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ABSTRACT
Effect of surface modification of bio-polymer by low

pressure and atmospheric pressure plasma treatment

Su-Yeong Kim

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

University

Plasma surface modification are commonly used to improve the surface of
biomaterials. High  density  polyethylene (HOPE) and  expanded
polytetrafluoroethylene (e-PTFE) have hydrophobic surface properties.

In this study, hydrophobic 3D HOPE scaffold and e-PTFE were surface
modified by low and atmospheric pressure plasma treatment to enhance the
preosteoblast cell adhesion, proliferation and differentiation. After
plasma treatment, HOPE and e-PTFE surface characterization were
investigated and biological evaluation was determined by preosteoblast
cell. Results from this investigation showed that plasma treated 30 HOPE
scaffold and e-PTFE increased hydrophilic properties also plasma treated
3D HDPE scaffold and e-PTFE improved biocompatibility. Low and atmospheric
pressure plasma treatment technology was provide good biocompatibility for

bone tissue engineering application.
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5) DA BHE

P
[l

2 AE ASE NE=s MF FHIBUMN [HSt =2 AHIE MC3T3-E1(ATCC
Catalog No. CRL-2593)2 ATCCOIAM T&Gt0 AtE3IALD, MHEHBHZES a-MEM
(alpha minimum essential medium with ribonucleosides, deoxyribonucleo
sides, 2 mM L-glutamine and 1 mM sodium pyruvate, but without ascorbic
acid/GIBCO, Custom Product, Catalog NO. A1049001)BHXIOI growth factorE Al
&35ot= 10 % (w/v) fetal bovine serum (FBS, PAA Laboratoris, Inc. A15-751)

Ik 100 units/ml penicillin, 100 #g/ml streptomycin &AMt &&= M ZHH

AHs =8olH 5 % C0JF B=2&<= 37 T, 100 % &I 8XN=H= €O
incubatorlA  HHSIHCH. MHIEAZE HiXl=s 22 2292 DAHGHISH,
TrypLE™ (GIBCO 1640)S 0l20t0 HIEZE plateGlAl 22IAI2] & 4 T, 1000

rpmUlAl 3 & SOt |AEel ol MEZEE =60, Ol 3 & 0HCH 80 %
confluence & [ AHICH BHGIN 3 MU MEE AU ArZ0HALCEH.
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6) ZE2HE B4

TB2ME BAES MT assayS O0/E6t0  EIISHRUCE. MIT  assaye=
3-(4,5-dimethylthiazoly|-2)-2,5-diphenyltetrazolium bromide (Sigma-Aldrich
)Jb formazan2 2 HEtCle 22 =&ole YYo=z USW 201 =oAL
BHE MC3T3-E1 MXE= o-MEM BHXIE 25 MAS = PBS (Phosphate
buffered saline, Sigma, USA)E 0I&ot0d MIEGIFL2M, trypsin/EDTASE A&
OISt HHLEAZRH Z2IAIZCH. 22l M0l FBSO Z&tE HHXIE &It
ot BtS= XA = =222 0I2otH NEE =&otACH. MZO0 tH
XE #EItotK CHAl 2% A2l = ZHIE MEZ01 EHE 12-well platedl 2t
1 x 10° cells/wel |2 MHBBIRUCH. 1, 4, 7 L0l =S MIT (thiazolyl blue
tetrazolium bromide, Sigma-Aldrich, M2128)AI&E 2t well & 100 #¢ & Itot
O EXAol ZFO0| MHL = A0S HOGRUOH. 4 A2t = DMSO (dimethyl
sulfoxide, Junsei, 35535-0350)E 1,000 #£/well€ 22 = A20AM 30 22t
BHZoI L SZEE =Zot)| <ol B2 96-well platelll 2r2f 200 we
Z 38t = ELISA reader (Thermal Fisher SCIENTIFIC)E OI&35t0 540 mmOlAd &
Z2EE SEOIUL.
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Z22NZO 25l= AP A2 S50 &0 GIJCH. MEZ= 1 x 10° cell/
moz 229l XXM BHstD BHKl= OSY 50 wg/™ ascorbic acid

