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Electrospun Nanofibrous Membranes for the Engineering of Cultured
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In this study, nanofibrous membranes from biodegradable PLCA and collagen were fabricated to mimic natural extra-
cellular matrix (ECM) and investigated on the morphology, conformational stability, cytotoxicity and cell attachment.
The effect of PLCA or collagen nanofibrous membranes incorporating human dermal fibroblasts on wound healing was
also evaluated using an in vivo full thickness dermal defect model. The circular dichroism measurements showed that
electrospun collagen maintained its triple helix structure. In cytotoxicity test using L929 fibroblastic cells, electrospun
PLCA or collagen nanofibrous membrane demonstrated no significant toxicity. It was also found that collagen and
PLGA nanofibers favored cell attachment and proliferation. In vivo testing showed that the regeneration of dermis and
epidermis treated with PLGA or collagen nanofibrous membrane incorporating dermal fibroblasts was accelerated.
Therefore, this electrospun PLGA or collagen nanofibrous membrane might have potential efficacy in tissue engineering
as skin substitutes.
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Aatofl S0i7H= o Uk Tt 2 AF0ME =L - 20M 0812 A= HHEH

£35| O UH0EE0| LlSk= skdekt 3 He S22 QI ol o2& LEAt AXHQl poly (D,L-lactic-co-glycolic acid)
ot OF HY 2ROA HEY 4 U= 218 IR HE2 & (PLGARt M| 18 OZZEEIS MI|HASI| 212t L=
o T Y 3 2=0| i 2RERI0| SHSEo| w2t ol Bs MzStn mfxAel Xt ¥ HEE FEs| st &
BUF AMEQ XEFQ N U M85 XD Uct” I FOMES VAl HiQfet Licdm 7[8h QIZHFel A2
QIBLFE Sot &4 T XFHZ2 X AR U= 2 MU RS BIISH| 2t d'e ™SIt
gh X|Z2Ho Hlsf Fael et X[R0| 27k= S0 £
HEO| A, &5 procedure 3 AR V(7 &, SEH HA s} v
S el Ho| 9l o|zH| Mo B2 olFEs g & U
CHY” S3| AF 22 EpL ZEMES MIMFOME, Szt PLGA Lt=Xgate| X=x
A B|UBEAT} TS MEBR DjE2IA =2 0[23510] XX PLGA (LA:GA=75:25, Mw. 90,000-126,000)= Sigma
b= ZEIEA QZU[RE He2 79 nF &4 X = Chemical Co. (St. Louis, MO, USAZEE FI5t¥ oM
E 4 e yHoz A= Exf 2| A7E D QoY @ PLGA UMKl MZE /5104 PLGALA:GA=75:25%
10 ml@ methylene chloridedil 35% wiyZ =01 & |7
* ZHQIIZIR Xt hwal@yumc.yonsei.ac.kr S0 EES 0[851 st = 5 8 mle| 2= 18 gauge
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needleg 712 10.0 ml syringe0ll 201 TI7[HAW] ARESIRA
Ct. ™MI[EAtE ®QF 25 kv, 55 2.5 ml/h, metal collector
O Z™MEE 300 rpm, spinneret?t metal collector2te| 2|
15 c¢m, J2|1 metal collector®] Z2 2 cm ZZ10{A|
NanoNC (Seoul, Korea)lAM H|Z=§H F7|LUAL AIAEIS 0]
St ARHSIUCE. MEE HrdFE RSE0M 48M72F S
oF AXSI FF [FIIEME MAHStL ion sputter (E1010,
HITACHI, Tokyo, Japan) LHOIAf 300 A2l FHZ gold/Pt
DESH T AXEFAISO|ZE (S-800, HITACHI, Tokyo, Japan)g
0|23sto| HEf & xS BHESINULC

ot Hed{ael M=

M1 ofZECI2 Suh SO HHE 0831 4 IFZ
2E 52 siCh” AM1Y o2 8 HIE MY
Ot 2=t E 1,1,1,3,3,3-hexafluoro-2-propanol - (HFP)OI|
7%2] SEE =0 = 77| S ZEEZE 5] N ZSIRICH
O|F ZeRI8HE 18 gauge needleg 7|2 5.0 ml syringe
of ;{2 = syringe pumpS Soll PLCA L7 M= =
o 22 M HIIUASIRC,. Mz 22t LHedRe
12A1Z8 &2t 50 mM  T-ethyl-3-(3-dimethyl aminopropyl)
carbodiimide (EDC) solution (FtOH: H,0=95:5) &240fA
7Nzl & AR MAE d&7 tiEd2 S8 Al S
oF SEUXY|E ol8slo] 82 AX 8 ¥, PLCA U=l R
ot €2 YH2Z AXFAOIES 0|85 EEf & X8

