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ABSTRACT

Improvement of the bone regeneration of porous
polycaprolactone scaffolds fabricated by CO, gas
foaming/salt leaching
using gas plasma surface treatment

Tae-Yeong Bak

Advisor : Prof. Byung-Hoon Kim, Ph.D.
Depar tment of Dental Science
Graduate School of Chosun University

In this study, porous polycaprolactone (PCL) scaffolds were fabricated by
CO. gas foaming / salt leaching process. PCL scaffolds surface were treated
by oxygen or nitrogen gas plasma to enhance the preosteoblast cell adhesion,
spreading, and proliferation. NaCl was mixed with PCL to generate adequate
pores in the PCL scaffolds. Ratios of PCL / Nacl were fixed 3 : 1. The
supercritical CO. gas foaming process was carried out at the pressure of 8
MPa and 50 C for 6 hrs. The depressurization rate was setting of 0.4 MPa/s.
After salt leaching, The porous PCL scaffolds treated with Oxygen or
Nitrogen were prepared by discharge power of 100 W and pressure of 30 mTorr
for 60 s. The results of this study demonstrated that porous PCL scaffolds
fabricated by CO. gas foaming/salt leaching possesses the porosities in the
75-90 % range and mean pore size of 430 pm. The gas plasma treated porous
PCL scaffolds surface showed hydrophilic property and the adhesion and
proliferation of MC3T3-E1 cells was enhanced comparing to untreated PCL
scaffolds. The PCL scaffolds produced by gas foaming / salt leaching methods
and plasma surface treated are suitable for potential applications in bone

tissue engineering.
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solvent .
Salt leaching

Fig. 1. Schematic diagram of salt leaching.
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Fig. 2. Schematic diagram of freeze drying.
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Fig. 3. Schematic diagram of electro-spinning.
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Fig. 4. Schematic diagram of gas foaming method.
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5. RP(Rapid prototyping)

L Y2 2 109 MOl TN O SO @22 2SS 2 HME H8HO0l
Ct. Ol 282 M2 ZAHUARE AMSZ ML 2HE2 MMM SLot=
O ZRsH AIHEQE AEEE JIBIOZ2 SEoIHA MBS H=sts 210
SAO0ICH. =5 THYE Ot 22 2AHE 0120E X2 YHES0I JACHOI 2,
1997) .

(1) SLA (Stereo Lithographic Apparatus)

233 X0 doIN ZHS FAMGHE FAE 2201 Zdt= |AelE 018
st XI0ICH. dlold 288 018a) =20 S8550 =0 888495l =
2 HEO0l JASLt, =X HX2IIt 2R6tCHFerry S, 2010)

(2) FOM (Fused Deposition Modeling)

ZHE doz & gitAd S22 L 20N =010 & ZESEZ 1§
AIIHA HSAI= LEOICH HOIME AIESHA 2J] 20 JIAHEX= 2+
oLt 88 =S = SLAO dlol ZORICH &EHl JrZE0 A E2H0F HE ottt
(Tinneke S, 2013)

(3) SLS (Selective Laser Sintering)

SLA OlMel &Z2Fstd =X Halol JIsd DE2X L= SE2LS ALEotH d
Ol 282 =AML AZAIH H8ote |20t He 3% 2&E JHXD
Il 20 ELEE0| OtLl JISEECZ A AMES & 4+ e AMMBE ot £
ULH SE€sT= JIE W20 MSIF Chstlt &HI0201 BIMD =5 HIZst
DIte] 2HEHIOF 2 26HCHCChen S, 2014
(4) LOM (Laminated Object Manufacturing)
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Various type of scaffold fabrication methods

Table 1.
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4 Mze €3 Sdi Sol, 48 SH eXaBo L8 HSE
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HOHXNGHAlekhin S, 2010), HEHOIU X (Bertazzo 2 Rezwan, 2009), A= &4
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2. Ect20r EEXHC

HBANLAEUNM=E &3 AEHUA MK TOHE S e &30 8= SIHAIA
SctEOtE 2dAIII=0, SctE0 2dsS fI8 A SFR0 Ot S820
gotdt, 2220t EEMel=E A 2Y 2Scld, H8 iE, 2% oE, 29
Sz U=s It UL

1. Zct=0} 2clY (Plasma cleaning)
ASAENN GasE F=ot EcCtX0IE E4ol2 &2, 023 A gises
Mo HHES S|, Aol ggoz HO) =AS Jiotd 0122

(Contamination)S2 SZAIIIHLE EHHCEH.

