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Z5: AN o83 A7 AfaEE R E8)(s7FERERE)(PCL) Wil ok PCLAET) v 242t A
Zsi3tt gujel] N,N-dimethylformamide(DMF)E £33+ 7% =3 A4421 PCL WA /71 AZE ATk
PCL 7]A)’d°l tetraethyl orthosilicate(TEOS) F=7F 014 40 vol%Z Z7Fgel Wt PCL/silical] 7= 12914
8 MPaZ 7+A3IA|TE, 72714] phosphate buffered saline solution(PBS) Al u}2 7r=gke] Wsh= ¢l A
7} A7kl mE QRS e 713 71l 7118 PCLA B 2ol AR 2 e AP AIR A7t
FE7F 0014 40 vol%eZ F71etell wel crystallite 271E 579014 18 nmZ #A3I3 T Alx5A A¥ A3}, PCLA
g7k AlEe] 5 5l o] QlaL, Al FolollA Aol 1L-929 Al 322] o] HAEA] o= FEAoIATH

LEC RS ]

Abstract: Poly(e-caprolactone) (PCL) nanofibers and PCL/silica membranes were synthesized by sol-gel derived elec-
trospinning and casting, respectively. Smooth PCL nanofibers were obtained from the precursor containing N,N-
dimethylformamide (DMF). PCL/silica membranes were prepared by varying the tetraethyl orthosilicate (TEOS) con-
tents from 0 to 40 vol% to investigate the effect of silica addition on mechanical properties and cytotoxicity of the mem-
branes. Although the strength of the membranes decreased from 12 to 8 MPa with increasing the silica content, the
strength remained almost constant 7 weeks after dipping in phosphate buffered saline solution (PBS). The strength reduc-
tion was attributed to the presence of a patterned surface pores and micro-pores present in the walls between pores. The
crystal structure of the membranes was orthorhombic and the crystallite size decreased from 57 to 18 nm with increasing
the silica content. From the agar overlay test, the PCL/silica membranes exhibited neither deformation and discoloration
nor lysis of L-929 fibroblast cells.

Keywords: membrane, poly(s-caprolactone), silica, pore, cytotoxicity.
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A W= ZE 71417l HA(hydroxyapatite, Caio(PO,)s
(OH))el BRI Fslo] 2l ke Alzkejol vls) &
o] Sk HAE We] Fio= 243tk 4a] ol
A AARISPY o] Sttt 53], AMlazulFellA Al ZAA A =
A ZOHES vl b5 Alae] 71Eu s A= §
4-¥t}. PCL(poly(e-caprolactone), (CoH;o0), ) A3 2
AAARE AR 2B 271€] (-CO0-) TAE 7T
al=o] AolA b WE -, dEe] AAR flo] AR
"To whom correspondence should be addressed.

E-mail: dylee@daelim.ac.kr
©2015 The Polymer Society of Korea. All rights reserved.

o
T

323

o] 7}e 3tk SRR, PCLS Al 2] F2]3} o), A3}
A A XS] FARF B3l FEFE vR|= Al
314 (affinity)2} 74 (stiffness)o] W& EAIHS zkar QUoh

7] BAHS sldsh7] Yske] PCLAl AR (bioactive) T
714 A &2 calcium phosphate(Ca;(PO,),)H A2 & &
Fstel= o] AREE L ot FH2ell=, Ad2ollA S
< ©]&3F PCL/AE7}L sto] Ea]=(hybrid) &A17F 2] At
Sdt} dE7ke o FREA 52 2ERE7 87
= FIAES 2] AAAFA ] st e (drug) 2 4
1A (growth factor) Aol A8t A7t Y=Y Al=
Al (SBF, simulated body fluid) &lol|x] HA 4432} PCL/
A7t HZA Q] 71712 54 3ol 71odgitiar s Q!
287} Y=J A= calcium phosphate2] 348 4] (nucleation)

e

3



324 249 - =

site 9L 3lo] HA S SXM7]= A 0= Ha=!

