Polym. Korea, Vol. 46, No. 2, pp. 208-215 (2022)
https://doi.org/10.7317/pk.2022.46.2.208

E2N

e

=X

mjo

#

roh

-
—t

F O|&

ISSN 0379-153X(Print)
ISSN 2234-8077(Online)

Ol

7= Ch2Y Yeel

M=

I:_I|l-x|_|oc§* . %Iloéxd EIE T A

) B e ot o1 el el FHE S Al A S

2=

(021 1€ 9¢ A,

2021 12€ 49 =4, 20211 d 129 102 A

Fabrication of Bilayered Porous Membranes for Controlling Tissue Regeneration

Jin-Young Park* and Young-Jin Kim***?

*Department of Biomedical Engineering, Daegu Catholic University, Gyeongsan 38430, Korea
**School of Advanced Materials and Chemical Engineering, Daegu Catholic University, Gyeongsan 38430, Korea
(Received November 9, 2021; Revised December 4, 2021; Accepted December 10, 2021)

Z5 o)5F
7 A AL

9] A|3x£2]7]4 (extracellular matrix, ECM)3} A3k =
Atk B AoME FAAZHI A7 HAPHEE o] &5t

N
N
o

e A e wssh 22 A4
28 K oy BEAS AzSE AR 0)FF T they WHANS AR VEYD PR PE
AW /1FTEE ugirh v WA Axd W 22y Axe] AR Ve 9IS 24 A% 2o
Wi f5o] GEALST MHEIQIZNG AE 44 B 2318 U8 SN0 £ 0|53 72 U3y BHA9

289 & 9 F54ol Sl

R

Abstract: The use of bilayered membranes has attracted great attention in guided bone regeneration applications because
they closely simulate the major features of the natural extracellular matrix (ECM) of bone tissue. In this study, bilayered
porous membranes were prepared by using freeze-drying and electrospinning for significantly improved prevention of
soft tissue infiltration and regeneration of bone tissue through controlling the cell growth of soft and bone tissues. The
resulting porous membranes exhibited three-dimensionally interconnected pore structures. The results of cytocompati-
bility tests assessed with soft and bone tissue cells revealed that collagen nanofiber layer promoted more rapid prolif-
eration and differentiation of cells compared with GEALS51 membrane layer. These results suggest that bilayered porous

membranes can stimulate cell growth to exhibit similar regeneration of soft and bone tissues.

Keywords: bilayer, porous membrane, tissue regeneration, freeze drying, electrospinning.
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T4 FEE sbAok k! 53] oA AXAle FAEY
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=24 A a3l teiMe A77F JPE AT AxA 2
=222 AN S= 2do| FAY T PR Fol tigh
A= g Aol

22 AL T BB AAAE Axzst7] 28l
FAAZH, A7IHAH 2 8u) A ZH(solvent casting
method) 5 722 THSe W E0] AlLEE L AT o=
gad 2] HEHR AAA = e 22 IEFE Y
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o} ok thad JERl ARA AR ol A7 THAL
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AleF 2 MZ. W29l (cold water fish)2] 13 (fish skin)
oM F=3+ Al AXY|o]E (sodium alginate), poly(ethylene
glycol)-block-poly(propylene  glycol)-block-poly(ethylene glycol)
(PEG-PPG-PEG triblock copolymer(Pluronic F-68, M,=8400),
calcium chloride(CaCl,), alizarin red s(ARS), cetylpyridinium
chloride, SF2YH3|=, )41 (glycine), dimethyl sulfoxide
(DMSO), 1,1,1,3,3,3-hexafluoro-2-propanol(HFIP)Z} 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl tetrazoliumbromide(MTT)
i Sigma-Aldrich Co.(USA) AIF-g 793l AMSsIiTh &
¥ (porcine skin)l|A =3t ol 2F2}17 (atelocollagen, type
12 dupleo] 2= @=hplA F48IEE. Minimum essential
medium alpha(MEM-a)), Dulbecco’s modified Eagle’s medium
(DMEM), fetal bovine serum(FBS), penicillin-streptomycin
3} Dulbecco’s phosphate buffered saline(DPBS, pH 7.4)2
Gibco BRL(USA)IA 433}, Mouse calvaria preosteo-
blast cell line(MMC3T3-E1)Z} human skin fibroblast(CCD-
986Sk)= American Type Culture Collection(ATCC, USA)°ll
A Y4 3FA 3, QuantiChrom™ alkaline phosphatase(ALP)
assay kit(DALP-250)2 BioAssay Systems(USA)IA ¢35}
of ARE-sISITh 2 2]9] AREE Aokt Gull= Ank AL
A FAEIen, F71AQ1 AAII flo] ARSIt

