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Abstract: Surface-modified poly(L-lactic acid) (PLLA) films and scaffolds were treated with plasma discharge in
oxygen gas and subsequently subjected to in situ grafting of acrylic acid (AA) in order to increase the cell
compatibility. The surface of AA-grafted PLLA was converted to hydroxyapatite (HA)-deposited PLLA in stimulated
body fluid (SBF). After the samples were immersed in phosphate-buffered saline (PBS), fetal bovine serum (FBS),
normal saline, or cell medium, the water contact angles were significantly reduced on the surface of HA-deposited
PLLA. Chondrocyte and osteoblast showed a higher attachment and cell proliferation on HA-deposited surfaces and in
particular, it was confirmed that chondrocyte was considerably influenced by HA. However, osteoblast showed better
cell proliferation on the surfaces immersed in FBS, cell medium or HA-deposited surface. In addition, the cell
proliferation in 3D scaffolds was much higher than that on film type, irrespective of chondrocyte and osteoblast.
Therefore, such surface-modified PLLAs are expected to be useful as organic-inorganic hybrid scaffolds in the
regeneration of cartilage and bone.
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Ao M FE AA stolHe| = M E/ALEA} A A2

AutA o 7 Z A2 o] 83 ZZF o} A7] AL =

BolM Hod 2Ag Q¥ AFs 1 24
HOBRE AEZE BT ths 2eld AES wigsto] &
28 FVF FAANNGS OFAS AT AREE 2

A} A A A (scaffold)ol] vlFet A EE FYste] LB717

"To whom correspondence should be addressed.
E-mail: dkh@kist.re.kr

357

A A&

Al QAW of] o] 23t o] FoJ KT}, o] 2| e LAk
|A A= AR lA 9 222 g3t & = ojof afn o

Hhgo] glal 478 717ke] A T dhs Ak &
3lste] o2 AR FA| otof gttt HE g
7191 polyglycolide(PGA), poly(L-lactic acid)(PLLA),
oly(lactide-co-glycolide)(PLGA), poly(e-caprolactone)(PCL) &
A ZE2 =5 F2H4(collagen), 7] EAH(chitosan)
5] ¢-E 4 hyaluronicacid) 59 A A7 2438
XA Z go] A= ATk F4 LiEA; A A A €]

R ofN X

]

oo ¥2 1o
N



358 AR A - A - vk .

mlo
=
rx
o
N
Ho
ol
9
o2
o
i
[x< I oA = SR =)

ﬁﬁ}/‘é 3 3“”‘]7] ‘?3“?7} APzl At} &
%ﬂ;‘—i WO 2 2ol F AR e S0 o] 85
, ZFetznt A o] ol yt! Fel TS
]74 ARG 2 S A7 B Fol AEEL Th
gk 2 AFEHME o] AFoA] 7k ) e
Hol ek Sl o5l T—E—X} AR A& Al zskaL of=
BAHAA)S EHO E9)ste] 214 B A EZRISHY S 3
Azl A4S 3 v YUk 5]'5—]’;‘—1?_] o 2= F4kst
AFI LS G S9N e Aotk 2 AR £
o725 Aglste ol JARE LA AAA| AA| 7 8l
5]01 71A1 A A Ao AstE = FA| o] XA T}
22 FHA AL HZ 2 FHl =71 Mzt AA
B 3x A A A o] S o]&-3ste] 2171 0] 2 (autograft)
FE ol (allograft)e] EAHS sjAdst= A
o7 FHEUY UL F FAF 2 FAPL g F
S RARAM 7IAA 24 “7% Tz 74 /‘JEO] 1 o
-rr/'~]-ffL AAA S & = A}t W] Al E 2] 7] (extracellular

IOE\._Q’

