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Abstract — In this report, we present an inverse opal scaffold that can enhance the chondrogenic differentiation of
human adipose-derived stem cells (hADSCs) without drug, gene, or cytokine supplement. Inverse opal scaffolds based
on poly(D,L-lactide-co-glycolide) were formed with uniform 200 pm pores. Due to uniform pore sizes and well-con-
trolled interconnectivity of inverse opal scaffold, hADSCs were allowed to distribute homogeneously throughout the
scaffolds. As a result, high cell density culture with scaffold was possible. Since the hADSCs cultured in inverse opal
scaffolds were subjected to limited supplies of oxygen and nutrients, these cells were naturally preconditioned to a
hypoxic environment that stimulated the up-regulation of hypoxia-inducible factor-lo. (HIF-1at). As a result, apoptotic
activity of hADSCs until 3 weeks after initial cell seeding was significantly reduced and chondrogenic differentiation
related molecular signal cascades were up regulated (transforming growth factor-beta, phosphorylated AKT, and phos-
phorylated p38 expression). In contrast, hADSCs cultured with small and non-uniform porous scaffolds showed signif-
icantly increased apoptotic activity with decreased chondrogenic differentiation. Taken together, inverse opal scaffold
could potentially be used as an effective tool for improving chondrogenesis using stem cells.
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& A 1PaL EwdE VS 7 vd ARAARIA sk
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2hal Z7PFBISITH10]. 35312 AR ek 713HE AXHEA o ez
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e = A ARIA A ik AlEe] AE 23} HlE e
wakglon, d, AR vlas Sfel A= w3} FaAk gl v
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2-1. ‘4=l kS KIKIA HI=

Poly(D,L-lact ide-co-glycolide) (PLGA, lactide 75: glycolide 25,
Mw=66,000-107,000, Sigma-Aldrich, St. Louis, MO)E ©]-g3}o] Al
W TR AAAE ARl o 7158 whake FarsiSivhi.
Zreks] Adrgshd, 200 ume] AES 7R At wlo| 22 230
(Sigma-Aldrichys W[E-Eoll AA1T1 5, 50 mL ¢4le]-8 FHe
37 tappingdH] cubic-close packed (ccp) ZAF 122 H A vl
AAZATE. 0% cep ARF TEE MidE AEielA 75 °C, 1ARF @
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A gt delx] L5E "olrmd 5, cop AAF 72 HolelE &
©.31, 1,4-dioxane (Sigma-Aldrich)*l] %21 PLGA (20 wt%, lactide:
glycolide=75:25, M, =66,000-107,000, Sigma-Aldrich) £S5 A=}
Tze] Fol AFARIT o3 2 2] PLGA &9 AlASkL
220 °CollA 5AZF ] F 12~18M3F 71 B xR s
e AAS] A8l 54 1xE PLGA HoldlE oekgxt
A H2JstaL, 45 °C, 900 mL T2 57 3AIE Ft Xt
ATEE HEA O Z AASIGITE Bl ot AAAE 43719
PLGA €915 A& F8o] Y1 12~1887F 59t 54 AxA A
olF B3l 713 d7@/do] "olA| a1, 5 um olake] 71e-& 7HE T
3 AXAE ARSI

22, M= oY 3 2E&

QIZF AW 28| Z7] A|¥3= Lonza (Basel, Switzerland)olA %
153 9| a-minimum essential medium (Gibco BRL, Gaithersburg,
MD)ll 10% (v/v) fetal bovine serum (Gibco BRL), 100 U/mL penicillin,
1231 100 mg/mL streptomycins <313510] wljoFstSitt. Agle A
| QA [l E7] Al B 68] Al vileF 314 YlollA] A
S AF B3E A= Al A7 A {8l 7] AlE= Dulbecco’s
modified Eagle’s medium high glucose (Gibco BRL) H<]¢]| 50 mg/mL
ascorbic acid?} 100 nM dexamethasone 12|31 10 ng/mL of transforming
growth factor-beta3 (R&D systems, Minneapolis, MN)E- &315}0 3
b iekstglon, wiA] wEke- 3wt AAJEISIT QI AP H
& £7] AlEE 28} f2 A AR A FAs o, 5x10° AlEE
shte] AR Aol F24A12] 7 3 73 23 AEseint A2t -
2bg] A2 A2 agarose” | THEO] AE7} F-2E]X] b= A3 vl
&F Al elA] ksl o 2 A A A ZHE] A EZF A R 2l
A3kt

2-3. RIX[H| 2kt

7} XA L] Gzl A7 AP el E7IAE FaE 5 A1) A ]
BES A A du)ds ARgstel d5siglon, Al Fake
R 214 2] 7% glutaraldehyde (1% v/v PBS, Sigma-Aldrich)e]l A
IA7E Bt 17gskar, s oleke-S o) g8l BAIRl H A8t
Atk oA 6023 F& THE 3 FH 5~10 kV L2 Z Nova
NanoSEM 2300 (FEIL Hillsboro, OR) 54} 212} 1) 78 o]-g-3ff 2
F3ct.