0|55 7= CI3d "EHQ Mx. x4 AL ol5F
T v BEHS] AAAE Axs] faix] wHA A
Ha Ao E 7t S ol 8ol TAURHOR vy
d AEHRISS VHET WA ARzt AvolES F
Froll AdolA 40°CollA 2417 F_F ket HAEA}
o] HFFLE7 10 wi%s] S-S A=zt o] w A
/A ES 1:3, 111, 3:1 ¥ 5:12 3L, BEL)
ol & Fofslr] flsiA 87332241 Pluronic F-
682 HALEAL FA thH] 10 wi%S E3Hg-lol 7189
T} o5 AP e8] BalE Sl #E71E o8-St 10
BEe FASSS QWA ©] TR §AL fe) A
Ao FEF tel B3 0.1 M| CaCl, £9& 0|83l 6
A7 7RSS X18EIgiT) vES 9h e Sof] Zauh Al H 2
SAAZE St AYR/IAMo|E HEHRISS Axst
k.

ALEA ol =0 HEH )] AXAE Az Sl
A A7ARE Ol AR A 7THAREA = 0-40 kVE] A
ol 7Fs8r A 35374 (high voltage DC power supply
unit, I} EMT, =), 3 33 E(200x200 mm, stainless
steel)2] 3 FH(collector), AN S UAFHA EEd =
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T AE FA|H Z(syringe pump, KDS100, USA), FA}+7]
(gastight and needle lock type 10 mL, Hamilton, USA), &
LA HRE(ID=0.41 mm) 522 3T FEH Ui
o] AZE fEiA WA ol 2FeblS HFIPY ¢Hd
8] ZoAA 7 wi%®] HMARE S Azt F A el WA
Azt el /A o] E |HEY RIS 2o]al of7]d] F=Ril
S-S HAtete] HE olFF T ol WEHQ AAA
E Az SR VAR AR WARAE 10 em,
OI7FAY 18 kV, FAIEE 1 mL/hE ITAA T 2L, A-0)A
FEFE 60% oleke] Z7dolA Bsisith. AL ¢k $of
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0|55 7= I3y HEglel §M &Y. o|l5F +x2 o
373 WHEH ] AAA ] FH 542 field-emission scanning
electron microscope(FE-SEM, S-4300, Hitachi, Japan)3} ©]
u]Z] £ 3ZF 73 (Image-Pro Plus, Media Cybernetics Inc.,
USAYS ©]&31th. WA FE-SEME 53l doizl oA =l
HYQl AAA O] AR o]m|A & o|w|R] #A Z2IHE o]
st FHAA, FFUA 55 Aok FE-SEMS ©]
&ate] thad HWEYQD XA Q] FAHE HEsh] el W
F(POS o83t thad HEHRQ AAAe] FHES 60 &
ot AL, wE Al 7RSS 15.0 kVE 24 sk
232t} FE-SEM &40l ARS8 Fd e Al &S ©]8-3t
o g Wl XAA|e] 1 YAEAS energy disperse
X-ray spectroscopy(EDX)Z o]&-3lo] 3y3iict. 3k vl
A \EY Q] A A2 EWA 3}SHFF = attenuated total
reflectance Fourier transform infrared(ATR-FTIR, ALPHA,
Bruker Optics, USA)2} X-ray photoelectron spectroscopy(XPS,
Quantera SXM, ULVAC-PHI Inc., Japan)& ©]-8-3d #43}
St} ATR-FTIRS -3 3|4 (spectral resolution)ES 4 cm’
2 I3 3 (wavenumber)E 400-4000 cm™ H
ATt XPSol|l AREEl Xeray BA]= monochromated Al
Ka radiation(1486 eV)°] 3L, survey scan A1Z tiH] 45°9]
ZHe 2 715 H A0 v WEE ] XA A 9] WA
(specific surface area) =492 specific surface area analyzer
(ASAP 2020, Micromeritics, USA)E ©|&3913, 71 3%
(porosityy= Thad wEHQ AX|A|e] HA| F3] o] 7]F
o] K3 v &2 A4 porosimeter(Autopore IV 9520,
Micromeritics, USA)E °ol-&3l] SA35I1t. o5 7% o
574 AEHR AXA ] 71717 5732 10 kN &9 load
cello] Azt=]o} 9= 9174418 71(AGS-X, Shimadzu, Japan)
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2 2g50] Baghe ASSEom 94 $EE 5 mm/min