2 A8 ZA Al 7HHE A WA= PCLE ©]8-31]
UAH-5 Alzstal 718 A3 80l Agsieich & |
A 2= PCLO] AAAGFAE 548 S8kt A she &
£ o]83 Ao 7 pCLAET) stolHE|= BRe A x5}
At} R Eto 2 A7) Tro] mE pCL/AE T B3¢
7IAA B 9 AES S H7ekAT

Al
=

ot

PCL LI=MF H=. PCL(Mw=80000, Sigma-Aldrich,
USA)Z} 81l 2 DCE(1,2-dichloroethane, ACS reagent, >99%,
Sigma-Aldrich, USA), &2 2 ¥ 2(>99.8%, Sigma-Aldrich,
USA)S H]&1|E DMF(N,N-dimethylformamide, 99.5%,
Junsei, Japan)S AF&3FATES PCL Wil 89S PCL/
@Eui+a]8r) 5 PCLS SHHZ 8~16%7} H=s 31, &
) Z Svl/DMF2] F-IH]E 75252 to] A7|ALE 2
RESs o=

PCL WAl A7IARE S o]8-8to] Alzxaiqitt. 1171
WA= FAE7] HEZ(KDS-200, Stoelting Co., USA), 22-
Alo]A] B-D Z=H|2lg]2 FAMES, Z8E (collector), LAY
A %] (ES30P-5W, Gamma High Voltage Research Inc.,
USA)Z 45o] Tt A7[WARS- &2 5mL B-D Luer-lok
FAPNE 53 FAP] HZ9] 0.003~0.5 mL/he] £z 3
22 FaEo] Ik zpAlgk A el A
o] QArhe

PCL/A2[7} 8 M =. PCL % 8g2 30mL DCE<}t
10 mL DMF®] &3H&-Yof galisted PCL 8-S A x5k
o} A7} &8 TEOS(tetracthyl orthosilicate, 98%, Si
(OC,Hy),, Sigma-Aldrich, USA), 55757, ol&k&-2 E4](molar
ratio) 1:1:12 3lo] E§slal | N HCl EiS 1% 718k 2
A)1ZF wHkEl T HE & PCL 2 ti¥] TEOSS FyjH| 2
0, 20, 30, 40% F7}ste] HWEH AL PCLART & AZ
3lTh. PCLARTE &8 2193 $10] bladeS o831 casting
SlaL AdollA] 12417F 71z3ste] PCLAET} 9 Al=si3itt.

PCLAIZIZ} Ot M "I} Axd e IE247](Netzsch
STA 409 PC/PG, Germany)E ©]-83}] 200°C7FA] 10°C/
min $LHEE % 3 I¥SHTG/DSC) S8t H2
7} gl w2 A2 9@ 2AEstE #Eshr] sk
XRD(X-ray diffraction, Mac Science, KFX-987228-SE,
Japan)?} SEM(scanning electron microscope, Hitachi S-
3000H, Japan)S ©]-&3}Th.

ko] 7AIA AR 17 E = 35%2x0.1 mm® Z7] AlH
S FH)5le] WHeA1E 7] 7] (ElectroPlus E1000, Instron, USA)
£ o] &3] AR (dry strength)2} 2273 (wet strength)
& SA3ATE 227 == 37°C PBS(phosphate buffered
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saline solution) 40 mLol| A& 3le] 75714 AI7MEE AXT}
Tof FYsh o g A Lal et BaEe AA
(30x30 mm?*) FA 7} 03 go] HEF FHSt] 37°C PB
20 mLell A g & 757K AR FA WskE S st
B7ysiaac