ﬂi‘i‘

to oL A
ro EE r1r

matrix, ECM)L F=2 slo]=EA]o}lE}lo] E (hydroxyapatite,
HA)9t Eell JEo2 FA ] ok & 24 A Fof

oA HAZF 298 g 384 AR AE de) s 3
Rom ZMES] F2, & HEFO P, ARt JA 59
37t BIET Yo7 HAE T78EA W stimulated
body fluid(SBF) &< Wjeo] ¥ 3ld F7]d o] &7k
AA71A d 3} 5:73‘;5}4 5}61-14 }\L§_;<L_Q_0 EEHE
FAEG

o] AFellA AA] ¥ 2P ZH S T3 7} 17}
el =Z% PLLA XA A Az 2 #H

19
o
gg
J}i

=S|

Solvent Casting

(in chloroform)
Sieved Porogen
(Citric Acid : NaHCO,

ﬁ = 1 mol : 3 mol)
—
- -

PLLA solution

(in dioxane/H,0) Polymer-Salt Disk
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Zo w2 HA 4 a3l i B vp 9o 2
Aol M= WA SBFEY A2 ¥ HAZEHZ PBS,
FBS, 21d4 2 A v g wjR|o] =EH EHo|A <]
AFME 2 ZFME H3F AFS vugoen, 3t
AAAE] ¥4 PLLAZ &3 ©|57]% PLLAAAAE
o] &3t FxA Aol wE AxFE AsE skt

a4

ME H Alek vgd 25 9 3D o|F7]¥ AZEA
AAAE Azxst7] gk AR ZEAF A EZ poly(L-
lactic acid) (PLLA, #A}%=250000; =< Boehringer
Ingelheim)2 A3} T} Sodium bicarbonate (NaHCO;) <}
citric acid= Sigma—Aldrichi—‘.j—Ei Tl 3hed AFE-3FA T

21l = chloroform ¥ 1,4-dioxane= AHE-3} 3L H]Em| 2=
32t FRTE AT 7T I A ST
A= Aldrich®] acrylic acid(AA)S AF&-3FATh 2 e o
B A2 19AFoE A glo] aE ARE-sHATh
NaCl, NaHCO;, KCl, K,HPO,3H,0, MgCl,-6H,O, HCl,CaCl,,
Na,SO, 3 NH,C(CH,OH);= ¥+ Wako=FH T913H3d
o} A EZ8] <SS $13F Dulbecco’s modified eagle medium
(DMEM), MEM, fetal bovine serum(FBS)3} penicillin %
streptomycin< Gibco(Grand Island, NY)oll A4 % 3} T},
TSk phosphate-buffered saline(PBS, pH7.4)3} normal
saline(0.9%)= Gibcooll A T 3FA T}

HIC}SY PLLA &< M=. ®itts4d PLLA ¥&52
%”H FPHO 2 A 25 t). PLLAE chloroform®] 8%
O 2 A z3F vk, Vortex 3;_‘_@7]‘2 o]-g-ato] U3l
%‘r%_ = 3tsto *‘lOH skaith.o] £ glass disholl -0
24"]71} 7] FollA Azxskar 4817 *}%oﬂ/\i AFF=

ol-gsto] S & 3] Al A th(Figure 1). A=

M*é PLLA ZE¢] F7& 0.4~0.5 mm3At}.
0|87|3 PLLA X|X|He] MZ=. ©]F7]% PLLA AA]

°1=0

3D dual pore
PLLA scaffold

Ar Plasma Treatment
& AA Grafting
(50 W, 0.4 Torr, 2 min)

