ué‘umﬂ%mizwjﬂmyj’ﬁaﬁ%’ué’oﬂdnizm’mLﬁ@mia‘%”'m HApCol & wu

{ [ ) ) ' a - -1
NIROUVDINY YIUNIIRULLLBFNAAT stretching VanaTuanGa (COO)N 1685 cm

a_ £ - . 4 4 1 [ . ;
1uﬂaamwumqm (gﬂﬁ 2(ii)) ldgsiavaanndnas (1653cm ) 1 HApCol MTLREUALALL

'
=}

luduavadundrasiizliiiuinduanioeninmius: C-0  fmllauiuluny COO anas
P a 'Y o A & ' 2+ ' o ' -
Wasninmsaanuszadlndduszninelessu Ca- UuRIINwes HAp Waz w3 -COO T
ADRRALA mnwamﬁme:ﬁﬁmmma‘gﬂ"l@ﬁ’m'mﬁ@wﬁﬂ HAp nel matrix  AEAANLA
1 v &, Q 1 fQL dld dIA v < 1 & ada = 6 d‘y
Aaudnsununywedtunilszanianihvesneaaianduadiinnn 3935nIFATzARLLR
~ a A . .
UNILILNTAINNILUIVNIT self organization
WA 5(a) WRAIFLNNITINANUBEIT VCM melulasiginsvesnanlnga HApCol az
lavsaimaiaiizasen VCM las VCM aziinganiuanda (COO) Ssmansndunuuanidua
2+ v o v Aa ' . '
laaan (ca”) lu HApCol o vinliiian1sUantdasen VCM aanunann matrix HApCol 8813

t19ld adilafiany vem dluanaswalngjuszanuinznzuaslasiaiandamaliiions

TINAIT89 VM 1y TagTimwiliiu matrixldadsdiia dmgauinanzas HAp Ain1Iusn
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& [

] A { v a ed 1 d
g1 VCM LLET@GSL%I]’]‘W 5(b) WULHWARNN TN W ULARHLINUBRIVBIENTHIUAINGD TI919

o v

a J v { a kg L 1 Q v 1
aduldannsnd vem wnniiwld (@snsdiegnasiun) uwazgdanandiusadliauiig

TUU8381 VCM Unaguiiniinues HApCol ashmmgmf T lFAuin VCM s1unsnsinan

o

mﬂugmaa HApCol ¢ LLawqw‘éﬂs] szm’wm‘l‘,mﬂmaﬂawﬁwulumw 3(b) NAUNUANL

|

ARNLIBINAIAIINUTIYEN Al lalat9a39N T AR TIUIS B ULN L ATIRTIIN T RIRTEL T WY

U
WIU (MW 5(b))  NWAMINaaasiTliiAwITEINEN HApCol iaumunsnfiazinan
o ] v & . o A £A
Urzgndlgludunsssiiomididuadtnegs nw 5(C) uaad IR sinaiuvas VCM u3gnsos
o { -1 & o < ') = [
WURNIN 1449, 1470, 1494 Uaz 1639 cm  LIUR QI M ITUVAINULDE C-C TIFAANDY
Qs { v Y a Q/ & s
AUTENUN 81989 IR f1Unasuvad VCM loaded HApCol uaaslunw 5(d)  TSisiUnasy
Q 1 v = Q/ { v =) A; g U
ananemsiumuUnaiuildain VOM uignd (nw 2(d) annkamInasasiaaninagylld

f 'V { o o o v A o a ' &
1IMR9NNA VCM 5706210 HApCol ldgsnal#iiasuasnisnnaadlna 9l

=

Iuﬂﬁmaaaﬁumsﬁwmmmﬂ‘%mmmﬁmsaﬂumswau HApCol uaz Uszansainlu

MILT3981 (VCM-loading efficiency) dnuwimlaslfaunisda’llii

VCM-loading efficiency (%) = 100(Wieeq vom = Wiree vom) (1)

ered_VCM

1
a v

108 Wieeq veu AB U3304en VCM (30@uNfiag nasamnnInssgen, Wie veu A8 d3anmen
A A A [ ! = A o o

veM  Baszfieglumslanesiniiaaznaunasnndunlssdidruwinldannng e Beer-

Lambert fia A=ecl T3 A @@ @1 Absorbance, € fa @1 molar absorptivity, ¢ A8 AULTNT®

28481 VCM uaz | Aa annunisvesaasaient (1 cm) lasddszdniawluniussed

o v 1 I é 1 =) a { U, 1

dwrnld Aendu 77.82% (Wieq vow = 60 mg) Tadntszdninnlunisussaunildiidngs

Wasanmsfiansnan HApCol IannuLilugwings
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ANN 5 (@)-b) mwanuduldldnmssuaniensenineaaulnia HApCol  uazen
. A < A % 1 6 6 aa -

Vancomycin (VCM) 61i<1Lﬂum‘nﬂsfmaumﬂmgjﬁaﬂ%umiuaﬂﬁﬁaﬂ (COO) uaadludnay

Wwulse uaz (o) LLammwmmmnﬁaaﬁ;am'iﬂﬁaLﬁﬂmammudaoﬂsm (Scanning electron

micrographs) LLa@dﬂéuﬁauaqﬂﬁﬂﬂawIW'ﬁ@ HApCol (aggregates) ﬁ‘]_lﬁﬁgm VCM U&7 WA

(d), FT-IR spectrum 293n0N RN HApCol (aggregates) ﬁllﬁﬁgm VCM L&

msAnsIannamaasnslaalasssn VCM anaaulnda HApCol 7ien pH @149 las

=] [

IgasazastwinasWaana (pH = 4.0, 6.5 waz 7.4) AnmansmenIvantdaassn VCM 210
HApCol I@ﬂzﬁwmwwmﬁué’uﬁuﬁ’ixmwﬂ%mmmﬁgnﬂa(ﬂﬂa'aﬂazaulumiazawﬁwL‘V\Ia§
ﬁ'unmé’mmmlugﬂﬁ 6(a) Tasmsansmsiandsasnitinmmesssetnssdaiiasdunm
30 g nnd 6(a) usasliiRninaaunarmsaimIlaatsassn VCM 9an HApCol
Aaudnsdwiu pH wagnaann atglsfiony ssdanafininmamansasls 5 $alususnas
wudwnswxlﬁ"lﬁa:ﬁmﬂu%’ugﬂuu@iazm pH 199 msﬁﬂﬁwﬁmm%'ugaﬂa%mﬁudwmi

' a £ ' = ' <o ' v o .
daadsagen VCM Li%J‘IJ%EJf;J’NTJ@LTJIuﬁ’N 5 TQINGLLiﬂ I@Umﬂ’s’m%umﬂa’nmmin
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]
= o

389810016035 pH 4.0 > pH 6.5 > pH 7.4 Taafi pH 6.5 uaz 7.4 S initial burst Ngaril

Lﬁ(ﬂﬂ’]iﬂﬂ@]ﬂfﬂ'a&lUWL&%Q&MEiﬂﬁgdﬂﬂﬂLﬁEI\‘]LLﬂ' 5 ez 10 f’ﬂ&l\‘i NBGL

AN 6 (@) nuaaudasisunslantsesengzan (Cumulative percent of VCM
released)noulwda HApCol lugngian 30 Talas 8012z pH Winy 4.0, 6.5 uay 7.4 lagld
Tiafansazananasne uaasnaludiais n=3 uas (b) Mweeainaulwga HApCol
%é’amsﬂamﬂdaumﬁmw"ﬁ 3 dalus whuranaasumnmafiduwldlduaasiasudn pH 7

fanafalasiasvasnanlniga HApCol

PMNHAMINARBIRLFEAILAAWINET  VCM ﬁmiﬁ;agluﬂaﬂwam HApCol aznnTz
= , & o A & a AN o a £ o Aa v
pananwuaLiBIuATY  iniial  burst  Fuduenlideniiaduluizgniznuluszauganma
agglsnenu Jundnuadims eeasiamuas HAp NNTDaTAN beuNIEIwlan1zAunge
AIBWHATEINTT burst ﬁ@mmmmmsﬂa@ﬂéaﬂm VCM luan1iznsatinazasnald HApCol
\ansaanean wazh pH 7.4 Tellanlnaifssnuen pH lusene Lfia initial burst wuudane
i Al a \ o < v o A Aa