Alien /02 e

/ substance é ..... ..‘..
o 0020 o o 9O .i .

<—— Substrate

Fig. 5. Schematic diagram of plasma cleaning.
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2. Ect=0F JH&(Plasma activation)
BIZAEHO 02, Ar, N2 GasSE Fot E2tX0IE d4Hdolds AR, S0l
AUX= XHels BEHN E=2E0 0t S99 HEHGS SAAI2IC
Activated
substrate

Alien
substance / @ o’ )
- ey ... S -
®
DL X Y 7L R A
€—— Substrate
Fig. 6. Schematic diagram of plasma activation.
M

d=2= MA,

=0 OlZ (Etching)2 =2

3. EZ2tX0F ofI&(Plasma etching)
S HIIA(0,, CFy, SF)E OlE8H E
S = EHYHOZEN BEHAHAAS S AII|I= 210ICH.

Fig. 7. Schematic diagram of plasma etching.
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4., EctX0F ==H(Plasma Deposition)
RIZAMENOA S JHAl OlAtol GasZE
=l JiAE ME29 ZEd JAo ==

tol

=gole SctE0tE gdotis 8%, ol=
=
—

ICt.

—h

Fig. 8. Schematic diagram of plasma deposition.
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H 12 A8z

L L

2 AS0M AMZ2Z=  Poly-g-caprolactone(Mn 45,000, PCL)Zt NaCl2
ma-Aldrich2t Bioshop. Inc OIAl 22t RUSHICEH. NaCl 2

Sig 2 o022 M 0l
Z0ot ZA3J] 150 ~ 212 um HRAZ AJIE HEotH &0l AHE GtULCEH.
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Hd 2 & 3 X3 PCL XX HZ=

PCLE Hot plateE AFE6t 55 CTOIA =0l NaCldtel SAHBIJH3 101 EH&
£ 212 ZOtotd X XIME HMZAGHALH
ANXHE AHelelA 2 JpAetSII0 €10 C0. JtAS 80 Bar Olah Jh2tset &fEM
O XIXITMO =S A CO, AT S201 Soll &l O
o 258 =X &= water bath Z0A 6 A2t S |RXIAIHA F=JALH. 6 AlZE =
=] =

Co. JIAE HE AMAFI| ot LIS ot0d 160 Bar/min2 &2 &=

-

—

£ Al PCL / NaCl XIXIHS WSR2 &St Co A F2 EE0 HEA I
S JI8E HBols PXE US0H FUCH. & A2 PCL / NaCl 22X =&
ANXME 1 A SF=0 = 2 S FHAIH = =8 7 3220 XAl
H OZ24d2 PCL XNXME MZ otATH. 1 X SF== 12 Al2H OtCH 8 B4 1)
2ol =01 Ch3d PCL NIAIH RO A=s S0 25 SSHESE of AL
M&E PCL NIXME & A FJ2 &2 JIZSd JIALEZ Qlof 20 2

JIEE0l &5 HBLNH U= F=E JHXIH, Fig. 9 Ol & HES, Fig. 10 O
MZ&E PCL AIXIAMS SHHE LEHHRACH. MA= PCL XIXIME 8 mmel =J|
ctA AlESZ ALESHRILC.

Eot =52 8= ?Ig PCL 2E= Mo A6t PCL 50 wthe € 222
( 60 2

H
A

m

2
z
=
~
o
o
)
z
Qi
2
a
=
bl
g
oo

£ (SK chemicals, Korea)Oll €1 &t
HEs SC 20 220N 0HE ZSLAIAHA SENHIF < 0.2 mm@! PCL 2HES HIZ
ol A|EHOR2 AIZoISLE.
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Fig. 9. Schematic diagram of PCL gas foaming/salt leaching scaffold.

