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CHAPTER I 

INTRODUCTION 

Background and rationale 

From the lack of a widely acceptable choice for bone regenerati on, a number of 

trea tm ent options have been developed along th e century. Autogenous bone grafting 

with its good bio logica l properties such as adequate struc tural support , os teogenes is 

by virtue of surviving ce ll s, osteoinduc tiveness and os teoconduc ti veness, is used as th e 

go ld standard trea tment for bone regeneration. Th e autogenous bone usually consists 

of bone coll agen, bone minerai and bone matrix protein s (De Lacure, 1994; Johnson et 

aI. , 1996) . On th e contrary , autogenous bone g rafting contains donor site limi ta ti ons 

wh ich are inadequate bone vo lume, donor site morbidity , deformity and di scomfort. As 

the results from those di sadvantages and limitation s, all ografts and alloplas ts have been 

developed as substitutes and used based on th eir osteo induc ti ve and os teoconduc ti ve 

properti es (van Heest and Swiontkowski , 1999). The se materi als. however, have 

inherent di sadvan tages on failure of complete bone ingrowth, ex tended inflamma tory 

reac tion, transmission of infec tion s, uncontrollable resorption rate of th e g raft and 

encapsu lation by connec tive ti ssue with littl e bone formation (Constantino and 

Friedman, 1994; Yu kna , 1993; Viro lainen et aI. , 1997) At presen t, th ere are a number of 

limitations of current bone regeneration techniques in va riou s types of c li ni ca l 

conditions. Hence, th e deve lopment of improved methods, such as ti ssue engineered­

mediated bone regeneration , is necessary for ac hieving future viable therapeuti c 

alternatives (Gronthos et aI., 2006). 

Tis sue engineering approaching to th e res toration and repa iring of damaged 

ti ssues requires a sca ffold material upon which ce ll s can attach, pro lifera te, and 

differentiate hopefully into a func ti onally and stru c turally appropri ate ti ssue for th e body 

loca tion where it is placed. In addition, idea l sca ff old wou ld all ow for delivery o f 

signaling molecules ca pable of coordin ating ce llular fun c tion (Wan et aI. , 2006). 
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Va rieties of sca fi old materials have been ava il able wi th d iffe ren t physica l prope r1 ies. 

Eac h materi al assoc iates with a spec ific and unique host response when implan ted in a 

hos t. Sca ffold ma terials, which can be either syntheti ca lly or na tura lly deri ved. have 

been used with di fferent success rates to generate ti ssue-eng ineered bone forillatio ll 

both in vitro and in vivo. 

Among th e naturally derived sca ffolds, co llagen sca ffold is the most commonly 

use d. Type I co llage n is a rati onal op tion for use in bony de fec t hea ling. It is tile majo r 

struc tural p rotein of bone and th e natu ra l sca ffold for os teoblas t mig ration . Til e 

adva ntages of co ll agen use are th e low immunogen ic response across species, 

ava il ability, abundance in na tu re, b iodegradabi li ty, hemostati c promoti on, ce ll -b inding 

prope r1i es and easy mani pu lation into different forms (De Lu stro et al., 1987; Wa tson, 

1999). It has been used for so ft and hard tissue repai r (De lba lso and Adrain, 1976). 

Moreover, co llagen assoc iated wi th g rowth fac tors or oth er ex trace llular componen ts 

such as glycosaminog lycans, chondroitin sulphate, heparan sulpha te, and chemica l 

modifica tion could enhance its appli cability as a biomaterial (Pieper e t aI. , 1999; Pieper 

et aI. , 2000; van Susan te et aI. , 200 1) 

Os teopontin (OPN) or bone sialoprote in-1 is a member of non-co ll agenous 

ac idic hyd rophobic phosphoprotein in ex trace llular ma tri x. OPN is expressed by 

va rious ce ll types and it is a multifunc tional pro tein . OPN con tain s an arg inine-glycine­

asparti c ac id (RGD) ce ll b inding sequence, thu s ce ll s ca n b ind OP N via multip le 

integ rin receptors inc lud ing the vi tronec tin receptor as we ll as va ri ous p 1 and pS 

integrin s (O'Regan et aI. , 1999). OPN p lays an impor1ant ro le in ce ll phys iology 

inc ludi ng ce ll adhesion, signaling, d ifferentiati on, regulati on of intrace llular ca lc ium 

leve l, and modulation of th e im mune response to infec ti on and neop lasia (Den hard t and 

Guo, 1993) OPN ca n ac t as an adhes ion substra te and mig ration sti mu lu s by 

interac tin g with seve ral in teg rins. The interaction leads to downstrea m sig naling even ts 

tha t inc lude ca lc ium mobi lizati on, pro tein phosphorylation, regulati on of gene 

express ion, and ce ll d ifferentiation. The function of OPN in d ifferen ti ation of primary 

os teoblas t ind ica tes th at b inding of OPN to integ r-in regu lates intrace llular signa l 



transduc tion and upregu lates alka line phosphatase and osteoca lcin expression via 

foca l adhes ion kinase phosphorylation in os teoblas ts (Yabe, Nemeto and Uemura, 

1997). 

Objectives 

This study is a part of th e main project on es tabli shment of a ti ssue eng ineering 

scaffold for bone regenera ti on. The aims of thi s study are to investigate the response 

including ce ll prolifera ti on and ce ll attachmen t of human bone marrow stroma l ce ll s 

(BMSCs) to co llagen and OPN and to cons truc t th e OPN/bovine de rmal co ll agen 

sponge and eva luate its physica l properties and biocompatibi li ty on th e human BMSCs 

in vitro. 

Hypothesis 

1. OPN/co llagen can enhance the proli feration and induce th e attachment of 

these ce ll s in vitro. 

2. OPN/bovine dermal co llagen sponge is biocompatible to human BMSCs. 

Key words 

Bovine dermal co ll agen 

Osteopon ti n 

Sca ffold 

Tissue engineering 

Bone marrow stroma l ce ll s 
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Limitation 

Due 10 cos tl y expe nses of human bone rn arrow study , thi s study is c lassi fi ed to 

invest iga te limited human bone marrow samples _ 

Benefits of study 

Thi s study wi ll provide th e essential information on the biologi ca l properti es of 

OPN and th e novel ti ssue-engineered sca ffold and wi ll be publi shed in th e peered 

review journal. Furthermor-e, thi s information wou ld be a guide for future studies in 

an imal experimen l and c lini ca l study _ 
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CHAPTER II 

LITERATURE REVIEW 

Scaffold 

The potential of ti ssue regene rati ve trea tments requires integration of three 

elements: induc tive morphogeneti c signals (morphogens), responding progenitor/s tern 

ce ll s and the extrace llular matrix sca ffold (Nakashima and Reddi, 2003). Tissue 

engineering has been evolved to repair or replace di seased or damaged ti ssue by 

using con trolled sca ffold s. The role of th e scaffold is to provide a matrix of a spec ific 

geometric con fi gura ti on in which seeded ce ll s may grow to produce the desired ti ssue 

or organ (Abukawa et aI. , 2006). Th e sca ffold should have following idea l 

c hara c teri sti cs; (1) three-d imens ional and highly porous w ith an interconnec ted pore 

network for ce ll growth and effective transportation of nutrient s and 111 etabolic waste, 

(2) biocompatible, (3) bioresorbable with a controllable biodegradation and reso rption 

rate to match ce ll/ ti ssue growth in vitro and in vivo, (4) suitable surface for ce ll 

penetration, attachment, proliferation, and differen tiation, and (5) provide an 

environment in which th e ce lls can maintain th eir phenotype and synthesize protein s 

and mechanica l properties to matc h those of th e ti ssues at the site of implantation 

(Hutmacher, 2000 ; Va ts et aI. , 2003; Abukawa et aI., 2006). To date, th e idea l sca ffold 

that meets all these c riteri a has not been d eveloped. 