(JUNSEI)2t 10 mM B-glycerophosphate (Sigma-Aldrich)E XZ&3dt=  a-MEM
(GIBCO)2 =2 WAMSIACEH. 7 &, 14
(p-NPP)Z2El  p-nitrophenol (p-NP) Y=g ZSTHEH2=ZM  EIIGHALE.
MC3T3-E1 MIZEDL A& AIHSE 0OPBS (Welgene)2= RS 28 MAHGHY
D, 108 S 0.2% Triton X-100 (Sigma-Aldrich)0l Z&& 0.9 % NaCl
solutionOiA MESIF2H ZSIUAM 65 WE 12 =S¢t Vibra Cell instrument
(SONICS)E AtE
2t Ay =el ot ZHE 37 COIM 30 =2 p-nitrophenyl phosphate
solution It & HHGHRUCH EHES2 1.2 N NaOH 600 #4E ol EXIAIZCH

ALP 42 ELISA readerE Ol20H 405 nm S92 HAISIE CHHHA =02 =X

=2 O

ALP= p-nitrophenyl phosphate

e
o

=

tOf =St MEotACH. lysate= 4 T, 2,500 x gOlA 10 &

ol

At
(=]

[0
ol
<%
N

SOZM EOIGIRUCH. H#™E =T = Bradford HHE FHE
O

Ct.(Bio-Rad). CIOIE{= umole p-NP/min/ ug protein
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8) XZBZME =D|IRF

= A8lAMsE RIIRE 2ES A8 ME dXc HES Ush 201 Aot
ULk

Zct20t JHESt MEN 2 M2l ME0l EHE 12 well plated HHE
MC3T3-E1 MIZE 1 x 10° cells/mL,e === HHEGHCH. Jdeld 2 A2t &
2.5%2] Paraformaldehyde  (Electron  Microscopy  Sciences  15714)2t
Glutaraldehyde (SIGMA-ALDRICH G5882)2 E&EMO = 3 Al2tSeH & NAES

otR, 10 & =¢et PBS = 0IE0tH MEGHH = = 1% Osmium tetroxide
(SIGMA- ALDRICH 201030)E O0I&3dt0d 30 & = n&EE & XE#MSIACH. 70 %,
90%, 95%, 100% LD=22 ZTHISIH HAEZAIHA F=JALD, HUDS (hexa—methy|-di-
silazane, Fluka, 52619)E OIE5t0H ME 0 EO0I= 2222 MA & A
X GtALCEH.
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9) Phodamine-phal loidin/DAP| assay

2t2t0] ME0l EHZE 12 well plate®l BHE MC3T3-E1 MES 2 x 10°
cells/mLel =2 MEGI/ACH. HE IS = 24 Al2t0l XUH 4 %
Paraformaldehyde (Electron Microscopy Sciences 15714) 8HE 0I5t MIXE
£ JEGIH & = 5 2 =02 PBSE 0I1E0td MAEGHRLE. 0.1% Triton X-100
(BIOI2 A& T1020) 1 1 % BSA(SIGMA A9647) BHS 0IE6t0H 5 & S £t

o

XMelotd =D Rhodamine-Phal loidin (Life technologies, R415) Al2fES 15

2 =0t XMelol MEE IMoIGHOH. 3 BHoll 24 22 5 2 =0 PBSZ MH

ol = & NIXE & HAMS 8t Fluorescence mounting media (VECTOR H-1200)
2

MEZ cover glass R0l 2ol &S0 dez 2Eo6)| &

to

o
=
3
32
10
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10) Live and dead cell assay

02 o
b
=
12
Y
=
=
i
o
<
@
B
™
0 o
=
@
~
2
10
°
o
=
o
c
=
o
o
o
@
N
=
g
==
bl
U
_O'ﬂ
2
N
S

_17_

Collection @ chosun



SSAE0 AI2= AXIR® HPE XAME 58222 HMEZUSO, 10 0tel g
= 10 mg/kgll Xylazine (Rompun®, Bayer Korea, Korea)2 50 mg/kgSl
Zoletil(Zoletil50®, Virbac Co, France)S At=Zot0 O+ oEHCH.

