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Abstract

The fabricating method for hybrid scaffold using an
electrohydrodynamic and dispensing system.

Ahn SeungHyun

Advisor : Prof. Kim Geunhyung Ph.D.
Department of Mechanical Engineering
Graduate School of Chosun University

A hybrid technology that combines a 3D dispensing system and electrospinning processes
for a 3D scaffold was used to produce a hierarchical 3D structure consisting of micro-sized
polycarprolactone (PCL) strands and micro/nano-sized fibers. The micro/nanofiber
biocomposite electrospun with PCL/small intestine submucosa (SIS) (8wt%) and PCL/silk
(8wt%) was layered between the dispensed micro-strands. The scaffold including SIS
showed higher hydrophilic property than other scaffolds due to the wvarious hydrophilic
components in SIS. The 3D hierarchical scaffold having biocomposites exhibited an
incredibly enhanced initial cell attachment and proliferation of bone marrow stromal cells

relative to normally designed 3D scaffolds.



[e)

R

e A4

s
L)

6]

-

o] 7]

=3

A

[e]

&3 S 1-11
Ag Az Ao & vk
=

A1 A=

23]

=

-
N>E

1 ofE] A

)

7}

Fel vl 7}

S

J

P
=i

1 2H(growth factor)Z Hj kel o]

1

[e]

/\é =Z}o

o] Zoltt. A

al

-
[

4 e olg

13
of

Fe, o8 F

S

°] 7t

)

ol
70

)

—_
"o

B

o]

-
[

g 1 7]

AR, AA

H
o
=
Nd

o

B} vhe AR FgHE dofulA] Hehr] witol

/\é UH

!
kil

o]

Ho

_EL

Fo] in vitro A} Efof A

)

&

R

=
b

ol



A=l ey

|
&

313}

X

Al

FHoNM o

T
R

o] A3+

=
=

A

A,

N7 Ao ERE A

o}
piat

o
Hr
ol
mﬂ
o]
n
N
o
x|
0

!
4

F gt

)

K

el
(S

o}

TR0 1893

S

B ORAE7] Az

7k A A

o} 2

1 A2 E

)

X

Al A

A,

4 Al

8 o

shap] o

2}

s

Ll

HA =2

ks

ol

&

X

A

B

O

)

LN

¢+

B

1 =AY

*

&= i

AANEZ 24

=
=

AEeA GAY A

2 243 4

ol

4r

£ A Well AkgiEof A

M-

M-

T
R

2} 7}

3

R

& = o

j=]
RN

AW ol A

]

)

A A

ko3
T



ENER T

A Q&=

S
}, A E2] Young's modulus$} & 7] A4

S

A
2]

Ael o

I Aa=z vrel = o ok

A -3

ed of

S

Aok dA

N
Ho
o
o
)

oR

4
ol
oF
o]

R
S

s

e

g A A =

T
R

L ABA 249 HHo] o] Foix

N

ol

9] in vitro

-
<

A A

shch werd A

o) Bg

&)
=1

in vivoA]

o
T

B



7t A&

—_
"o

a 27 %o g

3

JE =3lol] 9
b gl U] e

©

A

6]

-

59] 7]

[€)

w7 g

B

d &=
=2

8

B
717 At

= 2.
==

2
0

<
4

F A

3|
«

ol

sl
Tor
ol
o
"o

¥

o

o]

ol e A

ol
ol
Ho

o

Tor
Ho
n

o
Ho

o
Ho
—_

Tor

A A A

s

ol

Eolt.

A Ul

]

e}
il

AFH7E

i

<)
gl

42

=

=
- 54 AEAARR A

F7FEA, 1A% e =Y

_EH

B



P
1. Surgeon implants biomaterial | BER (et T i ﬁl (neutrophils and

’

of Int
e [ g

i*; Y,
—i

t=1 min.

4. Cells fuse to form giant cells | | 5. In response tothe cytok apaLlate
and secrele %I‘; fibrobasts arrive & bn;n“ Inn IGﬂll.‘llll' mllglmh*n it
agents (cylokines) gz | aynthesizing collagen . o

; .EJ{F T‘IH‘

1S daysto 14 days

Fig 1. Biological materials and physical reactions. (1) A A & 2] &7}4 o]2 (2) o]2
A AR e gdd AR (3) olAE ARAEEY F =42 U4 @) W
HAANEZES AW olAE &3t BV dd & AdAEES F4, ddE F o et
W AbolEFFela} e w2 A Fibroblaste} & thE AXE @43 (5) Aol EF1E]
ko2 F9]9 Fibroblast Al¥&= ZEH718 F4(6) AUl ol4d A= T A

L= 26

¢

of

i



. A 32 A (scaffold)

23!