Even though seve ral types of sca ffolds have fac ilitated in vivo bone form ation, 

the optimal sca ffold has ye t to be defin ed . Biomaterial s use d as sca ffolds for bone 

ti ssue engineering can be c lassified into two broad categories: syntheti c and naturally 

derived. Syntheti c sca ffold material s have bee n developed for bone ti ssue eng ineering 

inc luding hydroxyapa tite base materi als, tri ca lc ium phosphate, po lymer matri ces such 

as poly(a-hydroxyes ters), polyg lyco lide, polylactides, po lycaprolactone (Chou et aI. , 

2006). and poly(D,L-lac ti c-co-g lyco lic ac id) (Ca lve rt et aI. , 2000; Abukawa et al., 2003). 

They have been introduced for ti ssue repair. Naturally derived sea lfolds such as 
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co ll agen, g lycosaminog lycans, alginate, agarose, and chitin (Ilutmac her et aI. , 1996: 

Abukawa et aI. , 2006) have long been deve loped to g ive good result s in ti ssue 

regenera ti on. Th e adva ntages o f natural materials are th at th ey have low toxici ty and low 

chronic inflammatory response . Th ey ca n combine into a compos ite with olh er natural 

or synth eti c materi als and ca n be degraded by naturally occurring enzymes. Th e 

di sadvantages, on th e contrary, are th e lack of desired stru c tural rigidity for 

independen t use in load-bearing reg ions, easy denaturation and often require chemica l 

modifica tion, which ca n lead to toxicity (Vats et aI. , 2003; Wan, Naca muli and Longaker, 

2006). Coll agen Ilas been routin ely used as a substrate lor bone engineering. Type I 

co llagen has been spec ifi ca lly used 10 promote bone form ation in rat mandibu lar 

defec ts. Co ll agen p laced into the frac tured reg ion led 10 Il istolog ic bone bridging a fter 

six weeks of implanta ti on in an experimenl (Saadeh et aI. , 700 1) Recen tl y, ch itosa n has 

emerged as ano ther natural sca ffold for use in c raniofac ial repai r. Chitosa n, an ac idi c­

aqueous so luble form of chitin , enhanced healing of canine mandibu lar de fec ts aft er 

injec ti on into th e defec t sites (Cho et aI., 2004). Lee et al. (2000) deve loped 

chitosa n/tri ca lc ium phosphate sponges as th e sca ffolds for bone formation by three­

dimensiona l rat os teoblas t culture. Furthermore, Zhang and co lleagues (2007) 

developed plasmid encoding platelet-d erived growth fac tor B (PDGf-B) gene releasing 

chitosa n/coral composit e sca ffold as a regenerati ve material for periodonta l 

regenera tion. Th ey found that human periodon tal li gamen t ce ll s had much proliferati on 

properties on th e gene-activated composite sca ffold. 

Natu ral or syntheti c hydroxyapa tite and tri ca lc ium phosphate are ceramics. 

Ceramic biomateri als are stru c turally similar to the inorganic componen t of bone. Th ey 

are biocompatibl e, osteoconduc tive and protein-free materi al bu t th e di sadvantages of 

them are brittle, long time degrada ti on in vivo (Vacanti and Bonassar, 1999; Handschel 

et aI. , 2002) and uncontro ll able pore size during conventiona l processing method s (Chu 

et aI. , 2002) . In 2002, Boo and coworkers compared hydroxyapa tit e and tri ca lc ium 

phosphate as sca ffolds for bone enginee ring. In thi s study, sca ffold was seeded with 

mesenchymal stem ce ll s and implanted in subcutaneo us sites. The resu lt from 

histologic examination af ter eigh t weeks of implantati on showed ac ti ve bone form ati on in 



both sca ffolds. Moreover, Sc hleiphake and co ll eagues (2004) applied mineral-based 

sca ffold s to the ca lva ria l defects in rats. Using several formul ations of ca lc ium 

phosphate, peri-implant bone deposition was noticed around all scaf folds aft er the 

implantation for 52 weeks. By varying th e conten t of ca lc ium phosphate within the 

sca ffolds, th e rate of resorption was also noted to vary, refl ec ting a change in th e 

biodegradability of the cons truc t. 
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Besides, th ere are compos ite sca ffold s made of incorporation of new fill ers into 

the c lass ic sca ffolds, lor example, incorporation of tri ca lc ium phosphate, hydroxyapatite 

(Shikinami and Okuno, 1998) and basic sa lts (Agrawal and Athanasiou , 1997) into a 

polymer matrix. These inorganic fill ers help con trol the desired degradation and 

resorption of the polymer matrix. A compos ite materi al would also inc rease 

biocompatibility and hard ti ssue integ ration in a way that cera mic particles, which are 

embedded into th e polymer matrix, allow for inc reased initial spread of se rum proteins 

compared to th e more hydrophobic polymer surface . Additionally, associa tion between 

the natural sca ffold such as porous collagen and other extrace llular components such 

as glycosaminoglycans, chondroitin sulphate (van Susa nte et aI. , 2001), hepa ran 

sulphate and physical or chemica l modifica tion cou ld enhance its applicability as an 

effec ti ve biomaterial in vitro and in vivo (Pieper et aI., 1999; Pieper et aI., 2000) . 

Collagen 

Collagen is the most abundant protein in animals, approximately 30% of all 

proteins in mammals. Coll agen is th e major protein o f connec tive ti ssue, tendons, 

ligaments, and cornea. It forms th e matrix of bones and teeth. The most commonly 

occurring co llagens are type I, II and III , which form til e long fiber bundles in many 

ti ssues. At least 27 different types of collagen have now been iden tifi ed on th e basis of 

morphology, amino ac id composition, and physical properties (Boo t-H andford et aI. , 

2003) . 



Th e bas ic unit of co ll agen, tropo co ll agen, is a ri gid rod-shaped molecule 

approximately 300 nm in length and 1.5 nm in d iameter (Youn g and Il ea th , 2000). 

Collagen molec ule contains three polypeptide chain s, so ca lled a chain . Eac h chain 

has 1000 amino ac ids and contain s at leas t one stretch of th e repea ting amino acid 

sequence Glyc ine (G ly) -X-Y, where X and Y ca n be any amino ac id but are usually 

proline (Pro) and hydroxyproline (Hyp) (van der Res t and Garrone, 199 1) . Therefore 

one third of all th e amino ac ids in each collagen chain is Gly . Pro and Hyp follow each 

other frequently , and about 10% of the molec ule has th e se quence Gly-Pro-Hyp. Most 

coll agens consist o f two a1 chains and one a 2 chain . An individual a chain is a left 

handed helix with approximately 3.3 res idues per tum . Th e a chain s are twisted 

togeth er to form a rigll t-handed superh elica l stru c ture (Pa tin o et ai. , 2002a) . 
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Type I c ollage n is found in fibrou s supporting ti ssue, th e dermi s of sk in , tendon s, 

ligaments and bone, in a va riabl e arrangement from loose to dense according to th e 

mechanica l support required. Th e tropoco llagen molec ules are aggregated to form 

fibril s strengthened by numerou s intermol ec ular bonds. Parallel c oll agen fibril s are 

furth er arranged into strong bundles 2-10 pm in diameter whi ch confer great tensil e 

strength to th e ti ssue (Young and Hea th , 2000) 

Collagen has been extensively used in th e medica l, dental, and 

pharmacologica l fi elds. Coll agen is capable of being prepared into c ross-linked 

compacted solids or into latti ce gels. Resorbable form s of co ll agen have been used to 

dress oral wound or burn wounds, to c lose the graft s and extra c tion sites, and as a 

hemostati c agent (Colen and Mathes, 1983; Watson, 1999). Bes ides, it has been used 

to augment soft ti ssue, recon stru c t ti ssue contour. co rrec t sca rs (O live r, 1987 ), and 

enhance ti ssue hea ling (Patino et ai. , 2002b). I-urthermore, co ll agen has been utilize d 

as th e barri er membrane in periodontal and implant th erapy to prevent epithelial 

mig ration and all ows ce ll s with regenerative ca pac ity Irom periodontal ligament and 

bone marrow space to r'epopulate at th e defec t area . 



