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.t!8hlrnnx I iut lruh rrr.d k, l.t'n(.tb, subrn r r! r! a-dL tl(trnc hlJ^,\r.rp.lrtc (8ll.tllt..qt th'
hrfih.nr|ir Jrr bnllnnllirn trtrtrr] &'r inL (.rti(x I bt.. h.. tt{r.dnrl dnJ ..l.rn.rl t' }hJB.
AI n F$ Jcr 1.LJ rn mrrrr:. 8l lA $.s r&rl t,rl.trraL- \ulni.n'n 0l l.\ $ h mihqa inttm.nt t,r
1. 6- rd q h rnJ \ J\ (h.rrnt(ry(rl br ushra drrum( li3hl..:.[(r |. sarminx..!xliu DrnRrlr{.
ttrl'lrrr(rl sirh .ar6$' dlF{iNr t-L.{ rF'dnn opi,, Rlrrri,r-Errrshrm inlr&Bd iFnn!!.r?r',
,rnd X{.r lirlrru.tln rr t(, oh&h rb Frrtxl'rrz(.(laktum.h-f*llafh'rur ((:n/I'l rntir.lulxlilnJ
(hchi(.!l Xrup lrrl \RD FcaL\ drrl lt!\rrilnutr R.rulb s]Blr^ ed ttr.l llt pantLk ri.c tl al IA
had ,r B rl dFt'birlllr rnqi(. , rr rlh ll'rl. fnlm - t to . Ill !tn. lttllrl,a tri.rtftnr ftrr ], .', .vtJ t h
ru.srrulll,gJualh tt{qlrt thr n.rti I. r?(.o, Blljl b a $lhnnalln {rh'. Tht mlkrJ BllA .
hr dhtlrtumr( \u(. $d\ \+rr'r'.rnllr \m.tlL" (omFn^J tt uMrlk{ Btl .\ lltlirla Et.rtnx.nt n du(.tl
tltr.n ltilrrr l\ oi 8l LL IftB.(\ cr, t}t..trorunr.rt Jrl lI{.fntt {{r....lur.l.lr.rlditr. ur|indl.rl.tul
mrll{ BI l,\ a.r rh.r}r{ hruL("ullr, hrd.n ttrutreoJ phlEplut( .ubslitutx{l *rou}'\, Jrrl thl.
Ci'l'r.rIF r.mFrl tn}m l.lr. !l l.rrr h ..rr h"6it'i, llr t brr.hxr ot subm|.r('r}r.rlf El lA rrni
ru(a5srullr .cft.1!.rt'd ulhs d hi8hi'rl(X\ Jn bu! nulltr* r,t.lfiirl. lh r Uqt tREtrII.y{ Jrl nal
rlldl tltMlur,rl.hdr.l.t.ri$$ol Bl L\ Ihu.. dr \ltrmrr.xi rdL.Ull,\ nur r+lxtntJlh u{tul A
! bFrnnt(nrl lorhdxrrft!.
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Xct?od( $t mri,'n nutunrl; rufi,rftrt.rul:lx r.$ll(ld; trtre ,ir.rtt;.rl.u'l ph^i,tur., n.,Bk\t t

1, htroductlon
l!rl. Jt{t(N rrplt!f,nt . lx.8ltr, ,,l!\i li)r .l Ji{,a:'(' thdl ral r.\ erElv intrrforc $ ith the

Fhrsxi(rdtnl rutu1krn oi hrr*r | - I. Itis trrrm ol dtx'Ne mdr .rlnr.fie(t an mdirrJual'\
qualitv of lifc and the p.ti.'nt'r e.rlr!('r'lt hurdett I l. Eten'r"ear, morc t]ran 2! rnilliu
Fiople ,akt.ll\ un&.Bo borr. gratting pnxcdrrss k' trEt ttGre &kfs I ,l. lhersf€s, alE
Jtn eloprncnl of (I"tsr{orrlr!!tirr bk}mrtr,rlal shoulJ iotts orr tnrnc tirsu€ en8rnrr,rinN t}

'celer.lte h('rF defRl nT.rr\
lhrdr.rtlopntntof runxcatt' mattnalr lurbtr:n trFdlt mc['d:.mg in ftir,nl J(t,r.Jt:.

N afi'scale bx)Ili.rteti.h harr been rpp.rned to harc biic6(rdl ct[e'.hi in b(!.u tbl{le erqF-
neerin8, rudr .s irERasin* tlE rdheiiori, di#cr\,ntiatirn, and pn liit'rati(Er of olrti$hsts
arrl pr('r idin[ \'&.'rrLrriurtirm and b.rnc forrnatirrn in rir o I , I. Hor,cr'cr, thr' cffe<ts of