MNZE MEZE &H. o|5% 7% thd AR AAA
ore] Az FxA Ao PFEEE dolry] flaiA
ZZA1EQ] MC3T3-El Al 9}k A frobrl 2] CCD-986SkE
ARSI, Z22AM| A 1dol= 10% FBS2} 0.5% penicillin-
streptomycing $H13lal = MEM-aE ARS-SFRAL, Ao
Aaze] vFel= 10% FBS2F 0.5% penicillin-streptomycine
3kl = DMEM< ARE-ate] Thad Wl E# %] ZA] A
o (o] M AHELEE MTT assays ©]-&31o] EA41513 0}
Al F Holl g BB AXAE 24&]AS o83t
3X7E &}t EaAl71aL, AlSsiA] DPBSSE DMEME: ©]-8-6F
of Z} 38| A HsIE T 2 T M Eu] S 24-well plate?]
theA HEERl ARAE ¥l F3L, o17]¢ MC3T3-El %
£ CCD-986Sk Al EZ 5x10* cells/wellZ I3} 37 °Coll
A 79 SR IS A E RS ES Hrke] flsiA
MTT &85 7H2te] thad B Q] AAA| AdolA] mjeke
A Yol FaL 4x7E F71 vt dFd-g A A st
3L FHES DMSOR &3AIAA wle] A2 50| E 27|
(OPSYS-MR, Dynex Technology Inc., USA)E ©]-& 3}
570 nmollA 9] F3EE SA st sl

M= ME 2sls ¥ 228t B8 "It ol5% +
Z v WEH] AHA| dellM Z2FAE] E3tes o
olr 7] A 7] ZZAHAE B3 EAZA alkaline
phosphatase(ALP) €/33l=E ALP assay kits ©]-&3t] =
A3IATE MC3T3-E1 ME(5x10* cells/wel)E 14D 7F vl
ot Fofl A EZZTF 3531 0.2% Triton X-1002 ©]-8-3}
o]y, o] LS 4 °C & 5000 rpme] ZACE 1087F £
Atelste] Aol vk EEjsiit. Eeld 2o A
of EA135l= ALPS} 71221 p-nitrophenyl phosphateS RF
A4 A ALPOl 93l A p-nitrophenyl phosphate”} p-
nitrophenol= 3T}, o] W] A== p-nitrophenol®] F=
£ 405 nmollA] S7g38k] ALP 43l =E Brlsiact. st
olF% Tx thaAd HWEHQI AAA el 4] MC3T3-El
A 237 50 FEst vk HEE ARS S o83
H71etAth. MC3T3-El Al Z(5x10° cells/wel)S 2027+ vl
&gk ol wiA= A AL DPBSE o83t 33] AlH s3]
Tk 2L ¥ 4% paraformaldehyde & 08 1577+ 2783} %}
S A3 ARS 8940 mM, pH 4.2) 1 mLE 7z} wellol
B g2 grI A 2087 WESAIHTE B TR &
o PIuk-g- ARS 8-S AlA 3L 10 wiv% cetylpyridinium
chloride 8-} 0% 147+ F<1t HEEAIZ] S0 o]5 o] &
F% WSk 540 nmellA] A8k FE3E W =S HUt
a3tk
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oo 12



=

ksl
s

AN S 2L 9]

el M= o2 AlEe] A4 vl SigmaPlot 13.0(Systat
Software Inc., USA)S- ©]-8-3}¢] one-way analysis of variance
(Turkey’s test) "HO 2 A E AT} thzwtol thsh AZ9
Frof g Apoli= #p<0.059] FEollA BA 31T

Zit ¥ EE
MILE/AX|H|0|E HEHQIE HAF BE )% 7x9)
A8 g9l A7} S5 TS A% e Kol
=08 BT 9y, 3] A/ R AZE Ui
Mo pzros Az ECMF SAIS] W] =
zZAw ozl Az 9] ANE AAS] 2= oz

f

F3L Qep e mEhA B Aol o5 2o T
34 MEYRS Az flEiM SAATHES o]8at] A
/AR o] E HEHRIFS WA THES. ol Aabel/
Ao E HBYRISS THE7] fl8iA AREE AEhEl/2A]
ylo]E2] H]-&-2 1:3(GEAL13), 1:1(GEALI1), 3:1(GEAL31)
2 5:1(GEALS1)oIth. BAAXHE O R A %3 Aejel /A=Ay
o|E WlBg]QlFe] ¥ PAL SEMS o|gsle] st 4
I Ao A 7|3TRE 7L AL, Ao
E9 ALgFo] FAAETE 73] A7Vt FolA AL v
Agt 25 HAKFigure 1). o= EA|C|EL] ARg-30]
BETE 27 35019l Aol (Ca)He] 7tankgo =
THEolXE B84 Ikt Agol 71Fe] gl e 34
< o|F7] wjitolgtar Aty oz}