Co llagen is th e main stru c tural protein for ti ssue support and remodeling upon 

physical stress and during wound hea ling process in ve rtebra tes. It also p lays an 

essentia l rol e ill providing a biologic sca ffold for ce llular ac ti viti es th at inlluence ce ll 

attachment, migration, and even differentiation (Yang et aI. , 2004). Co llagen has been 

use wide ly in ti ssue engineering of human ti ssues for medica l appli ca tion s, inc luding 

bone engineering , three-d imensional sca ffolds for seed ing of mesenchymal stem ce ll s 

(Xiao et aI. , 2003; Juncosa-Melvin et aI. , 2005; Hou et aI. , 2007) 

Th ere are many protoco ls to impmve the pmperties of co ll age n sca flold used in 

ti ssue engineering. Co ll agen can be modifi ed to increased strength by a va ri ety of 

methods inc luding cmss-linking by ultraviolet-irradiation , dehyd rati ve method s or 

chemica l meth od s, for example, g lutaraldehyde (Jayakrishnan and Jamee la, 1996). 

Osteopontin 
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O PN or bone sialoprotein-1 is a nega tive-charged ac idi c hydrophili c 

phosphopmtein 01 appmxima tely 300 amino ac id res idues with molecu lar mass 

betwee n 44 and 75 kDa (O'Regan and Berman, 2000). OPN is a multifunc tional protein 

sec reted into all body fluid s. Although highly expressed in bone, it is also expressed by 

various ce ll types inc luding macrophages. ac ti va ted T lymphocytes, chondrocy tes, 

endothe li al ce ll s, smooth musc le ce ll s and epitheli al ce ll s (O'B ri en et aI. , 1994; 

Malyankar et aI. , 199f). OPN contain s an RGD cell binding sequence, a ca lc ium 

binding site ,and two heparin binding domains. These two domains may co-interac t 

with RGD domain (O 'Regan and Berman, 2000) . Ce ll s may bind OPN via multiple 

integrin re ceptors inc luding the vi tron ec tin receptor as well as various ~1 and ~5 

integ rins . OPN may be c leaved by thrombin resulting in the exposure of additional 

crypti c binding sites as we ll as th e production of func tion al chemo tac ti c fragments 

(O 'Rega n et aI. , 1999) . 

During human deve lopment , OPN is detec ted in high leve l th at is not presented 

in th e normal adu lt. OPN is upregulated at sit es of tissue remode ling . It is also found in 
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til e pathologi ca lly des tru c ti ve ti ssues, for exa mple, ca ll ce rs and infarc ted ti ssues. OPN 

can be assoc iated with ex trace llular matri x (EC M), however, it does not perform a 

struc tural role wi thin ti ssues as oth er EC M proteins. 

OPN plays an important rol e in ce ll physiology inc luding ce ll adhes ion, 

signaling , differentiation, regulati on of intrace llular ca lc ium leve l, and modulation of th e 

immune response to infec tion and neoplasia (Denhardt and Guo, 1993). In th e immune 

sys tem during infl ammati on, OPN ac ts as a cy tokine in 1 lymphocy te which leads to 

inhibition of expression of induc ible nitri c oxide synthase in both mac rophages and 

primary renal tubular epithelial ce ll s during infec tion respon se (Mazza li et aI., 2002). 

OPN assoc iates w ith pathogen resistance, and wound hea ling (Weber and Cantor , 

1996). OPN involves in th e rec rllitment and retention o f mac rophage s and T ce ll s to 

infl amed sites. It can ac t as an adhesion substrate and migration stimulu s by 

interac ting with seve ral integrin s. I he interac ti on leads to down stream signaling events 

th at inc lude ca lc ium mobiliza ti on, protein pho sphorylation , regulati on of gene 

express ion and ce ll diHerentiation. Func tion of OPN in differentiation of primary 

osteoblast indica tes th at binding of OPN to integ rin regu lates intracellular signal 

tran sduc tion and upregulates alkaline phosphatase and os teoca lc in expression via 

foca l adhes ion kina se phosphorylation in osteo blasts (Yabe et aI. , 1997) . Furthermore, 

Liu and c oworkers (1997b) found that OPN ca n trigger alkaline phosphatase gene 

expression via integrin-mediated foca l adhesion kina se ac ti va tion. Alkaline 

phosphatase expression at th e transcripti on leve l induce d by OPN was much higher 

th an that induced by other EC M components. Th erefore, OPN may be responsible for 

ea rly differentiation in th e osteoblas ti c cell line. OPN is also involved in bone 

remodeling and mineralization , angiogenes is, protec tion of ce ll s from undergoing 

apoptosis, tUlllor metastasis, inflammation , wound hea ling process ,and ti ssue 

remodeling (Omigbodun et aI. , 1997). 

Liu and coworkers (1997a) inves ti ga ted th e adhesion process of cultured 

os teoblas ti c ce ll s by using immunoflu orescence an d biochemica l techniques. I ype I 

co ll agen, fib ronectin , os teonec tin , OPN, and bone sialopro tein we re shown to p lay an 
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important role in th e ea rly d ifferentiati on of rat bone marrow-derived os teoblas ti c primary 

ce ll s. Uemura and coworkers (2001) proposed tllat ac ti va ted osteoblas ts sec retin g 

ECM components such as OPN can be autocrine, w hich are recogn ized and bound by 

integrin aV ~ 1 on other osteoblasts to be ac ti va ted. Moreover, OP N was shown to induce 

the in vivo os teogenesis of a bone marrow-d erived osteoblast in th e porous 

hydroxyapatite sca ffold . In 1997, Yabe and Nemo to and Uemura studied the role of 

OPN, they were interes ted in ce ll adhesion and alka line phospha tase assays of rat bone 

marrow os teob lastic ce ll s on type I co ll agen and OPN surfaces. The rat bone marrow­

deri ved osteoblas ti c primary ce ll s was proved to adhere strongly to til e OPN and to 

have high alkaline phospha tase activ ity on th e OPN. Th ey conc luded th at pre­

osteoblasts differentiate in to osteoblas ts which can form bone by recognizing OPN. 

Bone marrow stromal ce lls 

Bone marrow is a reservoir of p luri potent progen itor ce ll s for mesenchymal 

ti ssues. BMSCs consis t of a varie ty of ce ll s, for exa mple, pre-osteoblasts , ery th rocytes, 

ad ipocytes, immune ce ll s and mesenchymal stem ce ll s. Mesenchymal stem ce ll s are 

though t to be multipotential ce ll s that ca n either replica te or differentiate to lin eages of 

spec ific ti ssue such as bone and ca rtil age. BMSCs, wh ich are also known as 

mesenchymal ce ll s and have been identified as a popu lation of organized postn atal 

mesenchymal stem ce ll s, not on ly acted as mye losupportive stroma , but also have 

potential to differentiate into osteoblas ts, chondrocytes , adipocytes, ca rdiomyocytes, 

myoblasts , and neural ce ll s (Beres ford, 1989; Prockop, 1997; Bianco et aI. , 200 1). 