2-4. MIZ YZEE 3 HE 23} = =AL

AA A MEF F-2A7)3L, 3577 vjeFet 7, 344,5-dimethylthiazol-
2-y1)-2,5-diphenyltetrazolium bromide (MTT, Sigma-Aldrich) assay<}
3-amino-7-dimethylamino-2-methylphenazine hydrochloride (Neutral
Red) assay, RT-PCR, real-time quantitative PCR, western blot, enzyme-
linked immunosorbent assay (ELISAYE AAl5to] Alze] =T}
A B3} =5 ZASFITE RT-PCRE= AES Trizol reagent
(Invitrogen, Carlsbad, CA)°ll *]2]3} ¥, chloroform (Sigma-Aldrich)2}
isopropanol (80% v/v water, Sigma-Aldrich)S ]85} RNAS &
3111, 75% g2, A% B3-S AAH 0.1vol% diethyl
pyrocarbonate-treated water (Sigma-Aldrich)2} HE-&-A1ZT}. Spectrop-
hotometerE A3} RNA FEZ 260 nmol|A] 733t T, Reverse
transcription= 5 pug2] RNAS} SuperScript™ 1I reverse transcriptase



AT 75 AXAE o8 W AL fe 7] AR dE £ =1 729

(Invitrogen)ys ARE-315] 1 0]F PCR 5358 AAIBIITE 35 cycles?)]
denaturing (94 °C, 30%), annealing (58 °C, 45%), extension (72 °C,
45 %) 712] 31 final extension (72 °C, 10%)2] 702 AAI5I31 S
™ 2 wt% agarose gel= ©]-8-510] 17|55 AAISI3ITE. Real-time
quantitative PCR< 1 mL Trizol reagent®} 200 uL chloroforms A}
43510 AEE =0]a1, 12,000 rpmellA] 10823F 4 °CE A8k €
A B3Itk RNA pellet 75 vol. % olgh& 2 et Az
A} Ax7} Bk AZ2 RNase-free waterl] =3It} iQ™ SYBR
Green Supermix kit (Bio-Rad, Bio-Rad Laboratories, Hercules, CA)2}
MyiQ™ single color Real-Time PCR Detection System (Bio-Rad)=
ARSI, Tl #2412 Western blote 53l AAIE 1 0H, ice-
cold lysis buffer (15 mM Tris-HCI (pH 8.0), 0.25 M sucrose, 15 mM NaCl,
1.5 mM MgCl,, 2.5 mM EDTA, 1 mM EGTA, 1 mM dithiothreitol
(DTT), 2 mM sodium pyrophosphate (NaPPi), 1 pg/mL pepstatin A,
2.5 ug/mL aprotinin, 5 pg/mL leupeptin, 0.5 mM phenymethylsulfonyl
fluoride, 0.125 mM Na;VO,, 25 mM sodium fluoride (NaF), 10 uM
lactacystin)ell &S =5%Itt. BCA protein assay kitS ARE-sto] ©F
2] oS g F ZF Sl FEe] WS sample buffer?t 431
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
of 2933t SDS-PAGEIA Z2]® T2 Immobilon-P
membrane (Millipore, Billerica, MA)°l| applyste] -4 g &9}
ol 7 AR F_E WEEAIZATE o] F g ARE F_E Aol
horseradish peroxidase-conjugated secondary antibody (Santa Cruz
Biotechnology, Santa Cruz, CA)2} WF5-A]Z] ¥ enhanced chemilum-
inescence detection system (Amersham Bioscience, Piscataway, NJ)=
o] g8l AvE BRI A 3 Al WEH L= transforming
growth factor-beta®] S M 13} viX|E 4735} ELISA kit
(R&D Systems, Minneapolis, MN)YE AR&-3l 743131t vljx]el]
718 transforming growth factor-beta®] 2 S Tl A2

afo] ARttt

2-5. SAXZ|

E A 2]= analysis of variance (ANOVA, Bonferroni testyS A}
L3190, 2 0] 0.05 vk w] A o2 [olghs
A1 (p value < 0.05).