rrrer

hrF. , snr 
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ndrxrnitHi,r[, fartkularh in rrstAtclasts, r$'le rltt a\ cxP$(ll\l m rlgNrblnrf r. C lrrl rt ,rl. l l
rl'portd tlEt HA in ncno:icalc rar-lin srzc$ I - I(Xl run) impa n d rxtt1|(la,.*ir fortllaifi .nd
fu!'Eti(ir. Itls $ ilt 6.i&rrsl by inhbiled trll fusior! redu..{ orhrcla.tt ize. increa.ed
ost(rxlltl .Frptosb. rrppnssd srFr-jli.rn of ('.lco(lnst rFdi( ti tes and pfitreinr and
hdmpt'..d nq'rplrr'{r d(li|rt)',:omparcd kr $rbmrt('n H.A {-i(Il nm}. ()t}r.t lhan th.t,
narrparli(L. i.nall6 than lOnmrl't,e indrtahd lrr rd xmilar kt &i!,rnl ln v cltlsr vJrhtttr
hrolllaicalt'arrrtr.,nachrng.rnritircoryarr.rndJi$urbingnilrftrlccllh*t.rvxrrl,'l

lurthcrmoN, the studv be8ub to tr?ort rhc b{tEhcial dfccl oi submicnrn + rak
mahrl.rl f{)r tx)nr rlt()rl\truation llrr'rubmir'ron +-r<ak mntrrinl war rlyr founJ to b('
the nu'.,t intluenrEl rrrrfa.c dirpniim in pnrm(liri8 (r{l,(ttlarl ditfrlpitiation. as rrlwru,J
bv Kl$ns (l al. I l. ln addition, subml.lrrn-tlltr r..ramk iEtair !'l]a': .lcIl nm) $as
rrb*.n r\l hr entune bone regetEa.ti(tn aller l?rrek of implant,rtih I l. I'arli('uhrll"
in rqlanl to o*lclrlartl it hns tl(fn reFrrred thnt ht' n)rFpahte rvith a pndicle sue o(
-5(Il nnr brndr.r.llr injlusrrr.r rxhtrla.t form.tin anJ funr1xm compard to rrhallcr-
rired malen;ls I I. I hur. .rrn\rd.,rin8 rhc drntnrtr'rrl' of mtthii.]l \r.rt\, it i. sutilir*lrd that
th€ lubmt.n'rl-rdle mal€ruh Frlcntiallv h.r\ r srF,tror &ti(m r.l b(nt'cells, partr(-rrhrlr
(tste(\ld|.lt .rn{.i nraY bc (ombinNl with ({ht' (sranrf\ kr pntllu.r delrrtrl Jra.dctrri\l.r
h)r t\)rl. tr\su' n'Etl*lntron [ - J.

Hrdr('r\.patito {HA) iia deti\ nterri.dl.ium phlr,phato that r\ rri.lelr uxrl lor ma.lieal
purp('!!es, m.lud)nB orth(T*di( and de al J I HA a,i a tiomaten!l.an be st-nthe!.rred
fnrn rh({nic'el pre.Inrlni lnohn ar .vnthcti( HA (tr r \tra._trd fll)m ruturil qrurcti ruah r.
mrmmibin t\n.'\ I l. (tl.'adrantage in r,:'ln8 n.rtural HA (ompal!.l Io \.rt*r'tk HA l\
th. (haract(risti.t d nalural HA Ndkr.l HA, such rs l.r*urc hldnrrvaftaht (UHA,, hrsa
carhmatc $b\hhrtr.n tnrlp ()n rts alrdht€ lhe natural }LA Ls simrla! kr human t\)rl' .rnJ
sar not fourrl rn :rrrthehc HA | - I. Cdb.rhated HA rr'is foun.l kr inoa'ii'rtsre(tblail
P(rifsatron in vitn) l' ]. Othcr charartBrirtl(i. ({ gHA, su(h.5rb high cornprc:sire
slnr*th, prr'rr.nl prt n.rhrrr dqfrrl.rhon.rnd \ufpoil trrrc iorm.rb,rr m r'i\t [ ,1.

Cimrids.mt ltr blrrYh.ial effrrt\ r, tlllA.nd suhmkri'n m.lerial in tilrle tisru€
srtin {rInB. lh. .I'r t,hpmrrrt ra submrcDn BHA Fn.nhall! mcrl!!6lhe r!.lrorrluchr(
and (xif(r(rrductn € P'(rFrles dl BHA. Ai ir rvrs cltti.hst$d thrr r!.tirnkRrn rruterial had
a ruF(.n(tr r{fc.l on (ltlc(xlalitr I I, suhmi.ron BHA r.'lll al$o ben.6t htnt di$nri(r tBlatcd
to (Ftr(tl.*t JlsluIxtiLn-