LRSI
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Z21dl 4=MK2| Circular Dichroism (CD) 4

O 22Ol triple helix T-X7F FI7[UAL Y 3™ I}
wat o|20| FA=U=KIE &elst| ?l6 CD 242 018
SIACH HIME| OfEZE2HAN Lied = FHEHZ M Z=l Of
ZEeHUl CD spectra= 0.01 cm length thermostatized
cuvetteZ} Neslab RTE-111 thermostatS 0|23l Jasco J-
715 dicrograph (Jasco Corp, Tokyo, JapanZ Z=F3oIICt
Z AJEHE 3 mgmle] S=2 0.001 N HCIO| SaliAZl
25°COf| A ZIsllE2 CD cuvettedf] 210 302 B2} & AR
Of thet CD spectrag 7ISSIUCE A[EHEHE) 42
Bradford methodS Al2310{ A SIACE.”

MEZSHAIE

PLGA L 72t 7twelEl OEZZetd LI F7Eo Al
=4 FRE =els| Qs AYYEH| ot MESGA|
g AASIYCE™ A 1929 MROMIE (ATCC CCLT,
NCTC cdone 929, from mouse connective tissue)S 6-well
plated]] SZ7F 2x10° cellsiwell ZI== platingstd, 600 ul
°| 10% EHOFSREH(BI Inc, Daejeoun, Korea)g =t
Dulbecco's modified Eagle's medium (DMEM) (Bl Inc,
Daejeoun, Korea)2 SZstHA 2 S0 37+2°C, 5%
CO,, 99% humidity ZHS=Z H{AAIZICE 1 20 1

Table 1. Zone description

Zone Index Description of Zone

No detectable zone around or under specimen

Zone limited to area under specimen

Zone extends less than 0.5cm beyond specimen

Zone extends 0.5-1.0 cm beyond specimen

Zone extends greater than 1.0 cm beyond
specimen but does not involve entire dish

Zone involves entire dish

. A W N = O

cmx 1 cm 3719 LI FUS 11, HIXE M2 E2 OF,
Z2 THOIM 24A|ZF SO HHUSIRULE. 0.2% crystal violet2
2 Ml ME2o| GOl AME zone sizeE FFSIUC
(Table 1). SYfz=FI LHUWET2ZAM  high-density
polyethylene (HDPE) ZE2} Latex 2SS ZH2H AFESIRACE

M| = HH 2F

St L {242 PLCA L =at 2o B2 2 HiQF
AN MEZEAM HAMCHEWO| The Medical Material Control
and Management CommitteeZFE 5{7t5 20 M=
HYQUERH S22 elZt dROMEE O|&35IRCt. 217t
Ao MROIMEE 175 cm’ TRH|Y Z2FA I (NUNC,
Roskilde, DenmarkllA 1% H|L|ARZI/AEHEDOIM /22|
Al Hl (penicillin/streptomycin/amphotericin-B), 10% EJOIREH
(Bl Inc, Daejeoun, Korea)S €78 DMEM (Bl Inc,
Daejeoun, Korea) ‘dZHHAIE O|E3IH MEE HYUSICE.
HIF2 37+2°C, 5% CO,, 99% humidity B20| |X|=l=
HiF7[0M O|RO{RCt. = AES <o 52 7 passage AlO|
O HFOMM 2Tt AFZERALE.

MEHEY AEs 2 1 cmx 1 cm 3719 PLGA Lic
MR JhwslE SR LM RUS 1x109 MR0ME
£ eRet 80 miel BiX|ZE SOIU= 22| spinner & St
230 60 rpme| SEZ WHISIHA BAIZISCH MEERS
RS

Mzl Bats 3 S4s2 uwih {2 O OAlZh 4AI1ZE
2 24A17t0] X|%t= O 3-(4, 5-dimethylthiazolyl)-2, 5-di-
phenyltetrazolium bromide (MTT) assay'“#0l 2|5} ELISA
reader (Spectra Max 340, Molecular Device Inc. CA,
USAZ SHEIQICH SASE RaM2 Students ttestE: S5t
o BIISIRAC.

