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Scaffold

Yu Mi Kangl, Soon Gab Hong], Byung-Rok Doz, Haekwon Kim’ and Joon Yeong Lee""

'Dept. of Biology, Chungbuk National University, Choengju 361-763, Korea
2Bioengineering Institute, Hurim Biocell Inc., Seoul 153-023, Korea
’Dept. of Biotechnology, Seoul Women's University, Seoul 139-774, Korea

ABSTRACT : The present experiment was performed to evaluate the osteogenic differentiation of human adipose tissue
derived mesenchymal stem cells (ATMSCs) seeded in bioceramic-poly D,L-latic-co-glycolic acid (PLGA) scaffold.
Osteogenic differentiation of ATMSCs were induced using the osteogenic induction (OI) medium. ATMSCs were cultured
with OI medium during 28 days in well plate. The proliferation of ATMSCs in OI medium group was significantly increased
for 14 days of plate culture but slowed after 21 days. On the other hand, proliferation in the control group showed constant
increase for 28 days of culturing. The alkaline phosphatase (ALP) activity of ATMSCs in OI medium group increased
during the 21 days of culture but decreased on 28 days. However, in control group ALP activity of ATMSCs was continuously
decreased as time goes. Nodule was observed at 21 days of culture in OI medium group and confirmed accumulation of
calcium in cell by alizarin red staining. ATMSCs were seeded in PLGA scaffold or in Bioceramic-PLGA scaffold, and
cultured with OI medium. ALP activity of ATMSCs by osteoblast differentiation in each scaffold increased on 21 days
of culture and decreased rapidly on 28 days. ALP activity of ATMSCs was increased highly in Bioceramic-PLGA scaffold
compared to PLGA scaffold on 21 days of culturing. SEM-EDS analysis demonstrated that calcium and phosphate content
and Ca/P ratio in Bioceramic-PLGA scaffold increased higher than in PLGA scaffold. Biodegradability of scaffold at 56
days after implantation showed that Bioceramic-PLGA scaffold was more biodegradable than PLGA scaffold. The results
demonstrated that the differentiation of ATMSCs to osteoblast were more effective in scaffold culture than well plate
culture. Bioceramic increased cell adhesion rate on scaffold and ALP activity by osteoblast differentiation. Also, bioceramic
was considered to increase the calcium and phosphate in scaffold when ATMSCs was mineralized by osteogenic differentiation.
Bioceramic-PLGA scaffold enhanced the osteogenesis of seeded ATMSCs compared to PLGA scaffold.
Key words : Osteogenesis, ATMSC, Bioceramic, PLGA scaffold.
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Fig. 1. The proliferation of human adipose tissue derived mesen-
chymal stem cells cultured in the basic or the osteogenic
induction medium during 28 days. Optical density is arbi-
trary unit. Data are presented as the mean+S.D. and three
replications were done. Abbreviations: Control, basic medi-
um (blank bar); OI, osteogenic induction medium (dark bar).
* **Significantly different from the control group, *p<0.01,
**p<0.001. # Significantly different from the 21 days,
#p<0.001.
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Fig. 2. Alkaline phosphatase activity of human adipose tissue
derived mesenchymal stem cells cultured in the basic or
the osteogenic induction medium during 28 days. Optical
density is arbitrary unit. Data are presented as the mean
+SD and three replications were done. Abbreviations: Con-
trol, basic medium (blank bar); OI, osteogenic induction
medium (dark bar). *Significantly different from the control
group, *p<0.001, #Significantly different from the each
OI group, #p<0.001.
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Fig. 3. The formation of nodular aggregate. The human adipose tissue derived mesenchymal stem cells cultured in the basic (a~d)
or osteogenic induction (OI) medium (e~h) and examined at 7 (a and e), 14 (b and f), 21 (c and g) and 28 days (d and h).
Magnification: x100. The nodular aggregates were formed in OI medium at 21 and 28 days.
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Fig. 4. The human adipose tissue derived mesenchymal stem cells stained with the alizarin red. Human adipose tissue derived
mesenchymal stem cells were cultured in the basic (a~d) or in the osteogenic induction medium (e~h) and stained with the
alizarin red at 7 (a and e), 14 (b and f), 21 (c and g) or 28 days (d and h). Magnification: x100. Nodular aggregates were
stained positively in Ol medium at 21 and 28 days.