sturln* har c reprrltJ th.l lTlli{dl pdr.tmclt.lr nru\t be ron$dcBJ rl'hgl fabrratrng
hrdrorrapatlrI l Dt,th,t]r.hrEh(({rrEsi\''rrtrrr|Bh[r,!.r'tttofBHA,an.p-
rr.rPnalemdh\i \ht Ll h€ ('lx)r.,n t.r rtr.lu(c llx' Frrrrcl'lue ol lht EHA A;rt'rlrurstudl
t'r Rut$dirnt .'t rl. I rl sl,|tk'srz(d a nrno-hrdt('x$apahh uirl; dle rr'€l hall miling
metlxx, hittelha rl a\ $c rnilliqE medu. Ethrnol $ rr1dch us€d a6t pnEssc.nhtrl aFrt
(t{,{) in thr millint pnxer*r r biomattrialr | :1. ll(Nelc[, tl] u!,{. of ahanrrl and other
organrc .rrlrmts s lnrrlral t() br, the mrl\t (-(immon !.ruttr of drntamnuh(h (rf ($tain€d
matrnal'. I1le* r{r srts i'du.-rd .r.r\lrllmrtv anJ atvr changeJ thc moryh (1gt and
dlrtnhutr$ ofclentntrof rllt {artng .na&,rialr I I &.cau.cr{thl\, d i5 \uLgei.d tlEt
the u!{. of olxlnk crmpoutds rhould bc atoidtrl rn the milling reatnrot.rl tri(rnated.Ls.

thlr snrdr aimcd k' labrEate subnricron-srh lL{ b\'rrrmt hifh-€rpr8r,dr\ bal
milhng. ln drrs rtulr', hn rrl(. tux.:' h'(.rr fi ra'n ptt.ireaun€il (b(,iltd, Jrird, anJ (alcin d) in
or&r t1r ritarn BHA. BHA n.turalh qzed lrl rnitrnr tr'as mrlltrl trrr scr'(Trl lxrlrs br u.u\;
thr hrgh-tnrrxr dn ball mrllmg mahorl. Mrllcd ntd rmmrllprl 8H.{ thur $rrt dr.t..1er-
r.aid b! urrng dt'nami( li8ht <itt iqt { lX -s. BR Lnun Ciruller, lndi.napolis. lN, USA), a
\<?rlirinf el<tnn mr(TG.rp.' .1tE['chl rvith 6le 8! disFrs\'e X-Lrv rfrctNA.r?v (sf,M-
EDl,, Crrl Zebs, ()tstrxhert. C'ermrnr'), lounrr-t.ansf()rm inftrEd *idnr p)' (FllR,
Brukrlr, ta,iF2ili (}rrrlanv}. rrrl x-r.rv dirtradtlmstn (\RD, lANAlvti..l CorF' l&rr
Alrrr.lo, I tr. Nedrt'rlard I Subrtxcron-<alc 8HA $T th lnrl.rh (hardct('n$h$ ({ human t'l)ft'
hdr tl&. pot(ntul l{,l'(' u!*J (or t\r* $alt\ (r Jrug llclir err tr s[n$ kr t\tu ti$ur.s

.. rir:rc! :: :1:l :.n l.



2. M.t rirlr .nd M.lhod.
:.1 l. rrr tri',t ,t &,iir,l Huln'-ruu'!rr.

BHA $?s e\tra(h{ tB:.J (,ri thc nlrlthrxls u..,J b\ DuJiatin et al. I l, with mrr.li-
ficrtuns. Ihe ras' matenal rrar fn*h cr.rtical br,rr. lnrm maturc tnvinr:. l)(!rt rrrr r.'ul
and clea[L\, rr rth $ater, and sF\n8! p.rlt and brrne marn$ llri(' rtrrr\,t'd Fxrdr1'trr.rft,,
the trnre war hriltd f(!r i h in da{ilhJ rr.1t(r (Jislillld ualr.r w&t chaqqtrl elen hour).
&xt $an trriled rn tht' prtssunarl tanl f,rr 3 h (!l.rlr $'dJ.hanlFd rn ty! ()rre hour). l1r
trriled bone u'ar then dned al ft) C f(rrthftr lxrurs lhrdrit'd bcne $'a:, re\cd inabr.rluh
ethanol (tsrata(i! Chpm[a, S'urab.\'a, lrrl.'r*\i.rl h'r 2,1 h whJe t'dnB shakri lcthdnol wa]
than5,ttl er en l2 ht. Calcirutitrr $ a c({rdEltrl l(r hv(, ltttur!. at lulo C. Fin l[: the h,)r*
\'a! Bnund ind \tvrrl lhtou8h an SlLnr$h n(\r.

Ihir sturlv alyr cramirt{ thr llHA-ba*{ rnJ HA-b.*J sr:affoLl's compreuvr
rlryngth lhe r-afftrLls *r.n' m.rrlt' tnrm rrtra.L.d BHA anrl HA (CASr numhlr l](lt
t)6i,molocularrfcightlUX.6*rnr'll;fudherrhaiactlii't(tattprGcntinfliuresl).
Ari!fl\, 8H-{ o' HA (lo 8) w.i addrrt k' i mL ofa peperrd Ar'" gelatu qlun.n (Cartini,,
Samul l'ralfi, fh.ilanJ). Ih. mi\tr.u? h ar !,hrld altl ri.rlrl uinlg. mr:ih lia.: I {l mml
dnd dnc\t al f7 C. Ncr! 25 mX('l XranuLs wrlr. m(id('d mloan rmplant (diame{cr':2 mril
u\in8, hldriulk pni\ (2 hm; (ira!€hv-+11rJ. t.td., thp'ngt(!n, f\pnt, L(|'xl.ln, Ul().