HEIE/AX[H0|E HEQES S2|5tEE sS4 24,
ALR/AAY 0| E thad fEHR1Z] AAEAR 240
3lo] w2 % E4) W3lE ATR-FTIRS ©]83lo] 400-4000
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Figure 1. SEM micrographs: (a) GEAL13; (b) GEALIIL; (¢)
GEAL31; (d) GEALS1 porous membrnaes fabricated via a freeze
drying of gelatin/sodium alginate.

Energy (keV)

Figure 2. (a) ATR-FTIR; (b) EDX spectra of porous membranes
fabricated via a freeze drying of gelatin/sodium alginate.

# gAo|ES] Fhgo] E& GEALIZNA = EAUo|E9)
-OH 153} Al2}ele] -NH 159 stretching vibration®] 7]
Qlsh= 54927} 3278 em! ol A AZEQATES B
15942} 1408 cm™ Lol LAY ] E 2] -CO0 19
asymmetric3} symmetric stretching®l] 7]13l= w37} #2
A3, 1022 cm™ F-ZolXM = GAMICIE v F22] C-0-
C stretching®l| 71%1et= Sr3]=7F A=A} 22y o
3/ HEHIZ e gho] EobdeE Ao Ed
7118k EA¥ A= st oFsliA|aL, Al 7]9lehs o
A7} Z3sHA vERsth. debele] ko] 7P %2 GEALS
M= 1618, 15272 1231 em'oflA] A2}E12] amide Aol
2] 3l amide I, amide 11 ¥ amide Il 337} FAE oM,
ol& EAT A= C=0 A%< stretching vibration, C-N A%
9] stretching & N-H ZA%2] bendingel] 7]¢18kc}. "
AZR/AA 0| E thad JEH 1T HALEA} AR
Zoll mE o] Y94z ¥IskE EDXE o]&-dt] 48t
ok 2 A3} Aepgle] ARg-o] ekl YA EL] AL
&) ZAaTTE A (Ca)ell 7115k Faw =7t o
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Figure 3. XPS spectra: (a) GEAL13; (b) GEALI1; (¢c) GEAL31; (d)
GEALS5]1 porous membranes.

A3 ANl 71908k I 327F 234 S7tske Bl &
=l tH(Figure 2(b)).

bRl Yo E. vy JHE Q1T skeh4] 24 XPS
£ o]&3ate] thA] ERISH N, 1 A BE MEFolA At
Ely} dA|o|Eef] 7]915h= 57l¢] H2lE =7} 534 eV(O
1s), 438 eV(Ca 2s), 401 eV(N 1s), 349 eV(Ca 2p) 2 285
eV(C 1s)ellA] ZZEATE 0|5 T2 FolA] At 7120
k= N 1s I3e Aepel o] Abg-go] Bol A5 S7kehe
73RS RS tH(Figure 3).

0|55 7= i3y He=gelel M U J|AN 84
M. FAAEHE o]&ste Az Aepel/A 0| E 1
gllell AEsiA A7ARE S ol8-ste] Fepll Ui iE
< AxF oA olFF T2 thd HEHRIS Ax
SIGATE. o] uf Aeiel/ZA o] E HE 1L 7o) A7)}
23 #dgh 71 FFEE Holw, WEHR] Ax Al 713 ¥