Temporal express ion of va riou s receptors by BMSCs is criti ca l for ti ssue-spec ifi c 

differentiation , for example, signal transduc tion med iated by different cy tokin es such as 

bone morphogenetic proteins de termin es os teoblas t and adipocyte differen ti ation from 

the sa me population of the progen itor ce ll s (Chen et aI. , 1998). To date, surface 

antigenic markers have been described th at we re used in the purifi ca tion of 

mesenchymal progenitor ce ll s. BMSCs were initi ally identifi ed by th eir ca paci ty to form 

c lonogenic adherent ce ll c lusters with fi broblas ti c morpho logy in v itro (Kuznetsov et aI. , 

200 1; We issman, 2000). The first antibody used to identifi ed mesenchymal stem ce ll s is 
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STRO-1 (Denni s et al. . 2002; Grontilos et al. . 2003) but ac tu all y. many types of stem ce ll 

markers were utilized. such as C01O . C013 . C014 . C034. C045. C0 73. C090 . C0105. 

C011 7. C0 133. C0 144 (Jones et al. . 2002; Tuli et al. . 2003). BM SCs can now be 

effi c iently retri eved from bone llla lTOW aspirates. 



CHAPTER III 

MATERIALS AND METHODS 

3.1 Materials 

1. Ti ssue culture med ium 

Minimum Cssentia l Medium Alpha (uMCM) (Gibco BRL, USA) 

An ti biotic- antimycot ic solution (Gibco BRL, USA) 

L-glutam ine (Gibco BRI , USA) 

Feta l bovine se rum (Gibco BRL, USA) 

Trypsin-EDT A (Gibco BRL, USA) 

L-ascorbi c acid 

~-glycerophospha te 

Dexamethasone 

2. Sca nning electron microscopy (SEM) materia ls 

Osmium tetroxide (EMS, USA) 

Glutara ldehyde (EMS, USA) 

Phosphate buffer sa line (PBS) 

Ethanol 

Coverslips 

4. Aliza rin red S (ARS) staining 

Aliza rin red 

Ammonium hydroxide 

PBS 

Methyl alcoho l 

Deionized water 



5. CD105 staining 

NCL-CD105 (mouse monoc lonal antibody) (Novocastra 'f ) 

Protease (Dipase) (S igma, USA) 

10% Formalin 

EnVision+ ' Sys tem (Labell ed polymer - HRP anti-mouse) 

(DakoCytomati on, USA) 

DAB buffer 

DAB solution 

1 % Hydrogen peroxide 

6. Bovin e derm al coll agen ex trac ti on 

0 .5 M ace tic ac id (I lAc) 

10% (w/v) sodium chloride (NaCI) 

7. MTT assays 

MTT ((3-(4 ,5)-dimethylthi azo l-2-yl)-2,5-diphenyl tetrazo lium b ro mide) 

(Sigma', USA) 

Dimethyl sulfoxide (DM SO) 

Dulbecco's Modified Eagle Medium (DM EM) without phenol red 

8. Equipments 

Laminar fl ow unit (Mic roflow , MDH Ltd , England) 

24 we ll pl ate (Falcon , USA) 

35 and 60 mm ti ssue culture di sh (F alcon, USA) 

Sca le (Metier Toledo , Switze rland) 

Centrifuge (Clay-Adams, New Yo rk) 

Inverted phase contrast mic roscope (O lympu s CK2, Japan) 

I ig llt microscope (O lympu s BH2, Japan) 

Carbon dioxide (CO) incubator (TC2323 , Shel Lab , USA) 

Sca nning elec tron mic roscope (Jeo l ,JSM-541 0 I V, Japan) 

Shell free7er (Mini -Shell , USA) 
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3.2 Method s 

Lyophi lizer (F lexi-Dry MP, USA) 

Centrifuge (6K 15. Sigma) 

Rongeur forceps 

3.2. 1 Collagen isolation and preparation 

15 

Fresh bovine sk in was obtained from th e slaughterhouse. To iso late type 

I co ll agen. bovine skin was prepared by using neutral sa lt and d iluted acid ex trac tion s 

(Bazin and De laumay, 1976). Initially, th e ti ssue was cleaned with water, fin ely chopped 

after d issec tin g away th e excessive fatty tissue, cut into sma ll pieces, and put in 0.5 M 

HAc with stirring . Th e extra c tant was cen trifug ed at 11200 rpm 4°C for 1 h. Th e pe ll et 

was discarded and the co ll agen was precipitated from th e supernatant by adding 10% 

(w/v) NaC I. Co ll agen prec ipita te was co llec ted by cen trifugation at 11200 rpm 4°C for 1 

h. The co ll agen precipi tate was disso lved in 0.5 M HAc and dia lysed against 0.1 M 

HAc. It was fin ally shell frozen by coo led eth ano l and lyoph ilized approximate 48 h. 

Bovine derma l co llagen had th e wh ite sponge-li ke appearance. The co ll agen sponge 

was d issolved in 0.1 M HAc, th e final conce ntration of co llagen so lu tion is 0.1 mg/mL. 

3.2.2 OPN preparation 

Recombinant rat OPN-generated from bacteria (kind ly provided by 

Assoc iate Professor Pi-Ling Cilang, University of Alabama at Birmingham, USA), was 

dissolved in simple aMEM. OPN so lution was hea ted at 37°C for 30 min to 1 h, 

aliquoted, sea led with paraffin and frozen at -80° C prior to use. The fina l concen tration 

of OPN so lut ion is 10 p g/ml which was suggested by Associate Professor Pi-Ling 

Chang as nontoxic concen trati on for human BMSCs-aspirate from iliac c res t. 
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3.2.3 Sponge fabrication 

In the pi lot study , various proportions of mixed OPN so lution with 

co ll agen solution from 1:9 to 9:1 were prepared. The OPN/collagen sponge in th e 

proportions of 2:8 to 9:1 could not be used due to poor physical properties. Th erefore, 

the proportion 19 of OPN/co ll agen was used for furth er study . 

Mixed 1 mL of 10 pg/lllL OPN so lution with 9 mL of 0.1 mg/mL bovine 

dermal co llagen disso lved in 0.5 M HAc. Th e OPN/co ll agen mixture was th en dialysed 

aga inst 0.1 M HAc. It was finally shell frozen by cooled ethanol and Iyopllilized 

approximate 24 h. The sponge was sea led with paraffin and stored at room 

temperature before tes ting. 

3.2.4 Bone marrow samples and criteria of subjects 

Bone marrow samples were co ll ected from three physica lly hea lthy 

pa tients who needed th e bone removal for trea tment. The subjec ts were male or fema le 

with the age of 20 or more. Wi thin three months prior to bone su rgery , antimicrobia l or 

co rticosteroid drug use rs were exc luded. Bone marrow was obtained at the time of 

torectomy procedure for prosthetic rea sons in the Department of Oral and Maxillofac ial 

Surgery, Faculty of Dentistry, Chulalongkorn University. Before co ll ec tion of the human 

ti ssue samples, the process of ti ssue co llec tion was approved by the Ethics Committee 

of Faculty of Dentistry, Chulalongkorn University and the bone marrow samples were 

co llec ted with the signed informed consents from the subjects. 

3.2.5 Bone marrow stromal cell cu lture 

Small pieces of bone marrow samples were washed seve ral times with 

simple aMEM to remove adherent erythrocytes and lipid. The samples were cut with 

Rongeur forceps into 1-2 mm
3 

fragmen ts, til en placed in 35 mm ti ssue culture dishes. 

Th e culture medium was added into th e culture dishes which were kept in th e CO2 

incubator at 37°C and absolute humidity. The med ium was changed every three days. 