X

Sl

oF

tEd 7z el H

T
R

HA

23!

B

o ¥, ¥,

X

Al

T
R

A

A,

st AE . mEa A

LA
o~

w4

N

o

R

- AAA G

o

0

Ho
ol

Y
i

o}
"
B
i

N7 &

*

A,

Ao A

-
[

AR e =24, 7]

pacs

3t Akelahed of

a1y

[
A%

==

SERAZE

ol A

=N

¥

4L Al

arL
[

oo} @} o

Itk dA @

S

LN

I As e 5

9

&

@A )] &

X

AE AHgstel 24 A



o]

=
=

S AH(polymen) g #H-&-4]-& 7hxl A ¥ 2H(monomer)

®oop B S B R N R Y
0
ferY BetEiOslerieny
g o ™ = _
s EElRRIT BTt gant
.oEOzMAﬂ_/lﬁ ].L!WJ Hﬁm_!olﬂll
Mo g PSR R SF A X ® MW
A T T R T o
<R S L Rog @ m KRk P
RN ow <o om BT 8 oo e BB
oo T K —+ < — o
L o\ﬂmxwpmvéeﬂm;ofl7ﬂmwﬂqup‘mlo
Nooof o) o B35 w5 o e oo
A4 g M m R o m E oD L
N Tl B L & G
LI T Il oW o W w
o - BT R i B I L T Se Lo
‘lo#oﬂﬁ ho«LyALo_A‘o —
C I TR R T SR I -
RS = L o o B o Plo ol g - o R
Mo o P o o ETTE 20T _ oo 2 o
g @y g2y T RN RN D ow
W S = N Egp & 2% 2§ oo
S N ¥R LT o X TS g2 o ok
CAE T T I G I
w4 MCOE o E = Ho £ wm BT Ho g5 wn or
T om® O N s g2 2 — = X T
Y a.@m_ﬁ.oﬁehmmﬂ umwﬂt.\%_a\rdﬂ o
2P e e K IR L g B A E g 5 R
T Afpﬂf ﬂﬂua g —
‘;.ﬂoﬂoml .o fgﬂ‘m‘_%dﬂoL Hflym_ﬂAlHo
"9 o)
o XETT L ewpw  Eg £ERE
%%Mﬁﬂ%imM;%a‘drmHTm% )
— = U, = o —~ = ) -
A%%%L@_iﬂmﬂi%ﬂ?ﬁﬁ%&%%
{%1wg%@ﬂ%%ﬂﬁoﬂ?ﬂ%%@ﬂgﬂ
xR EIEH I LT gEw TP o
T PN W O o % oM W W m T of o b N Mo

[e]

-

ol

<)
gl

=y

3l oF

3

oGP oz AREH AL
A

1
Az

N~
9 # (polyolefins), PMMA (polymethyl methacrylate), %]

al

et

)

| AR

k)

171 4

)

A

x

o
)

[e]

=

NAZZA ARGl 7hs

x

2
=

2]

¢ €(polyurethane, PU)

=

B
F 24

T

R

)

RS

s

gol 7bs



!
E

0

Ho

g

z9

AAAREA Q] A 24 A

&

T

R

o4 o]

T

R

A

x

A,

s Al

ol

7F

i

<)
gl

ol

el Ag L

[¢}
122 Al-s

2 7

pzs

=

=]

X

. ,H]

1 Fe=A THE

x

70
oo
T

8
g
o}
i

sk glem, A

24 A

1%

S

HZ 2

= #8 o

o

iz

T

R

5

©

o AlA

R

)=

i

<)
gl

gol A7l W
o ol

R

)=

6]

171

g 7}

e
=
73

3|4 a1F-X}(non-degradable polymer)e] 73

3

[
=

ojt. Ml

(foreign body)® <14 ¥ o] dF

o]
—_

TH
™

1o

_ZO
i
—_

&

H

e

o]
A&

SH]—

|
&

A

=S Holn 4

SRS

3

b3
-

o] Aar gleh.*



TH
™

ol

S

T
R

=

< @A

#] o ~H (poly a-hydroxy ester)2]

