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Ab3lrtct &'nc Jcf('ctr and plrilxt(mbl dis(..rs' dre F*|ol(,tical d,nditi()ns thal may b('con*' nc-

glEt.d dr\(D$.\ i, not lnatul pnptrly. llvdnrryap.rtit! (Fl"\), al(}rl8 Bith trtrLium plu,:,phatr.and
birBlass (ardmi!, is d bi.I&rtfrial $ idclv rpFlcd t' orrh'plr.lic and d.ntal us(t. Th.'in vir,(' Frfrr-
nl,ncc o, I IA it dcttrmira{ bv dte int.'rr.ri'n b..tN.trr tt^ Farti.ls $ ith borl(.ct{!, Ciclbrlv thc
knr min,r,ruin i c![s (6t\t'latts. lt h.5 b(vn r.'F,rtd th.]t I lA{rrlu(lil ur*.{,blasbc <I&t€li.titn
by iEr!.*r8 ttr..rprEsidr d (Ebo8Bnic b.,r(riptili fad(rr. tnl$(1.er, thlr path*ay rnvolr'('d and

th..rcnts thnt (r(1lr in ticcdl nrr.rntrr.rrr lur c nr* ben s t{l undttstrrrrl rn,l r(.rnain cmtnr oahl.
Adr an(s in B(nc t\ttin8 arrl t}t.' drs.o\'(ry of phrntacdogic inhibit(@ssst r('srlarchcrs k) br'tt "
urxt(rstlrd (lstetlbl&stic di6!!L'n$nti,n. This r(,vicw summ.rij4! tht involv€nrs{ o{ f:xttrc€llular
s4lsl-rtguletrd Lirsc (ERK). p38, Wnt. ,rd txfr. m.rphx,n.ti. pnn(.in 2 (BI,lP2l in .'.a.r*'1.\tic
(a[ular nxubtnn induc.d br lL\ Tttx. .rdl'rrr!\ .rrhara thccum.nt lIidcrst nding of thc m(lr"c-

ular m.dunilDr of llA,!s a t'ionr.tsicl. M(r!r'!ra thcy l,n'ridr d bctter str.rt(]{v fo, thc dLsilpl of
HA h, b. uhliz.'d in b(,rl.r{tgin \..ing.

Keywords n(*lN tsl dL{'as(\; (rtrubLst hrrr{riphon fad(,rr oshr$l.r:t sgrElin8 path$n\'; R!nx2;
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l. lntroduclion
HIdlorrapatik (HA) isabirrmaterial used for the prrxJuction r.rl orthrpedic and dcrrtal

implanl\ typicnlly, HA is u\ed a5 a sin8le matenal or compositc in combination with
other materiahi I l- rl, a ((lating agent f(r L'one gralt [:,;,.1 and a matrir ft- drug dclirerv
systems targeting b('ne tis8"l. HA L.i widcly userl because itconlaini similarphysical
and cht mical comgxrn{Jlts to tho!€ of natural HA pre*:nt in bq* tissue Iil. Morer)vcr,
studiei retrrrttrl lhal t'lA induced a la{rnable immune re+()[se [:1, exerted an angiolpnrc
cfftrt rm defcctrr'r b()ne tilriue l\,' l, antl achlated txtnrblasts anrl rxtc'rxLasts for bone
tissle rerrrrdeling bv acceleratint thl' differentiation of theie ftlls J I ,I il.

O\t.'(*,lasts arp cell\ that play imfxrrtant r()les in txrrr tir$re rEpair. They mc-n'a.e
bone Brolrth at the defect area by synlh(':iizint bone matri\, $ hich is snbst\luentlv mirpr-
alized I ll. Itior t() that, cite(Slasls must bc differntiattd fn,m their precursoni. Si.\'eral
trdr:icription fact()rr ale vital in osh($lastic diftrcntiatitn, srrh as tlre drasEr tran{ription
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E
factor Runt-related t 'anscription fact@ 2 (Runx2) and its drrwrrstreErn oderix (Osx) [i -.] 11,

activating tralrsqiption factor .l (ATF.I) [] .1, distal-less krmtrrbox 5 (Dlxs) ll, l, msh home-
(*ox 1 (ir{sx-l) [ ]1, and Msx-2 [ ]r l, and they arr reiponsible for the ripression of os-
t.,()blast pr)teins including alkaline phosphatar* (ALI) [i"], collagen, and n(mcollagmous
p()teins ll -i .l- Ihese transcription factor."i ale commonly used as markes in shrdies
inr'()lving ostq)blastic differsrtiation, includin8 thos,e rl'latcd to the urie o[ HA lor tx)nc
rcgeneratx)n I-",-l\1.

tscfore inducing changes m tene e\pres6ion in a particular cell, a stimulator, (e.t.,
HA) activateli a signaling path11 av. Understanding the rolc of signaling pathh.ays in ccl-
Itrlar rcgulatrrrn helps to delcrmint! the ph)si(,lo$icn I basit and id!,nti ly ner! therapeutic
stratqliesl,''J.Se\'eralstudiesr€porbdthatthechangesintranlcripti(mfactoFinducHl
by HA are mediated bl s@al signaling pathrvdvlr for instance, the mibgdr-activated
protein kinases (MAI'K), Wnt, and bone morpho8eneli. protein (BMP) signaling patfr
wals [].-lrl. Furthcrmorc, studi€li als() rep()rted that the physical chararteristic! of HA 6re
also important in determining the cellular irEchanism of the (xr.lblast lineaEe. Reportedl],
dilfertices in HA sizes and Farhcle shapes actii,ated a particrllar signaling pathlvay and
upregulated sperific tranr:rtiption fack)r-'i I::1. 'fhis al!() rxcured due h) the surfac€' k)pog-
raphy of FtA [, ,]. This reviet rliscrlsss the silinaling pathway and tranlrription Iacbrs
asslriatcd rvith ostrl)blastic differcntiation induced by HA. The available evidsrce en-
han e. the.u.rEnt und€rstanding ({ th{ m(,lecular medranisms of tlA as a biomaterial, and
provides a betl6 sbategv for tlc design of HA b be utilized in bone tis.sue r€lleneration.

zHA O
HA (C6r0[POrklOHl, is a derivate (]f calciurt p]tcphate al(mg with tricalcium

phosphate and bt)Blas$(eramic [:.]1. Calcium plx)sphate is oftgl us(d a:i a biomatryial for
the pnrduction of bone and dental tissue implanhr, or as a druB dclivery svshm tarBeting
hdrd tissue [::, ,i , ]. l- The ()rgani..rnd irk)rganic conrp()nen@.counl for.t{}l" and AIr"
of the extracellular matrix (ECM) of boie, r'spectivdl. The organic component oI bone
[ssue corlsists of 9(]l'. tyF I collagen (COLI) and 1t]l; ftmcollag€nou-r protein, whereas
the inorlFnic part c(hsists of b(}ne HA I ' il. l his rendeni HA the mo6t suitable biomaterial
for boie regenerati()n Ill.

t lA pos:;esses bnromFatiblc, bi(de8radabk, o|'t.\x!,rlliluctive, and .r:'t6,inductive
properties. It is bnxompatible brause its chemical and phvsical pr(pEties res€mble th6e
of natural HA in borxl J .ll. Ihe bi()de8radable nature of HA is attributed t(, ils sl()w
deBradati()n $htfl ulied in viK), follol|int the gro$th of ne*' btrre tissue [-]. Furthermore,
HA also functirnrs a5 a scaff()ld h) Lx)ft'ti5sue, making it lrstlrt()nducti\e, especially
lr,ith collagen or Eelatir As a compo:iite h'ith collaten ()r telatin, HA exhibits similar
compretsive dnd tensile strength to that ()f human hones. -lhe\e comr{)sit(li also mimic
the inortanic-oryanic componert naturally prEsent in bone ll .,ill. ln addition, HA is an
uite.oinductive material able kr induce (xiteogenesis, particularlv when combined $'ith
Broh'th fackrni dnd osh:o8€riic cells Iill-

'fhe beneficial properties of HA contributEl to th€ in f ivo p€rformance compaled kr
other biomateiaLs. HA extracbd trom bnvine bone caused higher blffd veis€l formation
than tncalcic phor?hate and p( ri(lglass in rivo [' !]. HA also $upported ner,r' b()r|c gn)wth
compared b 6- lCI' in vivo [:i]. l'lorttver, a studv bv Lee et al. reF)rted thal HA caused
grcate! expftssion ol the ALI'and COLI errc()din$ genes th.n calcium metaph$phate in a
mouie intramuscular defect model lr l.