Nonadheren t and hematopoietic ce ll s were removed on the first day, during medillm 

changes , leaving th e human BMSCs for cu lture. The first to fourth passage of BMSC 

culture was identified th e chara c teri sti cs of stem ce ll s by using CD1 05 
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immunohistochemica l staining . The culture medium for th e fifth passage was added 

with th e os teogenic induce rs. Th e human BMSCs at th e fifth passage we re used for all 

other experim ental assays . Culture medium for BMSCs in th e first to fourth passage 

was prepared by aM EM supplement with 10% fetal bovine se ru m, 1 % antib ioti c ­

antimyco ti c so lution and 1 % L-g lutamine. Addition of 10 mM ~-g l yce roph os ph a t e , 50 

pg/mL ascorbi c ac id and 100 nM dexamethasone as os teogenic induce rs we re used 

only for th e BM SCs in the fifth passage (J aiswal et ai. , 1997; Pit tenger et ai. , 1999). 

3.3 Observation and Measurements 

3.3.1 Physical appearance of the OPN/coliagen sponge 

Th e physica l appearance and til e po re size of OP N/bovine derm al 

collagen sponge were observed in semithin pl as ti c sec ti ons under light mic roscope and 

SEM. 

3.3.2 Identification of the human BMSCs and osteoblastic cells 

3.3.2.1 Identification of the human BMSCs 

BMSCs in the fourth passage we re identifi ed th e characte ri sti cs of th e 

stem ce ll s by using standard immunohi stochemica l stainin g. Bri efl y, the BMSCs cul ture 

was kept in 4 ° c overnight. After washed several times w ith PBS and fi xed w ith 10% 

form alin for an tlour. BMSCs were digested wi th p rotease enzyme at 37°C for 15 min . 

After washing twi ce with PBS, th e culture was incubated with monoc lonal antibody to 

CD105 at 4 ° c ove rni ght. Th en Envision+ ' Sys tem was added to th e samples at room 

temperature for an hour. Th e antigen - antibody reac ti on was visualized by add ing DAB 

so lution for 10 min . Staining was eva luated as either positive or nega tive under li ght 

microscope by two independent observe rs. 
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3.3.2.2 Identification of osteoblastic cells 

Alizarin red S staining 

Ca lc ium-ri ch depos it by th e 30-day-old human BMSCs in fifth passage 

was eva luated by th e use of ARS staining (Putchler, Meloan and Terry , 1969; Gregory et 

aI. , 2004 ). Sa mples were washed with PBS, fixed with 4° C methyl alcohol for 10 min , 

and washed with distill ed water. ARS solution was prepared by mixing Aliza rin red , 

ammonium hydroxide, and deionize d water in th e proporti on 1 g : 1 mL : 100 mL 

respec tively and added in the culture p lates for staining . Staining was eva luated as 

either pos itive or nega ti ve by two independent observers. 

3.3.3 Response of human BMSCs to collagen , OPN and OPN/coliagen 

substrate 

3.3.3.1 . Cell morphology and attachment study 

Th e coverslips were cut into small pi eces (3x3 mm), th en placed in 35 

mm ti ssue culture dishes. The cove rslips in culture dishes we re coa ted with 0. 1 mg/mL 

co ll agen so lution, 10 p g/mL OPN so lution and mixed OPN/co llagen so lution (1 :1 by 

volume). Non-coa ted cove rslips we re used as control. Human BMSCs from th e fifth 

passage from each pati ent were seeded in culture dishes at tile ce ll density of 5xl 0 
j 

ce ll s/mL . The culture was kept in th e CO? incubator at 37° C and absolute humidity. 

The medium was changed every three days. Cell attac hment and ce ll morph ology of 

th e ce ll s on cove rslips were observed by SE M at th e 1 O-day culture. 

3.3.3.2. Cell proliferation study 

The ce ll proli fe ration of th e human BMSCs exposed to co ll agen, OPN 

and OPN/co llagen was measured by using MTT assay (Mos illann , 1983: Kasugai, 

Hasekawa and Okura, 199 1). 
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Human BMSCs from th e fifth passage were seeded in 24-we ll plate at 

th e ce ll den sity of 3x1 0" ce ll s/mL. At day 2, culture med ium supplemen ted with 0. 1 

mg/m L co ll agen solut ion,l 0 p g/mL OPN so lu tion and mixe d OPN/c oli agen so lution (1:9 

by vo lume) were added in each groups as in figure 1. The cul ture medium w ithout FBS 

se rved as control. The culture plate was incubated in the CO, incubator at 37°C and 

absolute humidity for 3 days. 

000000 
000000 
000000 
000000 

Figure 1 demonstrates eac h condition in 24-well plate for ce ll pro liferation tes t. 

Control 

Collagen 

OPN 

OPN /C OL 

MTT so lution was prepared by dissolving MTT with PBS (5 mg in 1 mL of 

PBS). The so lu tion was filtered through with 0.22 pm filter. For th e MTT reac ti on, culture 

mediu m was replaced by 50 ~lL of MTT so lution and 300 ~lL of DMEM without pheno l 

red . Th e culture plate was incubated in the CO, incubator at 37 ° C and abso lute 

humidity for 4 h. DMSO 1000 p L was added into each well after remova l of the MTT 

solution. The obtained purple solution was immediately measured by 

spec trophotometer at 570 nm wave length. Fach experiment was repea ted 5 times by 

using th e ce lls from three pa ti ents. 
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3.3.4 Response of human BMSCs to OPN/collagen sponge 

For inves tigation of tile ce lls in til e sponge, OPN/c ol lagen sponge s were 

cut into 2x8x8 mm , til en placed in 35 mm ti ssue culture di sil es. Human BMSCs from til e 

fifth passage from eac h pati ent were seeded in culture di sil es with OPN/c oll agen 

sponge at til e ce ll density of 5x1 0
4 

ce ll s/ml . Tile culture wa s kept in til e CO? incubator 

at 37°C and abso lute ilumidity . Til e medium was changed everyday. Observation of 

the ce ll attachment and ce ll morphology on th e sponges was perform ed by SEM at th e 

5-day culture. 

3.4 Analysis of the data 

Desc riptive ana lys is was used for observation of th e sponge mic rostruc ture, ce ll 

morpllology and ce ll attac hment. 

The One-sa mple Ko lmogorov-Smirnov tes t wa s used to tes t the normal 

distribution of til e data . Tile data of ce ll proliferation by MTT assay were not normally 

di stributed , th en til e Kru skal-Wa lli s H tes t was performed to compare among groups. A 

criti ca l leve l of 0.05 was employed. Thu s, p-va lue less til an 0.05 was considered 

stati sti ca lly signifi cant. 

3.5 Ethical consideration 

The protoco l wa s approved by the Ethic Committee of til e Fac ulty of Denti stry , 

Cilulalongkorn University No. ''I n. 64 ! 2550. 



CHAPTER IV 

RESULTS 

4.1 Physical appearance of the OPN/coliagen sponge 

OPN/bovine dermal co ll agen sponge had so ft consistency and white sponge-li ke 

appearance (Figure 2). Wh en put th e sponge into the culture medium, th e sponge 

absorbed th e medium and wa s so ft er. 

Figure 2 demonstrates the white sponge-like co llagen prepared from bovine skin in 

different shapes. 
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When observed in semithin plas tic sec tion s under light microscope and SE M on 

th e cross sect ion of OPN/co llagen sponge prepared , it was porous. The pores had 

polyhedral stru c ture with the pore diameter ranged from 20 - 100 IJm (Figure 3 and 

Figure 4). 