Fig. 10. The photograph of gas foaming/salt leaching scaffold sample.
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H 3 & JtA ScrXx0F 28HIE

A EAEetX0F &M Al LIEHUE 3 WES E2tX0F 8BS M2 Fig.
11 0l LIEtLHRIS0 EckX0F BS&EXe 2HE= Fig. 12 o LIEHLHACH. Et
X0F EHIEN Al2E JlAE AP (Oxygen, purity of 99.95 %, OFF=AlA)QF &

A(Nitrogen, purity of 99.9 %, OI=&MA)E A2 oI, X0t HM2ld=
EctX0HC

RF(radio frequency) 13.56 MHzSl =& Z&d

apacitively Coupled

Plasma; CCP)EF2ISl ZHH|(PLASMART Inc. Korea)E AF2oICH. 325 mm =AW 175

mm =012 X2 MU= REt B2 A 1 x 10° Torr2 NEBEE SAGHACH
}

ANEes A48 d2022H 30 mm €EHE 20 fAXISCH, E2tX0
oted=s 30 mTorr2 KAXAst &, 100 W 2

Ob &bA(0z) 2 B A(N:) MElE 8Tt A2 AIETHALCH.

Fig. 11. The photograph of oxygen and nitrogen plasma discharge.
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RF generator -——1
Elhh:hingl mmotkl

! Plasma source |

ATM
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Gauge —
Throttle \
valve ¢! Vent
valve .
Vacutam Roughing
valve

pump Monomer
Exhaust l H

Fig. 12. Schematic diagram of plasma treatment device.
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$M&I@DI%‘(SEM: scanning electron microscopy, SNE-3200M, SEC, Korea)Z
0|25t 2Hdel PCL ThE24 XXM & AtAer A Z2tX0I2 HEHIfE & PCL

ttsd XXIH 2 oS 2EoAC
SEM 2 E0l= Au Coater(Au 99.99%)E OIS5tH Au 2ZEE 1 & S¢t Hel ot
O, ZE0= IS M 15 KVOIA SE modeZ =&otRUCH

=i E
PCL CIE24 XXM & AtAQ A ZEtX0t2 EHHIME = pPCL ChHE24A XIXIA
S2H(XPS: X-ray

10
da]
|'Cl
10
ol
I
Pe]
0x
|'II
ol
iy
i
o
_O'j
<
4
_O'j
=
0
X
e
r
>

4]
Q

photoelectron spectroscopy)=S 0| =Z0d}l

_24_

Collection @ chosun



H 52 XZZAHE i
2 JEM ABE HE:s 43 SHI0M SUE ZS2ME MCIT-E1(ATCC
Catalog No. CRL-2593)2 ATCCOIAI PESIO AM25IRD, MEHILS  o-MEM

(alpha minimum essential medium with ribonucleosides,

deoxyr ibonucleosides,

2 mM L-glutamine and 1 mM sodium pyruvate, but without ascorbic acid/GIBCO,

Custom Product,

(w/v) fetal bovine serum (FBS, PAA
100 #g/ml streptomycin

penicillin,
CO.0t

DAaC| =

platedl A

Collection @ chosun

Catalog NO. A1049001)BHXION growth factorE

BHXl= 2 & 21322
ZclAl2l = 4 C 1000 rpmOilAl 3 2 =2 Jd=cl
. el

H35t=
Laboratoris, Inc. A15-751)1 100
SO S8 E MIZUHLHS Z&ot0 5 %
S AI&El= €0, incubator Ol A HH
TrypLE™ (GIBCO 1640

10 %

100 % s=Jt
WHISHASH,

ﬂ|6

tOd 3 AICH

ol

3 & 0OCH 80% confluence & (0 HICH HHE
ZoIUCH.
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H6 &2 X=BAE SA4