(mild) LHhe99naNaLafinIvaIan Iy HApCol dautigs lasnaldudriaginmwifizniu
luszdugamavzianunsdanddasen msdaaldessn VCM # pH 7.4 3ufiath Laifie
initial burst ¥il#en VCM Waundn 50% fussqatlu HApCol gniaalsasaananmaluiim
1-5 33L309 LLatzmﬂgﬂLLuwaamiﬂa@ﬂa'aﬂmuamlﬁlﬁmﬂ i pH 7.4 snaadassesn

v v =) J o QI/ {
audazanlumaazale 80% 1inundann 25 Mlus Tusoazil pH 6.5 uaz 4.0 twgnIok
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o ! a £ o = ' 4 , & \ A a &

AINaNNAATURAINMNILE 2-3 TAluariun lasmsdaadsesennwud 3 aulunss:
- P . . LA X

87 VCM 310 HApCol 7 pH = 7.4 ausauwinazsidunistaadaaseniieduatnesiasale

IR 5 TILNILIN (47%) Tuaaufizedasiiansdantdasnidaslugianan 5-10 T2l

(8%) uaztuaauizvaziiamsuaatassndaut1951nasangalasi 10 (17%)

MNN 7 URAINANIANENTA8UdA1 pH davawnarmansuasnislaadsaasen VCM
27 HApCol lasm3sn VCM loaded HApCol wluasazaoflulitwinesn pH 7.4 lu 5
T LNILIN ARINUUIIUTY pH 1Allu 6.5 drunsasan NATINANTEATZRINIUSI UMD
andsaddapazanlumazmoiunmwudiinvildnngis pH 65 Tanutuinidonungs
AINONUTUNIFANNTI pH 7.4 ReviaubAiAnaaunamaasnisUaatdassn VCM  3n
HApCol 71d14M%h NNANTNARSIN LaILFaIlAAUIN @1 pH AwadanisUaatdsssnann
HApCol £9a4l@iasn pH 7.4 UAABAANLABIZINLINILALAANEAIRRIINUT IFITAZANE
Wuwnaww mIvantinvasaaaatanls HApCol Lﬁ@Lﬁaamrmyj'mi‘uaﬂ%a"L@TgﬂﬁﬂﬁLﬂu
1 1 All o v a s a a 1 |dlcl &,
losanatwdaiias lwiRaussnanmedianlassa@nsznimygniilesauannds nswaw
g/ =3 a J 1 dl J e < =S a dll :‘
3afanniu  mMIdanddassnNuindunaiannian 10 2 lusdaiaiiasannnmsuini
wuied udidla pH aeauidu 6.5 FauiRaMIAzABVIRIHEN HApCol JUdnnaslasiaths
AL o o A o v &
V29F1IHFN HApCol Nuiudn pH lduaaslugui 6(b) njudraasuaasliiiuil HApCol
azazasluainailunia  wazmIszansvad HApCol Hunumaandansdaalaansn
1 a J [ 6 = =) o Qs Y d‘y
mydaaddessfetuatvanysaluazaiiSusdauain pH ldasit pH 4.0> pH 6.5> pH
7.4 lasmsuaadsassn VCM a7 HApCol aﬂ'nauysrﬁﬁ pH 7.4 azliawiunin pH 4.0

Yyzum 2 i
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aMwn7  Ua98wed pH desannsdaatsassn dafufaain n=3

g a a a A a [ '
wannil  LianasauANULRDLIVRINANINGS  HApCol mnﬁua:sa;nmaamﬂl,l,ﬂu
d'n:l [ ] = | < (% o a 6 v d'
fIazauifian pH wanaanwduian 3 TN wdi lUienziens SEM uaz TEM awd
8(a) LLamImoa‘%olm:é’uqamﬂmaa VCM-loaded HApCol WAJINNUTNIA WUIEIwlngjaz
I = Qs 1 a = 1 a v o Q =
Junanvad HAp luszaum luiuas LL&:WU’J’]&Jﬂ’]igEUULﬁEJﬂE]amL%%BU’N&J%U&’]@]@LL@ZN&T]I%
AU INATAINAM LA TURUUULAY  AINUIINNANIINARIHLIT A LARWINAANTT
A A g o ya L., !
azaN8U89 HApCol luan1iznsa Ssnanznsaitazyinliiie initial burst vasmIUantassen
‘3’ 1 a 6 v d' a A o d' 1
PUDHNIFI HAMTAATIZHEIY TEM nwi 8(b)-(c) TagUSI DU RGN S IULFIITURAIAIN
d : { a v ﬁ 3 1
V0IABANNIBNLINI FUN 5(b) UaAINWHINIVE VCM-loaded HApCol H9aziAnaing
' ' ' A x A A o & ' a A o @
Talwin  (@wnidudrn)  wlnequraviinihawsuduedned  Walneuiunans
AANReN8 SEM AN 5(b) nU AN 8(b)-() WuINYTuNasuaIenNnR o UBRIREN
Fossneulaaeth pH 7.4> pH 6.5> pH 4.0 %ananhodlaatuIuaNNIETUTUBIRITHEY

HApCol ¢iafin pH luunuiaf 6(b) I9aqlddnndsgnazeanliilioagmuldaniziidunia
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MAN 8 MWINEAINABIIANTIAUBLANATOULLURDIANY (LEAIGINIWLK) LAz MW
NFBIINTIAUBIANATAUULLFDINL (WFAIAININAY) 289 ABNIWEA HApCol #ain13
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7@ Taglddn R® = 0.999, 0.998 uaz 0.990 7 pH 4.0, 6.5 Uaz 7.4 MUSIGHL A1 2 UEAs

ﬁayaﬁvlﬁmﬂmsw@aaamﬂmwﬁ 10
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pH=4.0, 6.5, 7.4 lagun3 Peppas

A13190 2 HamsAnsIaaMsUaalaassn VCM anaanlwga HApCol muld pH dnenu

lagl Peppas’ model (M/My=kt")

Release
matrix pH n k (h'1) R? Transport mechanism
HAP-Col 4.0 0.53 53 0.999 Case Il

6.5 0.54 43 0.998 Case Il

7.4 0.58 22 0.989 Case Il

wazlduanmnaaasidrwiamen n laawdu 0.53, 0.54 uaz 0.58 &I pH 7 4.0, 6.5
o ' ' £ o f ' o ' o ' '
ez 7.4 UGy wuden n Jununalnmissisuszansuzglivesdiasdny lasdn n

WA 0.5-1 BUNLANNINTEUIWANIRITN BT wnIEsmanuu Unfranasadny Case
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Abstract This work reports the preparation of flower-like ZnO for applications in
the catalytic oxidation of methyl orange (MO) in aqueous solution. The wurtzite
ZnO samples with flower-like morphologies were obtained via a p-glucose-assisted
sonochemical method. Effects of the presence of glucose, sonication times (0, 10,
and 20 min) and calcination temperatures (300, 400, and 500 °C) on the mor-
phology of the catalysts were investigated. Results from this work suggest that
D-glucose played an important role in the formation of flower-like morphologies and
the sonication processes further enhanced the flower-like characteristic ordering.
The majority of ZnO samples prepared in this work had rather high photocatalytic
activity after 45 min, with MO degradation greater than 85 % of the initial con-
centration. These results suggest that the photocatalytic activity of ZnO after 45-min
reaction time correlates well with the specific surface area, and the number of
oxygen vacancies present in the materials. The solubility of flower-like ZnO sam-
ples in the dye solution was measured to be 19.2 ppb after 24-h reaction time.
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Introduction