Figure 3 demonstrates the cross section of the porous OPN/co llagen sponge. (Original 

magnification 10x) 

Figure 4 demon strates th e porous stru c ture of th e OPN/co ll age n sponge frolll SEM. 
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4.2 Identification of the human BMSCs and osteoblastic cells 

In identification of stem cell by monoclonal antibody to CD1 05, the cultured cells 

in the fourth passage showed brown stained plasma membrane of the cells (Figure 5) . 

Figure 5 demonstrates the CD1 05 positive cells of BMSCs (arrow) (Original 

magnification 20X) . 
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To confirm the type of the BMSCs, ARS staining was utilized to stain the cultured 

cells in the fifth passage. The staining showed formation and deposition of calcium salt, 

which was seen as the calcified nodule and positively stained by ARS (Figure 6) . 

Figure 6 inverted phase contrast (A) and light (B) micrographs demonstrate the 

calcified nodules (arrow in A) in the 30-day-o ld BMSC culture and these 

nodules were positively stained by ARS (arrow in B) (Original magnification 

40X). 
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4.3 Response of human BMSCs to co llagen , OPN and OPN/coliagen substrate 

4.3.1 Cell morphology and attachment study 

SE M was used in thi s study to observe ce ll attachment and population of 

attached ce lls. Th e SE M results showed the good spreading of ce ll s and good ce ll 

attachment in th e group of OPN /coli agen coa ted cove rslips. In th e group of co ll agen 

coated coverslips and OPN coated cove rslips, th e results showed th e good ce ll 

attachment, however, the spreading of ce lls was less th an the group of OPN/co llagen 

coated coverslips (Figure 7 A, C, E and G). With th e increased magnifi ca tion, th e control 

group and til e g roup of OPN /co li agen coa ted cove rslips showed th e good spreading of 

cell s and good ce ll attachment. Extending cytoplasmic processes of th e ce ll s were 

general ly found . This formed th e attac hment with the adjacent ce lls and surrounding 

contact area. I he surface tex ture of th e ce ll s was smooth . In th e group of co ll age n 

coated cove rslips and OPN coated coverslips, there was less spreading of tile ce ll s 

compared to th e first two groups. Extending cy toplasmic processes of the ce lls were 

rarely found . In addition, th e bleb formation was found differently in si7e. Th ere we re also 

found large size of blebs and disrupted bleb s, espec ially in the OPN coa ted cove rslips 

group (Figure 7B, D, F and H) . 
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Figure 7 scanning elec tron mic rog raphs at th e low magnifi ca ti on (A, C, E, G) and higher 

magnifi ca ti on (B, 0 , F, 1-1 ) show stru c tures and attachment of ce ll s g rown on 

th e surfaces coa ted with co ll agen (C, D), OP N (E , F) and mixed OPN/co ll agen 

(G, H) in compa ri son to the control g roup in which the ce ll s we re g rown on th e 

uncoa ted surface (A, B). Th e inse t in F revea ls dis ru p ted b lebs at th e surface 

of the ce ll exposed to OPN. 
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4.3.2 Cell proliferation study 

M r r assays demonstrated ti le increas ing or BMSCs prolireration to 106.88 ± 

3.85% and 118.12 ± 6.14 %, respective ly (P < 0.05), when the ce ll s were exposed to the 

co llagen solution and mixed OPN /collagen solut ion. Comparing to th e contro l g roup , 

MTT assay or th e ce lls exposed to th e OPN so lution demonstrated th e decrea se in ce ll 

number to 63.15 ± 8.03% (P < 0.05). Arranging Ihe study groups and control group 

according to the capability or induc ing BMSCs ce ll pro li reration, mixed OPN/co ll agen 

soluti on had th e highest capability ro ll owed by co ll agen group, th e con trol group, and 

OPN group, respec tively (P < 0.05) (Figure 8). 
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Figure 8 graph, p lotted from th e MTT study, demonstrates th e percen tages of ce ll 

number when the ce ll s were grown in th e 24-we ll p late supplemented with 

co llagen, OP N or mixed OPN /c oll agen (OPN/COL) so luti on in comparison to 

th e contro l group in which th e ce ll s were grown on th e non-supplemented plate 

(' asterisks r'epresen t stati sti ca lly sign ifican t difference among groups at P <" 

0.05) 



4.4 Response of human BMSCs to OPN/collagen sponge 

In exposure of BMSCs to OPN/coliagen scaffold, there were proliferation and 

contact of BMSCs to the sponge (Figure 9) . 

BMSCs 

Figure 9 inverted phase contrast micrograph demonstrates the 5-day-old BMSCs 

culture with OPN/collagen sponge (Original magnification 40x). 
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With the SEM results of the fifth passage BMSCs cultured with OPN/collagen 

sponge in day 5, there were cell proliferation and cell attachment on the sponge and into 

the sponge (Figure 10). 

Figure 10 scanning electron micrograph demonstrates attached and proliferated 

BMSCs on OPN/coliagen sponge at day 5. 



CHAPTER V 

DISCUSSION AND CONCLUSIONS 

Discussion 

Th e important role of th e ti ssue-engineered sca ffold is to provide a matrix of a 

spec ific geometric configuration in wh ich seeded ce lls may grow and produce the 

desired ti ssue or organ (Abukawa et aI. , 2006). I he idea l sca ffold should have three­

dimension and higil ly poro sity with an interconnec ted pore network for ce ll growth and 

effec tive tran sportation of nutrients and metabolic waste, biocompatible, bioabsorbable 

with a controllable biodegradation tim e, allowed for ce ll penetration , attachmen t, 

proliferation, and differentiation (Hutmacher, 2000; Va ts et aI. , 2003; Abukawa et aI. , 

2006). Collagen is also one of th e naturally derived sca ffolds, which has been 

developed. Collagen has been widely used in human ti ssue eng inee ring for med ica l 

appli ca ti ons. It p lays an essential role in providing a biolog ica l sca ffold for ce llular 

activiti es th at influence ce ll attachment , migration, alld even differentiation (Yang et aI. , 

2004). Th e recent deve lopment of co ll agen is focusing on bone engineering , three­

dimensional sca ffold s for seeding of mesenchymal stem ce lls (Xiao et aI. , 2003; 

Juncosa-Melvin et aI. , 2005; Hou et aI. , 2007). From th e pi lot study, when mixed OPN 

solution with co llagen solution in the various proporti ons from 1 :9 to 9: 1, the 

OPN/coliagen sponges in th e proportions of 2:8 to 9 1 could not be used due to poor 

physica l properties for being the sca ffold s. Th e mixture of 1 mL of 10 pg/mL OPN 

solution with 9 mL of 0.1 mg/mL bovine dermal co llagen was th e most suitable ratio and 

thi s concentration was chosen to fabricate the OPN /coliagen sponge. When eva luating 

the physica l appearances of co ll agen sponge, th e sponge prepared in thi s study is 

similar to co ll agen sponge ava ilable in th e market. It has been previously reported th at 

the ce ll attachment and viability in co ll agen-glycosa minoglycan sca ffold we re low when 

th e mea n pore size was higher th an 100-150 !Jm and the ce ll s inc reased th eir viabi lity 

with dec reas ing pore sizes until no ce ll s co uld fit into th e pores (O'Brien et al., 2005). 

OPN /co liagen scaffold in thi s study showed high poros ity with th e pore diameters of 20 -

100 !Jill which should be appropriate for ce ll survi va l, thi s th ree-d imensiona l sca ffold 
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can prov ide a ce llular matri x alla log tll at wi ll se rve as a necessa ry subs trate for th e ce ll s 

of the healing process to infi ltrate and a pilysica l support to guide th e penetra tioll , 

pro liferati on and differentiation of ce lls toward til e targeted fu nctional ti ssue. 