Fig. 5. The scanning electron microscopic examination of each

scaffold. Poly D,L-lactic-co-glycolic acid scaffold (a) and
Bioceramic-poly D,L-lactic-co-glycolic acid scaffold (b).
Magnification: x30.

o] Aol sl 2 pores F/J3T. 121 Bioceramic-PLGA
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Fig. 6. The scanning electron micrograph of scaffolds. The human
adipose tissue derived mesenchymal stem cells seeded in
poly D,L-lactic-co-glycolic acid scaffold (A) or Bioceramic-
poly D,L-lactic-co-glycolic acid scaffold (B) cultured in
the osteogenic induction medium for 14 (a and e), 28 (b and
f), 42 (c and g), 56 days (d and h). Magnification: x300.
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Fig. 7. The adhesion rate of human adipose tissue derived me-
senchymal stem cells in each scaffold surface. Data are
presented as the mean+tSD of three replications. Abbre-
viations: PLGA, poly D,L-lactic-co-glycolic acid scaffold;
Bioceramic, Bioceramic-poly D,L-lactic-co-glycolic acid
scaffold. *Significantly different from the PLGA, *p<0.01.
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Fig. 8. The alkaline phosphatase activity of human adipose tissue
derived mesenchymal stem cells seeded in PLGA or Bio-
ceramic-PLGA scaffold cultured in the osteogenic induction
medium for 28 days. Optical density is arbitrary unit. Data
are presented as the mean+SD and three replications were
done. Abbreviations: PLGA, poly D,L-lactic-co-glycolic
acid scaffold (blank bar); Bioceramic, Bioceramic-poly
D,L-lactic-co-glycolic acid scaffold (dark bar). *Signi-
ficantly different from the PLGA scaffold, *p<0.001, # Signi-
ficantly different from 14 days each scaffold, #p<0.001.

35 FE Foll, ©] scaffolde 4719 5% st o] 25}
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Fig. 9. The comparison between unseeded scaffold and seeded
scaffold after implantation for 56 days in vivo. The human
adipose tissue derived mesenchymal stem cells seeded in
scaffolds were cultured in the osteogenic induction medium
for 14 days and implanted in mouse. Abbreviations: PLGA,
poly D,L-lactic-co-glycolic acid scaffold; Bioceramic,
Bioceramic-poly D,L-lactic-co-glycolic acid scaffold; 1 un,
human adipose tissue derived mesenchymal stem cells unseed-
ed scaffold at 0 day; 2 seeded, human adipose tissue derived
mesenchymal stem cells seeded scaffold at 56 days.
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8 FAFANA HE T 77} 12, 20, 28, 42 FAFTFOZ Hj %A
Zko] Aubm Zg o] SHFE F71stAtHFig. 11). Bioceramic-
PLGA scaffolde ¢19] &M AEE HEst7] A 38
2 A

rir

BAFANA HE F 247 48, 50, 64, 98 FAFL

Fig. 10. The histological staining of scaffolds implanted for 56
days. Hematoxylin-eosin staining of human adipose tissue
derived mesenchymal stem cells seeded in PLGA (a) or
Bioceramic scaffold (c) and alizarin red staining of human
adipose tissue derived mesenchymal stem cells seeded
in PLGA (b) or Bioceramic scaffold (d). Accumulation
of calcium in nodular aggregate by mineralization is
indicated by arrows. Magnification; x200. Abbreviation:
PLGA, poly D,L-lactic-co-glycolic acid; Bioceramic,
bioceramic-poly D,L-lactic-co-glycolic acid.