:1 Inbtnf it \ub rinr,-tr,, $Hi t A,,,S H\i,-trl.Nr l)rr .V,lri,r'

Ihe lrbn.nh('n .'1 iubmicnn-:cal. llHA u'ar rrrrducterl bassi rxr the mcthrrds ol
Amiruhln t{ .l (21119) | l. BHA ('\tr.rded ,r('m the pn'ilrrri rn€th(rd $a. us.d a. the
\tdrhnt mahTlal. A milllng ball rn de [n)m alumiru B..ir usf,{l; ttr. ratLr of BHA and the
milliq( ball $ ai 1:10. Ite rnillin8 ttP.!n.{lt re.s condlrhd frl' thrre. ,"ir, and nnr, h.rnr\ rn
ttu milliql Yial,

7. \ 
^Irt,rt 

Cluraal,,i'-nt1\tfi

Tlx,.(,rnpR.:$rr e {rtnglh d th., BHA-b&t rl ind HA.ba:a.d s.df(tif, was eharar.lrrizd
b! uiing amuU aun)l8,rnph (Auhtraph ili.^'<rfiput6CtrltrolUru!*sal lesting, Load('ell,
IXC-lB {On*trul tquipm6t llanur.cture. Surnbila, ltrdoneru}, speed 5 ln'l/ndnl.

IlE C, /l' raho ({ rnateriah was e1.mirlcd rlsin8 SEM-EDX (EVO MA l0; Cd ilairs,
(.)berhL'itelL (irm.nv). llE \truclurrl 6 allBti(rt of Farhde siz€ was er.arnrni.d uring the
$Irr' irNln[npil and aruluad b] rDa\unn8 th mr!.n parlr(le iz(' in al Larr h^.t ditrcBnl
ares rlsin* tlr, lrna8d l 52. e({twrre (Nrtirt l lnstituks of lled& &thorle, MD. USA).

ltre <r_r'sullm!- o1 the matrriaLs war ernmmd b\ usin8 lRD (PAlialflic.l X'l'e.tl
pi'r^'d€r; IIAN Al)'hcal C(rF)r.tiii, Almelrr, lhe :Vctherlantl,. Ihe XRD p.tt6n u .r\ .or-
ftct€d, .nd the XRD pr..ks wert, dcttrted uriry ()ri8in *)Jtrl.re (OridnLab Corp(rrtion,
Nortranrphn, !rL{, L$A1. llre ptront of crrrlallutitv t{ ra'jr rutenal $as cakulald brsd
()n nrpa urrlt'r FeaLs br uirnS Ori8in i{l$'.rr'.

I'en.nr ot (rt.trlhnrtr , , ,, 
*t *-" , . ,,rr',, 0 r' Acrrt lhrk' Aamorp]trur

I1rt hvdnrllnami{ partkk, ize r{ maI(.rills was rr'ar nrl by rL{nE [)|-S (lH!i.r't'
Nanrr C; Bttkm.rn Coulr:r, lndianrFrlrr. lN,l-IiA,. Nhrh th.. hm.t(rlal chcmial tnrupol
e.(h mct rl.rlwa\.aamrrrd with l-! lR (Alpha ll; BruIt', Lrripa& C*rmanr ).

3. lt suhs

lh(. h, dF hbricrh(n.trl chrradcrv{i,m .rf l}I, nut..rial. .r complP.r,il e stsr,rrglh te{
tra\.(indtr.teJ t(l ('rrnpare the sfrer$th oi BttA ai nahtral lilrm of HA li'rth i wnth.,ti( H.A
(.h.udcl.t'itir\ of HA nrt pn5rrtt\l in Fr8un'Sl ). l'iture \hows thit BHA had . hif h..t
co'nprl:*iive strcr\ilh th.n thr srnth€tic HA (p = t1.015{; unpaiEd t-te*). ltix indic.tsd
that BHA i\ n compad matcnalc(mpattd k) HA.

, lrr:l -'-. '.1
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Itc strerfth r,f 8HA indioted ilr trittl&e$, llhi($ Ittly affert the submicrx!.DHA
fahticahon prrxrr*. Thr6, in app.opriatc. mcthxl :ihrulrl be ttrrl;i.J.ttd ir thp ttrp{own
[atrri(atior rrrrelr tor B]lA. ln lhe.ur'tnt rhrd[ w€ ch.5e thr: hiSh-€rErtrv dav ball milti.B
mc{t.rd to lattrE.te srrbminn BHA. Figrre .'C rrro$-"i th.1l the p6rhck' rizr (rf unrniltrd
8l{A had a wide distn'butisr fdn8e. ftor! suhriic(Els to -$ pm, *ith a peat o{ -5 tr
-10 rm. More.^'er, SEM Lnates prE entcd in Fi8ure : abo slr)*' 0ut rrittinf; hcartnent
rerlrxed tlre partile sie ol t*lA, Hr $Ehrahveb" ard seEiqrsntsbtiv.&'. BHA $mpl6
millod tor three, sir. ard nirx h<nrni u,ett trcasured and lound tr have particle sircs of
-:, -l trm, and in dE glbmtlt'r !i..lc (figure.lFJ"L). M$rc.rrer, all .iaterial war shaFd
heragoelly (FBut'-:); this sltapc oI BHA aL{.t ditfursrha&li 8HA fn)rn srnthstic HA
(FiEll]e 51A,S).