Th e first antibody Ll se d for identifi ca ti on of mese nchymal stem ce ll s was STRO-

1 (Denni s et aI. , 2002; Grontho s et aI., 2003). Later, many types of stem ce ll markers 

we re reported, such as C010 , C013, C014 , C0 34, C045 , C0 73, C090. C0105, C0117 , 

C0133 , C0144 (Jones et aI. , 2002; Tu li et aI. , 2003). C0105 or Endoglin is an 

endotheli al homodimeri c membrane g lycoprotein containg the peptide sequence RGO 

which is a recogniti on motif for adhesion receptors of th e integ rin fam ily (Las tres et aI. , 

1992). It has been proposed that Endog li n is a trans formin g growth fa c tor ( I G~ )- ~ 

receptor (O'Connell et aI. , 1992) and differentiation of macrophage (Lopez-Casi ll as et 

aI. , 199 1). C0105 is expressed on human macrophage, endotheli al ce ll s of capill ari es, 

arterioles and venules in a va ri ety of ti ssues (Lastres et aI. , 1997). In th is study , C0 105 

was employed to characte rize til e mesenchymal progenitor ce ll s from human bon e 

marrow . Th e cultured ce ll s in th e fourth passage showed positive reac ti on at th e 

plasma membrane of th e ce ll s. Thi s staining pattern agreed with the previous studi es 

and confirmed th at tile BMSCs isolated from til e subjec ts and c ultured in the labora tory 

in thi s study were mesenchymal stem ce ll s (Jones et aI. , 2002; Tuli et aI. , 2003) . 

In 1995, Standford et al repo rted ARS staining could be used to detec t minera l 

formation by detec ting ca lci um mineral depo si ti on in th e EC M and what appeared to be 

intrace llular paranuc lea r staining. Bodine, Trai lsmith and Komm (1996) charac terized 

human osteoblastic ce ll lines by ARS hi stoc hemica l staining and demonstrated th at 

these ce ll s cou ld produce mineralized nodu les. Ven ugopa l and co lleagues (2007) 

utilized ARS staining to identify mineral ca lc iu m and phosphorous deposited on th e 

surface of osteoblas l ce ll s on Ihe po lycapro lac tone/hydroxyapa lite - modifi ed 

nanofibrous sca ffold s. From th e observation under inverted phase contrast mic roscope 

in our study, th e BM SCs showed th e property of ce ll aggrega ti on or c lu ster formin g 

Furthermore, th ese ce ll s induce d by cullure medium supplemen ted with os teogenic 

induce rs represented their ability to form ca lc ified nodules w hich pos itive ly stai ned by 

ARS Th ese result s suggested that th e ce ll s in thi s sludy were bone-forming ce ll s. 
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To study biocompatibility of th e nove l sca ffold , both th e ilwe rted phase contras t 

mic ro scope and SC M were used to evaluate th e response of BMSCs to OPN /co li agen 

sponge. The ce ll proliferation . contac t and att ac hment to th e sponge, w hich 

represented bi oc ompatibility between OPN/coli agen sca ffold and BMSCs were 

observed. In th e recent studies, EC M such as glycosaminoglyca ns, chondroitin 

sulphate, and heparan sulphate are being used inc reas ingly as th e ti ssue-eng inee red 

scaffold (Pieper et aI., 1999; Pieper et aI., 2000 ; va n Susante et aI. , 2001 ). Moreove r, 

gelatin is al so used as the sca ffold for bone regenerati on (Rohaniza deh, Swa in and 

Mason , 2008) . With th e advantages of EC M in good properti es , fl ex ibility, 

biocompatibility, and biodegradability, it has the potential to be used as a sca ffold to 

support the osteoblasts and to promote bone regenerati on in defec tive areas. Tilese 

investigators also inves tigated ce ll penetration into the sponges using hae matoxylin­

eosin staining . Both composite and plain gelatin sponges demonstrated the ability to 

support cell growth and enhance ce ll penetration into th e sponge pores (Rohaniza deh 

et aI., 2008) . 

To simulate the environment assoc iated with human bone regeneration , 

parti cular elements, for exampl e, human BMSCs, which had been potentially 

differentiated into osteoblasts in th e optimum environment and proper stimul ati on was 

shown in thi s study. In addition , collagen which has been used in vari ous medica l 

trea tm ents, and the OPN whi ch has th e stimulation signal for development and 

differentiation of primary osteoblas t to osteoblas t, was also use d in thi s study. 

To study the proliferative effec t possibly induced by collagen and OPN , MTT 

assay wa s performed in thi s study. Mosmann (1 983) suggested that MTT assa y is th e 

suitable method to inves tigate ce ll surviva l and proliferation of cultured ce ll s as we ll as 

evaluate produc ts of vital ce ll s under va ri ous conditi ons in vitro. Thi s me th od identifies 

ce ll proliferation by counting vital ce ll number and eva luatin g produc ts of vital ce ll s 

under variou s conditi ons in th e laboratory. I lle results from M rT assay in our study 

were initi ally analyzed for di stribution of th e da ta utiliz ing One-sample Ko lmogorov­

Smirnov tes t. Th e data was not norm all y d istributed . Th e Kru skal-Walli s II tes t was 

performed to compare among each group. From th e MTT assay and SE M observa ti ons, 
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mixed OPN/c oli agen so lut ion showed th e highes t ce ll proliferation, which was 

statis ti ca lly significan t, followed by co ll agen so lution. Mixed OPN /co llagen solution also 

presen ted it s capab ility to promote ce ll atta chmen t. In con tras t, OPN solution alone 

demonstra ted th e decrease in ce ll number. To c larify thi s result, the dynamic of ce ll 

developmen t and pro lifera ti on in vital struc tu re, and th e ro les of co ll agen and OPN must 

be se ri ously taken into cons idera ti on. 

In mu ltice llular organism, th e major key o f ce ll deve lopment is th e ce ll abi lity in 

communica tion and reaction to the other ce ll s and to th e environmen t. Th ese 

communica ti ons require appropri ate EC M (Alberts et ai. , 2002). The mechanism of ce ll 

proliferation, firstl y, depends on th e op tim al attachment of ce ll s onto adhered su rfaces 

or substrates. Th en, th e form ation of ce ll - ECM interac ti on is occurred via integrin 

receptor. The better ce ll attachmen t will result in proper cytoske le ton organ iza tion and 

ce ll response . As th e ce ll s stabili ze on th e substrate, growth fac tor receptors are 

produced to reac t to the growth fac tors resulting in production of va ri ous kinds of 

pro teins essential for ce ll deve lopmen t and d ifferentiation . It was suggested to be 

multi steps in the bio logica l processes in ce ll s, however, it has not yet c lea rly explain ed 

(Ju liano and Haskill , 1993). According to th ese processes, EC M p lays an importan t role 

in ce ll attachment influenci ng th e ce ll behavior and development. 

