Polymer(Korea), Vol. 30, No. 2, pp 168-174, 2006

EadlA01 2|2} op3 A ZEtol 2t
PLLA EZE ¥ XIX[AI2] ZH Zl3} HEME HZ}

QIB|AL S . HEF|EL* . ORZEL* . 24" . sEEaM
et AT AAASATFAE, st g3
(2006 149 49 3=, 2006 3€ 99 A=)

Optimal Hydrophilization and Chondrocyte Adhesion of PLLA Films and
Scaffolds by Plasma Treatment and Acrylic Acid Grafting

Hee Seok Yang***, Kwideok Park*, Kwang-Duk Ahn*,
Byung Soo Kim**, and Dong Keun Han*'
*Biomaterials Research Center, Korea Institute of Science and Technology,
P.O. Box 131, Cheongryang, Seoul 130-650, Korea
**Department of Chemical Engineering, Hanyang University,

17 Haengdang-dong, Seongdong-gu, Seoul 133-791, Korea

(Recerved January 4, 2006,accepted March 9, 2006)

=8 7|29 nEA AAA Y] &4 8 HEASIS FIANA 2H TS 7158 AAAZ AR fsiA o
2 71 Eekent Aejo} HEAV1E R ok TEANAA)E AA chamberlol A n siu TR ZE AT Wate] HA
o] W54 e MR poly(Lactic acid) (PLLA) Z& F ©]F71F AAAE Azstqich HES A3, UM
© M4 PLLA ¥5 9 05718 AAA 9L v PLLA controlol] HIs|A HEzte] Zhasl 7HE47] o]
S7IE FEAde] 2A K8k 53 ol kA ERAAE B F ACkER)/AA Mg ArtTR(EE ) AlRRT
€ Ar Ttk AAS A E AP ArtAA+AA ABTF T2 ARERT FHFZhe] v M7} wobA
2o} &9 sl Ae)zdde & 5 slen, EEdE PLLA 45 B ol5713 AXA Y ¢ AeAde] S7H
of mebA AZAE] HA SHE A P

Abstract : To utilize as highly functional scaffolds for tissue engineering by improving hydrophobicity and cell com-
patibility of the exist polymer scaffolds, the biodegradable poly(Z-lactic acid) (PLLA) films and scaffolds having the optimal
hydrophilicity were prepared by in situ plasma treatment and grafting of a carboxyl acid-containing monomer, acrylic acid
(AA) in the chamber. From the results of surface analyses, surface-modified nonporous PLLA film and dual pore scaffold
surfaces showed high hydrophilicity due to the decrease in contact angle and the increase in carboxylic groups as compared
with untreated PLLA control. In particular, among various surface modification methods, Ar(argon)+AA+AA sample
prepared by Ar plasma and then acrylic acid treatments displayed lower contact angle and more carboxylic groups than
Ar/AA and Ar+TP(thermal polymerization) samples, indicating that Ar+AA+AA sample was optimally treated for
improving its hydrophilicity. In the cases of surface-modified nonporous PLLA films and dual pore scaffolds, the adhesion
and proliferation of chondrocytes increased with increasing their hydrophilicity.

Keywords : tissue engineering, biodegradable scaffolds, plasma treatment, acrylic acid grafting, hydrophilization, chondrocyte

adhesion.
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ME L AL O34 ZE D 3D o|57]F L&A AXAE A=z
371 9%k AR TEA AZZ poly(Lactic acid) (PLLA, A1
=220000; 5% Boehringer IngelneimA)g AME-EFTH XA S A
Zsh=d oA 1TSS A3 F5A, 84 2 H5A EEE
£+ sodium bicarbonate(NaHCO5) %} citric acidS A&} 01, &1
+= chloroform 2 14-dioxaneS ARSI ML 2= 33 S/
£ AMgSITh 71847 & X199 SRS AldrichAke] o)
AHKacrylic acid, AA)= ARESIATE 11 HRe] OHE AIYEL 19
AFoZ AAglo] TR AT
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o] EHNE glass disholl F-o 2443 F7] FollA] =3 48412
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578 PLLA 3E9] F7E 04~0.5 mm3ATh
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Hell ozt & 7133 e gt 22 713 SAl 2= HE
2 Az AT ¢4 PLLAZ 40 CollA 1,4-dioxaned 2(87/13,
vol/vo)& AHE3t &8st o 1At BEw 7% Y &
o7 wERITE HSA EFE2 sodium bicarbonate®} citric acidS
UAPEES o] 83l BT F sieveE AFESI] ARLIVEE BR
sled 200~300 pme] YAI7E LA F AN vl5AH EFE(so-
dium bicarbonate®} citric acid®] E3HEH]=3: 1) v AzH 1
2 &) vl G/ A e FHRITE 20/10] HEE FAl
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LS AZ T AlEE Adlo] JFolA 2443 Axsto HFH
2 3D °]%7]F PLLA AXAE A=zt