3D dual pore
PLLA scaffold

Nonporous
PLLA film

Figure 1. Preparation and surface modification of nonporous PLLA films and 3D dual pore scaffolds.
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dioxane@} =(87/13,vol/vol)S AF&-3le] £33t em
A e 7%S 4d EFEdog wEQT ¥4
&85l sodium bicarbonate$} citric acid® ZAALES
o] &3t Bt & sieveE AMESlY YAAVE=E ER/
3] 200~300 ume] YAAZIE LA F el HFA
& 3E(sodium bicarbonate®} citric acid®] E§HEH]=3:1)
S g AzxE IEA g0 vlSAG/AZEAEN ] F
ZFH7F 20/10] HEF FAlo YA Vortex E71E ©l&
sto] FdstA EFsiditt. o] ERENS dA S FH <
AP Z Aol S Za AHALE FHAI & 47
zato] gujm]gmel [ 4-dioxanedt E& 25 SUAIAA
T3 P A EE Azt o] tl2a el AlH
< B3 olgk& ko] E3H]7} 50:50(vol/vol)Q! Az m|F
Y7 WHkSPEA 4847 A HEAH S AX T A|HE
Ao} ZIFollA 24X7F 7AZxEte] HEZ O Z 3D ©|F7|
& PLLA A AAE A|Z31 tHFigure 1).

Eci=0t X2 Y =M AA9 HE ZEk=vl AE] 2
AA TJYZE v oA whgsh =&l zMMEH 71&3s)
ATES 7hs] Awshd, ¥ltked PLLA ZE(1 x 2 em?)
0]%7]% PLLAXAA(AE 1.0cm, T4 08 cm)S ST=
u} BEAAX] 9] chamber Yol £33+ #ir)ox} 2w A5
Alolo]] TAGAF & 4" RE WEE 27 Y FEE
AF&-Et] chamber W ¢42le] 0.1torr7} = 3 thS o]
Fefoll Al WA Ar 7F2E F48He] chamber W e o]
02torr7b FA 3kl Ao AAS 7, 71318k chamber
Yl el 0.4 tor7t HA sHAT) 2L FuE(RF) AL
PP ARS 718k S0 wattellA] 302 F9F Zep=n} vt
S 5ol AA7F 2 ZEW PLLAZ S AAAS Alx38t
Atk & Aol AREE Alse] Alx WH-2 Figure 19 U

S Foo| M=, SBF= NaCl, NaHCOs, KCl, K,HPO,3H,0,
MgCl,-6H,0, HCl,CaCl,, Na,SO, ¥ NH,C(CH,OH), & =
o 4 7714 o]&¢] 1.5v) sl FHlEkih &9
pHE 37°ColA] 745 A= tris-(hydroxymethyl)
aminomethane[NH,C(CH,OH);]#} HClS ©]&-3lo] 27435}
Atk AlZ¥ PLLA 53 A A A& 37°C SBFE- ]
159 &< @2 F 3]st HAZE F4E FHS Atk
HE]F 100% FBS, PBS, 444 B Al 2l uj 2] (DMEM E-=
MEM)el PLLAZE# AAAZS 15¢7F GAAZ] & o
A, 14, A3k Fol 3 BHE Atk

EHSH 24 vt PLLA 253 o]|57]3 AAA
o] HY M2 FE= scanning electron microscopy
(SEM, S-2500C, Hitachi)Z #&stg o & &L 0.1~
0.05torre] 9+ 3lellAl 6~7mA<] ion current® 5E7+ 3}
ot HE7}-2 optical bench typecontact angle goniometer

(VCA Optima XE Video Contact Angle System, Crest
Technology)E ©]-8-3151 2™ sessile dropt 0.2 &7 35t}

HEMEZ i A B4 AA7F A% Ht34d PLLA
A5 o|F71F AAA L] AEXS-S FRlsH] 98,
AZA L) MUY S WA AT ABATE E7]
o] FZojA A< E2]3 TS primary culturedt 22 A}
gttt Az FHE HgaA 253 d3AE
2.5x10°7), ©1571% AR AT 5x10°7] = static seedingd+ %~
1A ZF B3t £E50] F s DMEM F-128]A] & AR&-3}ed
37°C, 5% COQNM 247+ 1, 3, 5 2 79 <t vjdslint.
vl & A5 HEE AEZE SEMOE 43517] 284
4°CollA 12A17F &<F 2.5% glutaraldehydeZ 24 3HE 3+ &
dHo| ofer/E &3 (50/50, 60/40, 70/30, 80/20, 90/
10 ¥ 100/0)S AHg-3te] =28 o= zhzh 1024 A& 8}
of HFHom AT B3 FHR7E o] &5tk
HH AZ2AZ & 7 AYste] A2E Axe] JHE &
Zratglh =gk J2E M EZFE WST-1(cell proliferation
reagent) A kS o] 83t FAGE & 4A|7F FF 37°ColA
5% CO, aollA] vl Fated 450 nme] FHth S-3=oj A ELISA
reader® 274 aFo] g 3l