Nz HI

Figure 4. SEM micrographs: (a) surface; (b) cross-section of bilay-
ered porous membrane.
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Ae] AdAd ol 423+ GEALS1 WHH 01S AFE3II ). o]
A AzE olFs 7= thed WEAERIS] FHP4S SEM
S o] g3lo] B3 A} Figure 4(a)elA & = e AAH
Felle g Az el 52 GEALS] WHEHRISHTE
O 2ol #4373 THAE 3RF R AAE o
TZE BHAT o]F WA o] Bt A7 588+23 nmE
Tde A4S Bk A& HE WE Q) XA
o] FhH SEM ARKIoA gk #lBgQlo] U502 235
A 3o AZAE TETERE S A 22 FH
o] o]FF T thad WEHQ AAA T A o=2 Az
Ath= A FRISHATHFigure 4(b)).
FHEAYE ARE AXAE Ad3 7144 A=E
71l ol ZAET91] FxF 0] s AAE WA
YA TN S Algstelof stal, GGt akAe
o]o] T3] 7HetEE nMZE S Algeteior & Wt
ofle}l Az o] IFE GA o2 Apdstoiof g0 1
AU A A2 IAFE GHFoF At
e BErt =2 FE F] AXAE ARSE AL 9o
e ZFER QEA SEe Y] Tl ofyr] uiE
o ZxA AT tha A & k. B AlaEe] 3
A7 2 Bl 52 XA wHe] px, 3144, xuds 5
of FEFS W= 2 FoME 53] HFHZ o] WESTE
M Zo] H2tz)h B2k (spreading)o] EXE L, 71 ¥ =T} =2
5 Gl o] e A BE At wEA g
AUTE wEbA BIEEA 9 7]eEst e FH FRe X
Aol w9 Fa8gt EFolgt & F Q) olFF 7= Thy
A B gole] v EHA S FARE A3} GEALST WEH QIS
2.0+0.16 m¥/ge] HIEHAS HAL, Fel Y= F5
4.5+0.29 m¥/ge] ¥|FHZS Hole Z3} 7o) YA f30]
g =2 HEHEAE BAT 75 A Ao A e
GEAL51 REH S F27l veidf2o] 2H2} 82.8%%
81.2%= 79 H|s=e gk BTk

T3l o] & o WEHRIS 7IAF 54 WstE
dotr 7] flEiA SN S 722 st A
(tensile strength)2} 3E:1E-(elongation at break)e =73t
F} AAYEE 2.5£0.3 MPasS B, A2 38.6+2.8%
=R =

0|55 7= i34 "=geloiMel MEME HE. o1F
ZF T2 oA HEY)Qle] AxA g FxA Mol A
v A= GES golry| fsliA AR FF = oAl
o] CCD-986SkS} w2 S/l S8 ZZA ¥ MC3T3-
ElS o|&3le] o]FT T2 thad WEHRI Aollxe] 474
155 MTT assay o2 ZAISISITE Figure S9lA & 4=
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Figure 5. Proliferation behavior: (a) CCD-986Sk; (b) MC3T3-El
cells incubated on bilayered porous membranes as a function of
culture time (#=5). *p<0.05 for comparison between two treatment
groups.

So) o WA A4l 98 & 4 AT ol 2o
o] ECME FA3H F4%oln 958 A4S 1ol

7] Wole}. ek Zejlols 2, ol2rld St o] %
ASE 7R Q= A7) ol 277t Bo] EA) 517
o] Urtdo s SASE K= AE FHI A7 728
A BRI deAes Aok 2 U3 Fekae e
3}, o), B3l 0 44E FAN7)E B ol Ao A

ZAelolAitt, 53 ZeRl Uheil 5 GEALSI ABe1%
o HE|A] =& B EAA L 71R]7] wjHol| A|xe] FI A

g B3k U S0 IS o= ddEn
MZ 25t ¥ &Est B3, ALP= Mo FE2 Al
ZQ98 93-S 37| wlitol ALP EAses 27 é—;%l:-‘i
3} TX2A] duino g /\]»510] =} upapr] o)==
A WEgelo] ZZA| X MC3T3-El A2 +§}oﬂ
U R = s ZALE) Hoﬂ/ﬂ ALP A3 E H7181y
o} 2 43} GEALSI ®EHIEET b i3l
A aiekE A ;,Z_oﬂ/q E WA 7IoA] =2 ALP 4L 1
SAtH(Figure 6). o= ZEFAl] 2J3k A|Zo] AJdo] X
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Figure 6. ALP activity as a function of culture time for MC3T3-E1
cells incubated on bilayered porous membranes (n=5). *p<0.05 for
comparison between two treatment groups.

wEbA 2 ZE3E o] Uehbe Zo= AetEn”
ZZAEE 12313 o] ECM2] 22312 93 w82 A
Zstu R o]FZ v‘%A o fE 1A o] ZZA 2]
MC3T3-El Hh«l Foles F34 TH] ARt QL 2
3 ihg- AxE 55/\}?}011 oaliA Hrleidnt. BES) ke
Are FEsh vk M AAEE 7t g50129] ZE
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Figure 7. Calcium deposition for MC3T3-E1 cells incubated on
bilayered porous membranes (n=5). *p<0.05 for comparison
between two treatment groups.
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Figure 8. (2) Proliferation behavior (»=5); (b) SEM micrographs of
CCD-986Sk cells cultured on GEALS51 membrane layer and
MC3T3-E1 cells cultured on collagen nanofiber layer in bilayered
porous membranes for different periods of time. *p<0.05 for com-
parison between two treatment groups.
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