= 32
T =

GA 2

23!

o}
;O#v
Ho

N

o

ot

o}

X
iz

ol &

GeE A

N E A axd ¢

9

>~ 1
T

ohoEgE A el )

ol

59)

glycolic acid, e-caprolactone

Aol e

"k

o]
—_

X
iz

o WeEb AT

-
st

o

o}

B



Polymer

Physical Characteristics

Potential Clinical

Applications

Poly (ester)
Poly(glycolic acid)
Poly(lactic acid)

solid-fiber, tube,

sponge, screw, etc

cartilage, bone, muscle,
nerve,
blood vessel, valves,
bladder,

Poly(caprolactone) drug delivery, liver,
cardiac tissue
) solid, cross-linked ]

Poly(anhydride) bone, drug delivery

network
Poly(propylene solid, copolymer )

bone, cardiovascular

fumarate) hydrogel

_10_

Table 1. Biodegradable polymers.?’




, , Glass—Transiti Degradation
Melting Point Modulus .
Polymer ) on Temp (Goa) Time
a)a
() P (months)b
PGA 225~230 35~40 7.0 6 to 12
PLLA 173~178 6 60~65 2.7 >24
PDLLA Amorphous 55~60 1.9 12 to 16
PCL 58~63 (-65)~(-60) 0.4 >24
85/15 PLGA Amorphous 50~55 2.0 5to 6
75/25 PLGA Amorphous 50~55 2.0 4 to 5
65/35 PLGA Amorphous 45~50 2.0 3 to4
50/50 PLGA Amorphous 45~50 2.0 1 to 2

Table 2. Material properties of biodegradable polymers.*’
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#2044 4a

% 3o gEdel nEAEde] Byd W wolrk
A A frejde] | 88eE | AR | @dE | F5E
L5 (Tg) (Tm) (MPa) (MPa) | (MPa) | (%) | (%)

poly(glycolic acid)(MW50,000) 35 210 n/a n/a n/a n/a n/a
poly(lactic acids)
L-PLA(MW50,000) 54 170 28 1200 1400 3.7 6.0
L-PLA(MW100,000) 58 159 50 2700 3000 2.6 3.3
L-PLA(MW300,000) 59 178 48 3000 3250 1.8 2.2
D,.L-PLA(MW20,000) 50 n/a n/a n/a n/a n/a
D,L-PLA(MW107,000) 51 29 1900 1950 4.0 6.0
D,L-PLAMW550,000) 53 35 2400 | 2350 3.5 5.0
PLGA 85:15 50~55
PLGA 75:25 50~55
PLGA 65:35 45~50
PLGA 50:50 45~50
Poly-(B-hydroxybutyrate(MW422,000)) 1 171
Poly-(e-caprolactone(MW44,000)) ~62 57 36 2500 | 2850 2.2 25

9 16 400 500 7.0 80
PolyAnhydrides
Ploy(SA-HDA anhydride)(MW142,000) n/a 49 . 45 a " 45
Poly(ortho esters)b
DETOSU:t-CDM:1,6-HD(MW99,700) 55 20 820 950 4.1 220
Polyiminocarbonatesa
Poly(BPA iminocarbonate)(MW105,000) 69 50 2150 2400 3.5 4.0
Poly(DTH iminocarbonate)(MW103,000) 55 40 1630 | n/a 3.5 7.0

Table 3. Material and mechanical properties of biodegradable polymers.*’
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Fig 5. Schematic of bio-plotting system.
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%+ Conventional techniques Salt I
= Gas foaming
* Freeze drying
* Solventcastingand
particulate leaching
* Fiberbonding

= Electrospinning

Sparacio and Beckman, 1997

Mikos, ef al. 1993 Yannas, |.V., ef al., 1989
Fused Deposition
Type 30 Printing Sterealithography Modelling 30 Plotter
—— e
i Schematic -—'f;‘..... i .._.,_..r T
PLGA Scaffold et ¥aus = (B0 s
¥y =) - B =