Basrd on a retR)spr<tile radiological studri (xteointegration (xcurred in cranial h)-
dft)xyapaht€ implants b a degr€e of morE than 5ot, Il;]. ltrthermore, b@ on clinical
data, flA-cmted implants c(rl,iistontlJr had higlE cumulati(c surl ival raterilupper dxrlat
sitt:i tha! titanium-roated implants until cight y€afts placement lrsl. Siftilar rEslrlts
were found in the 5tudy by l'ierke fill" in which HA-coated pirt",i in exknal ffxakrt6 ap-
plied for unstaHe fradurf's showed a trend bra'ands a superior clinical outcone compar<J
to stainless ste.'l pirls Ii'1. Morr{)re,r, anotk'. clinical litudy repoded that the application
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(lf naftrn stalline HA in human intrabony peri()dontal defccts reiulted in impn)vd soft

@ hard ti:,sue paramcters alter sii. mrmtla!. This u,as as effe,ctive as the use ofaultgenous
brrle graft, whkh is rtcotFized as tltc gr d standard in clinical uses J ; r]. 'l herefore, further
study and rustainable use of HA have excellent p()hntial in clinical us€!t.

HA ir obtained thi()ugh synthcsis horn calcium and phos?hate or extrachon from
natural mnterial:i Strlht:;is is performed via rveL dr\', orhit l-hmperaturE meth(is. lich
method pnrduce; HA with diff€rdrt siz€ri, mrrrpkrl(}g}; and a calcium-k>phosphoR)us
(Ca,/l') ratn) I, l. lhesc charact€,ri5tics ala, important in deErminin8 the compatibilitv
and oste()corxlucti\-itv of HA rthcrr ustrl as a biomaterial. ror exanrple, the Ca/l' ratio of
biomaterials should be similar kr that naturallv ppsent rn bone, $'hich is 1.67 I 1ll, Ci)m-
p.ired k) othcr rnatr,riaLs, HA prssts*s gr!al char.xteristic:,. Forexamp[', HA had Brqrter
me<hani.al strsrgth compared k) prfcl', making it rt,!'istant to premahrre degradah.)n
invn'oJ ,]. lurthermore, the addi tion of HA kl a parhcular scaffold resulted in Ereater
tensile shentth compared to thc addition ofsilica I ;'1.

HA is also obtarned tn)m natural s()urc(5i th( Eh cxtraction f.om mammals (boYme,
camel, and hose), fish and shells, or planls and algae [1;]. Mammals, such as trovine,
are the mnst c()mm.rn :iourEe of HA (rr,ving t(l its abundance in their txrnes. Moreover,
the chrmical content ()f HA extlacted ir(}m bof ine brne (termed b()r'ine HA) is similar k)

that of human bon's. This render--i bovine-HA-based intplantli suitable ftrr or@pedic and
dental tlses ll,l'1. I)lJfercnt cxtracti.)n sourft's al:d' dctcrmir'(' tll. ph)'sic.r! properties of
HA powder, such as partidesize ard nxrlplf,rlngl l-ll. Iirgether rvith hc chemi.al content,
the phvrical pn)pcrti€s of HA induce diffeftrt molecular re;Jxrrr.es in osttohlasls, rahich
alx) affed the in 1i\tr perf(nrnance of HA-based implanb l: l,l\1. For irEtance, a rmaller
grain size ()( HA (nan(trnat6ial) has h€('l a${)ci.ted n ith better b(rk,matsix $ynthesis than
a larger grain size Il ,1. Thus, it is importanl k] determinc the s]'rrtheiis metkxl or the
natull s(lurce and e\traction rneth()d to ()btain HA.

Another i portant thing that detetminei the in vivo Petfttmance of HA is the grain
sii!r:. Studies showed that HA fabricatcd in the nano{ale (<Zl0 nm, nanoHA) enhanced its
ostlr)inductive and (rstc(rconductive prlrpertics. Tlrt' nanoHA rvas formed using r arious
meth(lds, Fenerally using thc hydrothermal treatment meth(kl [1,],,,:'il. HA is a biomate=
nai that lt widclr used for b(ne tissue of different sizeli and top()Eraphic characteristic.-
lv{iooscale-sizrd tlA @fl}HA) iri the clarisical HA uliedas bonc ttsuee:aft}ld- Theadmin-
L.ihati()n of microLlA was able to ifiduce nerlr borx growth in the defect area in (i\'.) [',,1:1.
Honever, Chandran et al. (X)16) slx^ved that the administrati()n of micn)llA in ostee
p(x)tic rat did n('t pmride a higher regeneration efliciency than the sham group Ils]. This
ir' al!,o in hre h'ith dinicai fnrdrng: Ii ,-:;]. RC'l bl Sctrlagenhaulel al- (2019) showed that
daily lse of micftrHA d€ntifrie ('r carieli pr(tires$i(n na:, rx* significantly different f()m
1,lt)0 ppm fluoridr: trxlthpask [ !'.1. ln additiorL HA dentihie also did not significantly
aff€ct plaque formation rate in chroni( p€riod(mhhs patirnts comparcd to fluoridated
control. [' . ]. 'ftis *len l€d to .ornparis(m studis ol nanoHA and microHA. Studies have
prove{t thal nanoHA had superior reslrltr c()mpalPd t() micruHA in yitro I ' l- ..ii. The
5uperior eff!,ct ofnanoHA was aiso pDYen in invivostudiei [,'i.."] Oneof tk]se is the
:ihrdv c(xlducted bv lldugela et al. {2{)18). I hc aut}r}Is reportrd that nanoHA-bae:d b()ne
scalfr{d provided higher nov bone grorrth than the micrr)HA in a rahbit calvarial rlef(t
mulel [: ]. this provr,:i that dripi ll: havinB the samc chenical components, naDoHA has d

specific mechanl\m that mnkcs it suflerior to micn)HA lt t;|n be emphasized thatnanollA
has the abilih k, bind kt target pn)tein on the cell surface, thereby trig8erins rignaling
pathway activitieli that haYe an impact on new bonc 8ft)rvth. @

Nanomatedali har'c a larger surface area than mic(b:cale materiaLs. A large surrace
ar€d incrasei the rt'ettability oI the material. Thi! was proven by the lo$ er contact angle
of nanrrHA compared to microHA Ii,1. n@LLA beneficially contribuleli to thE use of
this material in bi()logi(al systems. lBrfa et al. !ep6&d lhat the wettability of nanoHA
increased theadvtrpti()n of prDteirrs prEent in the g(tracellular rnatrix of bone tissue [: ],
for instance, fihnnectin [':1. ]-ibronectin bir)nrateials interact rviEr bone cells b1 binding

IY,rrrr&?rln is zr2l. ll.615



k) thc integrins p&'!t{nt in the cells thf(tugh t}E Arg{lly-Asp (RGD) sequence l:Fl. This
acceleratcd the tliflerertiah()n and pr.rliferatidr ofosteoblasls [: r,".'1. ln &lditn)n, n^an)HA
ahErimi<s dre size of natural HA found in b()ne tissue- '11're formation of HA crystals
in bone is still not charly undestrd. Hou,er,€! s€\,eral litudies have shown that HA
cr)stal fornution beEjrls wtx5! ostcoblasts depoiit crystals b the boDe tis6uc, r,lith a size of
appro,rirnatelv 5()-2(t, nm [,,1,r']1. Thcref()re, ianoHA ali bi()rruterial str(nglv supports its
osteoinductive and ostq)corxluctii'e propr:rtieli.

3. Osteobl.sts, Their Trrnsaription Fiator+ rnd Other MaaLer Proteinj
.'1.L 1{x,Lt2

Tlre application of HA as a bi(rruterial f()r k)ne .el{fierati()n deFnds on bone miner-
alizing cells tcrmed osteobl sts. HA induces tlxr activity of ostobl&.ilt, rvhich incrca\e!,
thc synthr'sis of rrw trrne matrix in lxrne defcrts [] I. For this purprx;c', osteoblasts must
br ditferentialfrom their precurv'r cell.i, termcd multipotential stem cells (l\dSCs) from
mam)w Ij -]1. Rrml2 is a maskr t!"anscdptim factor erprerr,rd on cteoblast lineage cells
and chondr(rvles. (Xteoblast prrrurwrr cells rvhich expn'ss Rrrrrr-2 ftlnfenerl to as "pre-
rxrcoblast!" I l. Runx?, al*r termed cr)re biidint fac[)r rt l (Cbfa), plays a nrle in almos
allphasa's ofoster$last difierentiation I il. ln lhe ab!,tn(t oI oste()blasl.i, the skebtal svsh]m
ofRrrr.r2 / micr'shorr'cd a lack of intramanbran(rus or end(rhondral (x,sifica[(n I"],hil.
Of rrote, Rrl,rr'" Dri(e cxhibitcd rkcletal abnormalitiei I ,1. RuL\2 al!,,r, irhibited the
diffcn-,ntrati(n of chondn'Cytrs frum mGerichyrnal ct'lls during emuvl-ogerlesrs lr, l- The ex-
prsstm r@rrrr2 dttrea\€d oter hme during the prtrcess of oriterrblasr difte-rentiatun lh- l.