Povidone—iodine(Potadine®, Korea)22 SIHE =2 o 2UIE HHs
=, 2% lidocaine It 1:100,000 epinephrine2 &Al& ENIS =29 F=HU F
U GHACE.

E019 Foiz2 =4 M0 2o ==HUD, AMydSEL =242 = 014

S/AE ol oottt FH2 0laleEl FIH=0 EES Fot)l A S2
P2E MBS, 2 I8 € 32 AMES FIOH=0l BiXIotR 2 ==

miniscrews (14-AT-004, Jeil Medical Corporation, Korea)Ol 2ol D&EE
Me|AlEx0 2ol OlARES HME F= OfEs 3-0 Vieryl® (Vieryl®,
EthiconCo.,Livingston,UK)0ll 2ol S8z ALEH.

28 & LEIHOZ SgAl iR, ASEENE IEFEWAM Y AE8s28 AF
Al Z22lot¥CH. 0l = Sl (Fortimicin®, YoungdinPharmCo, Korea) 2t

stA =0t ((Fenaca®, HanaPharmCo, Korea)2 ot20 st 5 Sot 1E 24

ot ZE=S Mot)l ?IoH AtEoHRUL.
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12)

x5

Jon

1)

It

) SO0 @ X2l &X& HDPE XXM 2, At & A EtA0F Hele
& X2 HOPE KNIXIME OlAal 8 = 2 F, 4 = 5 22 pentothal sodium =22
, Ol ERE = oIYL. AlEHD =2 22 EMoideH BE

formalinOff 2 &

=3
=

OIAHE| AHIZ O

, CA, USA)e=z

Collection @ chosun

=
ng & 5 wme X=X
byoptical microscopy (Nikon Inc.,

o o= —i

, EDTA

oo g

O T —

22l UCH.

, hematoxylindt eosin@=2 &

Melville, NY, USA)ES AlZ5H0

MOZ AperiolmageScope v9.1 (ImageScope, Aperio Technologies Inc.,
| CIXIE O|0IKIE ERULL.
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2 dEUAM SHEHE T-test 248 S0t d=E 95 % ('p<0.05,

— =2

“p<0.01) WHOIAM B2 HIWE S35t0d 2122 |2/d X0IE HIWTHALCH.
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Fig. 1. (a) Structural formula of high density polyethylene
(HOPE) and (b) HDPE pellet photograph.
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Fig. 2. Photograph of 3D HDPE scaffold.

_22_

ZICollection @ chosun



RF generator -—ﬁ
Elhtchingl mmotkl
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Fig. 3. Schematic diagram of low pressure plasma device.
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Fig. 4. The Pristine and plasma-treated 3D HDPE scaffolds were

located and fixation with screw on rabbit’ s skull.
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HOXOICH 22 &t 24 SctXE0F Melsh &XHE HOPE XIXIME 22 Ots
==

tobCH. &8t 2 XMel X HOPE XIXIMOI HIoH Cls

=]
LU
rr

=0 S5 =OIoIALE. Table 12 222 &X& XXM BarsE
22 UEH H2AH 2 X2l &X& HOPE XIXIMOAE A0t 94.77 %,
5.23 %It BE UL, &4 SHXE0F Mel = & XHE HOPE XXM E

b 94.77 %0IM 76.06 %= EfAIF 2401, AbADF 5.23 %0lA 23.94 %2
=50t SOtotALE. £t A ZtX0F Meld & xH@ HOPE XIXM=E B A
4. 77%0I A 72.24 %2 ZAEIUDH &I 5.23%0A 24.97 %2 SOt &
20279 % SEEHN oA 2 HA SchXA0H0 2o &XHE HOPE XXXl &