kl

3. 24 A &

71RE ArelM AR E = AR T AAAIES 7o) A5t
A A A 7S TR A9} etk S| o] A= AR
THAAA W7 2R A 2 wgke] SR Qls) Al
APER JA3E= 97 Bkt olE SEs] flal & dez 7
Z AAAE F8to, Tdd A719] 71eE AlFkelglon dAdgt
W ds el 713 AA=E AA FIAZA Fig. 1A% BE v
U8 AAAIe} 9 o2 2 AA|AS] Aol E Bolstt AR A
2 dulrde Fal ERlel A, e 2 AXARE 200 pm?)
TAZE 7] g0l 2 ol 2] L, o5 T3l 7 o] AdE=
sizo] Agte] w71y AT et vhed Al vlEl
A obRk. olH g A= o ek 713 A A G % &
g = glom vt v d AAAS] A9 Lol A 7]5o] A
7 AFEA] oFaL vsl A o] F Ao o) F-e) U

Fig. 1. SEM images of the non-uniform porous scaffolds (NUPS) and
inverse opal scaffolds (I10S). (A) Top view of a non-uniform
porous scaffold. (B) Top view of an inverse opal scaffold. (C)
Cross-sectional view of a non-uniform porous scaffold after
culture with hADSCs for 3 weeks. hADSCs were hardly
found in inner part of NUPS. (D) Cross-sectional view of an
inverse opal scaffold after culture with hADSCs for 3 weeks.
Scale bars: 100 pm. White arrows indicate hADSCs attached
in inner part of 10S.

7} ML) 271 o)F W F-&e) AfolE vk ¢ QIS5 HojEtt
o3 & A A= 3Rt 71% of thAl wdgt =712 Al 7]
50| ThAl QAT QI%0H, o] F Fall Abk, T, A dAE
wglo] d&s] o]Fold 4 QS-S AT 357 QA A
7] AEE wFs 5 2 ARAE T FAF At drd e
SIS A}, o 28 73 AR A= AAA SHAF7HA] A7t
SEBEAL UAE, Bt v AAA ] A9 A B
o] 7} 3] Ao] EAIE g1k ] o HHh(Fig. 1C2} D).
15l 271 A7 2 AR Aol 3531 AF s e
AR F ALl s} 3l=A1E DNA A RT-PCR - 7Ath,
neutral red assay, MTT assay= 53l &R18t A3}, Z7]o) B4 o
T AAAL G2 72 AR A o] 2| M| G} Apolrt
UNFOE E75kL(Fig. 24, 91%), 37 § Bt A Al A
o £71 MR o] o o Stz AX|A|ol] vs| AAE] 4TS
SIS = QISITHFig. 24, L), o T3 AXA A, <
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Fig. 2. Viability of hADSCs cultured on the non-uniform porous
(NUPS) and in the inverse opal scaffolds (I0S). (A) The
amount of total DNA of hADSCs in the scaffolds at day 1
and 3 weeks of culture. (B) Cell viability (neutral red assay)
and (C) mitochondrial metabolic activity (MTT assay) at 3
weeks of culture in the scaffolds. *p<0.01. (D) RT-PCR anal-
ysis results for Bcl-2 (anti-apoptotic) and p53 (pro-apop-
totic) expressions in the two types of scaffolds.