tr{lllir}g tr€alnert did rrll itflct *E .}aracterisdcs o, BHA bald on ib functidal
clFrntcal g.{trl!r. FTIR spectra shrwed that all datenaLr h&d ca.b(tlte dkl plxlsfhate
gnruttt pn+4nt al a waYerrunsr:r ol l.l5i cm I and l{Xxt-l1fi, cm l. r*pectir.elv Gig-
ure il. MoR.trvrr, tll. tai,{rnate tloup dcfoctrr, in aX B}lA samplr-r rras not pllr*nt in HA
{Figur SlC). Tl* trltD p.tttl.n dd penkr r, rfimill€d ,nd rni&d 3}lA &.e p.tr.rrd in
f*rrtr r. BHA had 8{nf. c.}rlalinitv, while BHA mill€d fo{ 3, 6, .rd t h h.d 56.tt";,
6r).96"-, ard 60-7tj-o oFtaltoit), re+ecd*ely. ln additian. the ..lciuri-b?trxphorus
(Ca /l') of unmilled ard lnilH BHA ran8fd frrEn l.-|{t to 1.66 (Lbk l). The Cr /P of all
BHA !ian*l.'s (l.Ellliued areJ rnilhd) G high.r El.n that txr|d ilt ryrttetk HA {Figrlre Sl E).

Ilte L1rrlent rtudy nlr, c('ductp,j a hvdrtrlynamic partrcle nrasurunerl ol tie
unmilled and milled gHA (figur 11. llis r.asu!'crrent l,ns es:(ntirl kl p!3dkt rll{
ir rivo lErirrntan € (!a BHA a6 $rbmi,m mat$i.ls. tn lnt t9irh pEvious t*$rlts b), SEM
(FL'ure:), tlre tnilling trlannent radu.€d tlE p.rtkle $ize ot BHA or'ler h'!e. rlow6'rr,
the hydrdyrumt iee rJ millsd BllA nag n*rt r*tnsive; the partkle sizt. r|rn s.aled ir
miqDn size wrth BHA urilld ior nrne trrurs teing tt€ !filallart-
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FiAur. !- St:tll uDrxG mJ l'. ek .t,. da,ik 'ut ,s nl unmill8i AI tA (A-D), Bl tA mill.al htr :i h

lf Ht. Bll.\ mdltd k'r. h (l Ll,.md aHA rilll(il t'r e h lM ?) lA-E,l.Mi lm.|sr* {nnr !,t!l
ru*nifiLatih \n lfir), rt.F.t.l;) Irnrr!. +k'tr t(ttnl i$rJlnritdbon.t 1m. . lC,G.KOl lhn8F +,r
trr.rl [l+ llrrl.rt(n rr li.(u(r. I Oll.LF) (;.il!lrs shr$ Sr' .(*r!!F!lr.lqr [r.4i.h .u! dalrl'uii.n\

fiasl. l. lTlR $\\trr r,t urunJl .rEl rn'l[J Blln
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l. Dis(uision
Ihc ..l|r,l.nl rtud! n ar conrlucter,l l.t i.bnrd tc rubrnr( nrl"{ile BHA urlnf thc d^'

ball mrllnS mdhrd uith tariirur millin8 timrs. lhir millin* mrthoJ rrser no mtr.ia in tll,
millinI, trrrinrnt di rn.!trn.rl5. Milhn8 rrl.diJ {r(h Jr t't}Ervtl .rnJ (tth€r o$rni( yrh rnt .rlt'
$ id€lr u\rl .1\ ltA rn th" millin8 methrd I - I. ft'A tun.lirlr! krdsoid (tld w.{Jmt
and t|(mdlq; bctrlen the F $'der padrcl(5 tktivlacr, l(-A is alxr ktorln to chan8r
materhl char.deriiti,ci l: l. ln fhe aseof the milling trrarrut (iI8tlA, ther!!eof l(A

I I

,:.



mar l.trarlle rlr irrhlral chara(lcrirti.\, rlhx:h rr fttt dr\irahk'. In tll,(uIrlnl $iudt, $r
did not van tlx' millint !$t€cd b..cnur.' rt h'a!. PNl'krc\lr rfTxtrted that trliuiqi Peed did
not influencr. lh.. parhclt'izc of mrtwrrl. I l. Althlu8h BHA ii a m.rt 

"ial 
tnith high

Llrmpr6rir r rtnqtth, ou, studr pru (d dr.t d (,.h millug tn'.lntnt sucerslulh nrlrr(}d
tl*' t\rrtr.-L'siar ol BHA hr a rutxni.trfl \,rL't,rithoul dranfnr8 tfu naturnl rrrrrphrhBv oa