PCR 7|42 O|Z8t Mycoplasma ZA}

PLCA Licdmeat 22l Hed 7o MES HiSst
£ PCR assay kit (My(:OSensorTM PCR Assay Kit, Stratagene,
La Jolla, CA, USAS 0O|8310{ mycoplasma 2% O£ =
HoIFCE HA ME H{ZH 100 plE microcentrifuge tube
oM 527t 20|10 60x7t HAEEE ¥ Manualo| 2t
templateS FH[SIICE PCR amplificationg I3l 5 ple
sample template, kitOilA HSsh= &g HEF E= S
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22T EFME Mg, ESST 20 mM), 10x Tag reac-
tion buffer 5 pl, dNTP/AUTP mix 1 pl, Mycoplasma primer
mix 2 pl, Internal control template 4 pl, Tag DNA poly-
merase 2.5 U 2 BF4+E ZBSH= 45 ulQ  reaction
mixturedf| ZISIACt. PCR Z2HQ| thermal profile2 94°C
OllA 30&ZF denaturation, 55°COlAl 127 primer annea-
ling, 72°ColM 127t primer extension®Z 43510 2zt

35 cycle¥! HAISIICE O|F HISE2

S22 2% agarose gelg O]
o MI|ES0ll ASEAL, gel &0 LEHF banding
patterns =A15IACY.

E20[|AIAE

RO ZIt HIE PLCA Lt [2fut S2td LR
ots 242t 150t2[2] athymic mice (BALB/c-nuoil Of& =
O|AZH2} host cells2fe] A4F&E L FEsiAHsSES HIFSHIXL
SIQICt O|E ol 2 6-8 FH2| athymic mice (NIH Swiss
nude) (24-32 @& ketaminelt xylazine (Z4Zt 200 pg/gt
10 pglg=z OEFIANZL & 2 S22 & SYFAN <
em’ZZA9| full-thickness skin woundE BHE1 F|ZE Lix
HRYUE &dFAM 42 DTSRG, ol FF ES
(Tegadermw, 3M, St. Paul, MN, USALZ &= 2
U 25 S8 A2 AMOEO the Guidelines and
Regulations for Use and Care of AnimalOf 2t Al#E|
ALt

5 ‘|0|'
O
i

TE T 7,14, 21EM0| SES= EA7|AL oI EYAl
7|1X b2 duFet 2555 XE6iq AFet = X=EEE
Iy, M, et ZiEE A H=Z s

5
hematoxylin-eosin (H-E) 44 S S8+ Z2SHH HAEE A5t
ALt

PLGA Lt-dw7afat S2H Loy Rat
27| 2HESS O|AMSl Ay ZIE SAIZ17| flst
o Z2bdl, poly (-lactic acid)@t poly (glycolic acidS2l
2& NAMU g BEZHA FIHZM 0|30f: AlE=7E U
Ottt Sol 220= A ME27|E FE2& 25|
1 A D2t EAX2 HI|TAME Sl Xﬂ_’ﬁE' TEME
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Figure 1. (A and B) Electrospun PLGA collected on a mandrel revolv-
ing at 300 RPM (Magnification 500X with the inserted scale bar at 60
microns (A)), (Magnification 100X with the inserted scale bar at 30
microns (B)), (C and D) Electrospun collagen collected on a mandrel
revolving at 300 RPM (Magnification 500X with the inserted scale bar
at 60 microns (C)), (Magnification 100X with the inserted scale bar at
30 microns (D)).

EffD %o ZHFo| 22t 0.3-3 pm X 0.1-0.5 ume!
AS =I5 (Figure 1(A-D)).

g2tde| Triple Helix 7= &l

et X J|2HOE tiple helical structureS OF
A2 O F=O| FAl= dA L MES| d=HE Al
e et 242 GAX|L UL CDs EHHE F20|IM2
e HstE Htoly| 2ol 22| Alg=ls YoM, Sk
Al 72 folding 2 MF 5310 CD spectraiAl Tt
£ HHEiEI Xjo|E EeICt mEfM triple helix 722 H3t
£ CD spectraS Soff &A ZHEE 4 ALk 2Rl CD
spectrumOil LtEtLE SZF2 221 nmOlAM EO|= ZE
positive band2t 197 nmOfAf =O0|= 2Lt Z negative
bando|Ct."” 2 MEZAMOIM LIRS B2A2 219 nnol
M 34516 degxcm’xdmol’ 37|19 positive peak®t 213
nmollA 140236 degx cm’x dmol’ 37(9] negative peakS
LIERACHFigure 2). L7t S22 HRE ?loi AFSE
HIXMZ| Z29] spectrumit H|WSIHS Tf molar ellipticity
o ZEOMEF XIO|E LIEEHE & TA| spectrumz FAISI
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Figure 2. CD spectra of native type | collagen (open circle) and elec-
trospun type | collagen (closed circle).
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A 2| MESL