Eafanb Mzl ¥ FSM AAQl AR EEkvl AY AXE Eo)
25 cm, W7 20 cm$! chamberd 3%, Zetn} #AS 93 2
tj 23} ¥AY7|(FET RF plasma generator, RF-GEN), 33224 7](SS-
48 MG), IEFHIZ(SHI DAE Model No. 08032) % =47
(Terranova Model No. 9242 T4 % =1U] IDT Eng Al A1 &S AE-3)
Aok Ado) Akgd HITEA PLLA EE(1X2 amd)3 ©]571% PLLA
AAANAE 1.0 cm, F7 0.8 cm)= in situ BH A AA 23S o
Fe O E chambertoll X EekvkE Ao, o AAg
o] 714 Ae]lz2dE Table 19 YERNSITE &, Ar 71229} AAE
o83t Fehanl HkolA vtk FEH o|FVF AAAE F
ghnf 2] 9] chambertoll $1X|8F 2tr] @9} A A= A
old] AN F AAH Tg WHE 21 IF FEE AEI)
o] chambert] 4] 0.1 torr7} H =2 3 T} o] ArejollA] HA
Ar 7}~F F9031] chambert 4ol 0.2 torr7} HA 3t FAll
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Table 1. Surface Modification of PLLA Films and Scaffolds

S -

Treatment conditions

Sample
1. PLLA control
2. Ar/AA"
Ar plasma
Ar+AA+Ar
3 (0.2 torr, 50 W, 1 min)
Ar plasma
4. Ar+Ar+AA
(0.2 torr, 50 W, 1 min)
Ar plasma
5. ArtAA+AA
(0.2 torr, 50 W, 1 min)
6. Ar-+ TP Ar plasma

(0.2 torr, 50 W, 1 min)

No treatment

Ar/AA simultaneous treatment

(0.4 torr, 50 W, 1 min)

—————> AAfeed ————— Ar plasma

(0.2 torr, 0 W, 2 min) (0.2 torr, 25 W, 1 min)
—————> Arfeed -_————> AA feed

(0.2 torr, 0 W, 10 min) (0.2 torr, 0 W, 2 min)
—————> AAplasma ——— > AA feed

(0.2 torr, 50 W, 1 min) (0.2 torr, 0 W, 2 min)

— — ———> Thermal polymerization (TP)

(70 C, 90 min, 50 rpm)

“Ar: Argon gas, AA,; acrylic acid.

£ 73t 7185t chambert] 4ol 04 torr7t HAl 3H .o,
2 FIFRF) A9 ¥ SAGE 718t 50 wattol A 13
S Zeharl W3-8 It AVAAR s AEE Ax3)
Aok EZ Ar 7k22 PLLAS| EHS BAslehs Ar Sekav)
W3 AAE PLLAS] 300 FH3HE AA feed WHS o83l Ar
I AA2] M AlRtel webA] Table 101419} o] Ar+AA+AT,
ArtAr+AA 2 ArtAA+AA ASE M7 AT = o2 W
Ho 2 B AFdAe A3 RET oluz}t FAEA AHEl3dS vl
wet7] fEiA vtk BES ©olF718 ARAE F242=1} chamber
WollA ok W o = Ar 7kaRko = WA S IAIR] § A4
AL Bt BB BHe QPEAIR] T 10% T84 o2 A
ZH AA S FHA 70 TAlA 907 B2t 50 rpm S 2 wWHESH
A JHZE T3 Ar+TP AEE A Z3HTHAY