WA 44

Tprrrrr

Energy (keV)

Energy (keV)

Fg. 11. The scanning electron microscopy (SEM)-energy dispersive
X-ray spectrometry (EDX) analysis of human adipose tissue
derived mesenchymal stem cells (ATMSCs) seeded in
scaffolds sections. ATMSCs seeded in poly D,L-lactic-co-
glycolic acid (PLGA) scaffolds (a~e) or Bioceramic-PLGA
scaffolds (f~j) and analyzed with SEM-EDX at 0 (a and
f), 14 (b and g), 28(c and h), 42 (d and i) and 56 days
(e and ) after osteogenic induction. a and f were unseeded
scaffold as the negative control. Calcium and phosphorous
emitted beam intensity are arbitrary unit of photon count.

o] 27l wek <o) § At S & 4 U9
T, 140M 28 Atole] S7hFEY 289 o] 5] F7}
Zo] AA3) A UEhdS & & AUk BF 249 WE
Ao A TE Q237 A 13 DAL 2F T 27} 18,
32, 40, 82 JA O & wj kA 7ol whel A &H ¢ =771 o

o5k tHFig. 11). Bioceramic-PLGA scaffold #Fal ol Z7] 9l

Iz 3 A7 9 =4 YERCH, Bioceramic-PLGA

scaffoldiﬂ 249 e 56Y9l= PLGA scaffold$}t ¥
= W A 20 o) =tk



Dev. Reprod. Vol. 15, No. 2 (2011) Osteogenesis of ATMSC in Bioceramic-PLGA Scaffold 95

Jaiswal et al.(1997) 84 3 e =22 A8t
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HIHNAM HupZ2= ALP 4 744+ matrix mineralization
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ALP7} marker enzyme2 2 2-8-3l% ALP &4 9] F7te
ANA 220 A frefl e F7H £7141 £(human adipose
tissue-derived mesenchymal stem cells, ATMSCs)2] =3
A kY] FEst gl Z4Aolgty B3 E It Aubin
et al., 1995; Sugawara et al., 2002).

B Ago] X ATMSCsE plateo] i st Al Zo] Z4] 3}
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Ve T B3 ol 219§ Ol Fd 9] S4
T3t = S BFthFig. 1). ALP 842 Ol &Y
0] 219744 A4 91 F7F = 28Ul control level 2 7+
A5 a8 F AUATKFig. 2). o1& e A= ATMSCs7}
Ol Fell ol A 271 F2] o] &dslA g0} F2o] &
stel= Aldol ALP &7¢] S7tete] 7t o] 27 l"f—-@r
7t AYEs g AATE whA 7] R gl F 3
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7+ Z714 E(bone marrow-derived mesen-
chymal stem cells, BM-MSCs)E Z 34 £3}7} @ =™
AEZe] Jej7h FFAY FEebA Wty s34 R 2
A4S P48y, v1A%4 =28 nodular aggregatesol 7 s}
Al ¥l =4, nodular aggregates®ll 2 2¥ =22 alizarin red
A& 53l Zgdol xS tHDonzelli et al., 2007). &
AP A= plated] ATMSCsE A3t 8l ¥3tod nodular
aggregates’} FAHS W 21l ¢ LO]'M_TL A2E &
A& alizarin red 942 53 ZHelS RIsHATHFig. 3, 4).
Scaffoldell %%¥ MSCs9 ZopA X EH w5h7F 2s
Zeyd o ALP &/g¢] B 7 UEhdthy B3 E QI thWang

et al., 2007). & A= ATMSCsE A% scaffoldE
O o 2 et & ALP &4 S 43t v sk A3,
ALP &7 HujHo] WY 2199l PLGA scaffoldE 2.18,
Bioceramic-PLGA scaffold= 2.50Z UEFSGTHFig. 8). ©]
23 472 2 1 bioceramic®] PLGA scaffolddl] & 7}=™
PLGA scaffold A}4] H.t} osteoblastZ 2] £3}o] a8 02
Aoy Algdh

Calcium phosphate(CaP)7} 3-1-% ceramics= & £2]9] 4]
3t FEstel A#E T2l bone sialoprotein, osteocalcin,
ALP, type I collagen} osteonectin T2 A Ao JaFS
gy 4 O H(Ayers et al., 2006), biomaterials
% CaP7} 3-8 E22 osteoblast #3158 A 7T B
5 2 tH(Wang et al., 2005). CaP &= CaP7} £33 53
Z ZA A9 MSCs?] osteoblastZ 9] w315 Z4 3=
83 99107 #8317 (Takahashi et al., 2005), A< vl
Al Zg3 Q1Y BEE S7MIIE BESE
O 424 Uth(Chang et al., 2000). AlZ7F HZH
scaffold®] F&3t7F APDFE 24 19 o] 7t
by HAE 3 Qlti(Donzelli et al., 2007).