AHYEHO A5 QSUREE MEZ AREE PLCGA Lt
Ao St LM KRa0] MEEM HEE zone index
BN AHEQUCH Y OfZF 29 HETQ zone index
Z2iE BEH, AEAETA0M A-o] eREUZS & = U
QUCHTable 2). YICHEZTO! Latex EEO| =0 OfFEHHI} 1
FHO MZSZ cell lysisZt LOILIM culture dish HFEEHO|
UK st HIXI}Z HOH FH2ZE 0.45+0.04 cm
3719 zoneO| EHE ©HH HDPE SMCHEZO|LL PLGA Lt
MR =2 2R L REel Z20|= BiFHAIA At
gt MEZSS 20 SYUSH MEjZ ZEQ| oMy O FH
of JdE 20USHM zone2 FHSIA| b= A2E HO}
MZSH0| Gl= A2 ERI(AUCE

MZ £3s & 34

Lieds 7270 =29l Haint SME 7= + US0| 2
2| YHAM A2M ojn| B2 0|S0] PLGA, Polycaprolactone
(PCL) 32 &Y AEAL E£E= A IEXZ O|F0T Lty
dOM FRME, AZSHE, 24 =l S7VINE SS Y
e AES B 8 Schindler, M. et al.2 A4S
3l MRMERF normal rat kidney MZES| FZE gl ZSAlof
2 F£ 20| polyamide LA R 3XIAA XFol2tn
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ol :lo
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Table 2. The numerical values for zone index of the materials

SAME
A& A SAMEl Zone 37| Zone

(cm) Index
24 ==z - 0
&y == 0.45+0.04 3
PLGA nanofibrous membrane - 0
Collagen nanofibrous membrane - 0

My

FA5I9 D, ). VENUGOPAL et al. S2 ZEi L Rel
PCL Lictd T AOlIMCl MES| HSE H|WSIH &

ME o= 2ok A D2Xe St 24Pt I-E L
7 MM M2l 34 Y 0|FS0| SAERAUCL D 2SI
CE?2 2 AT0IM MTT assayS S8t ME HY AF AD
, dynamic seeding 0|F EE Z7/2| LR HOlM M=
oo & Faketal 7247 A Bblote AgS #EGIL
(Figure 3), Of&k8h HiQ} 200 123t 7m0 St LicdF
7t PLGA Lird 2ot H|WSIRE I o SME SAsE 2

22 2015 4 UACHP<0.05).
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Mycoplasma ZA}

A MEZL 2EE 2N SN ME s EHE Edsl AP
Zl= ofE@7| 2o 80 =ZOo[Lt MEEAMS HIE=
FEQ oifet A¥E S T S4E Sl Xts 2l
A xEHel F&Es & + Uk 53| mycoplasma 2¥2
MIZE I =5 =20 23] Z20|5 s ?IE f42M
Mollicutes  (Mycoplasma, ~ Ureaplasma,  Acholeplasma
species Z8}) ZHE2 AN MRS Ho{=e| MESt
A HZo aa2 FA =t Mollicute 292 Bi(Z|oF 4
9 S710 wet X EE7F HEKA] oM MEEZ|H F
20| MOl Q17| WRol HABIZE HX 4Ch* oo w2t
0| 22 (European Pharmacopoeia)dt USP(United States
Pharmacopoeia)l0ll @@ % mycoplasma0il TSt Al FZ0|
M=o AX(TE, 7HE o2l AF7|ZI0] AR5 1 SOt
NZ 52 2AESH HMEZ2 dES(viability)o| X=X X

26)
Zi0|tt,

gHH, PCR 7|&2 O S&/2 primer sete] HES Sl
PRl mycoplasma AHEES + AlZH L AN & 2 U=
=] =]

ZEOo| J2BZ 0|A] mycoplasma HAR| Bt giHoz H
Sofx|D QI mepd = MEolME MEMNHY B0l =
SAEZ|= mycoplasma species| 16S rRNAO| CHSt gene
sequenceE annealingdt= primer mixtureS O|88F PCR £