B0l SZHOZ HEHS =0l B & UL

o

moou
BB B e
NN =

P

Fig. 95 22 XXX XPS narrow scan® ZIOICH (a)e 2 XMl &X&
HOPE XIXIAMSl Ci1s 224 ZUZA 285 eV UM CC 222 0IFHMH U2H
(b)= &tA Zt=0F Melel AXH& HPE XIXIMZEA Cls 24 Z20A C-C Ol
Q0 287.18 eVOIA C-02F 289.11 eV OlA 0-C=02] Z&0| ZALJULL. (C)=
A 2ctA0 Mele &XE HOPE XIXINMZM &t ZetX20F Xele oXtE
HOPE XIXIAM 2t 20| 286.84 eV C-02 289.14 eVUHI M 0-C=02 Z &0 ZAZU
Ct. (d)= 24 Sct=0t Helel AX& HOPE XXMl Nis 24 ZoE 399.17
eV OlA C-N Z &t 400.64 eVOIM C=N Z2 &= =L UL
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Fig. 5. Water contact angles of pristine HOPE film, 0. plasma-

treated HDPE film, and No plasma-treated HDPE film.
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Rq:17. 33 nm Rq:72. 27 nm Rq:37. 82 nm

Fig. 6. 3D topography images of (a) pristine film, (b) HOPE film
treated with 0., and (c) HDPE film treated with No.
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Fig. 7. FE-SEM images of (a,d) pristine 3D HOPE scaffold, (b,e)
0> plasma-treated 3D HOPE scaffold, and (c,f) N plasma-treated
3D HDPE scaffold surfaces.
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Fig. 8. XPS spectra of (a) HOPE 3D scaffold, (b) HOPE 3D scaffold
treated with 0. plasma, and HDPE 3D scaffold treated with N

plasma.
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(a) HDPE - Cls (b) 02 - Cls
g /\ g “% oc-0
> c-C S c-C l l
282 283 284 285 286 287 280 285 290
Binding Energy (eV) Binding Energy (eV)
() Nz - Cls (d) N: - N1s
E -0  0<C=0 B C-N CT'
] = \L l 2 ___ﬁ;lyﬂh__
282 284 286 288 290 292 395 400 405 410
Binding Energy (eV) Binding Energy (eV)

Fig. 9. Narrow-scanned XPS of (a) HDPE 3D scaffold Cls, (b) 0.
plasma-treated HOPE 3D scaffold Cl1s, (c) N» plasma-treated HDPE
3D scaffold C1s, and (d) N» plasma—-treated HDPE 3D scaffold Nis.
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Table 1. Surface composition of the HDPE 3D scaffold before and

after the plasma treatment

Group C 0 N
Control 94.77 % 5.23 % -
0. 76.06 % 23.94 % -
N2 72.24 % 24.97 % 2.79 %
— 32 —
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Fig. 102 SEM=S AIEotd & X+ HOPE XNIXIME HEZ, &A%t EA ZetX
b odelel X2 HOPE XIXIME AEZo=2 Aot 222 XXMM =32
NEE ZF06t0 502 SO iYs & XS2AMIES IS 2&Est Z10|
Ct. (a,d)= & XHel b2l XIXIAMOIM (b,e)e= &4 E2tX0F MelE AXA
HOPE XIXIAl, (c,f)= &EA ZetX0F Mels b2l HOPE XIXIMOIAMS =22
NIZol EA0ICH. (a), (b), (c)= 800 HHSl HHESHA 2EoIAF2O, (d), (e)
(f)= 2000 HHSl HHEOIAM 2HESHACH. £ HMel &XHE HOPE XXM HHNAM=
NIEDF S8 SHEfel Bg g0l FE2AE2 KXot JAXSH, AL A E
et =20 HMel' &X@ HPE XXMOAME etEEcz 2RLN fF
(pseudopodia)Ol MEEHN Mol HMUs &S 2F & &= JU/UCH. Sl
A ZetX0F XMelE F2 HOPE XIXIMIOIA MIEZSO0l It @0l HHU=E 2