Photocatalytic oxidation processes are potentially very attractive for remediation of
wastewater, with the goal to remove toxic organic pollutants at ambient temperature
and pressure with no requirement for use of caustic chemicals such as ozone and
hydrogen peroxide [1]. In principle, electron-hole separation processes can be
induced when a photocatalyst absorb efficient photons having energies hv > E,
(band gap energy). The electron and hole could then react with adsorbed water and
further generate highly reactive species such as hydroxyl radical (OH) and
O,-derived species (O,~, ‘O,H, H,0,) [2]. These free radicals can promote the
oxidative degradation of organic pollutants. Recent works [3—6] have reported on a
number of hierarchical nanostructured ZnO materials (E, = 3.37 eV) as high-
performance photocatalysts being used for wastewater treatments. In 2009, Tong
et al. [7] reported the high photocatalytic activity of nanosheet-assembled quasi-
sphere-like ZnO being due to a high concentration of surface defects in the
structure. They proposed that the presence of defects at the ZnO surface could
reduce the rate of electron-hole recombination as photogenerated electrons were
trapped by oxygen vacancies [8], thus enhancing the photocatalytic activity of the
material. Similarly, another previous work [6] showed that the photoactivity of a
flower-like ZnO nanomaterial is significantly higher than that of a ZnO nanorod-like
material. These results suggested correlations between morphologies, structural
defects, and photocatalytic activity. In this study, a b-glucose-assisted sonochemical
method was employed to prepare flower-like ZnO materials. By varying the
sonication time and calcination temperature, different characteristics and photocat-
alytic activities of the obtained flower-like ZnO were obtained. Under UV—Vis
irradiation, the degradation of methyl orange (MO) in aqueous solution catalyzed by
the flower-like ZnO was monitored as a function of reaction time.

Experimental

Zinc nitrate hexahydrate (Qréc), sodium hydroxide (Rankem), p-glucose (Univar),
acetone (Qréc), ethyl acetate (Merck), methyl orange (Fisher Scientific) were of
analytical grade and used without purification. De-ionized water was used
throughout the experiments. The preparation method of ZnO in this study was a
modification of the method reported by Zhang et al. [9]. In detail, 10 M NaOH(aq)
was gradually added into 100 mL of 0.5 M Zn(NOs),(aq) until the solution became
transparent. Then, the total volume of the mixture was adjusted to 300 mL by
addition of water. Subsequently, 0.35 g of p-glucose was added to the solution,
followed by a 200-mL solution of a H,O:acetone:ethyl acetate mixture with volume
ratio 3:3:2. Next, the pH of the overall solution was adjusted to 9—10 using 20 % v/v
HNOs;, resulting in a white suspension. This suspension was then ultrasonically
irradiated (20 kHz, 450 W, 40 % output, and 50 % cycle) for various sonication
times (0, 10, and 20 min) using a Branson sonofier (450 W), and after sonication the
suspension was kept at room temperature for 12 h. The white precipitate was
separated and washed several times with de-ionized water, freeze dried, and then
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Table 1 Summary of the physical and catalytic activities of flower-like ZnO samples for the decol-
orization of MO solution

Sample Calcination I  Eg;(eV) S ger (mz/g) d (nm) % Xo % X45

temp./sonication

time

°C Min

A 300 0 12.3 3.20 15.5 38 33+£1.1(3) 915+£18(@3)
B 300 10 5.1 3.23 7.9 35 23+12@3) 69.5+£23(@3)
C 300 20 10.8 3.12 14.7 50 24+£0.73) 97.5+£04(3)
D 400 0 15.1 3.25 11.7 26 757+ 1.13) 96.6+0.6(3)
E 400 10 55 3.08 6.36 39 10.7 £ 09 (3) 70.8 £3.9 (3)
F 400 20 15.1 3.18 14.51 60 127 £27 (3) 94.1+03(3)
G 500 0 15.0 3.08 8.76 28 9.1+0.7(3) 657 +£37(@3)
H 500 10 16.7 3.18 6.38 35 6.1 £ 1.1 (3) 87.7+£1.6(3)
1 500 20 15.3 3.19 5.98 41 34+0.73) 83.9+£13(@3)

Ip;, PL intensity at 470 nm, Sggr specific surface area, d pore diameter, E, band gap energy, % X, %
decolorization of MO 10 ppm before UV-Vis illumination, % X,s % decolorization of MO 10 ppm after
45 min of UV-Vis illumination

calcined at either 300, 400, and 500 °C for 3 h in an air atmosphere. The use of
different sonication times, in combination with the various calcination temperatures
afforded nine ZnO samples denoted as samples A-I, as shown in Fig. 2 and Table 1.
Notably, three additional ZnO samples were prepared using the method described
above without adding glucose to examine the role of glucose in the preparation
method.

The crystalline phase of samples studied was identified on a powder X-ray
diffraction (Bruker, AXS model D8 advance) with Cu Ku radiation, 4 = 1.5418 A.
The microstructure of samples was observed on a scanning electron microscope
(JEOL, JSM-6400 microscope and Hitachi, S-4800), and their surface properties
were examined by using the Brunauer—-Emmett-Teller method (BET). Optical
properties of the samples were investigated by measuring diffuse reflectance spectra
on a UV-Vis spectrophotometer (Perkin Elmer, model Lamda 800), with
photoluminescence spectra of colloidal suspensions being conducted on a spectro-
fluorometer (JASCO, model FP-6200) equipped with a Xenon lamp source, at an
excitation wavelength of 325 nm. The band gap energies of ZnO samples were
calculated by the Kubelka—Munk method [10]. Photocatalytic activity examination
was performed by monitoring the degradation of MO in an aqueous solution. Ten
milligrams of each ZnO sample was well dispersed in 10 mL of MO (10 ppm) in an
ultrasonic bath for 30 min. Next, the resulting suspensions were kept in the dark for
30 min with stirring to reach absorption—desorption equilibrium. Subsequently, the
suspensions were irradiated under UV-Vis light using a tungsten lamp (4 x 300 W
OSRAM ULTRA-VITALUX®). The color removal efficiency (% decolorization)
of MO was monitored as a function of time by measuring the absorbance of the dye
solution at given times during irradiation. To do this, the suspensions were
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centrifuged and filtered at specific reaction times (15, 30, and 45 min).
Subsequently, UV—Vis absorption spectra of the dye filtrates were recorded on a
UV-Vis spectrophotometer. The concentration of unreacted MO in the filtrates was
quantified using the absorbance at 464 nm (corresponding to unreacted MO), and a
curve fitting method using the Beer-Lambert law. % Decolorization was calculated
using the following equation:

%Decolorization = (CO — Ct) x 100 (1)
Co
where Cy is the initial concentration of MO and C, is the concentration of MO after
t minutes. Moreover, the photostability of the ZnO catalyst (sample C) was studied
by monitoring the generation of Zn>" in the dye solution during the photochemical
reaction. The suspension of ZnO catalyst in the dye solution was exposed to
UV-Vis radiation after various time intervals (1, 4, and 24 h). The concentration of
Zn*" in the dye filtrates was then determined by using a graphite furnace atomic
absorption spectrometer (GFAAS, Perkin Elmer AAnalyst 100). A hollow cathode
zinc lamp (Perkin Elmer) operated with 10-mA current was employed, with argon
flow throughout the heating program, except during the atomization step.

Results and discussion

All ZnO samples prepared in this study contained a single crystalline phase of
hexagonal wurtzite ZnO (JCPDF Card File No.36145). Figure 1 shows the
morphologies of ZnO prepared without addition of bp-glucose after various
sonication times. The results from Fig. 1 indicate that a conventional
co-precipitation method (sonication time = 0 min) resulted in a formation of
ZnO having large particle size (1.5-5.3 um), whereas sonochemical method
(sonication time = 10, 20 min) gave ZnO aggregates with smaller size
(1.0-1.5 pm). No flower-like ZnO was obtained by using this non-adding glucose
co-precipitation method.

On the other hand, Fig. 2 shows that the co-precipitation method in the presence
of p-glucose gave ZnO samples with flower-like morphologies (sample A, D, and E
in Fig. 2). However, the D-glucose-assisted sonochemical method gave ZnO
samples with more ordered flower-like characteristics (samples B, C, E, F, H and I).