A2IZANE SAES MIT assay2 0|0t JIot{ L. MTT  assayes

—/

3-(4,5-dimethylthiazoly|-2)-2,5-diphenyltetrazolium bromide (Sigma-Aldrich)
Jb formazan@ 2 HEtD= 212 =&ols YWHEHOZ Us 20| £=8stCt.
HHQF=l MC3T3-E1 MIZ= o-MEM HBHRKIE 225 HHS = PBS (Phosphate

buffered saline, Sigma, USA)E 0I5t MIESIH2SO trypsin/EDTAS A g A

Jtot] BHEEAZRH =2C2lAIZCH. 22l= MZ0 FBSOt &=l BHXIE & Jtot!d
BrS=S XAIZ = FHZ22IIE 0IE0tH NMEE =&AL M0 BHXE 3
JtotX

CHAl B9 A2l & Z=H|E MZ0| ©HE 12-well platedl 22t 1 x 10°
cells/wel |2 UEGHUCEH. 1, 3, 620l &H MIT (thiazolyl blue tetrazolium
bromide, Sigma—aldrich, M2128)AIZ%E 2t well & 100 p | EIISIH HXAAHS| &
0| MHT = A2 SQIGIRUCH. 4 Al2E = DMSO (dimethyl sulfoxide, Junsei,
35535-0350)E 1,000 pl/well& €2 & A20M 30 &2t BHLSHRULCE.

2EE =FoHI| Aol S HS 96-wel | plateOﬂ 212 200 u I 28t =

ELISA reader(Thermal Fisher SCIENTIFIC)S Ol=2dtd 540 nmilA EZ &
ot Ch.

ol
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H 7282 X=BAE 2

]

SctX0F JH&Eset MEN X2l MES0l ZAHE 12 well platedl B
MC3T3-E1 AMIZE 1 x 10° cells/mL,e =2 IFEGIQUCH. Deld 2 Al £ 2.5
%2 Paraformaldehyde(Electron Microscopy Sciences 15714) 2}

Glutaraldehyde(SIGMA ALDRICH G5882)2 E&IEHO = 3 Al2t M DHES StHFY

o

1D 10 8 =0t PBS 2 0|20t ME‘IH = £ 1% Osmium tetroxide(SIGMA
ALDRICH 201030)E 0l&5td 30 SOt = NHZ NHMGIHCH. 70 %, 90 %, 95
SS Z=HI6IH AHAEXAMHA F=JAD HMOS(hexa—methyl-di-silazane,

%, 100 % &2

Fluka, 52619)S 0I5t M2 <0l 0tU= DS MH = AX GIUCH

2. Rhodamine—Phal loidin assay

=HlE MZE0l €HE 12 well plate® BHE MC3T3-E1 MIEE 2 x 10°
cells/mL,el =&= mESIACH. HE IS = 24A12t00  XILIH 4%
Paraformaldehyde(Electron Microscopy Sciences 15714) MHE 0|25t0 HEE
DHGIH & = 52 SO PBSE 01E5t0 MIAGHACH. 0.1% Triton X-100( B0
M4t T1020) 0 1% BSA(SIGMA A9647) EEXHZ 01&5t0 5 & S £ HeldtH
A1) Rhodamine-Phalloidin(Life technologies, R415) AIZS 15 & S¢t A
NEZE SMGIACE. 3 B0l 2Hd 22 5 2 SO PBSZ MAHGIH & =

AMS &t Fluorescence mounting media(VECTOR H-1200) 2t &M PCL 2&
£ cover glass R0l 256t E2SH0I1ZE2Z 2EGH| MK 4 CUHM 2

I
M H

o
ol

2
P

w0z H

IL
4
A

e e

}

89

Ck.

ol
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H 8 &

SHEH 24
2= AE UOIEHE T-test 248 &
A H=2 HIWE Sot 222 |Rol&

ot Al2I& 95% (*#p<0.05, **p<0.01) LK
XHOIE HlwotRUL.
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Fig. 13. SEM images of (a) PCL scaffold, (b) PCL scaffold treated with 0

plasma, and (c) PCL scaffold treated with N> plasma.
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100 | — -

-
L8]
T

Contact angle, degree

"o

0 [ |

Control 0. N,

Fig. 14. Water contact angles of (a) PCL film, (b) PCL film treated with O;

plasma, and (c¢) PCL film treated with N, plasma.
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—Control —_— -0y e N,
i
L sprfulpr. 4
s -3 N1is H
e
| V. o I
k-“”ﬂﬂ‘
N e el —
Ols Cls
L '] 'l 'l 'l 'l »

1000 900 800 700 600 500 400 300 200 100

Binding Energy (eV)

0

Fig. 15. XPS of (a) PCL scaffold, (b) PCL film treated with O, plasma, and

(c) PCL film treated with N> plasma.