1.6
1.4
1.2

0.8
0.6
0.4
0.2

o LTIl

0 hour

Absorbance (nm)

4 hour 1 day 7 day
culture time
Figure 3. Cell attachment and proliferation assessed by MTT testing

performed O hr, 4 hr, 1 day and 7 day after dynamic seeding. The
data reported are means+SD for n = 5.
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1 2 3 4 5 6 7 Mg Sl 1372 MZEIF BYE PLCA LRt Sk
L7 2H0| mycoplasmadil ZEEUA=X LOHE DA} 51
Ct. O 21, ModeME7L F255E PLCA L™ /eat 22t
2l LA Fat0| HIQF AEO ZE mycoplasma DNAJG &3
Z0f UK 2k 0| =RIZ|QUCHFigure 4). = HAIS Sl
mycoplasma0i| 2falf HHEIX| pb2 A= 2QlEl Tuld=A
I FE PLGA Lo RmE 220 Hed7AU2 e S2
O[AAEN HEEZUC.
315bp SEO0IMAIH
~ HEMoZ RUSH athymic mice?| &0l 2+ FlmlA [0t
Figure 4. Electrophoretic analysis of mycoplasma polymerase chain MZEI} B2l M0k o|ZnEE oAlst & &HAT |9
vt 0, et oyl Gl o MEOr S oyt B ) setehchpre 5. S e 2
Lane 1: size marker (100bp DNA ladder), lane 2: collagen nanofiber RSN A7y QIBLF 0|4 & o HBUES0| st 7
with cells, lane 3: PLCA nanofiber with cells, lane 4: medium with M A HQ| ORfZ0AMO] HREMo| BHlEX|E HE B
cells, lane 5: medium without cells, lane 6: negative control (water) _ _ _ _ _ _
and lane 7. positive control 512 £7(0] BEMESO| MIER FAofM TEEIRD

PLGA

day 0

day 14

Figure 5. Macroscopic observation of wounds treated with fibroblast seeded collagen nanofibrous or PLGA nanofibrous membrane at day 0, day

7, day 14 and day 21 after implantation.

o =

Figure 6. Photomicrographs of biopsy specimens from a wound treated with fibroblast seeded collagen nanofibrous

= e =

(A, B, E, F 1, ]) or PLGA

nanofibrous membrane (C, D, G, H, K, L) on the postoperative 7th day (A-D), 14th day (E-H), and 21th day (I-L). Nanofibrous membrane implan-
tion (B, D, F H, J, L) and sham-operation controls (A, C, E, G, I, K) were compared (Magnification 40X).
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(Figure 6(A-D)), 142M0l= HFOMZES] S8t SAR St (1995). ' ' '
H AAO| DIRIEQiOMN Flm|o] ERS Ztasl| ARSID E 4. C. A: Vace.mtl _and J. P Vac_antl, “Bone and cartilage recon-
— L ) ° struction with tissue engineering approaches,” Otolaryngol. Clin.
I|o| RHAO| SE=FCHFigure 6(E-H)). PLGA Lirzil|/et 7|8t North Am., 27, 263-276 (1994).

HE dx9 ofn| U= Aol= =O[X| UM ZeH L

HR%} Jl¥ QIBTETL HBE Po| AP EUMM0| ChER

- O

of Hfoi 2| AXERACHFigure 6(-1). 212M0= 2= &E

oo ZAOIM d=E B ¥ Mo dds 2Eg & UAUC
. 551 /e T8k QISTRE H&8et 4% O F44 ¥
M=l ZHEE (Stratum corneum)S EQISIFOMH E HIEE =
IE5e Sl M2 plateau A O[21 UASS =RIE &
UL

z =

2 AT0ME HEN 928 NEXRI PLGAt SRS
H7|UAL 7IE Saff LIed /Y SEHZ MZEsI, St
LR 49 24 /XIS flol SEECez JHulstsIgict.
CD Mg Sdll Za2tiol wiple helix TEIF F7[HAF &
Stebs 7tust M2| 0|20 [RAEIUSS 2RISIACE. E5H A
ZE PLGA 22 Z2H L RUO0| MESHS LIERHK] o
o Zepl LIrd{Uel 42 PLCA LRt} H
MIEZ ZAS0| 1292t 7240 FolMoz SdE AS
ACH PCR 7|HE Sof HHHTEE
MZE XE&st= PLGA
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