PCLAIZIZ} MESA 7t PCLE E4J0] 9l o282
718] SR 7HEslE o] Altolx o] AAIEglo] AL
o] 7hsg Al arEAtelt. A4S PCLel TEOS
Shol] WE A AESH PAS ekt gt
w291 A 254 1SO 10993:5:20099F 2] 57]7] A&
812 Qhdol 3t FF 7T (A F o oFEPA A A A
2014-1155)0) 27 4331t} 124 N EF2E L-929(CCL-
1, ATCC, USA)E AF-3I 3, 9 2 24 thxso2E
0.1% zinc diethyldithiocarbamate”} 78 Z2$-det &
(RM-A, Hatano Research Institute, Japan)?} 7%= Z]o|g
@l "E(RM-C, Hatano Research Institute, Japan)S Z+7; A}
&3ttt

w2

Z o
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PCL LE=#f. PCL/AEEIT} Bh& Al=sl7] Aol PCL 54
S AP Y5k b | Azt s s PCL Wiedf
£ AlZsIith. PCL $v2 F2 2323} DCE(dichloroethane)
£ 283818, Bl 2= DMF(dimethylformamide)S A
stk SuimM)gn Fuul= 75252 ST el f A
AAI= Figures 13+ 29 YERARIE PCL §02 223
SR AR Al YR BEER] ekt s R il

Figure 1. Effect of flow rate on the morphology of 12% (w/v) PCL/
solvent [dichloroethane/DMF=75/25(v/v)] nanofibers. Note that
flow rates are (a) 0.003 mL/h; (b) 0.005 mL/h; (c) 0.007 mL/h.
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Figure 2. Effect of flow rate on the morphology of 12% (w/v) PCL/
solvent [chloroform/DMF=75/25(v/v)] nanofibers. Note that flow
rates are (a) 0.005 mL/h; (b) 0.05 mL/h; (¢) 0.5 mL/h.

EEEX 5oL} DCEE H&m%l DMF$} 75125 F-oH|= &
3tsted A= Al Figures 13} 2004 B ZAAE Ry o
48 7H Uy FEEJAG AR Az A
1.875 kV/em A7 17 slollA flow rateZ 0.003914 0.007 mL/
hE WA 7] 23}, flow rate®] Wl Fo] Zro} YAl F &
Ao & Aol A=A Ut SHAIT, Figure 2914 B
A flow rateZ 0.005914 0.5 mL/hE F43A 71
A}, vealfre] ARE F7ksldth. A8, vl-8uliel DMF
77} PCL YA B0 Aoigk 93 miAe o=
A=A

PCLAIZ|Z} gto] 2M. PCL A7Ale] H2o gujzAae
DCE/DMF®] 75/25 F-mju]o|itt. PCL AAlol| A7t &
& #H7}ste] pCL/A P 7} B 28 A %351 ). Solution
casting 0 2 A %3+ PCLAE]7} Bre] E84] A3= Figure
30 YFERARITE. PCLOl TEOSE 0%l 40%71A] w2
715l w2t DSCY heat flow?] &Ly o)A Hole= A
A 2 5(T,y= 6520014 62.5°CE 74319, TG 3
Aol FA% FA A BTk g PCL 71A1Pdel 3
7Vehs A27t F%=7F PCLAE T B3 8820 9
S nHe= Ao FAEIC} PCLAsilica & 2A+-%Z= XRD
£ o] &3t 10~60° oA FA 8ttt 2671 21.4,22.0,
23.7°0 A1 AP Al (orthorhombic crystal) A4+ 5 7131
PCL (110), (111), (200) H2] XRD ¥ =7} Figure 40l ¥z
HATE® TEOS &7t S7Fel wet 207F v ==z 2
o|¥] 37, XRD ¥ A WAL HA HolX& Zo] AU
TEOS 5%7} 0914 40 vol%® 713kl wet 21.16°4] Si
XRD 3] A (JCPDS 01-0787)2] 92 PCL/AE] 7} 1o
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Figure 3. TG/DSC curves of the PLC/silica composite membranes
having different TEOS concentrations.
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Figure 4. XRD patterns of the PCL/silica membranes having dif-
ferent TEOS concentrations. Note that PCL contains three strong
reflections at 26=21.4°, 22.0° and 23.7°, corresponding to the (110),
(111), and (200) planes of orthorhombic crystal.