Fig. 1 SEM images of ZnO samples calcined at 500 °C, which were prepared by non-adding p-glucose
method with varying sonication times
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Fig. 2 SEM images of the obtained ZnO samples at varying sonication time (0, 10, 20 min) and
calcination temperature (300, 400, and 500 °C)

Notably, by applying sonication, the obtained ZnO samples have a greater
resemblance to a bunch of flowers with various double-flowered forms. As a result,
one can conclude that p-glucose played an important role in the formation of flower-
like morphologies and the sonication processes further enhance the degree of order.
The results from this work are in good agreement with a previous report [11]
indicating that ultrasonic irradiation could influence crystal growth of inorganic
materials in preferential orientations. It has been previously reported that sucrose
and glucose were employed as templates to synthesize ZnO hollow spheres [10, 12].
With some similarity to our study, we propose a possible mechanism of the
formation of flower-like ZnO, as shown in Fig. 3. Firstly, glucose could undergo a
dehydration process resulting in the formation of hydrophilic spheres, in which zinc
precursors could embed through coordination, or electrostatic interactions. As
nucleation occurs, sonication generates cavitations in the liquid solution, giving
high surface energy at the surface of nuclei and influencing the crystal growth of
ZnO in more preferential orientations [13]. The proposed mechanism supports the
SEM results, such that the products obtained by applying longer sonication times
are ZnO samples with high numbers of additional petals, and double flower-like
morphologies.

Photoluminescence is one of the tools commonly used to study details of
structural defects in semiconducting materials. Notably, it has been reported that
defect-free ZnO should give an emission signal ~370 nm [15] corresponding to its
absorption edge. However, it appeared that the ZnO samples prepared in this work
gave several emission signals in the near-UV and visible regions as shown in the PL
spectra (Fig. 4 for samples A-I).
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Fig. 3 Schematic illustration of the formation process of flower-like ZnO modified from the proposed
mechanism by Li et al. [14]

Figure 4 (bottom right) displays a proposed energy diagram representing energy
levels of several types of defects in ZnO structure such as a free exciton (No. 1),
interstitial Zn (No. 2), and oxygen vacancy [16]. The near-band-edge UV emission
signals at around 380-400 nm might relate to the recombination of electrons in
exciton and holes in the valence band of the ZnO materials [12]. These emission
signals ranged between 3.06 and 3.22 eV, and tended to be slightly red shifted when
longer sonication times were applied, implying that longer sonication times possibly
induced the formation of exciton states at lower energies. Furthermore, it has been
previously suggested that the emission bands observed at 420 nm may relate to the
presence of interstitial Zn sites in the ZnO structure [16]. On the other hand, the PL
signal at 470 nm corresponds to the recombination of deep-level emission, in which
a photogenerated hole recombines with an electron trapped at an oxygen vacancy [5,
13, 15-17]. Since the intensity of PL signals is proportional to the number of the
surface defects in the sample, the intensity of the PL signal at 470 nm (/pp in
Table 1) should be proportional to the concentration of oxygen vacancies in the
ZnO samples.

Figure 5 (left) shows that, in all cases, the concentration of MO slightly
decreased after the suspension of ZnO catalyst in the dye solution was kept in the
dark. After 60 min, this corresponded to a % decolorization of 2.3-12.7 (% X, in
Table 1). At this stage, the decrease in concentration of MO was possibly due to
adsorption of MO on the ZnO surface. On the other hand, after the suspension was
exposed to UV-Vis radiation, the concentration of MO rapidly decreased. After a
45-min illumination period, the concentration of MO was significantly reduced,
giving % decolorization of 65.7-97.5 % (% X4s in Table 1). These results suggested
that the concentration of MO decreases mainly due to the photooxidation of MO
catalyzed by the ZnO samples.
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Furthermore, the photostability of the ZnO catalyst (sample C) was investigated.
From Fig. 5 (right), it was found that at a catalyst loading of 1 g/L, sample C
gradually degraded upon photoreaction resulting in the presence of Zn>" ions
being detectable in the dye solution. After 24-h reaction time, the concentration of
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Zn*" ions reached 19.2 + 0.9 ppb. In previous work, Wang et al. [18] reported the
use of a ZnO nanomaterial with catalyst loading of 0.5 g/L to degrade 10 ppm
methylene blue. After 24-h reaction time, they reported a far higher concentration of
Zn** (390 ppb) in the dye solution. In comparison to Wang’s ZnO sample, sample
C is much more photostable, even at double the catalyst loading level employed by
Wang et al. Table 1 summarizes the % decolorization of MO due to the adsorption
of MO on the ZnO surface (% X,), and after 45-min photoreaction (% X,s) in
addition to the optical and surface properties of the prepared ZnO catalysts.

The surface area and pore diameters of the ZnO samples ranged between 6.0 and
15.5 m*/g and 26-60 nm, respectively. Notably, at a specific calcination temper-
ature, the ZnO samples prepared with a 20 min sonication time (sample C, F, and I)
showed the most ordered flower-like characteristics, and the largest pore diameters.
Furthermore, from this work, the specific surface areas of the ZnO samples
decreased with increasing calcination temperature, possibly due to a higher degree
of crystallinity, and ZnO grain growth at high temperatures. From Table 1, samples
A, C, D, and F have relatively high specific surface area (Sggt, > 10 m2/g) and high
intensities of the PL signal at 470 nm (/pp > 10), and these also showed
significantly higher photoactivities. These ZnO samples degraded MO giving %
X4s5 greater than 90 %. In contrast, the ZnO samples with either low Sggt or low Ipy,
or both, had relatively low catalytic activities for the photooxidation of MO. At
specific calcination temperatures, the longest sonication times provided more
ordered flower-like ZnO materials (samples C, F, and I) with the largest pore
diameters and relatively high Ip; (>10), indicating the greater number of oxygen
vacancies. These ZnO samples degraded MO greater than 88 %. Notably, the
photoactivity of sample I is slightly lower than those of C and F, possibly due to its
lower specific surface area. Li et al. [14] reported that the high surface area and pore
diameters of hierarchical ZnO provide the possibility for the efficient diffusion and
transport of degradable organic molecules and hydroxyl radicals in photochemical
reactions, leading to an enhancement in the photocatalytic activity of ZnO based
materials. Furthermore, it was observed that although samples G, H, and I have
relatively high numbers of oxygen vacancies (Ip. > 15), they exhibited low
photocatalytic activities, possibly due to their low Sggt. Thus, the surface area could
play a more important role in photodecomposition of MO than the numbers of
oxygen vacancies in the material.

Conclusions

Flower-like ZnO samples were successfully prepared by a D-glucose-assisted
sonochemical method. From our study, the high specific surface area ZnO samples
containing a high number of oxygen vacancies showed great promise as high-
performance catalysts for the degradation of MO. From previously reported work,
the catalytic activity of ZnO should result from the contribution of overall effects,
i.e., optical properties, microstructure, surface properties, and structural defects.
However, our results suggested that the specific surface area and number of oxygen
vacancies played important roles dictating the photocatalytic activity. Further
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investigations on the reusability of ZnO and chemical modification of the used ZnO
catalyst to suit broader-based applications are currently underway.
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Abstract

The objective of this study is to study the effects of pH on the release of
antibiotics,  vancomycin  (VCM), from hydroxyapatite-collagen  (HApCol)
nanocomposite. Potential application as implant materials of HApCol was investigated in
simulated body fluid (SBF) and cultured with rat osteoblast-like UMR-106 cells.
Bioactivity studies showed that mineralization of new apatitic crystals had formed mainly
near the edge pore of the HApCol composite after soaking the composite in a SBF
solution for one week. VCM was successful loading into HApCol composite, with
loading efficiencies of 77.82%. Controlled release of VCM from the composite is
critically pH dependent. The release kinetics indicates 80% accumulative release of VCM
from the HApCol composite for pH 7.4 after 25 hours; while only 2-3 hours is required to
reach 80% accumulative release for pH 6.5 and 4.0. More details about the burst effect
are discussed. It has been confirmed that the drug-loaded HApCol composite is also
bioactive by in vitro cell adhesion and proliferation tests. Thus, this multi-functional of
HApCol nanocomposite has the potential to enhance cell attachment and to provide
controlled drug delivery for bone implants. Precaution of using this drug-loaded
biomaterial in patients with complications has been suggested.