= AN E g 717ko] Aol d45 PLGA scaffoldt
Bioceramic-PLGA scaffold] Z-¢3} 919] &Fo] S715hs
golg 4= QA thFig. 11). Wl A1ZHA]¢l Bioceramic-PLGA
scaffold®] Z-¢3F 219 ko] PLGA scaffold®] oF 2vj 2
e AL, wl FA ko] Sl whet 2t 219 ?f“"kt A
£20 72 Z7HHE ERletnt ek 569 WY § Zgo
gFek2 Bioceramic-PLGA scaffold”} PLGA scaffold 2.t} 2
ol =A Yelst=dl, ©]E bioceramic®] PLGA scaffold®l
| 7}ﬂ°1 CaP7} FH- ¥ ceramics A ¥ 2-&-2 3ke] ATMSCs
Y4 Eotes FAANA Gt nE g A9 3
202 ALE ¥ EDS #4472 Ca/P ratio
£ kA 7kl me} PLGA scaffoldoll 4] 0.44, 0.40, 0.45,
0.54, 0.58¥] 2 =713} 3, Bioceramic-PLGA scaffoldol| A+
0.34, 0.38, 0.64, 0.63, 0.84W = wj FA|7ko] Aoje ufz}
scaffold W o] & 3AJo] T7H= At} T8 2] Ca/P ratio™
ek 16748 ol3te] ghe Zh=thal 4 A 9l=vl(Das, 2005),
Bioceramic-PLGA scaffold®] Ca/P ratio%t¢] PLGA scaffold
Bt =2 A3E & 9 Bioceramic-PLGA scaffold’} & &
el o E3Aolg ALRE
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PLGA/HA scaffolds+ micro-sized HA particles®.th ¥
Zo] & scaffoldg s F AoH, & &4 919 o]
ol Ag|dA Zo] AL NAE 9, E3 vl 5
23} A B2 22307 B 75T JthKim et al, 2006).
A9 AFME Bioceramic-PLGA scaffold ¥
PLGA scaffold®] pore®} €] pore M-S bioceramic®] F
ol pore AtolE AYFI A= Ae FeletithFig. 5).
o|Z QM MEF2 FHAE W scaffoldell HlE HE
Al B2AES S/ AR FAT & AAHFig. 7).

AEE JES scaffold®] AW AEshs HE Axe] £3)
oA A sk, FESHA o Zg F &) EallE scaffold
£ giAlgt . 25T 9ltKanczler et al., 2008). Scaffold
o] #3142 scaffold 4 =29 G Ton, NE7tH
T £3EHA scaffold #3l1 & FHA T HAEY
THHee et al., 2006). A 27} 54 scaffold®] 7] &9
Ao =71 we} scaffold?] A7) 7HAE 1, scaffold
o FAZF ZaEE v W T = ST B
Atk AE7F HEHA &S scaffolds A2 W F F9kol
scaffold®] &3l doAvhA] ¢dom, A o4& stq® &
a7} Frglo] vebuA] ehEthal B ALE QL tH(Mastrogiacomo
et al., 2007).

2 AT HEE HZ S Bioceramic-PLGA scaffold
9} PLGA scaffoldE £3} fr=sto] A W o] 4 ste] 56
5O v 3t scaffoldet Ml E7F HE A 22 7] scaffold
o] A71E Hlasl Hoks o, AA W o] 43 7 scaffold &
F A7 AL RS FASHATHFig. 9). B A W
Hfj Skl wWE BE3F% alizarin red G o2 olst 4= ik
(Fig. 10). Bioceramic-PLGA scaffold®] Z71& 31%7F ZH4&
322, PLGA scaffold®] Z7]+= 25%7} 7+43led, Bioceramic-
PLGA scaffold®] =717} B A UelsthFig. 9). 3
alizarin red M2 g1 FE3}= Bioceramic-PLGA
scaffoldo| A o F8atA YebEthFig. 10). ol2st A=
scaffoldoll ¥ bioceramic O & & A M E E3l7F 3
3 F 34 Aol SR g HFo] SUkE AR
Atg €