@rfcl,er, overotpresiqr of f,yrlt2 m the ltte stage oa odlest diff€rati.tim inhibited
octeobhst rEhrratiur, decrea-d b<ne mass, ard cau!f,d ostrope'ia aM bone hetuie [,.:1.
Thu-s, it is su88ested that Runx2 negatil ely rcgulatei tlt. diffeFntiation of ostr{xvtes
from o..teoblasts. Rattr2 is one of thc mt)st common rrarkers in\'ertigatcd in o:iteobl&s-
ti. ditrerentiati(h studies, particularly ftr earlt-sta8e differenhation. lt has bcen sk)ri n
that bi()rnaterials, !'uch as HA, rnduce the differentiation of nlite()bl&sli bv uprrtulating
R,rrrl [],], ,l-1.

" :;;lltl:.:;r .)sx, is (f,,c ({ rhe Ears.aptio. Faors inuor.,u6 ;, 6,6 ,& srages d
Gbdblasa diffsq*iatk n. Os-t I mice ci)ntinued lo expess Rr,,r-r2, indicatin8 that Osd is r
dotlrlstEam lackxot Rurr2. Os-l / mice failed k) form txrIt-,, $'hile their pre(Et{,oblasts
expresed nnre chondrqyb marle.5 ["',1. This su&ierits that Gix is esstrrtial in prel.rlting
ch(ndrn'tc differrntiation. Ol ererprElrsion of (\.r inhibited tlE late sta8c of osteoblast
diffeEnhation I l!(Xx i5 aly, imF)rtant in bone home(lstasls lnactii?ti()n of Osx af{ectli
the mpression o{ AT-ridr srquerrebinling prcEin 2 (SaM) gers, rvhich also a trarEdiptidr
faatd that regulall|s th€ diffet.ftiation of osEoblasts. The Satb2 BerE was downregulated in
Osr-nuu cah aria by activatinS lhe pn)rrx)Er regir:,n of the Sarb2 gene in tlte {I-ridr binding
site l: '1. Luchvation of Oix in the polthr.ltal period caused defects in r)sleobl st functim,
@lor^?d by dt<rtoed boIE fontuhon [. ll. Togethr rvith Runxl Osx regulated the
uniqu€ ca.tilage rtlrEix-assciabd pmhin (trqna) gore. Oleexpr@rn of Ut'nm resulted
in {celerated min€ralia.d nrrdule l(rmati3. ll. 'thc exp6sx)n of Ucrr was d€seased in
Rrrrloir double hEtsoryBors embryoc, whik overrpresekn of R!ar2 and OsI irElqled
the aclivity o{ &lc Ucr!, FoElot t [.-.'1. ln Iine ra'ith &rrr2, FIA alxr induced the erprcssion
of Osr, which caust'd orteoblastic d ifrgcntiation of (rst ublast pnb:enikrr cells l. I l. Thus,
Osr is also csnrnrnlv u;ed as a marler for bisnaterials-induced Gbttlastic differentiation,
includrnB HA.

'].3' 16{
AIFI is a leuQzipper trarBcription fact{i belongint to ttE AT}-/CREB pn}tein fam-

il1,. The AtF.l 6etre is expre56€d du6t eE bryoric deveLpm€nt and life. ln most cells, the
Alt.l protein is &traded thr)ugh ubiquihnation. Hohr.\'er. this protein le^i not de8raded

,r. lLr:l , 
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in ostel)blasts J : 
il. ATF'{,I plays nrle in b(ne hom(r)stasi.i and oritc(filastic differcntiation

fnrm lvlSCs. Ablati()n ot thc ATF{ t ,rte inhibited (xit.,oblnlit differ€ntiati{,n aftl r€Gcd
p<atenin l$ els, h.hereas ,4'lJ .l oveExprpssth irrrea:,ed P-catenin in v itn) l. .i l. 11 ha'
begl shrrwr that ATFI and Runx2 n gulate tlE €r(p['$sisr of the ostd)calcin (OCN) gene
in ostcrblasts l :1. Of note, ATF.I inCuced lhe txprqrsion ol ()CN in both ogeoblasts and
non-ostt{blastic cells [-r'1. How*'er, A'l]4 is noI a corrm('r markrr inl't!itigaled in studics
related to (r,leoblalitic differentiati()n.

3..I. Dh5 B
DlLq is a ttdEqiption f.ctor tl|at phyg importart tole in o6dl|-rt and osterrlast

acti\.itv. lt is h,idely erprE$sl in @l(pin8 calailage and in lelis tnatue Gtc(rt lastsal(Dt
with Dlx2 and t x5; turtablv, Dlr3 is e*ptes€d in maturc o6,boblia-5ts .td o*ecytes I, ,,. '1.
The femur of embryonic DlIs-null mke erhibited a decreare in &)th total aftj trabecular
krrr volune. ln ost€obLlst cell culture, t)lr5 decreased osteoblast dil{erenhation and
pnrliferatioq and dov.'nregulatd the Rurr.tl, ()sr, OC-N, and hme sialoprotein 2 (8SI')
gen6. ln the femur oI Dlr5 / mior, osteoclasl activit_v and the LANKl/orte(pn)ttcrin
(RANKL /Ol() ratio rveie increa-.ied J lh]. Suppression of 5A silgral transdu$ and acti-
vator of transcription (S]A]'5A) activated DlxS and irEEased oste(Eenesis in vitnr and
in }'iyo l, ',1. Mean8rile, delethn of SIAI'5A increased bqE mnss dnd bone densit),, pre
ventedat€'rtlalcdhneloo,andincreasedbtrreremodclintinmic€['1. ln addition, D>.5
mediates BMl2-induced RDrr2 o?resiion and oste(Slast differentiation by diEct binding
k) the Rrrr,.r2 prorx*er (sequurts betwr-n 756and -3,12 bp) I\r l. Aldrt with Rll,r-r2 and
(Xn, biomatgials also induced the expressit)n of Dhs, including HA [r ll. Thr+e markers
determine the sta8e of oste()blast differentrati()n induc€d by the F,resence (, bi(lmaterialt

3.5- ilsn
Msxl, als) terrned Hox 7-1, is a tra[idiption factor asso<iatqC with s€1,eral tissues dur-

ing embryr.nic develcprnent, including b(he and teth. lt{sxl is a reguhtor of thc OCN pro-
moter l':1. This traiscripti()n factor n$dulal@re expresliion of various genes, including
geri{.r relabd to choleshrol syrthesir durinli osleoblart diflg€ntiati,on from hum.n datal
pulp stedr (ells (DPSCS) J 1 l. rltrxl-null mutation did rx)t cause end(Ehcrdral (,ssi fication
lt| the mandibular condyle [\ rl. Akhgside Msx l, !lsr2 is also inv()h'cd in the craniolacial
skeleE M!tx2 negahvely regulates the differentia ti(m of adiFEytes bv bkrkinB peruxr-
s(rne prolifErator a.tivated te epbr gamat. (PPARY) and the CCAAT/enharrer$inding
pmtein (C/EBP) family Il r'1. ln humans, mutati(ns in Msr2 caus0d oani(ryft)skrsili [r ll.
I he /t,Grl and Msr_2 were upregulatcd during fracture rr?air [.'1. 'l h€se genes are also
uprpgulatrd bv !'c\ tral bi(|malerialt, and uicd as oste(rinduchle markss in vit() [\.,s;1.'t
3.b. N},lirl, Pt*rptua*

ALI' is .n €doenz! that hydmlvzes mon(rplb:iphate (5ters. ln huma[s ]hcre
arc four tJlPcri of ALI': tisuenonspecific, inhrlind, placentd, and germ-cell-!,?ecifi(.
Iksrrenonspecific alkaline phoryhatarelNAlI') is ogn.s€d in bone, particularly b],
osteoblasts lill. l'hysiologically, TNAI'hyd!,ol)'.B in ,rtlnk pyrophGphrt, whidr is
.n inliibltror od HA formation during mitsalizatlon, ad proiidtr nro gutt pho6ph.t!
for HA f(rrmati(m [..,.r.-,".,1. Irr, uiteoblasts expresscd ostcopontin (OPN), OCN,
COL1, l{un2, and r*her osteogrtic rurlers, but do not initiab mineralizahon in litru l. rl.