1. Introduction

Bone loss due to an accident or disease creates a need for developing biomaterials
for implantation because of it is a major health problem affecting quality of life. One
needs a material similar to the mineral component of bone tissue in order to achieve a
direct chemical bond between natural bones and the implanted material. Hydroxyapatite
(HAp), Caio(PO,)s(OH),, is the material of first choice in a wide range of applications
[1-11] for hard tissue replacement since 80 % of the inorganic mineral in the human bone
is chemically similar to HAp [12]. Previously reported, this material can also be
exploited in various fields such as drug delivery [13-15], gene delivery [16], catalysis
[17], and sensors [18]. Artificial HAp and its hybrid composites have shown great
promise as biocompatible and biodegradable materials being required to correct bone
defects. For decades, there have been extensive efforts made to use ceramic composites
to duplicate bones. Polymeric materials such as poly-lactic acid (PLA) and its
copolymers with poly-glycolic acid (PGA) or with natural chitosan polymers [19-22] and
collagen fibrils [23-31] are developed by incorporate these polymers with HAp to
produce bone like materials to be used for bone implants.

More importantly, collagen is found as a major organic component of several
human tissues such as skin, cartilage, tendon, membrane and of course bone. The surface
of bone tissue, hydroxyapatite-collagen (HApCol) composite, retains a fibril structure
which assists the nucleation of new apatite layers to be occurred on the HApCol surface.



Nevertheless, although these hybrid materials exhibit biocompatibility, biodegradability,
which can induce the nucleation of new bone after implantation, acidic environments
could lead to degradation and stiffness loss, which can cause severe inflammatory
reactions while the composite decomposed in vivo. In general, an inflammatory response
from the body arises when a foreign object is in a living body. While most surgical
treatments of bone diseases and fractures with bone grafts and prostheses are successful,
postoperative problems, such as pain and infections resulting in disengagement between
the bone and prostheses. Infections around the implant are common, and remain one of
the most challenging complications of bone reconstruction. During recovery from bone
implantation, patients are commonly prescribed antibiotics to suppress infections due to
bacteria in open fractures as well as anti-inflammatory medication to facilitate recovery.
However, delivering medications to the infected area fast and sufficiently is not always
possible. The degree of infection around the implant relates to the patients’ immune
deficiency, which can be varied depending on the individual’s complications. For
example, patients who suffer from osteosarcoma, solid tumour expose much higher risk
(5-20 times) due to infections than normal patients when they have bone replacement
surgery [Lancent Oncol 2005, 6, 85-92]. As mentioned above, incorporation of certain
pharmaceuticals, e.g. anti-inflammatory or antibiotic medicines directly into the
composite matrices being implanted could be major advancement [32-37]. More
importantly, adjustment in dosage of medications is required for each patient depending
on the concurrent complications. Thus, it could be a breakthrough to have a smart
implant, which responds to its local environments (e.g. pH or temperature), and then
releases suitable dosage of medications throughout a treatment period.

In this work, HApCol nanocomposite was synthesized via the self organization of
opposite charges on collagen fibrils and the hydroxyapatite surface. The particle size,
morphology and crystal structure of the composite were investigated, and the bio-
mineralization of HApCol composite after soaking in a simulated body fluid (SBF) is
studied. In addition, the bioactivity of HApCol has been examined by observing the
interactions between cells and the synthesized material surface. HApCol was used as
substrate for the growth of rat osteoblast-like UMR-106 cells for 14 days. In order to
overcome the non-specific treatment, the synthetic biomaterials have been used as drug
carriers to treat infected tissues locally. To obtain an ideal local drug carrier, the
microporous structure of biomaterials would give advantages allowing the incorporation
of drugs molecules into their structure. Chemical binding between the pharmaceutical
molecules and the structure of composite should be expected via hydrogen bonding
interactions among amino-, carboxyl- or hydroxyl- groups presence in the composite and
pharmaceutical molecules. Next, the controlled release of Vancomycin (VCM) from the
HApCol nanocomposite is focused. VCM is a broad-spectrum glycopeptide antibiotic
which is active against Gram-positive organisms [38-42]. Our hypothesis is raised that
the release kinetics of VCM from the HApCol matrix may depend on the environmental



conditions near the infected tissue. As previously reported, the cancer cells are acidic; pH
~ 6 at the extracellular compartment, whereas pH ~ 4.5 at the intracellular lysosomes [43,
44]. If HApCol could detect the cellular environments, and adjust the dosage of VCM
leaching out from the composite, one should expect different release kinetics of VCM
from HApCol composite into cancer cells, in comparison to that into normal cells. To
prove our hypothesis, the release kinetics of VCM from HApCol composite in different
pH media is studied. The results from this study should lead to further development of
new nano-particulate system, which provides biocompatibility, satisfactory drug loading,
as well as, automatic adjustment of dosage of medications released upon physiological
and malignant microenvironments for better treatment efficacy.

2. Materials and Method

Collagen used in this experiment was made from calf skin (Sigma, USA). CaCl,
(Fluka) and K,HPO, (Fisher Scientific, UK) were used as the precursors of calcium and
phosphate, respectively. During preparation, the pH of the mixture was maintained at 9
by adding NH,OH solution (J.T. Baker, USA). All chemicals were of analytical grade
and used without further purification. The water used throughout this work was 3A de-
ionized water. For the experiments on the drug loading and drug release, Vancomycin
(VCM) (Fluka, Biochemika) was used as a model antibiotic drug. The procedure used to
obtain the HApCol composite, drug loading, and biocompatibility test are illustrated in
Fig 1.

2.1 Composite preparation

During the formation of the HApCol composites, collagen acts as an organic
template for the nucleation of the apatite crystals. The formation of HAp on the collagen
matrix was initiated via a co-precipitation process from solution. The HApCol growth
occurred through self-organization between ions on collagen, COO™ and NHs", and those
on the hydroxyapatite surface, Ca** and PO,>. HAp crystals align on the collagen
template through these electrostatic interactions. Throughout the reaction, pH was
controlled by addition of NH4,OH. Firstly, 3 g/L of collagen was dissolved in deionized
water and stirred until it was completely dissolved. Next, 10 ml of 0.4 M CaCl, aqueous
solution is added to the collagen solution, and the mixture was allowed to stand at room
temperature for 3 hours. The solution at this stage is called as Col-Ca. Next, 10 ml of
0.24 M K;HPOQO, aqueous solution is slowly dropped into the Col-Ca solution (the ratio of
Ca/P is 1.67). The mixture was continuously stirred for several minutes, and kept at pH~9
throughout the reaction by adding NH,OH. At this point, a white precipitate formed. The
precipitate wss continuously stirred for an hour, and then washed with de-ionized water
until the supernatant reached pH~7. The sample was then freeze-dried.



2.2 Characterizations

The crystal structure of the composite powders is determined by powder x-ray
diffraction (XRD) (Bruker diffractometer, Model D8 Advance) using the CuK; radiation
operating at 40kV and 40 mA. Powder XRD patterns were scanned over the range 26 =
20° to 60° at a scanning speed of 1 step per second with step increments of 0.037°. IR
spectra were measured on a Fourier transform infra-red (FT-IR) spectrophotometer
(Spectrum GX, Perkin Elmer) which performed 16 scans over the range 370-2200 cm™.
A scanning electron microscope (SEM) (JEOL model JSM-6301F) is used to observe the
changes in size and morphology of the composite before and after bioactivity test and
after drug-loading. An accelerating voltage of 15 kV is used to obtain the SEM images.
Particle size distribution measurement of HApCol was measured by Zetasizer Nano ZS
(Malvern, UK). The nucleation of apatite crystals after the SBF treatment is analyzed by
energy dispersive spectroscopy (EDS) (ISIS 300 (Oxford)). The nanoparticles are also
examined by a transmission electron microscope (TEM) (JEOL model JEM-2010). The
electron diffraction attachment to the TEM is used to obtain electron diffraction patterns
of HApCol composite.