Fig. 112 Xl &XH# HOPE XIKIM et &b & HA SehE0F XMeld &Rt
2 HOPE XIXIHl HEHO XZ=2MES SA2 HIE XZAGH)| 2?lof MTT assayE
Ol=of 2t&st 2H0ICH. 1 € X2 £ X2l X NXHMAS AMZEE X
TOZ GIUCH, &t Y EHA SetXR0F XMalE 4XE HOPE XXME 28
°Z 1 &, 4 &, 7€ X9 NME SAES HluotAU. =2 8= 25
BHED12E01 Sote0l Metd =S2AHEIE SAES 2FoIAL. 1 2 Xols
£ Xl X3 HOPE XIXIAM e &t R 24 S0 XMeld XXMM ME

o SAE0l A XOIJF LAl S RUCH. SHXIEH

fl= £ HMcl &XH& HOPE XIXIMOA 20 2 Scet=0t MelE & XH& HOPE
ANXHMUAS AE SA0 RAd AN Stet A= & & = JAJASH, 0l
st MIZsSAe Hstes 7 €X0E 2 XMel 8XHE HOPE XIXIMOUHAMECH oA &
24 X0 XMel" o4XHE HOPE XIXIMOA ME sS40 =24 A= X0IE
EACH PXl 44X HOPE XXMt 24 SctX0F Mel=l &X+& HOPE XX
Hetes o 2 Hf & S412 X0IE 2F & = UUTH
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Fig. 12= 222 XXM HHH0 A0tU= MEE MG AAE=z = =
UA ==L HEE BH2E 7 32 =0l live and dead cell OI0IXIE 2t&8 2
DHOICH. AOIYE MIEZE =MO=Z LIEHUH S22 HMESS Y2AMOo= LIEH:

Mel & xr@ HOPE XIXIMOIAECH Ect=0t

Ct. MTT assayOGiAl2t SAGHH £
A

XMelel &I HOPE XIXIHMOA &0tA=E MESE O 0l =g = UA2H
live and dead cell assay HIAST MZEERIISEY A ZU0HA} 20 EL
EctX20t Mele &XH2 HOPE XIXIMOIA JtE Aotde MEIL HSE &ol &
= AJTH

Fig. 132 X=2AMEIt ESAHEZC 23S 20tED| <ol ALP &S 2F
st ZIOICH EIZ2ANEI ZBME=ZO =2BsEe 7 € I 2 Hel X
HOPE XIXIME JI1&E2=2 &t HIWGHALCH. 2 Mel, & & A ZtX0F ™
clE &I HOPE XIXIMOIA AlZtOl SOt Metd Z=SMEZ2 23HE0l
SOt QICH 7 & XM= 2 Mel &Xt@ HOPE XXM e At 2 HA Eet=