BHEY 2M oY 7] WHoE wuAdE PLLA 952 ¥
4 ol g2 A Ag § AxRg thg AMESHATE WA PLLA
&Y FeHH]l 725 ERIE] fldted 1 um HHe BHEAES &
A& 4 9= attenuated total reflection-Fourier transform infrared(ATR-
FTIR, IFS 66 spectrometer, BrukerADZ S8t t}. 18]3 T
¥ PLLA 259 33td FWzA £42 electron spectroscopy
for chemical analysis(ESCA, S-Probe, Surface ScienceADE AH&-3}<]
S, AHEZE ESCA AR Y=ol 300 watte] 434} 1497
eV2| energy source(AlKa)7} &= o] 9o SHA Xraye| YAF
ZFe 4552 STE B9 survey scan carbon 1s(Cls) core level
scan spectraZHE FEHO| 38ty ZAHWIE B3I HItks
4 PLLA 53 ols71% AAAY /1 A, 39 90 BER
A= scanning electron microscopy(SEM, S-2500C, Hitachi*D& #-2-5}
gow & FEL 0.1~0.05 torre] 4 FollA 6~7 mA2] ion current
2 583 Peiinh. FAAE A, 39| PLLA BE9] I3 e
& A4 os Wrksliilth = 54 34 A= optical bench type
contact angle goniometer(VCA Optima XE Video Contact Angle System,
Crest Technology*PE ©]83l3e vitky-A] PLLA 2§ ®Wol| &
F43 pL)E "ojzxe|a ZHEE goniometers ARSI SA ST
R AA DFA o] Agtel o3 7HE-d7]= Toluidine Blue O €55
ol-gate] AHekslAth?? | Toluidine Blue O (0.5 mM, pH 10)2] &
Hell PLLA AEE5 24 30 CTollA 6412k &<t Toluidine Blue O
A5} 7HEA7E H-SAIZ o) o|u] Toluidine Blue O ¥52} 7}
B4R 1112 3Rtk AlEE|A FASIUES §9pH 9)olA
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3022k 50 ipm O MHE g F oAEAF 50% F8olA 12413
<k 1000 rppm 2. E Toluidine Blue OF ©2HAIZ] ths o] 84S
6331m®] UV FHFEEHE 754715 A7k

IZMZ Y X M. AAVF A3E ¥tk PLLA IE3 o]

+ primary culturedt & ARESIATE EANEE RIS PLLA
"E3} o]F7]F AAAZE UVRE 447 B8 o 70% olehe 4
gHo) 1A7F A= T F phosphate buffered saline(PBS, pH 7.4) &
Ao g AN23ATt AlLs)A] fetal bovine serum(FBS)e] 7} ¢k ©
iAo AEF IXZE 5< ke & 7R AgFolel shtd 4
58 A o] 83t EEEol 7 FES AAT v AEAE
o ALgStTE AlxujFe FnlE HltkEA EY ATAHE 25X
10°7), ©1571% AAAG 5X1070E static seedingdt 5 1A17F 52t
EE0] # U3 Dulbecco’s modified Eagle's medium F-12(DMEM F-
12) WiAE ARB3HA 37 C, 5% COlAl 217t 2,4 6 52t vk
SIATE vl F A5 F2E AZE SEMOE £4317] 23l 4
°CollA 12417 B3 2.5% glutaraldehydeZ 1 AH3E 3 & UH<]
olek/&E E3HH(50/50, 60/40, 70/30, 80/20, 90/10 = 100/0)= At
23t EAF o2 Zhzh 1088 MRSt HEH o GFAIZT
o]o] A deep freezerdll 6A17F 5 W T freeze dryeroll o]
b AxAR & 7 FZHEt] J2E Az REEAE HEIA
o} =3 HzkE Az ghe nigkgAd e ol571E AAA
o 143t AZHEE WST-1(cell proliferation reagent) A2k ©]-8
o

<l

3tod GG B 4N B 37 ColA 5% CO, stollA] vijekste]
450 nme] H) FF o)A ELISA reader® ZA3}o] A &=ksigot
i Y B8
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ob AZIE EAsAl WlgEA] R GEA ATk o &
e sAs] slsted AA o 7iA] Felshebd o R AXA
o mRINAS Fsta glon] 53] Fehavt S ol8shd A%
o] W=Ed o] Astglo] Azt Zhdks] vk AT & Sl
Aol ek
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Figure 1. Preparation and surface modification of nonporous PLLA films and 3D dual pore scaffolds.
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& Egh2o0} chamberol] 2 ¥ WA Ar 7F-E FY3tA Ehnt
Aol oJste] FHE AT The AAE chamber|E 7L, 7]
SIAA SRy o N nEA Tl AAE i situ A IYZE
Z%e FEY 5 AATHFigure 13} Table 1). &, AAE EEF
(139 C)o] mm 3 yropx] 24 =0z 7lshd FLo i 713kg
o] ZE}2m} chamber| 2 018 = U T3 ZEh2n) XA cham-
berjo] 257F2~3 C A% J5she &t 971 Wl chamber
9] 7ldglo] Aeolx AAQ] 7Iglol ofst A T ZE FHo] 7hE
3FAT.