Meanwhile, ;r/fl mice exhibitod bonr'dcf.'crs [',1]. ALI'has belrr nide'ly used in
various studics as an carly dlarltr of o$eoblastic dif{erentiation [:s]. TtE exprcssion of
ALP gene rvas dr<reased foll()rving the upregula tion of latSrken, such as OCN I l"l.
This is in line rvith evidence (*,tained f()m licrt,ral studieri. At the sarr time point, HA
dourrregulaled th€ expsrssim of ALP gene and uprLliulated that of Ol'N, OCN, and
COLI 1.,:\]- Ho$,ever, other studies have found that ALI'expresiion wa-s B)sitively
correlated with that ()f osle()blast late markers [1.]:1. l'erodontal litam€nt st€m cells
(PDtas) rulhrr.d (,r nanrxized llA (narmHA) (aused a pdallel increasc in AU' and OCN
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genes expresi(m over time Il:1. Thie cfi€.t may be attributed tr di(erurrec in the chedri@l
and physical .haracterGtics of HA-

3.7. COLI

CdlalFn proh:ins are th€ main pftrtein5 pret2nt on the b(ne matrix. CON-1 is the most
abmdar@g,e of urllagen prot rn, which ac(ounts for q]'ld (lf the ECM ll '1. ln adult bone,
c(ilaten is in a d6$€ parallel laver that alternat,!i i$ ori6rtati{xr, parallel u and trthogcral
to the axis of krad, rvith approximatcly 2 mm intervals- HA cr} stals are deprxit€d rm this
collagen matrir [-'1. Colla8en protein is vital forthe stru.tural inte8rity and mcchanical
resistance of hone ti8e [']-'1. C-OL1 and ostt$blast have futdtrack rtgulati()n. (]iEoblast\
acti\ ate thc Colldl gelE by bi&ting of Run, to ihe prcmoter reSron of COLI [ ' , ]rl.
Cliteoblasts are als(, cells that synthesize C()Ll l',11. Convenely, COLI h'as reported t()
induce the expressi()n of ost(lblasdc Benes in Mfs l',.1 Thus, COL'I iri r,r,idt lv used as
a txrne gr.1ft component to induc€ tissue r€generation in defec_tive boncri I',.'1. Induction
of gene expresiion and protein synthesir of COL1 \tas fourxt after culturint osteoblasts
on scr'eral tvFes (tf maFrialt including HA. HA (nanosized, H-A-coaEd slrrface, and HA
comFrsite) induces laene e xpressi(m and col lagen protein ryTl thesis in oste($lasts [ ], i l.

.l.J- Osld,lurru
Ol'N is an acidic Bl-l'<)phosplx'protein e,(pres:*.d bv txte@stri, osteoblasts, osteo-

cvteri, and some inflammat('ry cells l: l,',r'l- Akrng u'ith t]St', OPN is a nlearbs of the
SIELING (smaI integin+inding ligand, N-linted glycoprctein) pmtein family J.' l. Thc
expr€on of Ot'\ deltends (trl Rtrnx2, u hich activatei th(' Fn)moter ol &e OI'N l',\1. OI'N
plavs a.ole in osteoclast acti\'itr Howeve!, its physiol(Bical funchffl in oste($lasts has not
been widel_l- Erx'rted ll il. OI'N pla)'s a rolc in forming t@aling zone t(!r the re.iorption
activitv .,f oste(rlast5 by binding to (\'83 [; ll. lt als() p]ays a (,le in tlE mi8rati(]n ol
osteclaltr thn)ugh .tl 03 anC CDl.l f. ,1. HA upreFulates thc expes;ion and synthesis of
Ol'N $,ith Yarious physical characleristics I:, ,,1.1. Thus, together with COLI, Ol'N ic a
widelv used rnarker of osiobla$ti€ diffeEntiation stimulated b), biomaterials in oliteoblasls.

3.9. L)sfr'rkrlri O
OCN ili a gamma-cartxxyglutamate p$tein expresed by osteoblasts. It b tlE Etost

abrmdant mrncollagcr()uli p!$tein in bone tissue tha t binds calcium ions t(' the bone [] rl.

$udiei rr?ortcd that ab,.€nce of (]CN in mi.e rt,liults in grealer b{n€ mass- I'his is beca[se
the absence of (XlN increa*d bone formation ir,ithout di.rturbing thc rpsorption actil-
itv I:, i l. lherdore, (]cN lel,ei in (ritRlblasts is a marker of mineral dep(bition [:'.1. OCN
is alxr involved in end{xrine r.Tulatirm. such as insulin pn}ducti(}n and su8ar home(*a-
sis Il ] il. 8ir)mBt rials, such as HA. induce o:ite()blast differ.yrtiati.!:t which is chardcterized
bv an irk-rease in OCN' [1,i,]",-' l. Ho1r,A er, thc physirrlogir:al tunction of OCN in oy
t€()blasts and b(rre rnatrir svnth.lii.i ,t1nains rmclear and warranti furthcr in! esti8ation.

J.Ilr. Osl.ox( cfir, (ON) E
ON, als{) termed St'ARCBcr€Ed protein actdic and dch in cysleine) and BMlo, is a

p.oaein lhat binds b calcium. Thk prot in is expressed in mineralized atdBEdneralized
tissue [:-1. Sparr-null mice exhibited lora' bone frrrmation and a lorv number of both
osteoblasts and os@asts, leadinB b deoeased bone roodeling and osteopenia Ii( ]1.
Alth@lh ON w'as detected in norFminehlized ti*ues, high expr@rn of ON encoding
gene was ffirnd in thc odont bta-sts oI devel(Pint t(e*l [, I l. ON mutant cells o(hibited
decrEa*d furmatirn of mirrralized nodules and a tend€nc]- to differEntiate in k) adipocl tEs,

characteriz€d by an incrG in adiFxrgeni( markeni in \'itro I lr ll. ON is als, imFrrtant in
prrxollagen pnxeising, coll]agdt deposition, and it:,i as6€ly into the ECM [22]. Similar
k) other tum-<olla8en pn)teirls, ON ir r$monly user.l a9 a matkt in tlE lah stage ot
ost$bl stic diffurstiatiorr. Mor.{ver, it has begl rrpord that its gerE expnssion rs

indked by materialri such as HA Ii, .1.

1",,rrrr.. rlr.,l. !0:1, ; I 6l i



3., l. OstrDl,/olqa.fl ,,

Ol[ ili a pnrt,in exprelt:lcd rn numerouli t6s1.reri, e?€<ially b(,re ti,isuc. l'rEvi()uslv it
was thoul;ht that C)l( is lecreted bv B lymphrrytts and orite(xyt.5 lt ,., ril. Howe(er,
deletron of llJlrsl) , l, ( tIr$'N trrtxlinl; gcne) in borh cells dirJ not ouse signilicant changes
ln b(rtt] ma!*. Howr'r'er, deletion of tl: !'anp gerf,Ekrlblatt, irEE6sed bdre psorpti()n
and ftduced btrne rnass in mice ['.1 OI'G and ib ligand RANKL alP membeG of tlle
tum.n necntiis lactor lecept(,rBrily and c!,sential in brne rps()rption activity I lrl:.1. The
OI(/RANKL,/RANK svstem pliays a vitnl role in Ore path)Ll4ical pnx6 in tx)rE tGsue.
Thc rnbrarhtrn of I{ANKL and I{ANK ini tiatps a si8naling pdthh ay that activate".i nucl€dr
fdk)r-xB (NF-xB) and n gulaEs 86l('e)ipre$iion. In c(mtsast. OI'C secIefon inhibited the re-
liorpti(rr actititr oi b(rle osEo(lasts b!'bindm8 to IIANKL ll .1. Erpression of dre lr/n/Il'
E€ne itEreases in culturrd ostoblash after thr. (xLsrt rrl mirrralizaton I i! OIU als(r plavs
a lole in maintaininli cartilalle integnql T.l.fr,fllb / micc exhbrled pn gres6ive los6 o,
cartilage makix and articular cartilage, indicating sevcn deggrcrative i(,int dis€as€ [ i ], rl.

Expreision of the rrfrs/l I& is indued b.v various stimuli, irrluding }lA as a bi()mat6ial for

@n tirsr.c. l'rahalanti et al. rerxrtcrl that use of a scaffold containinri HA and stern cells
irsas€d the qpre5snn of OFG and RANKL in virrr I I.