OF Melel AXt@ HOPE XIKIMCS 2320 HIxstA2L 142 IHoAdeE 2 HMel

FXHR HOPE XIXIHMIOIA ZCH At & HA ZSetX0F XMeld &XH& HOPE XX
HOA =ed QA 23801 S s
HOPE XIKIA HEHUAM JIE 28 £=
Fig. 14z 222 XXM HEHN 2=E ZZ2AES MESH) AEZ=HE &
ZB0/13S ALE0t0 rhodamine-phalloidiine/DAPI SGMES Soff 2&s Z 10
Ct. (a,d)& 2 Ml &X& HOPE XIXIAMOIM (b,e)= &t ZEctE0t Mel&E &
X2 HOPE XXM, (c,f)l= &EA ZctX0r HMel& &XH2 HOPE XIXIAOICH,
(a), (b), (c)= 20 BHS HHEOA 28 XXM HHECZ PRE MNIEH
W NESAS 2FGIA2M, (d), (e), (f)= 100 HHS HHEOAM 2r2r2l XX
M2l otLtel fiberOf £&& AIEZHY AE =A=S 228 ZU0|CH 222 X
NHUHA MMB2Z Sct=20F XMele &XH& HOPE XIXHMOAN O 22 AZ
o NEZ=20] 2dEsS &2 & = UA/USHM, 0l ot fiberOl F&E
SHt MIZ =2 HAl EctX20F Mel® &XH& HOPE XIXIAMOUA 20l 2F g
H 24 ZctX0F MelE AXE HOPE XXMM Ot 22 MIEZsin Al

2

=

2
E
[TRY
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Fig. 10. Cell attachment images of the MC3T3-E1 cell seeded on
(a,d) HDPE 3D scaffold, (b,e) 0. plasma-treated HDPE 3D scaffold,
and (c,f) N» plasma-treated HOPE 3D scaffold.
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Fig. 11. The proliferations of MC3T3-E1 cells seeded on pristine
HDPE 3D scaffold and surface modified scaffolds for 1, 4, and 7
days.
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Fig. 12. Live and dead cel| images of the MC3T3-E1 cel|l seeded on
(a) HOPE 3D scaffold, (b) 0. plasma-treated HOPE 3D scaffold, and
(c) No plasma-treated HDPE 3D scaffold.
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Fig. 13. The differentiation of MC3T3-E1 cells seeded on pristine
HOPE 3D scaffold and surface modified scaffolds for 7 and 14

days.
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Iii||||||||||||| |i|||||||||||!l!|
Iii|||||||||||||| |i||||||||||||III|

Fig. 14. Fluorescence images of the MC3T3-E1 cells seeded on
(a,d) HDPE 3D scaffold, (b,e) 0. plasma-treated HDPE 3D scaffold,
and (c,f) N> plasma-treated HOPE 3D scaffold.
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Fig. 15. The histologic images of the pristine 3D HDPE scaffold
(a,d), oxygen plasma-treated 3D HOPE scaffold (b,e), and nitrogen
plasma—-treated 3D HDPE scaffolds implanted into skull of rabbits
at 2 week (a,b,c) and 4 week (d,e,f) after surgery. All bone

tissue sample was stained with H & E (X2).
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(a) (b)
F F

H-r
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Fig. 16. (a) Structural formula of e-PTFE and (b) photograph.
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Fig. 17. Schematic diagram of atmospheric pressure DBD plasma

equipment.
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Fig. 18. FE-SEM image of (a) pristine, (b) 1 min, (c) 3 min,
(d) 5 min, and (e) 10 min plasma—-polymerized e-PTFE.
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11.781 nm

41.250 nm
l - =~ -

Fig. 19. Cross—sectional FE-SEM images of thin film deposited on
Si wafer with respect to plasma treatment time; (a) 1 min, (b) 3
min, (c¢) 5 min, and (b) 10 min.
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(b) (©

Rq Pe Rq A Rq
69.01 nm 18.89 nm 16.02 nm

Fig. 22. 3D topography images of (a) pristine, (b) 5 min, and (c)

10 min plasma—polymerized e-PTFE.
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Fig. 23. Cell attachment images of MC3T3-E1 cell seeded on (a)
pristine, (b) 5 min, and (c) 10 min plasma—polymerized e-PTFE.
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Fig. 24. The proliferations of MC3T3-E1 cells seeded on pristine
and plasma-polymerized e-PTFE for 1 and 3 days.
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Fig. 25. Live and dead cell images of the MC3T3-E1 cells seeded
on (a) pristine, (b) 5 min, and (c) 10 min plasma-polymerized
e-PTFE.
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