BHA tla, hr dnxlrnami. \rr(. ol thci, mdtrn,rls war hi6he4 ht tsu, thc partirlc riar r{
mtlL'J BHA $.s {l.rrih{-.ntlv rmall.'r than unmill(\l 8HA

Ou, lr.ntlr f*rnaakd r!$rit<nrn Bt A hd:' b.fn nlr[nled k, h.ve a bt'reftial efft:tt
rn trrL' tilrrut' rirBrnrrylns. A pr('\ ious itud!' n Frrh.J that rubmirrort*-.ah matcrials
( -i( f) nni ) had .r tx{eii. inl t'lt 11 on o\tr.(r ldrl (ornut il'n .r nrl fu rulitur cr.xnpanrl h r namrma-
tcrHlsJl. lhrs'rvurt is suB8ri.h.d t('(r'(ur thn th dr{' rntqlnn-hsand pn{rln inler.<brn!
bv pr.rtein adrrrptkrn I l. ln additon, .ubmi(r(m-riztrl (*rami(\ {gr.in \izrr -ll0o nm}
har'e also trr:n provttl to cnhatu_e tt'ne rt'Scnsili(m aomparEd kr mi.'r(rse:ale (eramkr

Qar.m rire: -:-i Fml.rlYt l2 !vr(L! 
'rt 

impl.nt.tin m viv(| [ ].

[u.thprm.n', our curnit sludv rl.o F nv(\l that ihc millint trl.rtnr.nr JiJ rx{ (hrn8.
the morptrt'logr oi BtL{. I he mrrphrltgr of tht r nraterrals r* as srmilar to tr,r iru-tlrn vtr.l

HA an our FlBr i(rr, studt [ | anl lhr h]dnt$'l (1rmFrrto H.{ m t}f' itudv of Slota
ct al. | | -IhL\ h(r.rll(rnallih nnrrphohryr' of bLrnrntcriali rr.!s rt'plrted to pr.rrn {r.
uit*trln\t aJhekn altt,r filc hour. .rf *tding | | llrs rnlrphohrgv is als pn:,r.nt rn
thc tixnhinsalrzatirr ot human txrn! tr|l'ilr(hvrnal lit n ft,ll.l .1, nrgg€$,rlq sim ar

FnfertE\ artl h:tter p€r'hrrtrntr rn vrrrr.
M()n\rlrr, rrur (urrerlt rtuJ\ pn,rcd that thc t(rfrr.)t^'n h,.tm.,nt Jlil not aff(,d t}!t,

.harn trrrstrG.{ 8HA t'ar.d rm rts (hrmr2l lurttrEul tr(rrp!. t.lh unm kd atd mrlled
8HA sh(nfed iartt(matc .rkl ph(Bphate chrmr,xl gnrrps. lhrs uassimilar klourpm hrl\
duJ! I l and an({}r.r ltudv c(rdu<t rC b! Midrelrt et al I l. tL.cartxrute f;arrup rn
HA $as rcpt}rtl.ti to a((elttat€ the difistifitiabon and ptdifcr.hon of uitkrtri'li.iitrr ellr
to tron. ctlls romp.rn'rl h' urri*\)rlrt.d HA I l. Monorer, thc c;rtrrnatql HA lrirli rl\o
leltlrti.d tr ln(.n'.i{,lhl' gr{re rrpn+,irrnrrf thc.r)ll.Een rhatnr I I ln riro rtudie' alvr
shos(rl lh.rt L.rti'n,rtr.ti HA. :,uch as BHA. crhrbit<l h$hcr p*!.ntahon ol rr*r'txrnt
frrrrnati.h .nd hi,ah€y trrne-tlrlrlEirl contsct wh€n c('npart\ kt . r€r l?ss .!J HA | .1.

(lur !'urreit studv aL$ iou.ril th.rt mrlllnt h(utmdnt rr\lur'l.r| tll. .rtstalltuh ({ BHA.
Rrdu,.limr in autdi.l cr\'rtallinih ScrEralll rre!r:' tvtaurc trf milliqg ltr.almenr, srrh a-s

reprrtr<l br llla tt al. I l. fk {rrl\ r$rrn(d fial a hr*h-sEr$ millinS tsprtm(3rt rr,(luft{
tlE.nrlallmrlr rd MgCu. I'h$ irodfil rt rcl.ltr.l toXrain l!frnsrr'|t aftl tll€ rmpinpErrlnl
r'f millin8 hall. rYilh nral.rul, R.hkh (16 r.n{'(l IRDp(\rltl I