@
i.12. Borlr Sialopn rein: g

BSP is an ridic phosphopRnein th.t belongs to the SIBLING ($tr.ll lnte8rin-Eindhg
Ugard N-linkcd Glycoprotein) lardly. lt is exprEised on miBli:zed tissue, including
b(rnc tisriu:, b)' Git.\)bl.r\ti. osE(xlarti, and (x{(\r} Elt I I : l. hil'pla}'s a tole in initiatint the
fotm.tion of HA ctystals@)uEh itt p()lvcaftox-vlate sequerre Il l,l i:1. Similar t() othct
rkhcollagenous proteinl BSP is commr@rsed as a nurker ol oste<Sl&* difftt?nfiedr.
Ulie of biornateriahi :iudr as H.,\ irrrased the erpresBion of the EP-€ncodinE terE in botE
m.rrow strotral <alls ( BMSCJ) th rlxr8h . specific s ignaling path$ ay [] 1 ,l. ol'e rexpresrion
of the BSP-encrx.ling gtre irEn:ased (lite()blashc diffsrntiation ,rarkcr$, calcium rnc(,r-
p(rration, arxl rxxlule formahrm h osterrblashi. ln contra$t, suppression of BSl'< coding
Bt,le inhibitql th(, a\s(riated nurkeni and tu)dule fonnation in |itro J . , ,,. r ,1. ln addihor\
&SI'ili inl-ohed in ostRrlast activrly. llr.l, ru(e c\hlbiEd lon lxrnt'Iormation rates
that rverr'prcdicted t() (xcur due to a d(rrfit*: in resorption activit)t mark'd rvith l()w!r
numbeni (rf ()stlrxlasts J i i ;1.

4. t$Induced Signelint P.lhw:y6 in O'lpobl.ir!
1.1. E-xtrace ular Sig,ul-RAuhtd Kttr* ffx,) Signcling P0thto.y

Proteh kitE$es are proteins h'hich et lyze the transfer of a phtx;phate girup fr@r
AI P to one or more side chainli of a lartel prctein. I'n,tein ph()!tph)r 

'- 
lati()n cr)ntn)ls the

etuymahc achYitv ol d [&)tein and it!, int6actio$ $ ith other prdeins or molecules I r , 
11.

MAI'Ks are a familv of Frotein kinasc..i that c(,lt()l a series of ccllular evedts raning from
pr()lifer.ltion tr) cont ()lled cell death Il ] : l. ERKI and ERI(2 art' MAI'Ks involvcd in cell
diffenltiatifi. Si8naling path!r'a).s inroh'ing ERK ffcur duc to the inducti(rn of Emwth
fac@ cvtokiner, r'inres, small compurndl and c*hers, as well as bicxnateriat (e.g-, ltA).
Ha et al. reported that the administsalion d nanoll.A increa*d tIE cg!€s{.rn oI OPN and
decca:,ed that ()f ALI' in BMtrs and the prr\):;ttrlblasi ccll line MC3'IlEl; these cfftrts
lr'ete mediated by the ERK sitnaling path$'a}; but not F38 and rNK []\1. ln thisevent,
thr highest ERK plvxphorylahon rxcurred t h fotl()lving cxp()liure hr nanoHA Il\L this
rvas similar t() lhe ef{t,ct induced by ths prusene: of HA J . ^1. lhis cv(nt (lcculred due
k) the inteaction o, nafirllA (ruJ-like shape, l0 nm in n'idth, lm nm in len8th) h.ilh the
fibrr$last grorvth facto! rl.ceptor (FEfr) and pkxphatc kan?ort6 (l\T)- Blcka& of these
lwo $ntrrane prrr{eins caur.d c()mplclc inhibitirn of changes in gene expr.,!isi()n Il\1.

The activafon ofthe ERK Fthwa!, is induced by HA as a single material, as well as
HA-(r,at€d s.attolds. ,ang et al. rqortl\l thrt a natu HA-contRl sitk scaffold increased lhe
expressitn of C:C)L}, fibr(mectin, OCN, ON, Olt,Ol'N, ALI', and BMI2 gmeri on DlKs.
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Changeli in Betu' expr.lisi(m (Ecurred due to an in<E6se in ERK activiry particula.ly after
culturing cells with 0.15 g rrl HA-orutrd :<affold Il, :]-

TtE phvsical charactdistiar of HA also affechd thc ERX si8tEling pathh,at'. Based on
the study conducted by Xu et al. rnicR)/nan ) flake-like FIA was the best higarchical struc-
turp in increasing gerl! exprcsskh and osleo8enic0tcin pMlucti(h in Mscs compaEd
rvith needle-like and nrdJike HA. This regulatnh i! riedisEd by th€ ERK rignaling p.tL
warf but not th.6rgh p38 or )NK. The cells also cObitcd the high{st fibmrFctin adlr)rption
lr,hen cultured hith micnr or namr fuke-likc HA. lti! frtdlg $EtcsE th.t 6t r(,Eclin ll.y
plav an es!*ntral role ir cell and HA interactions, which subseqtrently induce the ERK sit-
nalin8 pathway I I I . I. Srrrface t()potraphv als{t influeR*eiEllular reSulah(n (}f ostB)blast
due t() HA. Xia ct al. retr)rtt\l that BMscs culturd (xl rlA with mico-nanohybrid surfact
increased tlre txprsfon of Runx2, BMP2, BSI', drd (X-N Eenei vra ERK signalin8 pathwa),.
Moreover, ndministmtion of HA increased cell adhesion, cell viabilit], and ALI'activit-v.
HA with th6.'chara(krisu*s proi.idd tlxr best in \'ir'o p€rftrnnarEc c(lrnpart\l to lhc (*lEr
!vp(5 (narl(xhed, nar$nr:1, and flat and den$'surfaces) Ilr'1.

:}tudies als, rcF)rtrd that,f,.ll adlEsbn to materi,.ls is inlluoced by heat enerliv, which
acts as physical stimulation to ctrlls. A thn e-dimcrl"silrnal-like p()liferation pattcm was
obsewed in a fibnrblast cell line cultured with HA after llc.t treatrncnt (,14 C for 5 min).
This erf(t was thoutht b t'(' m€diated bt p3{,1actir.tk)rl and inv(rved in cell adh€sion k}
HA[],'1.

ERKplphryhtion due to HA d(xs not occur exclusivelv in osteoblalils. Culturc
of prima ry human aortic srooth lrtus.b celb w i th nanoHA incllra licd rhe erpreseiur of
Runx2, Clix, ;nd CC)LI g€nei via the ERK :iignalinl; pathrvay. fiis was conlirmed by the
administrati(rn of an ERK rnhibik,r prio. kr ccll trEatmglt. Ihic pffect rnay underlie the
pnrcess of vascular cakificattln in chftnk kidrey dl.;ear: Il t ,l.

J-1. p-33 Sry,/rlilg 2,/,,nrv

@ ptt Ls a kinase tl't Cl}ntevs liitru Ls fr(xn cv bkins ard tr i mmurle sFFm. This kinase
also plays a mle in stress resprnse <dl gror{th and sunival, and differcntiatifil oI larious
cetl ttFs [ ] I :,1 lr']. MoNver, p3li is e$srtial in ostA]blast diflerentiation. lnhibitidr of p3{i
sigEling on prirnary calvarial osteoblasts inhibited ALI'etivitv and min€ral deF)siti6. ln
addih(it, p.3ti rrediater ECM mineraliSon regulated by ON Iil i]. Apart fmm a role in
physiolqBical cvenLs in <rirr$lasts, p3E also pleyr .tr ilp.rfad Dle in (6teobl6t EguhCr
by HA. Ure oI a narvrHA{oatcd silk raff( d (0.03, 0.15, and 0.3 runoHA) incrrarrd the
.rFercict of oritr\tBrnic gerres in Dl'SCs via the p3lt cignalidathway. 'IlI.srL'BcrEs wett
ColJ,rlrdr,rtrr, ()cN , ON, OPC, Ol^, ALP, and tsMI2 I i,,il. Sirrilrt rlrrlti $,?!E EporH
itr a saudy c)nduded by S{to et.l. {l :ll. Use of n ft}HA incftai(\l the cxp.clision of BMl2
via S! p3tl signaling pathh ry, but nd ERK, in f'DLCs. Thi:i occurrEd \r'itl$ut changei in
the (akium atd phGphate cdcsrh'atinB in culture sr+enutants I ;lll.

la terms of oJlular re6ulati()n of eitr,()blaitt pll exhihhd cnrsstalk with other molec-
ular pathraavs, inrludint the ERK siEnaliry pathway. Thcse two pathh'avs increa!,ed the
expEsriion of Runx2, BMI'2. 8Sl', and CrCN Eenei This wa:i con irm.ri th^)ugh pleteat-
mll'rt ()f cells rvith pai and ERK inhibibr-'r ll6l.