XRD 3|27} 21.60014 21.4°2 WH3ISATE Brage W2 (du=A/
2sin0)el] SJA3HH, 2071 R V=2 o]Fe AL (hkl) HZ
A7t F718 AL ¢njgit). XRD 23843, ApdAle] 4
AT27F A" Ao E wol PCL ARl TEOSS Si H7}
7} AR EAR))e] HEE s e £l A
Th 71 Sie] PCLY| 4748 TxE o= oAt 207} 7
23 o7 A}gErh PCL (110) XRD 3= W3e] Z7k=
PCL A% =71¢} A7g/de] TEOS A7}l w} 7h2-skdet.”
Scherrer 5+2& ©]8-8 PCL A% =71 TEOS s%7} 00l
A 40%2 F7Vel W 57914 18 nmZ ST
PCLAE 7} B3k oF ¥ 232 ARS SEMS o]-&3}]
19T Figure S(@pellA B 2147, TEOS7H #7114
2> PCL Al 9] W0l vt vlA|7]go] EA)skar wl$- 2
& HE3 22o] FFEJT PCL A|H Widlle 718o0]
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Figure 5. SEM images of the surfaces (a-d) and the cross-sections
(a'-d') of the PCL/silica membranes having different TEOS concen-
trations: (a)(a') 0vol%; (b)(b') 20 vol%; (c)(c') 30 vol%; (d)(d")
40 vol%.

EASHA] 2 UTH(Figure 5(a')). SFAIRE, TEOS7F 371 PCL/
227} B3| 22 pattern® W) I=Z 7]-¥ (macro-pore)©| &
HollA = 71712 FAE thaAleldet. miaE 7159 9
e A & Az Al H7FeE ¥ (DMF, oe-e, 57
FYFAIE w23 3T (evaporation)2} TEOS2]
7l whgell Z1QIskhal MR E ALY 2 S719S 7t
7l DCE &1 7H&8 § 3d=wA] A7t JEo] 2
H PCLS 24313t Atid o g gi&wr) =2l v]-gu)
2l DMF7F Wi 7188 343ttt PCL/AE]7) 2o vz
718 A7]= TEOS®] &7t S7Fstel wel HAsk o,
7187 He] FA= S7FsIAL A el 2~3 pm 27191
nfo] AR 7]go] BAE AT sfehH ] TS o] A=
71802 It HE(dimple)e] A=t A7t 244

Zan, 43948 A25, 201543
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Figure 6. Degradation rates of PCL/silica membranes in PBS.

(20, 30, 40%) PCLAJI7} H3A = o] wia= 713 =
71 Figure 5914 2 229 130, 120, 90 umZ 744319
o} XEe F2E 7H PCLS Al E X3}Ado] Six|qt 2z
7he W= AR 7712 A 5otk PCLe w4
7V 7kt PCLA 7 b E3HAIE Alxste] a2 st
Aot 715 EAZ PCLARTE 2o 71A14 Z3=r} kAt
FARE, B R 25 ThyAlR Azl AlE M) of
B S9o] FEAT) PCLAEFF BekA)] uto) mjaz
frolAR 713 EAl= 2797 (bone ingrowth)ell wi-¢- S2H4
QAo HaEeh e

PCL/AEEI7F 53| =] E3ls (degradation rate)s S8t
7] §18ted 37°C PBSell A3l 757 Bt FA S =
MBI, A3, Figure 691 2= ZAE 7570 PCL
o Ag]7} F7ke} Adglo] frelgh A e HEEA] &
Tt BARE, PCLO] Ha%E 357H4] 71¢] Halr) givhh
4F1E] Z7Vetdeh 2718 ol f= Figure S(a)elA] Be A
¥ &g PCL 9 3pHol Al A] A 7]y w2
FAET 20% A7 A7HE PCLARITE e 65
7HA WPt glet 7Abel Bart Sk Aelgt A
7}eFo] Z71etol| wel WE- == Figure 7904 BE AAE 6
Fapol A HEEe] SV BAE A 40% A7 A7t
H B3] 7 BEEE 13%7HA eIt Ba e
F7R= TEOSZ 0014 40 vol% H71el we} 7157} 2,200
A 49.7%= Sl 71R1sE Ao = AlEH