& A9 AA5S FH8 & ™ ATMSCs®] 23845
plate 2.t} scaffold7} B &3}% o™, bioceramic®| scaffold
N FAES S7H7IA = 4 B3 afHe R 2
&3t ALP 45 Eol= A0 E AZEH, scaffold A%

rlo

$27. THE

PEERE

Al AAE = pore sizeE HAaAA scaffolddl] Al 71 $-2
A ete] 38| o £2 s ATty AlsETh &
3} bioceramic®] ATMSCsS] & &4 Z3lo] W JE 3k
A9 scaffoldt 253 9] FFe /M7 ALE AL
S AA W scaffold®] AF3l 42> PLGA scaffold .ot
Bioceramic-PLGA scaffold7} W& &3l E YellY, 3=
st we Zg FFol ¥ FeF AL scaffoldo] o
bioceramico] A W A EZ 9] 2‘; Z2 B3l 2747
ZYANS Z2ANTE BAZ 88 Ao 7 Algd)

o 02 1w

Aubin JE, Liu F, Malval L, Gupta AK (1995) Osteoblast
and chondroblast differentiation. Bone 17(suppl):s77-
s83.

Ayers R, Sheila NP, Virginia F, Guglielmo G, Moore JJ,
Kleebe HJ (2006) Osteoblast-like cell mineralization
induced by multiphasic calcium phosphate ceramic.
Materials Sci and Eng C 26:1333-1337.

Barry F, Boynton RE, Liu B, Murphy JM (2001) Chond-
rogenic differentiation of mesenchymal stem cells from
bone marrow: differentiation-dependent gene expression
of matrix components. Exp Cell Res 268:189-200.

Boyan BD, Bonewlsd LF, Paschlis EP, Lohmann CH, Rosser
J, Cochra DL, Dean DD, Schwartz Z, Boskey AL (2002)
Osteoblast-mediated mineral deposition in culture is
dependent on surface microtopology. Calcif Tissue Int
71:519-529.

Chang BS, Lee CK, Hong KS, Youn HJ, Ryu HS, Chung
SS (2000) Osteoconduction at porous hydroxyapatite with
various pore configurations. Biomaterials 21:1291-1298.

Cowan CM, Soo C, Wu B (2005) Evolving concepts in bone
tissue engineering. Curr Top Dev Biol 66:239-285.

Das P, Ozan A, Aza AM (2005) Optimization of the mineral



Dev. Reprod. Vol. 15, No. 2 (2011) Osteogenesis of ATMSC in Bioceramic-PLGA Scaffold 97

content in polymeric gels: The effect of calcium to
phosphate molar ratio. J Crystal Growth 280:587-593.

Dongzelli E, Salvade A, Mimo P, Vigano M, Morrone M,
Papagna R, Carini F, Zaopo A, Miloso M, Baldoni M,
Tredici G (2007) Mesenchymal stem cells cultured on
a collagen scaffold: /n vitro osteogenic differentiation.
Arch Oral Biol 52:64-73.

Dresser R (2001) Ethical issues in embryonic stem cell
research. JAMA 285:1439-1440.

Halvorsen YD, Franklin D, Bond AL, Hitt DC, Auchter C,
Boskey AL (2001) Extracellular matrix mineralization
and osteoblast gene expression by human adipose tissue-
derived stromal cells. Tissue Eng 7:729-741.

Hee CK, Joinkas MA, Nicoll SB (2006) Influence of three-
dimensional scaffold on the expression of osteogenic
differentiation markers by human dermal fibroblasts.
Biomaterials 27:875-884.

Huang W, Carlsen B, Wulur I, Rudkin G, Ishida K, Wu
B (2004) BMP-2 exerts differential effects on diffe-
rentiation of rabbit bone marrow stromal cells grown
in two-dimensional and three-dimensional systems and
required for in vitro bone formation in a PLGA scaffold.
Exp Cell Res 229:325-334.

Jaiswal N, Haynesworth SE, Caplan Al, Bruder SP (1997)
Osteogenic differentiation of purified culture-expanded
human mesenchymal stem cell in vitro. J Cell Biochem
64:295-312.

Kanczler JM, Ginty PJ, Barry JJA, Clarke NMP, Howdle
SM, Shakesheff KM, Oreffo ROC (2008) The effect of
mesenchymal populations and vascular endothelial growth
factor delivered from biodegradable polymer scaffolds
on bone formation. Biomaterials 29:1892-1900.