Working Ink jet printing | Polymerization by

Extrusion by
principle technology UV laser beam BN compressad air
:::;?nl ¥- and y-axis w- and y-axis % and y-axis X, Y-, Z-AxIS
Reaction binder -photocuratie . . -plotiing medium
material -polymer powder | MONOMmEr “pomeric méerel -Beuid medium
z-axis
elevator elevator elevator head
control i
Research | ooy o a1, 1008 Hull, 1990 Scott, 1991 Lcar et by
group 2000

Fig 6. Scaffold Fabrication Techniques.*’
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¢l F-o A= Poly caprolactone(PCL, Mw=80,000, Aldrich)E& 8= A}-&
gty o, Srj2= DMF(N,N-dimethyl formamide, junsei Chemical co.)2}
MC(methylene chloride, Junsei Chemical co.)E 1:49] dH| &2 Zgslo] A&

o17] 9]s}e] Bombyx mori silkE 0.02M Na2CO3-&

T A= Aiiﬂiﬂ H3E fste] Hojgh wE A7 Qhel

sericing: &2 o] o] A7 ¥ 9.3M LiBr &l o] 60Co|A SAZF =<k
7} kil ®E dialysis® 30 ColA] 397F FAdste] dAEE & A= ¥

HFEo gl X3y} s

FEE A3 vR=dd $ee 76 TolA 3zt FAx7)(SFDSMO06;
Samwon)® A% dlo] A=A HE=RQ d¢HE AL 5 Freezer millg ©]
gote] FhpHR et fig 12 Alxd A vE2e] sl SEM AR

olth 2 m olste] A= B2 TS @7] 93] 25 e sieved ©] G5
o W wdHaEel Ael W

B odFoAe A7) BAE 93k A &9 17 wt% PCL, 66.4 wt%
MC ¢} 16.6 wt% DMF [MC : DMF=4 : 1]o]| 23 3B 29 7375 H7}slo] |

H,

8wt% PCL/2 = H B2 £ niat G948 Azsrh”

7k & A

U642 Azkey] 98 Agabgxe] A 2aE At 3F 7

(high voltage power supply, HVPS, SHV200 40 kV / 5 mA, Convertech), A] &%

(

g X (syringe pump, model 781100, KDScience), == (nozzle)2 20GE A}-£38}%5 a1
Z 9 H(collector)= 13.4 m/s, =Z3 F4H Ato]o] A2 120mmE 1A 5HA

.

a9 78 AN WAL AlsEle] BE BAE ot



eleclrode
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Fig 7. schematic of electrospinning process.
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L}, Silk powder Az

Silk fibroin powderZ A Z}sls AL, Fo| 2 A AE L, @A E

ie2
of Wi 3087 7}de A7tk 2] Silk fibroine] H3E ¢ 3 }% A ZE
olo]] T2 &2 AH5le] sericing A A il deep freezero|] H¥ F FAH

LI

Atk the FAH o= Freezer millS o] &3}e] powderZ A &3t}

19 8 Silk fibroin powderZ =] zbals & A o]t}
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Sillcworiii cocoui Silkworm cocoon

pieces Freeze dry of silk fibroin
AN - _
LY i, 30 minutes
&7 T SA (et
e
Y e > b
o e
,v y / . - P
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Fig 8. Silk powder preparation before electrospinning process.
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A7) WALE Y% 18R 92 17 wt% PCL, 66.4 wt% MC 29F 16.6 wt%
DMF [MC : DMF=4 : 1]¢] 2= sBE =2l 7122 Arsle] |, Swit% PCL/A A
drzel & aEA &dE Axstel wWARSAT ¥ 9= Poly(e
-caprolactone) ¥ Silk Fibroing & sl AA WpAlel= AlRlolt), =23 AHd

=

B (collector) AFole] 2]z 120mm Holxl Sto] glow, =22 Hxdsow

HE 4 mm EEAA DAGS dolFol Aol s WA Ak A7)
WA Al EF nRAEele] vste] wFo] b nAeh A, A 5L Y
@ 2o latel A/PAL Sk AVPAE gA e FHALE w1 A4

I

&3 % (high voltage power supply, HVPS, SHV200 40kV/5mA, Convertech), 2
A H Z(syringe pump, model 781100, KD Science), Z = H, H %7 = (auxiliary
electrode), =& 2 o]-&al3ith A7IHbAke] gk 18 kVE A on, A
AEAR N2 20 GO =F8 AHRT 20 mL FAE7]o] e 5 Ad
ol-&sto] 2 mL/he] =z Folske] H7|WAL of it HERE 9 H
T+ 134 m/s (1300 ippm)® 24 SEHE T AFEH Yeds AL 7
gate] AL Ao A ool W Qold Bk il