Table 2. Surface composition of the PCL film before and after the plasma
treatment
Group C 0 N
Control 78.64 % 19.94 % 1.42 %
Treated with oxygen plasma 70.98 % 27.71 % 1.31 %
Treated with nitrogen plasma 73.16 % 24.02 % 2.82 %
— 32 —
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O Control 0, BN

S

c

2 300 * *% £

g! % %k *

JE * * ok sk
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§ 0

& 1 3 6
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Fig. 16. The proliferations of MC3T3-E1 cell seeded on pristine PCL scaffold
and surface modified scaffolds for 1, 3, and 6 days.
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Fig. 17. SEM images of the MC3T3-E1 cell seeded on (a) PCL scaffold, (b) PCL

scaffold treated with Oc plasma, and (c¢) PCL scaffold treated with N> plasma.
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50pm

Fig. 18. Fluorescence images of the MC3T3-E1 cell seeded on (a) PCL
scaffold, (b) PCL scaffold treated with 0. plasma, and (c) PCL scaffold

treated with N2 plasma.
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Il S0 =&8HAI| 20 MAS sE2o B MACDE DNE == Y=
Ol= Vessel 2 AE0A SctX0F M2l = FAl XPS =42 & 242 Ul S0l
N LA 20 242 & 2O XMOIUMME & = AUCH Vessel 2 Mozetic,
2008) .

= HF0A oA ScetX0tet 2 ScetX0F MelE SoHA C - C bondingdt C
6

- H bonding(284.6 eV)2

1.22 at%0lA 51

A2 ath oF 52. 42 ath 2 22 2 A6t

RoBH s ZEetX0E Melst OS0 A € = 0 bonding(531.89 V)2 19.94 at%

OIlAM 27.71 ate 2 SJtotTH. &£

]

24 SctX0E H™elst OS80AM € - N
bonding(399.56 eV)& 1.42 at%0lA 2.82 at%h= S8t 222 0120 Zect=0

_

Heldl 83F0I[gCtD  ArZ2E Ch(Lyakhovitech S, 2003; Murali &, 2014;
Abhijit S, 2009). 0|2 &2 HH A3 vtgsoz x4 82 Tote 22
NEZO SAE SIAIIes 22 JIHd20(Lee S, 2009). oFXIQH 2Bt oZ =
X0 XMel2 Qo AIES] HEHO M20 =4J|= Al2H0l a0 et AZE =
ZEOl ACHD LAM UCHZY=L S, 2002; &HI| S, 1999).

? AElHME &A% A4 S JHXI2 22X 0IE AFE0tH EEHES HEAIZL.
FAEXSE0IE ZH0M AL ZetA0F MelE s NAMeF 24 ZetX20t el
£ & XNXNMe 2R 49 X0l A LIEtUA ZUACH #f 242 0IFH =
X0 HEXEIL Alg2l HH0 S2/E2 HaEs =X 228HA, sefEol 42
= HEGIRUU= AS & = UAULCH

2 AN AI2E ZS2AHE(MCIT-El) = MM F FIHBHA 221504 H
BHYst NEZZM, BHY =J|0l= ARO0MMEZESl &= AL ZEAIZE BHEAl =
JIEe] A3lstEtt OtLlet, RS AMERF SMEZ 2ot £ JIsS 1D U=
MNIZZZ= OICH(Casser S, 1990)

MOt SA, Z3tot)| fIohAd=E MEIE AIEN E20] & SIO0F &ttt & &t
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