ZEME i W BN E7)00A AFH S 2ZAEE 10%
FBS®} 1% penicillin/streptamycin®] &2 MEME A&
ate] 37°C, 5% CO, $73 oA wF= ATt ¥ths7d PLLA
D& 0|57 AAAE 2H2te] g 159 FAAZ &
HASA X3 2% ke wroA el Al &S v

. :__ = . 0 H— 2
RAeH, WST-12 o]83 AlE 2 4F 3 SEME 53
Aol JelE AFsk

E
2 A7He FPzvl 2R AA I ZES PLLA 95
Ee AAA] e 29 243 344 5 A 2318
gl thate] olv] Hskglom® Bg SRR H7F

host cell7Fe] ZfZH(osteointegration)S =343, FA =
(osteoconductivity)Z 13l ZE AlolE YAl ZGAF7|=
AgS 3l7] witol] & 23 AV A -7 EFA
AFAA] Hol ARSEIAL Uk T3 IA|FE ©] HAS
AHH o2 F5= AR SBF 48 o] &-3ke] AYA| A}
A WS Ea wEAL B in siu= HAS FAAT)E
Aol ¥ @& #AE v 9Jrh Z7] (bone matrix) ©}}
Ele| BV} FHle] A9} F74 -4 3 (osteoprogenitor
cel)®] 2, A7 4 E3tel fralgh S48 ATt &
AT = E3] HA EH ©]2]9] PBS2} normal saline, FBS
9 A3 vl FEl A (media)E ©]-&-FF ThFS EHES WSO
AZAEZ} ZZAMEe] HA g Aol oAw st JFE vl
A=A AESAT
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3 #Z3A ). Figure 2914 Eole ZAAE 3mm
oA 20 mmA =2 A& 7= FH 9 HAVE I8 E S
ot t) s AAZF 2 ZEH PLLA ZE94] g%
w1 "X 2] PLLAR T 33 WA A= e 2S¢
AU} °]= SBFY| =% %F AA ¥WHo] HA 274 A%
2 JdTFS X E AoE AztELh durd o2 PLLA
7HRESE Foll ol 2E Aol 7HEAT 9 FAks =
3l E 3L 7HEA 7= pH 7914 ol o2 Hi S2
webd PLLA ¥H-& 7HE247]9) o] 23lH 7M7) 21
2oL A7) 7 EA Al = AL o] 52 A7 1"
FAATS 53 T4 ol28 NI Hor =
Hoh? g 2] Zhgr o] 28 SBFY| e 24k o
o] HA 23 Az 274 Aol Zad 348 Al &
A7] WiEel] AA EHo| B B2 HA I4E fFxst A
o2 AWE F Arh(Figure 3).%

AA ZHZE AF9 M|ty PLLA TES ThYeh
SN 3257, PBS, FBS, 2194, Al Zu]gul =]
7}, SBF B4 & FAE HA ¥W3 HE27 H|wE S %
o] X143} =L Figure 40 2 A34E YeRf ATt
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AA ZHEZE A PLLA Z29 HE2ZL 0% HES
o} AA TP ZE)] AAgle] SBE @9 ¢s] HAV &
AE ®Hol 20 A9 7P we HEZS eSS
W, AAZH ZEF THo| BE SoA] X7 AR &
S S YRSl

AFA o} ZZAZE AAXFHE PLLA ZEFH AH

1201 []Before
[ After

-g 100
$ w
o
=]
< 0
g
§ 401
(5]

° 1 ] ] ] ]

H;0 Saline PBS SBF FBS Media

Figure 4. Comparison of water contact angles for the PLLA films
before and after AA grafting. The contact angle was measured after
the films were immersed in various solution for 15 days; FBS, PBS,
normal saline, and cell media.