53] 2 AFoxe Fehant Mg 2 AAY] A of% nRA &
Ho] 24sle] H3A 20S HESH] $1814] Table 13 Zo] A 3
7 O Z o] ENES stk AMAE Ar 7k
AAE Ao AHEsl Ar/AA AFEE Az oH, FHAE Ar
Zgkxul 2ol AA FFEHES A9 MPRA(ESan IS,
g 2 ARHES A= DElsl 371R19] 2] T2 Ar+AA+Ar Ar+
Ar+AA E Ar+AA+AA AEE AL viARte R 7|E &
#HZ 3 o] chambertoll A Ar 71Tk 2 HA AI3IA7]
Th& chamber®oll X GEgel aliA Ar+TP AlRE AZ3H T
olgA Lozl HItZA PLLA & ¥ olF7|F AXAY muNd
Azt BEAS 2UHA ZREN dAzAzeke] S B4l
Hla, 718k

219} 2ol oy 7| M2 o R HitkgA PLLA 25 € 3D
o1571F AAA M4 THAFAA AAS Zefxmt Al 9
A BT e 24 438t o) AAIFTEA 2 2iey A4
A2 o] AR EAS A3 & U= 71548715 SAlOl 2
ZAFEE ARG 18R ARE AT 5 A

PLLA BS2 AIXIHS| EHMESY, 2233he 154 134 A217)
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Wavenumber(cm™)

Figure 2. ATR-FTIR spectra of PLLA control (a) and AA-grafted
PLLA (Ar+AA+AA) (b) films.

2 ARB3E] 9t o] 7] Eehant Mo R AAE AR
HtH3d PLLA Z& 9 o|%7]3 ARAAS FHEALS ATRFTIR,
ESCA, SEM, A&7t 9 71547 dks 27 EAste] Hrlsisith
Figure 2 7|3 2] PLLA control®} AA7} 231 PLLA(Ar+AA+
AA) ®HC] A ATRFTIR 2-HEZS JeRd 7o)tk B3] AA
7} A¥E PLLAS| 7 Seh2rt A 2 23 dAIglo] Hl
2% ~HERS Byt 7)o ~HEHS nlws] B PLLAS &9
MA A7 Fo] 2~HER o] A th=4] dth &, PLLA control
1750 em? Aol A] lactideol] &3 oll2~Ele] B4 =7t FA ER
om, AA7} AH PLLAS A¢% A9 22 X4 AAY 7
A7) 937t dzEle] B m3d] FHAA AL shtel Fa=
et o)9} edsie] PF ATolA= AAL] 74717} lactide
9 ol|2=E{7]9} o thE YX|AIA Y2t Bk vis AP =
2 AFoME B ATl o] M2 AHAHAM 7ET 4 gl B
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Figure 3 WA 2] PLLA control®} AA”} Z%% PLLA(Ar+AA
+AA) EHO| t32A< ESCA Cls 28 EH-S YeRd Aotk FTIR
Ao} vRPIAZ AA7F A PLLAS 7 Z2kar) X2y
g 207 BAIgle] Bt ~HERS eIt gutdos uiE
7 o] B18hA 248 4] 9lsliA ESCA 94EA S sk &
AFoNME o A 71548715 ERlsl] 918 ESCA Cls +4
< Y3FA ). Figure 3(a)2} Z°] PLLA control 3 AA= alkyl
carbon(C-C, 285.0 eV), methine carbon(C-O, 286.1 eV) 2! ester car-
bon(O=C-O, 289.1 eV) BE22 719 H%=3h HIE&RE TdE o] Jok®
T2y AA7F A PLLA(Figure 3(b)) 9 alkyl carbon®ll B3|
A FHEA710) 28 ester carbon©] TN OE FTIsHs Zl o2 Hol
FHHoR AAV AFHAES ERIG & Y =3 v
PLLA &3} o]57)1F AAA9] #H wEZ&x Hal= SEM Bz 4
7}, Zekxavt Aol o3 AA A HFe] PLLA FET} A<
EH EEIZXe Ao] WslslA] Ets-2 gRletAdnh

Table 2 8] 7BA ZA/MA o= AlxH PLLA ZWe] HF

b

291 289 287 285 283
Binding energy(ev)

Figure 3. ESCA spectra of PLLA control (a) and AA-grafted PLLA
(Ar+AA+AA) (b) films.

Table 2. Surface Properties of AA-grafted PLLA Films

Sample Contact angle -COOH content
(degree) (mmol/cm?)