2.3 In vitro biomineralization

The bioactivity of the HAPCol composite, was assessed using simulated body fluid
(SBF). the biomaterial pellets are soaked in a simulated body fluid (SBF), a fluid with
ionic compositions identical to that of human plasma [45, 46]. SBF was prepared using
NaCl (136.8 mM), NaHCO; (4.2 mM), KCI (3.0 mM), K;HPO,4 (1.0 mM), MgCl,-6H,0
(1.5 mM), CaCl; (2.5 mM) and NaSO, (0.5 mM). The solution was mixed to obtain a pH
of ~7.4 as in human plasma. In vitro tests were conducted by immersing pellet samples in
50 ml of SBF sample SBF for one week at 37 °C in a static state. The SBF was replaced
every three days to avoid any changes in the cationic concentration that may occur due to
the resorption of the composite. Subsequently, the HApCol pellet is washed with de-
ionized water before further characterization.

2.4 Drug loading and release kinetics

Incorporation of vancomycin (VCM) within HApCol composite was carried out
by soaking the composite powder in an aqueous solution of VCM using the ratio of
50mg/ml of VCM solution to 100 mg of the composite. The mixture was stirred and then
incubated at room temperature overnight. Centrifugation was carried out to remove
excess antibiotics, and water was removed by freeze-drying. At this point, the sample is
called VCM-loaded HApCol. The release kinetics of VCM from the HApCol matrix was
investigated; the VCM-loaded HApCol was placed in 15 ml of phosphate buffers (PBS),
having pH = 4.0, 6.5 and 7.4, (Fisher Scientific, UK). The release experiments were
carried out in a shaking bath (SKAKER, Sk-300) at 37°C. The VCM-loaded HApCol
were kept in the PBS buffers for 0.5, 1, 2, 3,4, 5, 6, 7, 8, 9, 10, 15, 20, 25, and 30 hours.



At the end of each designated time, the centrifugation was performed to obtain a clear
supernatant for further analysis. The amount of VCM released from the HApCol was
obtained by measuring the absorbance of supernatant at 280 nm on a UV-Vis
spectrophotometer (Jenway, model 6405). After each measurement, the supernatant is
returned to the system assuming that the measuring time is negligible for the release
kinetic study. The VCM content in the supernatant is determined by using a calibration
curve representing the relationship between the concentration of VCM and absorbance;
Ci = 0.1042A;+0.00018; R*=0.9907, where C; is the concentration of VCM and A is the
UV-Vis. absorbance measured at 280 nm. To additionally examine the pH dependence of
the release kinetics of VCM from the HApCol, the pH of VCM aqueous solution was
adjusted from 7.4 to 6.5 by adding dilute acetic acid solution after 5 hours of a release
experiment, and the amount of released VCM from HApCol was determined in function
of time.

2.5 Biological test

Rat osteoblast-like UMR-106 cells [American Type Culture Collection (ATCC) No.
CRL-1661] were grown in Dulbecco’s modified Eagle’s medium (DMEM; Sigma, St.
Louis, MO, USA) supplemented with 10% fetal bovine serum (FBS; PAA, Pasching,
Austria) and 100 U/ml penicillin-streptomycin (Gibco, Grand Island, NY, USA). Cells
were propagated in a 75-cm® T-flask (Corning, NY, USA) in a humidified atmosphere
containing 5% CO, at 37°C and sub cultured as described in the ATCC protocol.
Confluent UMR-106 cells were used for the experiment by seeding cells at 1x10°
cells/petri dish into 100-mm petri dish where a circular glass (diameter ~1.3 cm) and a
VCM-loaded HApCol disc (diameter ~1.3 cm) were placed therein. The above systems
were incubated in a humidified atmosphere containing 5% CO; at 37°C. Culture medium
was replaced every 3 days. At day 14" after seeding, glass and VCM-loaded HApCol
discs were examined for cell attachment and mineralization by scanning electron
microscopy (SEM). The glass and VCM-loaded HApCol disc were quickly rinsed in
cold 0.1 M phosphate buffer (pH 7.2) twice, and then the cells were fixed in 2.5%
glutaraldehyde (Electron Microscopy Science, Fort Washington, PA, USA) in 0.1 M
phosphate buffer for 3 hours. The fixative was removed and cells were rinsed in 0.1M
phosphate buffer and distilled water, respectively. Thereafter, the glass and HApCSi20
discs were dehydrated in a graded series of ethanol solution (50%, 70%, 80%, 90% and
absolute ethanol). The glass and VCM-loaded HApCol disc were desiccated under
vacuum and were coated by copper before examining the cell morphology, cell adhesion
and cell proliferation by SEM.

3. Results and discussion

Powder X-ray diffraction pattern of the HApCol composite in Fig. 3(b) shows broad
peaks over the 20 range of 30-35°, which corresponding to HAp implying a poorly



crystallized HAp phase. This is consistent with what happens during the initial stage of
bone formation. At the first stage of crystallization, amorphous phases of the calcium salt
CaHPO42H,0, Ca3(P0O4)2:3H,O and others [1, 2, 12] were found instead of
hydroxyapatite. Through a process of substitution and addition of atoms or reabsorption
and re-precipitation over a period of weeks or months, these compounds are further
developed and formed into hydroxyapatite crystalline phase. The broad peak from XRD
diffraction data can be used to estimate the crystal size in a direction perpendicular to the
crystallographic plane based on Scherer’s formula, d = kA/p cos6 [29], where d is the
average crystallite size, A is the wavelength of X-ray radiation (0.154056 nm), k is a
constant related to the crystal shape and is approximately equal to unity. f is the full
width of the peak at half of the maximum intensity (rad) and 6 is the Bragg’ angle. The
average size of HAP crystal is calculated using the (002) reflection peak (26=26°). The
sample after soaking in SBF shows a nanosize structure of 36 nm. In addition, XRD
peaks over the 20 range of 30-35°, which generally contain principal feature of HAp, are
fairly weak and, instead, the intense peaks are at 20 = 26° and 39° , most likely due to the
preferred orientation of HAp crystals on the collagen matrix. Pure collagen does not give
significant reflection except broad feature at 26~10-20°, indicating an amorphous phase.

SEM images in Fig 2(a) and 2(b) reveal that some crystals deposited onto the
collagen template, which formed the void space in the HApCol composite. The
precipitated nanocrystals tend to agglomerate and form globular-like structure (Fig 2(b))
with micro pores in between. The composite’s surface looks like a sphere with big
cavities in which the HAp crystals have embedded in the collagen matrix and there are
pores between each globular particle. The pore size in biocomposite scaffolds plays
significant role to the suitability of the composite for being used in each application. In
general, large pore size and high porosity of scaffolds are required for effective nutrient
supply, gas diffusion, and metabolic waste removal. Previous reports show that 1-50 um
pores are needed for vascularization ingrowths while 100-300 um pore size are needed
for bone regeneration [19-21, 51,52]. In this work, the HApCol composite has a pore
size in the range of 2-10 um. The narrower pore sizes formed due to the precipitation of
the HAp nanocrystals on the collagen template. HAp nanocrystals deposited on the
collagen scaffold and fill some of the voids leading to a decrease in the pore size of the
composite. The distribution in sizes of the HApCol particulates is shown in Fig 2(c). The
majority of the HApCol composite are particulates with diameters ranging between 400-
1200 nm. TEM results and electron diffraction patterns of the specimen are shown in Fig
2 (d, e). From the result, the HAp nanocrystals have particles size ranging from 50-100
nm in length and 10-20 nm in width, similar to those found in bones [47-50]. All
hydroxyapatite crystals have the same basic shape, i.e., thin, elongated, but irregularly
shape like platelets. The electron diffraction pattern (Fig 2e) exhibits the number of rings
indicating a typical feature of poorly crystallized sample, in good agreement with broad
signals in powder XRD profile.