Othcr nanomaterials, such as nano:iiaed bi()a.ti!c gla:ili (size -20nm)lilrl.and
B()ld (Au ) nan)parlicle5 (size: 20nmandl0rl ;,;l:1, als() actilate tte ERK and p3lt
si8naling pathu?ys [1] \-l: il. 'l his pmved tlar the MAPK pathway is involv€d in the
cellular n'trlati(m of,Blttrbla\ls rndu(ed b)' a ra'ide variety ofbi.)material\6
1.3. Wnt Si{,lr,ting Pothu,oy E

Wnt is . f€ilf of proteirE that bind to the s€v6!?as6 t drsrnettrbrane l'r,z,rd (FZDI
EaeptrE. Th€ W.d i8nalin8 pathway is important in cell determinati()ru plolifuratirr.
and diffetsrtiaton. -lhis signalhg is s+arated into canonkal and rr}n-can()nical, with
the former being thc molrl wcll shrdied- Thilgnaling is atso termed Wnt/P-catenin
si6naling due kr i Ls dependsrce on E-<atenin- The Wnt/p-catenin s{ireling is .rctivated
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b-v bindirB to dE f-ZD receptor and core€eptor krwdecity ligprctein r€cEptc-tehted
prutcin 5/6 (mI5/6). Ihi\ prcventr dte phtxphon'lation and degradadon of P-<atsrin,
tranlilatin8 P-catcnin inb the nlrcleur and d@ninin8 the faF of MSC differcntiation I ! l ll.
I\lrsi('l(Bicnll), Wnt/p<atenin si5'naling plays a cruci,al tole in pmnioting ctroblast
Jetlntirtim and Er.int ining borE m.sr I I1,,,:l^1. Arwong other l@ litands, lryntlob Ls

invdvcd in Gteoblat diffecnti,atixr by inducing the ergrtssirm of Runxl Dk5, md C\x,
and supfstr the adipogeric benroiptim faciors C/ EBI'a rd t'lARy I\ ] I.

Thc involveBlglt o{ th. Wnt signaling pattw.! osteqenlc differoddon rrcturs in
the ptls€rKe of H.tFultur€ of I'DLCi on HA with a miclo-nare.hybrid sr acr increased
dre exprcssion of Runx2, AtP, OCN, cr.drentum attachnent plotdn (CA9, cercntum
protein (CEMP), LRP5, and p-cat(:'lin Ettrhls lia lhc lrynt si8nalint pa0r$ay. HoNcrer, this
!,tudv did not npasurt the le\'€Ls ol phi)Thorvlakd 0<atenin [.]-l; thus, it Ls rf,]t po:!6ible k]
determine whetrer $esignalinS (raur!.isth()ugh the canonical ()a fttn-canrnicalErways.
lnaddition, Chen et al- frnrnd thatux.of a HA'c(uted su.face (thickruss: lfl) tlm) inseds€d
the expression of fibtrlnr<tirr 0l intefin, vinorlin, and pdin rn Mscs, \uggesting that
the cells adhen'd to the biomaterial surface [l ]. Mon'oYea rlre erpt€sdon of Runr2, Osx,
COLI, atd OCN Benci. as $'ell as ALI'activity, r ere also irEn:ased rn Nlscs, ther€bI
indicating ost(rtenic diffeentiat(rn. l'retrcatment of cells wig t)ickk)pFl (Dkkl ) (Wnt
silFaling inhibit(rr) confirnred that this e\'6rt was mediahd by the Wnr $gnaliig palhway,
particul.$ the egulation of Wntl0b, p'catcnin, Ruru(2, ard Orx J ll.

'fhc actilati.n oI tlE Wnl signaling pa0rway by llA is al<r inlluerred by tlre shape and
size of HA particles. Zrou et al. culturetl I,lSCs u'ith slrontium-d(ped HA-<oatrd surface
$'ith a nan(x)id?attemed charactcri\tic. Ttxr cells erhibied bettir adheiion, attachmcnt,
s?rcadin& pnrliferation, and olitt\)Befllc dilf(,rentiat(rn lhan th(N€ sho$ n try cells cultured
r^'ith. HA-coated surface rvith a nar,olyanulc-pattt'rn€d characteristic. Thi5 study lih(rwed
that the p(rteins rqlulated by the Wnt/li-catenin si8nalin8 pathwav were ALII OPN,
COLI, and OCN [ '1.

lte .xt.r)inductive pnrpertv of HA-based scaffolds m@be enhanced by combirung
HA rllth other materials, such as Au. Liang et al. ra.ported that HA-Au na )composites
irrreased the spn:ssion of P-cat('dn, Rum?, OCN, and Ol'N gene.,, ali well i6 All'activiw
in cultured MSCs crrnpared wi*r HA as a s@r, mahrial. 'IlEie eff(ts and th€ pnxn()tion
rale of cell mirEralizatidr lr'ere d€peMent on the Wnt/ P-cat€rlh sittlaliry p.lhwry [11.

.1.4. BMP Sl,\rdlrrr.( l'arri0rry

BMI'and Wnt €aling are trr,o pathways tlrat simultaneou-sly ngulate ()ste()blasl
diff€acntiaton [1]51. BMPs atf members of t]E trandfimiry gror^,th hctor* GGF-B) sr-
pe tllv and essttrtial f()r h)ne h(f,nrr):ihliis. M()re than 3{l BMtli are in\rrved in candriGl
and noi-.anddcal BMP dgnaling. Unlike rE<arcnical BMP si$aling canonical BMP
signalnS dep€tuls ('n Smad I Il-1. Various shrdls have shown tlnt$ BMI' dgnalng
p.lfiway ie involved in ()steo8enic differenti,ahon. therdore, BMl2 is widely us€d as a
grou'th fack)r 3 tissre eqgiEe.iru Il '-,i-!.ir rl.

'l he BMI' sigblint p.lhway alxr plays a rG}t r}ittr)Be'ric diftunntiati(m irducsd by
HA, prrticularlv in can(rricdl signaLs (Iigurc :). Studhs cdidrr.d by lang et al.Er iIand
V!'ans et al. l-r I fowtd that MSIS cultur.d $ith HA (including runoHA) showed irrreased
etpte*iion of ('stR)gcnic t6!es and gencs Elated k, thc BMP2/Sm.rd signaling pathway,
ruch as EMPrlr. 8MIi2 , BMlrl, S n,li,l@1d4, and -sr,/llrs [r,{,, ] I ll. Furthermore, Nahar-
Cohad t't al rpFlrt.gr chang€ in gt'te exFes6krn in vascular ssrooth musle ce0s due to
the preserre of HA. Vascr.dar sdooth mus€b ells change pherr*vpes ink osteobLst-like
cellr. Admini\tratt)n of a BMP2 pathEav inhibitor bkrked the expre;sion of Smad5 arrd
Bltl'2 pttteins in th€ ells. Houever, in this study, the expression of other osteqgmic Er{r{:s
wa!, n(rt mcasunJ .ftt'r the lreatment of cells with a 0Ml'signalin8 inhibik)r I1 rll.
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Fiarrt l. P(n.ntial mNhanbm o, thc I lA-irdlc!\t $itnalng prthrr.rv Thc I lA crystals mn!, act
.!t liSandr r{hi(-h r(titatc f,.rrti(.t'Lrr si*naling n'.oplont and irrn'i{,thc c\Fn ssion of r^t$r8cni.
tsa-ns.Tiphon lddot\.,tuliotmB (d(r)[cni. diffsr.nhahtn.

5- How Do Bon€ Cells Produ(c HA?