PCL/AE7} 534 2H 757k PBS €9 A & 27
%= AHAI= Figure 8o et ok A@A L, HAAZH
3} A7} 240 A#glo]l PCLAEFL 2He) 17w 7k
2 WHahe FFER] dth PCL 7121 287t %71 0
oA 40 vol%e= F7I5el whet 7= 12014 8§ MPa®
ZABIAARE, HAA R M FEgre] Mshs 34 99
ot} SEMOIA B AAE A8]7t F7tol] WE pattern® 7]
&7+ Hof| EAehe nlolAR 7|3 7R SUHE <18t
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Figure 7. Swelling rates of PCL/silica membranes in PBS.
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Figure 8. Tensile strength of PCL/silica membranes.

o] ¥Ho] XUk PCLETE PCLAIE 7} o] 17 wrt 7t
A%k Zo 2 FHEC 3 Figure 601X%H 75+ &<t PBS
o] A7k Follie Eafsellr FoIgh FATRTE )l 2A
AR ) tﬁﬁlt ke it

PCLAlZ|7} | MEZSY. It 2ol ofg A=
AL 24417 F PCLALRIZ AlEE AlASIAL A S
ol AE g 9 AEY SARsE AT RE
A HETANA AL o] B Dol HFEA F=

otoxicity scale 00113 BE P tizellr= MEL] o]
2 ehalo] MU= cytotoxicity scale 302 #EE T
TE PCLAETT AlEoA Al5e] 5 2 o] Lo
24Tt Figure 901X Hi= 1A A F9]olM= waolut
L-929 AE9] o)/fo] AZEA] dTh A2 o) B G
F-971 A 2] niz Wollgk Ashs Al EEA Whgo] 257
© 2 ISO 10993-5:2009 4l wat PCLA 27} 2o =4
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(a)

Figure 9. Agar overlay test: (a) PCL/20% TEOS; (b) PCL/30%
TEOS; (c) PCL/40% TEOS showed neither discoloration nor lysis
of L-929 fibroblast cells.

EHle| vlolae /¥ EAE BYPel AdHow ke
& 2NEE W 3 Aepe Ao A ks,

zd
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-PCL 1|8 S22¥ S
A FRort il EREXEE 52
of Egtste] Azt H9- FEgal A&
ARE AZE = AATh

-TEOS7} 09141 40%= F715tel whe}t &-§-2%7F 65.290
Al 62.5°CE 7HAstgon ko mE A Ak vlFHst
o dojuh= Zlo] HEH AT

-PCL 71A73oll TEOS F%7} 09141 40 vol%= Z7}5Ho
w2} PCLA 27} 2o] AxZEE 12004 8§ MPa® 7HAst
AARE, 777EA] PBS AT w2 x 9 AT W
sh= Sl

-TEOS #7}oll W pattern® 7157 Hol| EA5= wfo]
AR 71FF 718 xe] S7H=E Qlste] o] xUgk PCLE
T} PCLAE T} 2o QI7=rt 7hassdnt.

-PCLAEI7} BF AA 2= AMAEA 725 71K PCLO]
2tk TEOS %71 0014 40 vol%= Z713kol| wet 21.16°
9] Si XRD ¥|=°9] g&o = pCLAET} 2ol XRD ¥ =27}
21.6°014 21.4°2 WH3}ATh Scherrer 202 243 AR
=7 TEOS F%7} 0914 40%= Z713ol| what 57004
18 nmZ 7433t

SR WA oJgk Al EEAd AEA
oM Age] 5 B WY o]

}JC_L ;\] L]_L./\‘] Q= Ag/\-lg]
52 DCE= H|-81iel DMF
342 7Fd PCL Y=

A3}, PCLAE 7} A]
oA kol AA| 5=
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