In vitro bioactivity test of the HApCol composite was conducted by immersing
the pellet of HApCol composite in SBF for seven days. Although the crystalline phase of
HAp was observed in Fig. 3(a), the diffraction peaks are fairly broad compared to those
reported in the literature [23, 26-31]. This broad pattern derived from the formation of an
extra HAp crystalline phase deposited on the composite surface. The broad diffraction
peaks may indicate that either the deposited phase does not crystallize perfectly or that
the crystals are very small. Note that the XRD pattern of SBF soaked HApCol composite
give a typical feature of hydroxyapatite crystalline phase. This is because additional
hydroxyapatite crystals formed on the surfaces of composite HApCol, as observed in an
SEM image (Fig. 4(b)). The SEM images in Fig 4(a)-(b) reveals irregular pores of the as-
prepared HApCol, and the nucleation of agglomerated particles on the ColHAp surface
after soaking in the SBF solution for seven days, respectively. Figure 4(b) shows the
composite’s surface covering with crystal aggregates of about 10 um in diameter. The
EDS results in Fig. 4(c)-(d) have confirmed the containing of both calcium and
phosphorus ions embedded in the Col matrix and in the additional deposited particles. As
results, the Ca/P weight ratio (Table 1.) at the HApCol surface is 1.71, whereas that at the
additional aggregated on the composition surface is 1.62. The ratios of Ca/P are fairly
close to that of the stoichiometric apatite reported in literatures [1, 2, 26]. This
experiment also show that the HApCol sample is bioactive as bone can grow on its
surface, which is important for their use as bone replacement material in biomedical
applications.

Chemical functional groups of the HApCol composite and chemical interactions
between the organic and inorganic components were examined by IR spectroscopy. IR
spectra of collagen and the HApCol composite are shown in Fig. 3(c) and 3(d),
respectively. Pure collagen has characteristic bands at about 900 cm™ corresponding to
the bending vibration mode of the C—H groups. The absorption peaks detected at around
1685 cm™ and 1510 cm™ are typical of amide | (C=0O bond) and amide I (C-H bond)
bands [29-31, 48, 49], respectively. The intensity of the amide | peak is higher than that
of the amide Il peak. This might mean that that the negatively charged carboxylic groups
(COQ") of the collagen initiates the HAp nucleation. This could also be evidence that the
HAp crystals grew within the collagen matrix. This phenomenon resembles the bionic
growth of HAP crystals in natural bone during the biomineralization [23, 48, 49]. The
intense bands at 1088 cm™, 1035 cm™ and 961 cm™ in the FT-IR spectra of the HApCol
composite correspond to the PO, stretching modes, while the doublets at 602 cm™ and
562 cm™ correspond to the PO, bending mode [2, 29, 30]. By carefully comparing the
above IR spectrum with those reported earlier [2,30], one can conclude that the shoulder
signals around 1450 cm™ and 1240 cm™ and the doublet peaks around 873 cm™ are
characteristics of carbonated ions substituted on the phosphate site in an apatitic
structure, so called B-type apatite. Comparison of both spectra (Fig 3) indicates a
decrease in intensity of absorption peaks corresponding to collagen, which possibly



implied the reduction of active functional groups on the collagen after they interacted
with the apatite. Next, the absorption peaks corresponding to Ca**, COO™ ,PO,> , and
NHs" are focused as they could imply some interactions between those functional groups
during the formation of HApCol composite. The asymmetric stretching vibration of a
dissociated carboxyl group, -COO", observed at 1685 cm™ for pure collagen (Fig 3(ii)),
shifts to lower wave number (1653 cm™) in the HApCol composite. This red shift
indicates that the interactions between two equivalent C-O bonds in —-COQO™ are weakened
because of the formation of a new chemical bond between Ca®* ions on the HAp surface
and —COO' on collagen [24, 25, 30]. As results, it could be concluded that the nucleation
of HAp crystals within the collagen matrix is critically dependent on the charged
functional groups at the collagen surface. This synthetic route is subsequently called as
self organization process.

Schematic diagram of the incorporation of VCM in the HApCol composite and the
chemical structure of VCM are shown in Fig 5(a). VCM contains one carboxyl group
(COO") which can chelate with calcium ions (Ca**) of HApCol composite, which may
lead to a relatively slow release of VCM from the HApCol matrix. However, VCM is a
large molecule and chemical steric forces might be a limiting factor for incorporation of
VCM in a biomaterial matrix. The morphology of vancomycin loaded composite is
shown in Fig. 5(b). The presence of a gel-like film of VCM film was observed on the
composite surface probably due to the presence of excess VCM (as indicated by a white
arrow). Figure 5(b) revealed that the surface of composite is completely covered with a
VCM later. This is a strong indication that VCM is well-incorporated within pores of the
composite. In addition, the deep pockets between each globular particle that were seen in
Fig. 2(b) have become groove-like feature after drug loading. Instead of a porous surface
structure, the surface appears to be much smoother in Fig. 5(b). As results, one might
suggest that this composite has a high capacity for drug delivery applications. IR
spectrum in Fig. 5(c) represents absorption bands at 1449, 1470, 1494, and 1639 cm™
corresponding to the C-C bond of pure VCM, in agreement with previous report [42].
VCM loaded HApCol gives an IR spectrum as shown in Fig. 5(d), which is very similar
to that of pure VCM as shown in Fig. 3(d). As a result, it maybe concluded that the
incorporation of the VCM drug into the HApCol composite does not result in any new
chemical interactions.

The amount of the drug being loaded in the HApCol nanoparticles is determined,
and the VCM loading efficiency is calculated as follows:

100 (ered_VCM - Wfree_VCM )
ered_VCM (1)

VCM - loading efficiency (%) =

In this formula, Wreeq vem represent the VCM content initially prepared for drug loading
experiment. The free VCM weight (Wsree-vem) in the supernatant after centrifugation was
determined by Beer- Lambert’s law [53], A = «cl, where A is the absorbance, ¢ is the
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molar absorptivity, ¢ is the VCM concentration and | is the path length of the quartz cell
(1cm). The VCM loading efficiency estimated from an equation (1) is 77.82% (Wfeed-vcm
= 60 mg). The high VCM loading efficiency arises from the high porosity of the HApCol
composite.

Release kinetics of VCM from the HApCol composite was examine at varying pH,
using phosphate buffer solution (pH = 4.0, 6.5 and 7.4). The release behavior of VCM
from the HApCol composite is described by a plot of the cumulative amount of drug
released into the buffer solution versus time as shown in Fig 6(a). The release study has
been carried out continuingly over the period of 30 hours. Figure 6(a) reveals that the
release kinetics of VCM from the HApCol structure is critically dependent on pH.
Nevertheless, it should be pointed out that, during the first five hours of the release
experiments, steep slopes are observed for each controlled pH experiment. The steeper
slopes imply the faster initial release of VCM from the HApCol within five hours. The
initial slopes of the VCM cumulative release are quantified in the order pH 4.0 > pH 6.5
> pH 7.4. At pH 6.5 and pH 7.4, strong initial burst gives rise to the complete release
after only five and ten hours, respectively. These results indicated that all loaded VCM
easily leached out from the ColHAp composite within the initial burst step, which is
unlikely to happen in the case of microporous materials. Nevertheless, it is well known
that both collagen and hydroxyapatite partly dissolve upon exposure to an acidic
condition. Therefore, the strong bursting effect of the VCM release at acidic condition
should be a result of degradation of HApCol structure. Consequently, the initial burst
occurs mildly at a physiological condition, pH 7.4, due to the high stability of the
composite structure. In general, microporosity of biomaterials retards diffusion of drug.
At pH 7.4, the release of VCM is relatively slow, with an initial burst, where less than
50% of the drug loading was released within 1-5 hours. Importantly, the release profile
shows 80% accumulative release for pH 7.4 after 25 hours; while only 2-3 hours is
required to reach 80% accumulative release for pH 6.5 and 4.0. Three release steps can
be observed for the leaching of VCM from HApCol at a pH = 7.4. Fast release occurs
during the first five hours (47%), followed by a slow release after 5-10 hours (8%), and a
second rapid release after 10 hours (17%). To investigate pH-dependence of the release
kinetics of VCM from HApCol matrix (Fig 7), the VCM-loaded composite was initially
immersed in a (non-buffered) solution pH 7.4 for five hours, and, thereafter, the pH was
adjusted by adding weak acid to obtain pH 6.5. The plot of cumulative release versus
time displays a higher derivative (slope) at pH 6.5 interval than that at pH 7.4, reflecting
different dissolution kinetics of VCM from the HAPCol matrix. From these observations,
it is apparent that the behavior of the drug release from the composite material is
sensitive to the pH. At pH 7.4, the hydroxyapatite remains stable but the collagen
however begins to swell and degrade after being immersed for a long time. The swelling
of the collagen in HApCol composite is due to the carboxyl groups becoming
progressively ionized. As the electrostatic repulsion between the ionized groups [37]
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becomes larger, the swelling increases. The increase in the release of the drug after ten
hour is due to this swelling. When the pH is decreased to 6.5, the dissolution of the
HApCol composite begins. Schematic models of pH dependence of the structure of
HApCol are given in Fig. 6(b). The models indicate that HApCol is feasibly dissolved in
acidic media. Dissolution of HApCol composite plays an important role in drug release.
Complete drug release occur rapidly in the order of pH 4.0 > pH 6.5 > pH 7.4. The
complete release of VCM from HApCol at pH 7.4 took longer time to reach,
approximately twice that at pH 4.0.