1. PLLA control 75.1+1.5 -

2. Ar/AA 57.1+1.2 4.06x10*
3. Ar+ AA+Ar 52.6+2.3 7.28 x10*
4. Ar+Ar+AA 48.6+1.6 1.60x10°
5. Ar+AA+AA 453+1.0 6.89x10°
6. Ar+TP 64.2+1.4 2.26x10*

Z0|H, A3048 A23, 2006

T} 1216303 o] = AATF AFE S ZAR PLLA &Ho| I3t ol
AP AFE 9n|sit). 53] Ar 7129 AAS SAlO Mg A/
AA AEY Ar 7tawte 2 A EAEAIZ] T chamber 9]l
A dZFol| 98t Ar+TP AlZRTH= Ar Zehxnl 29} AA &
Y A9 Ag0E 2Eg 37HA9) ArtAA+Ar ArtArt
AA 9 ArtAA+AA AN E7F AATH O Bol AgHAA o B2 J
£7+e BT oF Ar Zkart AE § AA EEkank AEe o
5 RS2 AAE Tl Fadte] PRI 831G ArtAr+AA
NEZY P e HELUSE)S B A5 A & HAeS
& 4 A

24 Toluidine Blue O §&E ©]&3lo] B3 7154719 e
ZHE o5 71| Skl XElZzed 95t PLLA &l AA]
JYZE HAEE Hrieidch dAZ gt 779 ke HE
Zya) il BAE UERRITE &, AE0] Wolr I8 Bus
HYFE 7184719 ke 78Itk % B3] Ar+Ar+AA Al
B} 7V w77 EHEK6.89 X 10° mmol/cm?)S B3 o, o]
€ AS At & dAEAnk 28y 78] ESl SEkent A
g & F49 LS SR T 70 TollA GF3et Als=
AEAF 74719 ¥=F 54 27, "X PLLA control?} Ar+Ar
+AA AR FEE BTk o] B AFA ArtAr+AAS
Eohert A2 Y3 FUNE o] PLLAS FHE Jslshe
o] 7H ZER1 H Ao WRiQls SRISIHh o) de] EHEA
FE HELL 718471y 9 o EAS BAVE s
Rom o|gA JYZES FEAY|7} BeEFE HEL] 1as)
71 FHo] o= AR sl o 2N AEete] 5 Arge] TR o
2 288 o7 g9}

PLLA ZE3 XIX[MIQ| HZM=E HatN. Zehxant 2ol 93k AA
7} A3 Bigk3Ad PLLA I8 9 o573 AXA 6 W3}
o M MEZSel WX G Hs] s AZAE
A%-S 3}t Figure 4= PLLA control} AA7} ZA%HE PLLA(Ar
+AA+AA) BEA S ATHEE 2, 4 D 697 B3 F29] SEM
ARRlolt}. ZukA o 2 wAE] PLLA controloll BIsjA EH/)AE 1)
T34 "Eo), T3 THES AR FolME ArtAA+AA FE
ANE7F 242 A2t B ol HEUSH spreadings T Z
o|FoiFTh mERE vl PAITte] FTUTESE M2 A T4 AR
o] Aol BARC] SUIEIATE AAZ 2w MZe vl Al
Ftol| we} o] EZ2RE F2E MEES 5 AHsst AN Figure
5) PLLA control®ll Hl3] ZHNEH JEASoA B2 A eF
S IR 4= JSUTL2PH EF] ArtAA+AA A5 H$- TE A
so} 28] ¢ B AzA 2 AAEon O AL wjFAlzto] 2
ol|A 64 = ZVI5tel Wl o dA s
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Figure 4. SEM morphologies of chondrocyte adhesion on PLLA
control and AA-grafted PLLA(Ar+AA+AA) films: (a) 2 days, (b) 4
days, and (c) 6 days.
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Figure 5. WST-1 protein content of chondrocyte adhesion on various
surface-modified PLLA films: (@) PLLA control, (a) Ar/AA, (m)
Ar+AA+Ar, (¢) Ar+Ar+AA, (O) Ar+AA+AA, and (O) Ar+TP.
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Figure 6. SEM morphologies of chondrocyte adhesion after 6 days
culture on various surface-modified dual pore PLLA scaffolds: (a)
PLLA control, (b) Ar/AA, (c) Ar+AA+Ar, (d) Ar+Ar+AA, and
(e) Ar+AA +AA.
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Figure 7. WST-1 protein content of chondrocyte adhesion on various
surface-modified dual pore PLLA scaffolds: (@) PLLA control, (a) Ar/AA,
(W) Ar+AA +Ar, (#) Ar+Ar+AA, and (O) Ar+AA+AA.
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