Several rc'r'ievr articlt's ralscd that the phvsiol(Ri!:al HA in thc hrrx: tisiue is ftrrmcd b.y

mahi\ \'esick dcrir'€d frt)m osteoblast. +t,tificallv, ralcium and inoryanic ph()sphatc irrrs
ae trarderred try membrane pr({eirr( [()m dre cxtra(r.'llular rnatrix or catal].zed fnrm lipid-
driven ph$pholipids in matrix ve!,icles {1.,,1 I ll. How(n,er, there is rx) clpar inft}rmation
regarding the moleculat mechanism of this t'r ent, such as hlw caloum and inorlianK
phrxphate ions c0nrert to HA in the vesicle.natrix, rttlich G still unclear. lt is l(n()!\,n that
HA prrduced bv h)rle tissue ir nxl-Like namrHA that forms clugen l^ 1,,,1, i ' Il. 9}me
studies that inr'l'stigate thc molecular mechani.im of extracellular HA al.ro ir.r-, HA r{'ith
th6e charact€ristics. Thc studicli found that this rrxl-like nanoHA a.tivated a particular
signaling pathwav as prcr'irr.rsl.'- de;cribed (Table i) [:,]\1. Thur it is indicatpd lhat h)ne
HA nrav alx) dti!ate a parti{ular signaling pathwal in bone <ellr, parti(ularlv (rlrlc(Dlait.

T.bl. r. Six nl'n8 pnth$.rvs iridud ttl hr n,r\aF.tiL* (lL ).

SiSnrling

\l', nt'rL r',llJ.-l,I. ll\ qRT-ft]R, !l{-.tdn hh
n\tr.l VrnlNo+hrtnd .ud-c Ph.mN*Xr (hrhrrG, tlbrrem hlo{ I ', I

Bst \ln n'awr, rh\ ti.!t.rn,rr Ph.rlmi.llofilt ohrbrlds, $i.rt.'m hL)i I r I

vicrl}li.nchytli J sii.e, lni.r.'/ia'Il
lLlFlite HA

Pl$m&dqtjt mhihtt,Yl qRT-rrCR,
l'\6lrn bl,n 1.. . I

Llit (rl\ &rl-itr sh.pd (10 M r wrllh .tu1 ltn m
rn l€ns:rh)

Pham**llr inhrt'rt(rs. l\{.t.hhk,t l .l

\.rr^*{ tlA (<11) Nn) PhlrmrI*Bi. irsibrr(c, ll{st.n bld I r i "l
Ru^\l \lan.'s,'hlt'nd iuia.r. lM(Ruad HA

(<tDmt m(r,/Mnt lLk-htt flA
thrmedq+{ urhinhG. qRI'KT.

1l&shm htrt I

\annir.d HA {.!D M), muro/natur
,l.lelib HA

Phrfr r.d.*'. !nhi6n,B, qRT"rcR"
l|ipsl'm bLn I

B\IP,] MERFM.>hvbnd ruir€, !6.nr4\, HA
(<alo nm)

Ih.rtni.r*lat ir{tibnd., ratuk'nr btot I

8(t V.n-cno-hrLn runra. rhrrm$,ll.r. ,fifi,t,... l\i-l, m hlot ll
((\ MkcEturhvt$d surfee, 

's(Elz{ HA
(<200 nm) Ih.rm&r*ll(r arhftrtrrs, llsItm bl)t I].,1: I

Run\: ltuntstuont,bnd.!rlr'(, PhnrmroftIlr inhfttlft, l{6t.m t'lot I , I
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Sitn.li|B

,\Ll.
\li.nltlrbhltti rurAd, o rrl?rl[.rrld
5 bmlr@-doFrl tlA<dttrl sudrc llr -HA), Aha.tll5'l(rF llhibrtrs,l^i*trr bldl

HA-Au.er0mpGiks
t.-t

Mi.Gluchfbnd 3udx. I'h.rh&DLr8f, ,.h,trtr.
( ti\lt, Mr'^Fn (*hybnJ sui ? Pharm{oL8r rnhbrtlrs

\nr nF,uk;hr t'nd .unr[ f h.rm&all.IBtc'nhbilE t.l
Illtn'-n dFhttrrd surh(P, njlorulfalbr'r\l
.tonMd.f.d ttA<(Et6l ur{-e (}r -tl^). I'h.6-,lqtr lllD 6se l'vtllem bld

rLA-Au n.tlxDmF!,ihs
I..t

( )I\
N.lnonxl?allr'nrd $hlnltum{oFrl
HA<oaled surrid. (S.r-llAl, HA-A!

'uN(nPtsit6
lh.rmallLryr mh 

'brl,.r, 
l\crk,nr bln l,l

HAi(Eh{ swl-. (lll) lltn in lh(lBss) PharMr.}*E ltlrbnar r'\hstch bkn I ll

Run\: s*n>lunontbnds{rla(t.HA'irr.lddiurL(e
( l0o sm !| ,iItrnc!61, ttA-Au n.a'r:.l.nFirls Pharm..'ul.lar' mhrb trr, l'\i5t('m bkn l l . l-l I

(()ft \rnonrl?altsn(n \lnml'um-doptl
HATNEd sulIr (lr-HA) tharnr.troni*'. hh,bn16, l!i\tr'h !nn l.l

HA-.Npd rura(L ( |fi, um m lhtl^Kr) I'harmNrb*r lrhrhtldr l\dxt.m hlin I I I

\{(cNr!,Fhlt'nd rurrdc. HA{ur61 $rla(! fharrli.rlllar mhftitrr lllbt.m bl.Jl l:,l:_l(l0O|lm m lhkln.$|. HA-Ag o&LrnFErLs
\.nnl^{1{trd 'u{ { qRT t{:R II

n\llr ] \i'iH,\aruhri 5ufn^ ll.\ qtrr-rcR, pha.tll&llti i.hihitd5 l^, rl, rll
8\lt.l \nrHAarulr{ \al&r, HA 9KI'tf R tl
Ir\ttRl \anH,l<,ut{ sular qKI'rcR II
ll\l \amHAlrslarl \al.!, HA ,lRT It lt lt

qRI-K-.-R tt
.lRT-rt R

ti\!' \&)HA{.rl.n !rl& HA .tRT-rc F I

\d)HA{,!r.d {{e. HA q(T-t( R I

\dnlA-.,ur'd { N. ttA qRT-tra R I

qI(T rcR lt
tl\ qKI rr--R

'IRT-ICR,pt'.,,i^'t'ti.inhihtt,F l,.r.lill
( ()l.l .tRl I\ li

\016. Allbreralu,s ALll altil r phxdDtl*; BVn hn(m,tPbt{.{{ t^{.r\BIlrE,hB n.fhBBElk In|bh.dlttor tvlp l,
BSn l}n. $El|Fot in; CAll (!nrrh,n ax&imrl pn&tl! CE\'I: em(ilun pnrcDi COLl.Irt\r I.oltaxer: r)lls. Jltal L{i hrtut'[or
5; [RX, €rlr&?llubr eg l"r,EulrleJ lf&,, tlA-Au. hrdnxr.prnr-t!ld; LRI'5, lLrrrl.rb't\' lFlPn)tcm EtrplltrirLl.rt pn{ru t:
( ( \.". 6trrnnl(1^i OI1\-. d\r!$F\nt'ry (X\. .).ren ! Rs q Rsr- nla!.1 Ea&.nptrn [L-!). ! qm- tfR quetitibt, pld*tre{.nprDn
p,ll urr& Jum Nr!(r; sr, -H-{, rDn(rul-pdltrrEd slnElNrEdotqi llA1,.ld sud&c.

The currpnt urderstandin8 of n)d-lile nanoHA molerular mechanisnLs might help
undetlitand the mindalizati()n pr(xr5s on b()nc tis:'ue. ln additi(m, this als;o helps in
understanding the patlDlogical me(hanisrB in the bone tissue or other tissue lhat $'ele
alloprcdictedtobecausedb.vmineralization['':,.1i.ThLehyF()thesGcanbethdtr)tential
candidatc k) m(^'e f(rnnrd m furthcr !,tudy.

6. OthcrCelluler Evcnls Induced by HA
Thc activati(rn of $gnalirry path$'ays due to HA tu,t only affq:hJ osteoblast dif-

fuftntiation but also adhesion and pnrliferaticr. .:Aou et al. (2018) reported that the
Wnl/p-catenin pathwav tlas tfE siglaling that mediated the adhesi(h and prulifehti(m
of MSCS induced by HA-<oat d nuterials lil. ln additiorl Mahak) et al. r€po ed that the

tt
tl

I Rts

I

I



proliferattm of H-,{-coated Slasli on ost€oblalit-like cells was signiffcantly hi8h6 than that
of ft)n-c(r.ted Blass I' '1. Thus, it is sr88esred hat the incrrase in cell p'R)lifcrati(n rab was
due to the presence of HA a9 intact mat6ial.