Co llagen is one of th e ECM th at is th e most abundant stru c tural proteins in 

human body. Co llagen molecules have th e parti cular part, which potent ially promote 

ce ll adhesion, pro lifera ti on and d ifferentiation of mesenchymal stern ce lls (Liu et ai. , 

2004 ; Garc ia and Reyes 2005). It has been used in th e fi eld of medica l trea tm en t for 

decades. OPN is also one of th e ECM and presen tl y is c lass ified as th e matri ce llular 

protein . Matrice llular proteins, sepa rated from other struc tural EC M, are re lated to 

reac tion between ce ll s, oth er EC M, and growth fac tors leading to growth and 

differentiation of ce ll more th an promoti on of ce ll attachmen t (Sage and Born stein , 

1991). Even though, th e high leve l of OPN is presen tl y reported in severa l tumor 

me tastas is (Matsuzaki et ai. , 2007), OP N still has important ro les in deve lopmen t of ce lls 

in relati on to ce ll attac hment , signal transduc ti on, and deve lopmen t of os teoblast (Yabe 
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et aI. , 1997; Liu et aI. , 1997a ; Liu et al., 1997b) inc luding tissue repa ir and remode ling 

process (Kaa rtin en et aI. , 1999). OP N molec ule also provides part ic lil ar pa rt. which 

promotes ce ll attac hmellt via intreg ill recep tor (O·Rega n and Berman. 2000; Mazza li et 

aI. , 2002). Add itionallly, it can stimul ate alka line phosphatase gene express ion by th e 

foca l adhes ion kin ase phosphoryl ation pa thway (Yabe et al., 1997). Thi s leads to th e 

d ifferentiati on of p re-osteoblasts to os teoblas ts (Li u et aI. , 1997b). 

III tlli s stu dy, tile BMSCs showed good ce ll attachment in the co ll age n 

supplemented med ium. Wh en the ce ll s we re firml y attached, the ce ll prolil era ti on was 

increased in both co ll agen and mixed OPN/co liagen so lutions. In th e group of mixed 

OPN /co liagen so lution, th e highes t ce ll proliferati on was observed. Th is hig hest 

prol iferation may be related to th e ro le of OPN in ass isting th e reac ti on be tween ce ll s 

and growth fac tors and promotin g ce ll pro lifera ti on. Th e concentration of OP N so lution 

used in thi s stlldy was proved in Th e United States with no tox ic ity to tile hurnan BM SCs , 

but in th e group of OPN supplemented medium , th e result showed th e decrease in ce ll 

number compare to oth er groups. With the variety of ce ll response, rac ial or genetic 

differences may influence the results altered. Th is situa tion can be explained as the 

major involvement of OPN, which was assoc iated with ce ll signaling and d ifferen ti ati on 

more than p romoti on of ce ll attachment and spreading (Sodek, Ba ti sta Da Silva and 

Zohar, 2006; Sodek, Ganss and McKee 2000). As a result , th e dec rease of ce ll 

attachment led to the dec rease of ce ll g row th . Anoth er explana tion fo r the decrease of 

ce ll number in thi s g roup was th e high concentrat ion of OPN wh ich led to the inhib it ion 

of ce ll attac hment. Even though, there was no obvious toxici ty of OPN to ce ll s found in 

thi s study, excessive vo lume of OP N may ac t as a nega ti ve signal to the cytoske letal 

organiza tion, which resulted in poor ce ll attachme nt. The effect of p rotein concentration 

on ce ll behavior was reported in some stu d ies. For instance, TG F -~ at the low 

concentration sti mulated th e producti on and sec reti on of PDGF. In con tras t, with the 

high concentrati on, the TGF -~ inhib ited PDGr receptor (Gronwa ld, Se ifert and Bowen­

Pope, 1989). Even if there was dec rease in ce ll numbe r with concen trated OPN 

so lution, th e low conce ntra ti on of OP N comb ined with co ll agen provided the increased 

ce ll number in thi s stu dy. Consi derin g along Witll the previous study w tl ich 
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demonstra ted th at porous hydroxyapa tite coa ted w ith OPN ind ll ced BMSCs to produce 

forty pe rcent higher bone forma ti on in anima l mode l compa red to con tro l g roup 

(Uemura et ai , 700 1), OPN might be wo rt h deve lop ing as a Illorphogen for bone 

rege nerati on. 

Conclusions 

Both co ll age n and OPN/co liagen soluti ons enha nce d th e human BMSC 

proliferation and attac hmen t. I he enhancement is increased with the add ition of OPN. 

Th e nove l OPN/co llagp.n sponge has good charac teri sti cs and b iocompa ti b ility to 

human BMSCs. These res liit s suggest th at th e mixture of co llage n and OPN was 

advantageous to th e BMSCs Th erefore, it might be wo rth introduc ing th em to the fi eld 

of bone regeneration. 

Suggestions 

From the resu lt of thi s stu dy, we founded tha t the OPN concen tration used in 

OPN group (10 IJg/mL) was excess ive. Hence, th e lower concen tr·a ti on, suc h as, 1:9 

d iluti on of OPN solut ion should be used for compa rin g with th e mixture of OPN/co ll agen 

solution in future stu dy. A lthough, th e OPN/co llagen sponge deve loped in this study 

showed its benefic ial in bone regene ration , the phys ica l properti es are not ye t 

appropriate in c lini ca l use since its cons istency when moistened w ith cul ture medi um is 

too so ft . There should be improvement of th e phys ica l prope rties of the sca ffo ld. 

Cross-l inking with g lutaraldehyde or ultravio let li ght exposure might help increase the 

streng th , stability and expand absorp tion pe riod of th e sca ffold. Fina lly, the results of 

tll is study revea led tha t OP N/co ll age n had good b iocompa ti b ility, and increased 

capabil ity to enhance human BMSC attachmen t and ce ll p roliferati on sti mulat ion. 

Hence, th ese pa rti cular pro tein s, espec ially in sponge form, should be furt her 

deve loped and stu d ied in an ima l and hl lillan to prove the ir safe ty and effec tiveness in 

in d llc ing bone rege nerat ion. 
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Appendix A 

The picture shows fresh skin dissected from bovine tail. 

The picture shows bovine co llagen (the white supernatant) from salt precipitation . 



Appendix B 

The table shows the opti ca l density (0 0) collected from cell proliferation testing by 

MTI 

Subject Test number Optica l Density (00) 

45 

Con trol Collagen OPN OPN_COL 

Subject 1 1 .226 .246 .150 .269 

2 .228 .240 .169 .255 

3 .230 .240 .145 .257 

4 .232 .255 .138 .264 

5 .239 .260 .158 .260 

Subjec t 2 1 .255 .24 1 .149 .268 

2 .258 .255 .146 .306 

3 .238 .248 .139 .297 

4 .210 .260 .131 .278 

5 .209 .258 .140 .262 

Subject 3 1 .211 .259 .169 .289 

2 .244 .239 .152 .255 

3 .219 .244 .133 .299 

4 .245 .230 .139 .270 

5 .222 .240 .137 .277 
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Appendix C 

Output from statistica l analysis of cell proliferation test 

Means 

Case Processing Summary 

Cases 

Included Excluded Total 

N I Percent N I Percent N I Percent 
00 • Group 60 I 100.0% o I .0% 60 I 100.0% 

Report 

OD 

Group Mean Std. Deviation Minimum Maximum 
Control .23173 .014786 .209 .258 

Collagen .24767 .009529 .230 .260 

OPN .14633 .011757 .131 .169 

OPN+Coliagen .27373 .016808 .255 .306 

Total .22487 .049925 .131 .306 

NPar Tests 

One-Sample Kolmogorov-Smirnov Test 

OD 
N 60 

Normal Parametersa,b Mean .22487 

Std. Deviation .049925 

Most Extreme Absolute .187 
Differences Positive .128 

Negative -.187 

Kolmogorov-Smirnov Z 1.449 

Asymp. Sig. (2-tailed) .030 

a. Test distribution is Normal. 

b. Calculated from data. 
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NPar Tests 

Kruskal-Wallis Test 

Ranks 

Group N Mean Rank 
00 Control 15 25.87 

Collagen 15 36.40 
OPN 15 8.00 
OPN+Coliagen 15 51 .73 
Total 60 

Test Statistic~ , b 

00 
Chi-Square 49.886 

df 3 

Asymp. Sig. .000 

a. Kruskal Wallis Test 

b. Grouping Variable: Group 
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