Figure 3. Schematic illustration for the formation of HA nucleus on AA-grafted PLLA in SBF.
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A Lol 79 Bt viEAZ] T WST-1S AM&-38fe] 32}
H AEFE FFslL SEMS S8 A XS #2319
th. W4 PLLA 52 ol &3sto] AzAxe] Mx d3he
A st A3E Figure 59 e AT EE FHAA 7
o B AZAM 2] o] IEETH A EF UM =
Zkzte] vttt 234 Aol & Yehl 1oy, 53] SBF
92 F HAZE A EHo] A FHoA 7950 A3
B AFHEZF FAHAT v, I X AIAE
ol= 25 o 43S Rl A thFigure 6). 53] HAZL &

Cell Number (x10%)
w
L

H,0 Saline PBS SBF FBS Media

Figure 5. Chondrocyte proliferation on AA-grafted PLLA films after
immersing in various solutions for 15 days measured by WST-1 assay.

AN E AL PLLA 25 2 AAA ] A=Al 29} 22AE H3AF 361

dElo] A= FHF FBS, A2l wj Ao DA =HAA
PLLA Z& F WA vls=gt Ml 2F2 o] AF= At oS
o] Figure 79|A4] XHo]= SEM A3} X3 SBFS} FBSol A
AYE FHoM g2 AEE By o Be 2IAE9
HAEE ER1E F Atk ol A= Al X TFHEZ A
Azl F2]o) oA Az ste BH 540 e Fe=
|AE 4 ok 24 A8 £ topography= M 2
S22 72 AlE AF -0l So] T2 AAZE, HAY]
HW YE7t =E5F cell spreading ¥ A X Z2]3 o] =

Cell Number (x10%)

H,0 Saline PBS SBF FBS Media

Figure 6. Osteoblast proliferation on AA-grafted PLLA films after
immersing in various solutions for 15 days.

Figure 7. SEM images of osteoblast on AA-grafted PLLA films after immersing in (a) deionized water; (b) normal saline; (c) PBS; (d) SBF; (e)

FBS; (f) media for 15 days.
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2oz & et old 3D XA A FZRE Zhe= o]
ZF71% PLLAE o] &3l dAx ¥ ZZAMxe Axd3
75 Figures 87 99 = A5 YeRH At Figure 8
oA Hole AAH AZAELY AG, BE AFNA A
EFA o] dojuharl o] 1o 53] HA EHo]
g2 TWEd Y8 25 ¥ B2 Alx57F EE AT
Figure 9ol Y el A2 o] Hg-ol=, & FH 9 2ol
SBF, FBS @ A Z ujulx] ol B2 Ax57t 32
= AT 919 AHREZFH gdo] 3 E HA 1Hel A
T 9 x2ZAxze) H2y S f2lsty 3akd JAT
ZE 2t AAAZE a3FQ0 A2 Aeld & Ut o]
o HA 3t 2 HasfdE PLGA 2504 thz<l
PLGAETH AZAMxe] Az g F2o] &4 ZF7h= At
= AFA#7E Barg vp ok ek Al e Fash
AgS gt Ao wWol IEA U= serum T AT
fibronectin, vitronectin?} 72 A28 2S F sl T
o] HA 3Ho] o] S2EteE A+ Hart JJAck*
PLLA/HA A A Ao F2% serum T A& o 2l m]x]

Cell number (x104)

H,0 Saline PBS SBF FBS Media

Figure 8. Chondrocyte proliferation on AA-grafted PLLA scaffolds
after immersing in various solutions for 15 days.

Cell number (x10%)

H,0 Saline PBS SBF FBS Media

Figure 9. Osteoblast proliferation on AA-grafted PLLA scaffolds
after immersing in various solutions for 15 days.
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2] PLLAS} ¥wd o, AlEZ o] A% 7 Z(intracellular
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