lh( CalP of humn. trmc Ls ,i(.rldalh considrftd t() har'( i thcoEtical Ca,/lt irtio
ollrrTl l. In lh€ (urnnt stud!; r{e slso e\irrilld the Ci / I' o, rn.lenals lhis sbdr'
sho*rd thar thcca/tt ratio trf all rruterial\ lvas d(E ht hurnan llA I; I furdernx'rc.
tli: CnlP r.rxt of ln7 !. al{' $1Jclr u,.'d .! a n:frrprrt raltx lor lxrr lfaft\, rt'r|dctrnt
\uilahh lir orth,pdi(, de'ntal, antl marrll*aoal implant\ I . , l- Ilrus, theCa/l'a ralur
ot labn<ated 'ubmrrrrn BH-{ |'rrpFrrtlr.l Or. F'lcnllrl o, thl\ mdlr'.bl k! be u:{d f(r h.'rr'
rmFlantr. I\lo.cor'cr, (alcium ard pkrrphrte plar' eisrnli..l r(rleli in bone tis$u€ forrranl,rr.
Caldum idrs strmul.ts th (,stq$l.th( tt'lc itnlh..tir p.rth$at. al6i<tr .r5ie(Slist*' lif!
:pan, anrJ n-gulate th* torrnatiot nnd thr nsr!.phr-c furrtirli (r( (titrl(rLrr.. Ch tha. (,thcr
hnnd, f+kEph.re r.fulaltr th! dirfr"srtiatlrn .trl tnx$th o{ 6rsoblas6c line68e, urrt\1s.,r
thr crpn:rlrn ol trrre mr''phirSemhc pnrlctn, anC phys d rnb in the m.lur.h.m ol
osttrxlter I l.

hr the h-.,1 ol rrur lntn'lerlEe, our currqrt studr' !i t}r' htst shxlr. thal <(|rtSders the
milhn8 lre-atrrrnt of hard ar derN(.nahrr.l HA wirlkrut ltCA. I hc fi)n-haaadous rnetlrrd
ot rnillin* tr€atrnErt rts{d in thlr rtuJr n'du((\l the rrrtural p.rtkld sia'of t}lc mrterial
$'rth,ut atfR_tq( lls (haricleri\tl(s. C(ibiLltimg tk bent{icral r'fftrti of rut|llrlan|n mahrlal
.r,Ll thr' char.rrl$rstr!\ of natural HA. tubrrri(ron-i/xrl n.tural HA nut lla\ r! bdr€fr.idl
r'ffNtt ln trrnc hs!{., er$ine6ir!9.

'. :D:: t- : ll -.n l.'



!i Corrluilonr
Submicnm-r{_n[' natural HA fnbrrc.n.D $di \u.ct!$fully (onductad usln8 a hi8h-

trrcryr drr ballmrllms nn'th(!d A millrnli hmeoI9 h rler-eascrl the partEle size of BHA
lnnn micrrm kr {lh i'r(il <al+. I h.' millin8 trritmmt did not arfr.._t the ncttrral rharar-
l{nsti(.t (t1 BHA marlcd bt ltr, m,rrpholl8!', ch.mr(.rl |gfunp iubstitutrrn, .nstalliniry
nnd C.r,'l' rati' of [I. material. I hus, the submrrrn:<ale 0H.{ rrith inrEtc (hara.teri\tis
of huri.rn lrrrr. nrrt [rt: p.rlenhilh u.{d &i a tirtlruh.ri.l that (i}uld Frisitrll h.rve L'ettrt
invitnran.lrnrn,rperlormanr'e.,"Ll$et'er.autlh.'rnr.archreganfingthir\houldb('
Plrr'en m rudhrt {udtt\,

SrppLlrarLry M.r. .k th.t'lh'$l,rri lufF,'bnf tnrrrm,n(D Gur br do$nkltr.Ld.rl :

. . ltxlln. 51. ( hrrJ.tn\h.} ot \rnth('tt IIA.

Aolhe. Co.tibutilll1 (irLrptu.ludb.rr. ll.A.(; ir! , K.. rtclh(rro!*r: ,\.S.U. .d :!LL.,{. D.L.,
rrth 3r.. IlA.(; .rhd C.A.; \.ldnd.n M,\.(; arid J |(', k,tmil .'lnlr':.ir: U,\-(;. strcth8.lth:
\'l ,\ (; , na'uns ,\ S.A , }{ L.A.D f ,rrxl I K, JJta (urlr,rr V.,l(;,$rith* rrlxfiuld lr pnltJ'
rrtin. M.A.(; s nlix-.r\tu .tui.ilrhn*. ltt.\"(i Jlrl, K., risurlizrrrn: M A.(,. ruFn 

'.n!r.
l.A-R-. C.A. JnJ I l(., foFa I drlmhhtratrft ll A.(;. ail A :' a . turllnB rotlllstr,ll JX. AU.ulh'rr
hl r nurl .nl agm J n' the FrHhh(J rcrir .rl tll'dr.nu:ntrl

fondirt: ltis rr {rrrh rn! tun&d tir' ti(' ll'nistr! ,'l ldlriirn .nd (ulturs o, etc RrF-5Ic oa

lnrl(xraD. thrlqlh I'VI)5U .ry,.tn*r rtr{rr'(,:rant nurnlrr i7x//t \31i,'l'l /:!l?l)

lErihdonrl llli i{'r 8o.rd St.l.tr.it \k,t .F}ri.-.lbl,

Itrtori.d Con!.d Si.rffnt \i't rlf b(.!blc

D.lr A*.il.b i!* srdlrr.nt :.irr {T'lL.*'lf
A.lnoiLdr.tdrb l l* rutl 'r\ th.nl tr. la(lrln ({ I'lurrn r(\. Lnn {rqtrs Arrlrilr*r. hn rll d t E
rufF.t Jo.iry llr ^rrrrh
Corti.tr ot hL..!! lhr.rutiors (.k.d!lr' ltr (xflid d, hhn st