Ashe Gl 7= AlFtetaL, 712 XA A9} vlwsok FAvt
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o] thA] gt 7] AlEeNA E017} s A w3H(paracrine
effectys FZIA7]= o] AF w8} g8l T J&S vt 53]
Z7] M322] Az w3}l QleIAi= paracrine effects 53t transforming
growth factor-beta®] 00| A 3} G885 wo|=d AHFH o
2 2R3}, o)1 paracrine effectis AIEL] B35 s 2ol
A RISIF 07 7= QR HAL, WA, el SJsiA £l
7% 3FA]RE, transforming growth factor-beta®] 73-$- HIF-10.2] 23]
S7FE Q3) o] STFATH14]. o o2 2 A AT E-
o AlEE s A7) X]”"’ﬂ e} 2ka gk Hlgo] AgA
o7 oA wHA, ML) FEES FA7F HANE Al A=
A2k 87 (mild hypoxia)ell == 7] ©t}. o]l sk 3732 AlZ7}
Arks @70l 488 4= UEF HIF-1a A7) HalS F7M7
H(Fig. 3). °15 B3l & 2F XA Aof| A= XSS B+ T
37 AXA el EASR= MlEFel Blsf Al AEE7L A fA1E
F oo, o R A 3ol S v transforming
growth factor-beta®] 0] MIAUSEE ZsA1A A= 73} G80] %
o= ks vl = QAT Fig. 304 €1 ule} 3ho] ol e
o AAAelA] wjkd 17 AP e 7] AlEE HIF-10e] 4
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Aol TrkstR om, 1 Axk Al wiek wijA] ol EAsh=
transforming growth factor-beta®] o] B tha-d R|R]A)|ef| ]3]
AAs] F7HES ERIE 7 ATk Bt v AAA G A
transforming growth factor-beta®] L& efo] H|ek2] 0 7 Frj¥]x] 5
A=, ol g 72 AR A= g HIF-lo 37K 2
Ho] FUIEA] &9k mire = AZFE = Stk Erd v A
A\ Al A T s o= *%kiﬂ transforming growth factor-beta
&F BRI S7Rs 2ol Rt frEl 71 AlES] A B3 4
3l ol Ad1ate] el «]6} ZoE Helth
e 72 AAAE AR EMN F7HAQL 9 2]1e] Y
o] A AAA ] E/del| 71Q18k0] 7 A FEl 7] A
AT w3k A 5 A% o= HIF-l1o 307 o] 5
QQlolgld Zlo g BRIt HIF-la F82He] TS A= #3)
transcription factor?] SOX-92] 5715 -=38h0 24 Q17 A f-2]
Z7) AlES] A EkE SRAARITH15). v A 23] 8 2
Q11 23 FebAlY} aggrecan®] 5717t HIF-1o AR W7} v
kA= okAul, SOX-99] M= MM AQl AAAL 7141 Q)
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Fig. 3. Enhanced expression of hypoxia-induced survival factor (HIF-1at) and transforming growth factor-beta in hADSCs cultured in the
inverse opal scaffolds for 3 weeks. (A) Western blot analysis and (B) real time quantitative PCR results for HIF-14 and transforming
growth factor-beta expressions in the two types of scaffolds. (C) The amount of transforming growth factor-beta secreted from hAD-
SCs cultured in the non-uniform porous (NUPS) and inverse opal scaffolds (10S). *p<0.01.
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Fig. 4. Enhanced chondrogenesis of hADSCs by transplanting the
cells cultured in the inverse opal scaffolds. (A) Western blot
analysis, (B) RT-PCR analysis, and (C) real time quantitative
PCR results showing the representative chondrogenic gene
(collagen type II and aggrecan) expression levels. *p<0.01.

o] Ao Fx XA A A vk AZF A Fall F7] AEelM F
7FEI9ith. p38T} pAKTE 7] AES] AAF 2o plofshs olxt
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373 AAA7E 200 pm =719 715 7P 739 Al ek s
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T Ao, 35 & AE AEEC] FaTE FRIT 5 U o
2 T2 XA L] A9 Ul AAET} Sl wek A2 52 1
WHo] 7 F7Fsh= WhA, £ vk AAAL A9 i A
AT} vo} Alx 22k o] A S7NEA] k& dEo]
A3ES] F2} o), T1E|al o]F A Eslel AFARl ARk W
Holli= A=A o] o] 21 M7} A A A UPF-7EA] F-2=| 31 F-2 =] of
Stk Z21do] F esirt. whabA B4t vk A1A1A17F 200 pm =L

719 7135 7RItk sheEks, oo 38} o] )% 1k |
AT} iobd Mz AEEC] 571, dF st 23 7hisk] o
21 210 % Helth,

FrazE BelA S0X-99] o] oo 2 AX|H9] Ae7t
=Y T AAA 1G] A9-Ee dA8] ST oY, AF 735
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Fig. 5. The expression of adipogenic (PPRy) and osteogenic (OP and
OC) differentiation markers in the hADSCs cultured with
different scaffolds as evaluated by (A) western blot analysis
and (B) real time quantitative PCR (ND: not detected).

7] MEZF A B w2 2318 e S RISk Q18 F1AR]
western blot & AABI0H] o]F B3l 9oF 73 AX|Ael|A H
¥l HLJ} AZE Fsleh= HYolx] thE Al Mx= s
o] 98-S FRlslSithFig. 5). X #3} 7sAdS AR 9
3 PPRyS] WS, W B3} 718 FAH] Y38l osteocalcin
(OC)} osteopontin (OP)2] WS- ERI| K 3FS L} NUPS, 108

A ek AlZolA B g o] ZU1E e £ QIglth
4.4 E

A= AE A Hlel £ 4 ]iﬂ A AR S Qe Al
AA L] T2} E7) AlEe] AE st &8s SXNNE 7
21T 200 pm A719] 7L 75 w2 7y QAEE 7R
ez 52 AAAE AL o) s W F-2to] Bt Tt AA|A|
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