Furthermore, SEM and TEM experiments were carried out to clarify the structure
stability of the drug-loaded HApCol composite after being exposure under different pH
environments for three hours. Figure 9(a) is the microstructure of the acid treated VCM-
loaded HApCol composite representing mainly HAp nanocrystal, and a significant loss of
the collagen matrix, which supposed to keep the nanocrystals intact as composite.
Therefore, this is major evidence suggesting the dissolution of HApCol in acidic
environment, which resulted in the high initial burst of drug release. Note that the
apparent dark shades in TEM results, in Fig. 9(b)-(c), represent the swelling of collagen
matrix. As clearly seen in Fig. 5(b), the surface of VCM-loaded HApCol composite is
well covered by the drug (white part). Comparison the SEM image in Fig. 5(b) and those
in Fig. 9 (b)-(f) clearly suggests the amount of the drug still remained on the surface in
the order of pH 7.4 > pH 6.5 > pH 4.0. The pH dependent stability models of the
HApCol composite is described in Scheme 6(b). Thus, the drug component was also
washed out under exposure an acid condition.

Mathematical description of drug delivery kinetics can be described using Peppas
model [54]:

t _ ptn
M, =kt (2)
where M; and My are the concentration of drug released into a medium up to time t and
the initial concentration of drug on the particles.My/My is the fractional concentration of
released drug which is proportional to the release constant k (h™), indicating the release
rate. Time (t) is powered to a release exponent; n. This equation allows release
mechanism to be characterized. The Peppas’s model is suitable model for describing
water-soluble drug release from polymeric matrices and could be applied to porous
ceramic materials where mechanism is not entirely known. This model is appropriate to
explain the release kinetics of the systems, in which drug dissolution occurs rapidly, in
comparing to drug diffusion. Focusing on the release from the HApCol composite in the
initial burst (first-five hours), the Peppas’s model in equation (2) was used to analyze the
drug release and showed excellent fit with R? equal to 0.999, 0.998 and 0.990 for pH 4.0,
6.5 and 7.4, respectively. Table 2, shows the experimental fitting data from Fig 10. These
results were used to calculate the value of n which was found to be 0.53, 0.54, and 0.58
for pH=4.0, 6.5 and 7.4, respectively. The release exponential n depends on the transport
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mechanism and the geometry of the carrier. The value of n being between 0.5 to 1 means
that the transport process is anomalous transport corresponding to Case Il and the
structural relaxation is comparable to diffusion [54, 55]. More importantly, the release
rates are quantified in the orderk,, _,, > K, _¢5 > K,,_;,, as reported in Table 2. These

calculated rate constants are consistent with the experimental results discussed earlier.

Next, to emphasize that the drug-loaded HApCol will be accepted in human body as
well as the composite, the bioactivity test should be carried out for the drug-loaded
material. Cell attachment and proliferation experiments were investigated to observe
possible growth of rat osteoblast-cells on the VCM-loaded HApCol substrate, comparing
with glass substrate (See Fig 8). Notably, the density of bone cells proliferated on both
glass and substrate was quite high after 14 days. The presence of filopodia gives strong
evidence showing that the cells are well attached with the VCM-loaded HApCol
substrate, and hence, this implies the bioactivity of VCM-loaded HApCol. Multiple
filopodia extended from the cell surface to the substrate and neighboring cells.

5. Conclusion

In this work, the HApCol bone-like composite was synthesize via self organization
through electrostatic interactions among positively and negatively charged functional
groups on both HAp and Col components. Antibiotics (VCM) loaded HApCol composite
was also prepare for drug release investigation. Drug release behaviors are critically
depending upon the pH of medium. The high release rate of the large volume of VCM
released from the HApCol composite suggests that the undesirable burst effect will occur
when the composite is placed next to defective cells (i.e. cancer cells). The higher rate of
release in acidic environment results from abrupt morphological changes caused by the
dissolution of HApCol composite. Assays in SBF and cell attachment have confirmed the
bioactivity of HApCol composite and VCM-loaded HApCol composites, respectively.
The results in this work suggest that the biocomposite material prepared here holds
promise as candidate for drug delivery. Incorporation of antibiotics in the implants will
aids recovery, but anticipation and careful adjustment of drug dosage is needed as the
initial burst and overdose may harm patients who have other complications.
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Table 1. EDS result of the elements analysis of HApCol composite after soaking for 7

days in SBF solution.

Weight concentration (%) Ca/P
Materials ©) Mg P Cl K Ca
HAP-Col
surface 18.36 | 36.08 | 0.2 | 1475 | 159 | 049 | 25.2 1.71
Particles on
surface 2771 | 3538 | 0.28 | 1147 | 112 | 047 | 1853 | 1.62

Table 2. Release characteristic parameters of VCM from the HApCol composite.

Peppas’model
Mt/M():ktn
Release
matrix pH n k (h™h R? Transport mechanism
HAP-Col 4.0 0.53 53 0.999 Case lll
6.5 0.54 43 0.998 Case Il
7.4 0.58 22 0.989 Case Il
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Figure Captions

Figure 1. Flow chart for the systhesis of Hydroxyapatite-Collagen (HApCol)
nanocomposite particles containing Vancomycin (VCM) drug and cell bioactivity.

Figure 2. SEM micrograph of HApCol for low (a) and high magnification (b) and size
distribution of HApCol particles (c). TEM image of the HApCol composite (d) and
electron diffraction patterns of HApCol composite (e).

Figure 3. The XRD pattern (i) of hydroxyapatite-collagen (HApCol) nanocomposite
before (a), and after soaking in SBF for one week (b).e=hydroxyapatite phase. (ii) FT-IR
spectrum of collagen fibrils and hydroxyapatite-collagen (HApCol) nanocomposite.
Figure 4. SEM micrograph of HApCol pellet before (a) and after soaking in SBF for one
week (b). EDS analysis of the sample at the HApCol surface (c) and at the particle on
surface (d).

Figure 5. Model of hydroxyapatite-collagen (HApCol) nanocomposite with vancomycin
(VCM) drug (a), molecular structure of VCM containing one carboxyl group (COO)
represented by a dashed circle (b). Scanning electron micrographs (SEM) of aggregated
HApCol nanocomposite particles containing VCM drug (c), FT-IR spectrum of VCM and
HAP-Col-VCM composite (d).

Figure 6. Cumulative percent of vancomycin (VCM) released versus immersion time for
the hydroxyapatite-collagen (HApCol) particles at pH value 4.0, 6.5 and 7.4 (phosphate
buffer) and the result expressed as mean +/-SD; n=3 (a) and (b) photograph image of
HApCol colloid particles after 3 hours release of VCM and schematic diagram depicting
the concept of pH induced changes to HApCol nanocomposite.

Figure 7. pH-controlled release of VCM drug from HApCol pellet (means+/-standard
deviation, n=3).

Figure 8. SEM images of osteoblasts on (a,b) glass, and (c,d) hydroxyapatite-collagen
(HApCol) nanocomposite after 14 days of culture. Filopodia and mineralizing nodules
are seen.

Figure 9. TEM and SEM images show the morphology of HApCol nanocomposite with
VCM drug after immersion for 3 hours. (a, b) pH=4.0, (c, d) pH=6.5, and (e, f) pH=7.4.
Figure 10. Fitting of the early release data to Egn. (2) of text with the VCM drug release
profile from HApCol nanocomposite particles at pH=4.0, 6.5, and 7.4.
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Figure 3.
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Figure 4.
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Figure 5.
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Figure 6.
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