Furth€moE, the partide size of HA also influenccd cell proliferati()n. Mfs cultured
on smaller HA erhibibd a hiBhcr prclifuratirn rate compared to those (rl laryer HA {: il.
Not limited to cell prolilcr.tion, HA ah, aff€cted cclladhesacr. )Ca et al. (20'13) reported
that HA with nan(>skucturc surfal:e led to better Mgls adhesion a.xl sprcadin8 on the
btumaterials Ilhl. l his ridicated that the proliferati(rn a'ld adh€sion of oster:blasB indued
by HA nere caused by HA as rntact material, e-.ipt<ially th(rse made in naft)s(ale.

ran()HA alsr) contmrcrsiallv €ontributRl tD ccllapr)pt(6is Rcmva et al. (201{) dern(rl.
\ttat(l tl! narioHA was rx|t toric to (ritNblast!' Ii ',1. How'ever an(ih.:r study rtatcd thnt
rumrllA inhibired llre growth oa rat cle&Lstr in a doce-depende* [rdrn6- naft)tlA also
dtnificer*ly inarcd lpoptGis in ct nbl ets, with $mll.r ?eciffc srrlace areag induccd
lotver .poptGir ratr5 I I r1-1. This dift{:renc€ maybe due lo oth6 krptgraphical cuei of
HA, slrh as partich shape. Other than ttlat, this may afso be dtf, hr the sp(.cift signalinB
pathr^?v that was a.tivated. 'Iler€f('rc, furthcr shrdy of other krp()Braphical cues to the
activation ol si8naling Fathr|ay is ne€dd.

As pported in the study HA ct al. (2i15), nanoHA-induced cellular regulation in
(xteoblast did not occ1rr in cells .ultured ivith nan(rrized silica ll lrl. This is allio in line
with in vil o findings; aftcr rS &t s ol irnFlantatn'n, naft)HA $ as suprrior t) nan(>bn)thss,
causing the highsit b(ne forrnatim raE Il 1,,1. Thus, we indicahd *lat lhe cellular resp€Lse
indrr€d b)- nanoHA wali due kr the mabrial FroF rtv ol nanollA.

7. Ev.nt on th. C.ll M.mbrrn.: Dire.t lnte!.ction .5 lnl.ct Li8and or through
lons Relees.? E

As shown in -Iable l, HA-induced (,slcogenic differvrtiation in$ o6t€obla6t cell
lireage is rnediared by MAI'K (pdrli('ularlv ERK and p3lt kinaser), Wnl ad E[{P/p-
catenin EBnalitB pahways. Horveyer. the mechanism thmugh whkh HA stimulates the
path$ av arrd lh€ er'(rls lhat oacur in thc cell membrart refiBin cmtrd,eFial.

As a biornatdial HA 15 ge@llv fabrkated in naflosizes to .e*mble ttE flA found in
huma[s (i.e, appmximatelv .15 nm in kEth and 25 lrm in widdr] llr, i I li. ln g1,reral, HA
that inJ lrcs cellular <hant6 in lhe (l't.oblast lina8e is runosized lli,,ls,lt :,llrl. Mabrials
with a size <100 nm arc clasliified &s nanomaterials [ ] I I l- Ostogenic diffe.rttiatior@urs
at dillerent rat ,!i in cells c-ulturql rvith inatenals ()f d furEit particle srzes HA with a
p.rtide sizf .to rEn accelerakd the e-xpiersirrn o[ trteoblast-like ccll ()steo]Eenk Eenes
Yersus HA with a partide size of 0-s-1.0 EEn [:]1. This is in lirp tr ith thc cffecti induced
bv HA *ilh a partide size of -50 and -Ifi) nrrr [: rl. ln addihon, t]lc proliferati()n rate and
ALI) activitv of Mfs c ltured rvith smaller-sized HA ( lt)-l0O nm) were tugher lhan th(lie
obrened in MSCs culturtd nith larger-sized HA [ . ll. Ihis is also consistent with in vivo
findinp. Frctzedried txrne al klqrafts with smallet pnrticle sizeli caulr,d Bruater nelv txnc
f()rmation ih Rhesus monkc)s with bone defects Ii'i].

The cellularevcrLs induced bl- HA mav bc mediakd bv leveral p()!'sible interactitrrs
ol HA wilh the cell mernbran€. For erample, HA mav ruleas,e calcium and ph():rhate fl(lm
rts crystal\ C€rmaini ct al. trrp(rhd lhat, afbr 2l h, nanoHA decreased the concentration
oI calcium in the culture supcntatant of a preostqlblast ccll litu fr(xn l.3 mlt{ to 0.6 rnM I i '1.

It has been rpF)rted that high c()ricdrtrahofti of calcium affect the reli()rpti(rn actiiily of
citeoclalihi lir l. ,ung et al. also rep(rted that (dlcium released by HA is msdiated bl' thc
calcium/calm(xlulin-dqrndrnl F,()tein kinase via the L.typc calcium channel, whidr sub-
sqluently inclEasei the erprtssiur of OPN and gst' genet [1 I]1. This theon'is suppirrt€d
by the fdct that cabum activatcs MAPK, whic'h plays a n e in cell diffeMtiatioi [] l rl
H()rl'el6, Ha et al. n?()rt6l that tle cakium channel did not rnediatc the changes in HA-
mducgl olile(E{iic t6re expresstn. The studt_ f(,und lhat the ostednductir'e pmpcrties rf
HA wcre regulat€d bry Fgfr and l'il h,h{l}r8ge{ed int€ractint h,ith HA partkl€s []sl.
Furth.,rmorc, ()ther studies reported that the concentratiorE of calcium .nd phosphate in
the culture sup€matant of cells treated and tu)I treat.d $'ith nanoHA wt're not silFifkantly
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diffetent Ii]l]. 1]tis su8gests that the cellular retiulation that (rcurs in ostarblasts oay be
Jue to the functi(nr ({ in}act HA.

tnd(E trrsis is one of the c.itical events in the interaction of brmaterialr n ith cells.
Sludies hdve su8gest&l that HA mal be internalized by a particular cell and suh;equently
regulate its 13ne erpreision- Liaqi et al. conduct.d a study uliing transrnilision elertr\)n mi-
cnxctpv and debcterl l-LA-Au nanoparticles in mdrxomal tesicles of MSCs I i]. However,
(*h€r studis yrelded (pFrsite rcsnlts. Ha d al. fqrnd that cell ular regulation in ostc()blasts
is not m(rJiated by t,fd(rttoriis. ftiswa5 dem()rrshatcd *rnru$r pretreattnent of ost&blasts
n ith l,el.eral inhibitors of thc en&)cyk}!ii-s pftrce-*;s, such as nrethylp-q,clodextrin, inhibitor
of clathrin-mediat€d .rrd(rvtosis, and inhi{!)r of micn)pifl).yh)sis Il\'J. 1hi\ study re-
p()rtcd that the ERK signahng pa thu'av *'as inYolved in celLrlar rrjulation in osleoblasts
and mediatr'rl by tlte dirpct interacttrn of nan(riized HA $r'ith re'ppkrs on osteoblast cellli.
The administration of trgfr and l'il caused a full bl()ckade oa p-ERK and change. in gene
expre*iion. fhi\ rpsult rras in line u,ith scanning clectr.n micr(Ecopy findinEli; nanoHA
rras identified (!n th€ surfacc of oste($lasts even aft€r extensive w&shing, suggesting a
shont interacti(r betrveen material and cells llsl. Ihis suggesLs that HA, particularh
nanosizqi HA, may a.t as a li8and krr membrart pnrteins presL,nt in (rlitq)blasti, and
achvate\ a particular signaling pathwav- Htluelet further study is warrantd k, confinn
this hvpothesis-

E, Conclusions

Interactions of HA with t{me tissue in\,( ve a h'ide varietv of cellular 6,enh.. The
physical dEracteristics of HA inJluence its (xtL,()inductive propertieli NanoHA has b€en
showrl to cau!€ cellular dlanB.,1i in orit:(Slast iinage cells. This tl ge (}f HA indua$ ost€,()Br{ic
differentiation lia seteral siSnaling Fahu,.ys, @uding ER(, p3tl, llMP2, and Wnt si8nalin8
pathn'avs lt r.' liu8lietk'd that th6e cvents .re ItlediaH by lhe interacti(r of nan()HA
parhcles widr receptors plsisrt 6r ost6)blait\. NanoHA afso pr)vid€s pnxn;ing rerultli in
Errffi of in viv() perft).mnnce. Tlcse findur@ffer rlew insiSht into thr' field of biomaterials
and a nerv straEgy for the desig! of HA kr be utilized as a biqnaterial for blme tis6ue
€nSineerin8. Rrwer,er, further resea(h ir ltquind to erGmine this nelv drsign strategv
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