=381 7] 913k sputter coater (E-1030, Hitachi)® 60 mAo]A] 53
¢t A, 7 nme] #Wg A®WE sglew FARAAAW A (SEM,  S-4800,
Hitachi)2 ©]-83}e 5 kve] Wlog #2353 th

B
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Fig 9. PCL and Silk Fibroin electrospinning.
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E e B R

7] vPAlE YA B-9] stress-strain curveE A L7 8t VA H9
ANAL 712 x A2 2} 5 mm x 15 mmZ E¢oew &u Z(BXFM-32,
Olympus)-2- ©]-&3s}e] 100W] &2 & FAE 438951, UTM(TOPTAC 2000,
Fhr) #)2- o] &5} stress-strain curveE =5} U} Silk fibroine] 3F#F2- <o}
X7l #ste] Fourier transform infrared (FT-IR), spectrometer (Model 6700;
Nicolet)2 ©]-83}od T 400 - 4000 cm—1 oA SAsFH . ot vied -9
% Z&7ZF(water contact angle)2 413}7] €35t A Eo] 14mm<]l H A (punching)
= olgste] AEE A= 5 pipette 10 yme] =W-&ES Wi WEC] Ho

md AMeE o g AN AL F 4542 BAIA.

)

(1) SEM image

WALE A2 E8] 2o]zl Poly(e-caprolactone) and Silk Fibroin W=l 2] 2]
S =A3sl7] Y&l sputter coater (E-1030, Hitachi)® 60 mAo] A 5% FoF
¥, 7 nme] Mg FEE P FARAE W] % (SEM, S-4800, Hitachi)S:
o] 435le] 5 kvel Wl oz 10008 A Al

A2 Y79 stress-strain curveE EA| 8-S #3] Ui HE ASES
oh HEE o] 3 £x134 m/soln 53 PCLE AAE i freb A=)
B 2 wt%E AFE JxeAE8E vlastgoh. AlES UTM(TOPTAC 2000,
A% olgale] AeAEe FANFE AEew 447G FES x 15
5 4e 30 ColA Regel sA%aa A3 0.5 mmise] %
=2 gL setel ZRadth
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(3) FT-IR =4

Az Wil AavB el e dolry] 98 w4 PCL ME
¢} Aagrze 191 283 8 wt% EFIEAGNOT AxE ieAlH

"] £& FT-IR(Fourier transform infrared)® =7 8} t}.
(4) Water contact angle(WCA, ©|3}%5 %) =4

dutd o2 2AANA AXEA= In vivo 2 In vitro oA FHY EHE

=
HemA AEZEY R AR 27 FAES SUMATIA 24 AdE T

(5) A ZH) <k

B dAFor] Ab8¥ A EE OsteoblasttHuman Mesenchymal stem cell, Dr.
Youngho Kho, Hallym Medical University) (HMCs)E ARg&3l3 o, AlEe] S
] %] = DMEM (Dulbecco's modified Eagle's medium, GEMINI BIO-PRODUCTYS)
T} 10%2] FBS(Fetal bovine serum), 1%2] PS(Penicillin/streptomycin)2- & §+5}o]
AbgslE Tt ol g A wdH AlEE 1% Trypsin-EDTA(GIBCO, invirogen)2- Ab-&
sted 1 x 105 o] AXE Heluo] oles % UVET AHed 3% PCL
A MESE 8 wi HAdE Rl Ie-yrh ShtE vikeAds mE] #
37 C, 5 % CO2 ¢liulolg o] 24A17F Fot vkttt =3k v Alf v Ed)
A1) MY WS Felsty] ¢8  MTT(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide) assay (Cell Proliferation Kit I; Boehringer-Mannheim)-2&- A}-&
&}o] Spectrophotometer(EL 800, BioTeK) Wave number 570 nmel] 4 OD(optical
density) g8 A5}
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(1) SEM image 4]

110 & FARHAE Y| 7 (SEM, S-4800, Hitachi)g: o] §3s)o] 15 kve] WO
2 10008] oA Azd A= B2 shHel e fe] SEM ARl ol
SEM imaged| Al & F Qo] Aol Silk powder’} $H ®Hol Sl A&

shel h3ict.