Rlfat.nca!
I tti'rth. n \'; Fins.r. (:. LuJ$ iX Js \l$nl(n\) I; Rr tr}.ori*i C 8., (i)lldns. \l \:\l Tlr. mFri.{ (,-rni'Fh$r .m tlf' FaL.nl.'

qu.hb {l lilc , annxo ll r['{&. J!,{ 2!rt. {: ;lL7le I I I ]l
:. c&! 11.'1'-, Nurh.& ,\.Di Bgdl.lEn, ,\.S.: :i'hid'h.r$.,. s.; Kllr'tib. I. ItlrLlru tlr. nolrrd.r nlrh.ni!.n ('l xlEr6.!|,ne ln

&.r+.rals$ htr(.J(*r'r ^}rrrh ltimulebqr,*trterllc p^rtirb , lt6.r (-l,r I't\ d Pl.l',rl.lli.r !r?r. U,173 1i I i. I

ll
('t mckrri(.m in rrt 

'n.rlcl 
oi .xicr.rrtlrili\ , 8r{. Cir, f'tyIi P,urn,&. 2019- v,.l 8. 1 Jl \ I

t lfi dil. M A ; Kanrtrn.n, It T. l&\.{xhr ll!'l 9rm Ct'llbr*l &n' Iiqsu. fntinMtry l,'1. l}r,l ,. 5l'r!r. lU\. 2013. l, 2t 3r
! ltn, 5 W, f-l! I r lt.bt', Il.lr., &rl, (; R N.m!Hvdr{n!+.r't slir'l.rlrl(ln .{ (;.rr. Evnnsi.'rr n r|uirri Fd nt<ipt r.

I'h.cphatt l.dr!p{rhr, dtul trLl,r-:9fnnl4i .{CS nr,r'l .tlr& r ,'r.r.,r(.. 20lr. 9. 3e1!6 jl'll'r. l. I l
n ltrthnarun.l,.l((nrraltr'.rl;&:rfirl'rr\lL;&Crrydho,MA.l';drhsd,n(^.L.B.l.Ei.!L.\ \.ro,urrl hldn \vaF

nt[(lnd 0-trc.1('um ptr6Fhd! (om[xri!. th!ri((]<hdrr':!1,(1 tr{(ridt: morphn(l|.i.l pr('Frti5 rnrl ltt rn o trlcl. tr. &'t'.
2!t9.9. rxrl?. I I

: Chrlr f , lt'Jnt, ll.; t4'.rtii, ,.; l-Lrl, x., Lr- L, xr', Yi izh,rt,9 X. Et[iL r{ hi dn,xv.}..iitu Jiutl.rr' nrroln4t.htudute (n
(6t(u'lr{ Lrnlrbon JnJ n(hl rh , ,tlrr./ Ch ,, I 2lrlt, :. ?5i+ EltT l. r' I

li \ r$i\ a\anna, Y - iirn l, S-:i. llin.fi.tcn. \- s.rl'rr ,r,r, Lrrl ,tr{r:t.rh{ rr h \afifartr.L\ APsr}s.l.ltft.l ll.r,' (hri&,
t,t 20lo. r!]. lri {qr. I I

c n'rrrm.rrl. A;,lhl.Jlrhr M ('smropiri({on nn r! ir rrl{l DIRt,l. Plrrr.. i i 2Or2. lr,-:--r I I
10. Xh.ln& D., Ch,i. I . lm. Ylt ; t(lm. Y.1.. ldr& , ll; r\aB, s.s. r,&It! TlI.; s(xu, .l; |.rrt, l.l '. Role of tubrur!.}, ndnr> ud

ruknl.nnr-ur!.r(r tsctun} (h Ghrtl.lll ditkttituh('rl r{ bori(. nl,.rnir nr:*ift\riul stsn ((lL\. &r'n n'r.,s 20U, .lJ, 149? -{{l)7.

I,l
ll Du.R.;Brrbrr',D,Lu'-X.;Bnqi.r..&.Bnr|n.r.D..!ir.r.Il.Submr.r.n-.rrf4r\lru.tunrltrtrl.iulndrrEphdr'(ar.mr

rYlh,m((l lh. trfi. Ir:B('t(.r.hrrt in .arutr' sr!'r r.rn irttr'rl'll l. (rtrinl,. Xr!. !m6, J.l. 186+ I.71. I . I I I
l: l\|hri, Il.; F r 5 M.; ll'rfuh. i}l C'lrdr.clnznt,n r{ bira.til't\ tr'hA itf erl .r'!rthi(n R!.Iy$s..s .i hi'Jttrrlrpror.lzr()

onrlEtrt(rurrl u$th* 'L,F^i!\l 
rn \i fi \MF ln,fla.[or C,fl,', ,r, Dla. {J,:lrr5 :l{)5 I i
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