Kim SS, Park MS, Jeon O, Choi CY, Kim BS (2006) Poly
(lactide-co-glycolide)/hydroxyapatite composite scaffolds
for bone tissue engineering. Biomaterials 27:1399-1409.

Mastrogiacomo M, Papadimitropoulos A, Cedola A, Peyrin
F, Giannoni P, Pearce SG, Alini M, Giannini P, Guagliardi
A, Cancedda R (2007) Engineering of bone using bone

marrow stromal cells and a silicon-stabilized tricalcium

phosphate bioceramic: Evidence for a coupling between
bone formation and scaffold resorption. Biomaterals
28:1379-1384.

Mosmann T (1983) Rapid colorimetric assay for cellular
growth and survival: Application to proliferation and
cytotoxicity assays. J Immunol Methods 65:55-63.

Nathan S, De Das S, Thambyah A, Fen C, Goh J, Lee EH
(2003) Cell-based therapy in the repair of osteochondral
defects: a novel use for adipose tissue. Tissue Eng 9:
733-744.

Otto WR, Rao J (2004) Tomorrow's skelecton staff: mesen-
chymal stem cells repair of bone and cartilage. Cell
Prolif 37:97-110.

Peter SJ, Miller MJ, Yasko AW, Yaszemski MJ, Mikos
AG (1998) Polymer concepts in tissue engineering. J
Biomed Mater Res 43:422-427.

Radin SR, Ducheyne P (1994) Effect of bioactive ceramic
composition and structure on in vitro behavior: [l
Porous versus dense ceramics. J Biomed Mater Res 28:
1303-13009.

Redey SA, Razzouk S, Rey C, Bernache-Assollant D, Leroy
G, Nardin M (1994) Osteoclast adhesion and activity
on synthetic hydroxyapatite, carbonated hydroxyapatite,
and natural calcium carbonate: relationship to surface
energies. J Biomed Mater Res 45:140-147.

Shukunami C, Ohta Y, Sakuda M, Hiraki Y (1998) Sequential
progression of the differentiation program by bone
morphogenetic protein-2 in chondrogenic cell line ATDCS.
Exp Cell Res 241:1-11.

Sugawara Y, Suzuki K, Koshikawa M, Ando M, lida J
(2002) Necessity of enzymatic activity of alkaline phos-
phatase for mineralization of osteoblastic cells. Jpn J
Pharmacol 88:262-269.

Takahashi Y, Yamamoto M, Tabata Y (2005) Osteogenic
differentiation of mesenchymal stem cells in biode-
gradable sponges composed of gelatin and /3 -tricalcium
phosphate. Biomaterials 26:3587-3596.

Wang YW, Wu Q, Chen JC, Chen GQ (2005) Evaluation
of three-dimensional scaffolds made of blends of hydro-



98 PACHEI I g S =

xyapatite and poly(3-hydroxybutyrate-co-3-hydroxyhex-
noate) for bone reconstruction. Biomaterials 26:899-904.

Wang H, Li Y, Zuo Y, Li J, Ma S, Cheng L (2007) Bio-
compatibility and osteogenesis of biomimetic nano-
hydroxyapatite/polyamid composite scaffolds for bone
tissue engineering. Biomaterials 28:3338-3348.

Webster TJ, Ergun C, Doremus RH, Siegel RW, Bizios R
(2000) Specific proteins mediate enhanced osteoblast
adhesion on nanophase ceramics. J Biomed Mater Res
51:475-483.

Winter A, Breit S, Parsch D, Benz K, Steck E, Hauner H
(2003) Cartilage-like gene expression in differentiated

1

SEEREY

sl

% w4 44

human stem cell spheroids. Arthritis Rheum 48:418-
429.

Yang S, Leong KF, Du Z, Chua CK (2001) The design of
scaffolds for use in tissue engineering. Part I. Tra-
ditional factors. Tissue Eng 7:679-689.

Zuk PA, Zhu M, Ashjian P, De Ugarte DA, Huang JI,
Mizuno H (2002) Human adipose tissue is a source of
multipotent stem cells. Mol Biol Cell 13:4279-4295.

(Received 7 April 2011, Received in revised form 30
May 2011, Accepted 10 June 2011)