-
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Fig 10. PCL/Silk Fibroin nanofiber and Silk Fibroin powder SEM image.
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(2) stress-strain curve 4

A ZE Ve Al8-9] stress-strain curve E=A|FE 3] YA G52 A 2SO
a9 11-AE YA wjdAde dolry] 935t 2wt%, 5Swt%, 8wt% 2] 1}
A E AR SEMARIE BAde] AuEel B4 W dAT U Zx

£ 900 = AdAste] YA frt BEFH = s SATT §F FWHM(Full
width at half maximum)S- =< 3}$t}.

7 A3} FWHM Zko] 38% 7}

dTE s T AUASE AT F UUTE
1-B= (UTM(TOPTAC 2000, 7jn
T2 7IEo® AMAYE FEH(S x 15 mm
sldwreka dAskA 0.5 mm/se] S8 QIFHEE rhele] SA AT 2
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(A) FWHNM = 30 E=S8 wi%-PCLisilk fibroin

a0 b
5 |

| —

{1} 0 +

O

E 15 |

= ol N
5L
1] 1 § §| | ooa|

20 il -40 -E0 1] 0 40 Gl a0

Angle of fiber

(B) —a—Pure PCL
DA F —e—PCL - Silk fibroin 2w
18 kY, 13.4 m /s
—
(V]
O ost
 —
(V)
% 0|
e
D
o.a L L 1 1 !
0 10 20 30 40 50

Strain (%)
Fig 11. SEM micrographs and size distributions of 8 wt% of PCL/SF. (A) FWHM as a
function of various SF concentrations in biocomposites. (B)Stress - train curves of PCL and
PCL/SF (8 wt%) at a stretching rate of 0.5mm/s for rolling collector speeds of 13.4 m/s.
The table shows the tensile properties of PCL and biocomposite (8 wt% of SF in PCL).
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(3) FT-IR =4

v

[t

AE e frol AamB el sk Es dolry] 98 3 PCL )
9 Aamnrze 79 a2la 8 wit% THuEALENo T Az A
"] £E& FT-IR(Fourier transform infrared)= =7 3}t

Ho

&% PCL W9t A=A B el 996 2ea 7427} 2, 59 8 wt% £¢1
A3 1600 4] 1700

pAgon Axd Yedf =S FI-RE S48 1
em -1 Abole] sheld Aambzelel @ag g & gtk

3 e5w A
B2l T 1637 am-l el A W=7 ST, ERLEAE
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Fig 12. FT-IR results of PCL, pure silk and PCL/silk (2, 5 and 8 wt%).
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130

— —8— Pure PCL
— ‘\ —e— 2% - PCLISF
29 —&— 5W3% - PCLSF
= —¥— 8 W% - PCLISF
©
©
B 1250
c
(o]
[&]
o
2
120 1 1 L 1 1 1
0 1 2 3 4 5
Time (min)
Sample type PCL PCL/2 wi%_SF PCL/5 wt% _SF PCL/8 wi%_SF
WCA after 4 min (°) 126.7 +1.38 124.8 +£1.54 122.5 4+ 2.55 121.8 +2.66

Fig 13. WCA(Water contact angle) measurement at various times for fibers electrospun

from pure PCL and three concentrations of PCL/SF.
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(5) A ZH) <k

B S Ab8" A EE OsteoblasttHuman Mesenchymal stem cell, Dr.
Youngho Kho, Hallym Medical University) (HMCs)E ARE3l3 o, AlEe] S
] %] = DMEM (Dulbecco's modified Eagle's medium, GEMINI BIO-PRODUCTYS)
T} 10%¢2] FBS(Fetal bovine serum), 1%2] PS(Penicillin/streptomycin)2- & §+5}o]
AbgslE Tt ol g A wdH AlEE 1% Trypsin-EDTA(GIBCO, invirogen)2- Ab-&
shed 1 x 105 o] AXE Hejuo] oe-s % UVET AHed «F3% PCL
A ES 8 wthe AAHHEES] 3¢t FHrE vieAlf mjEe]
37 C, 5 % CO2 Qlfulel ol 24x3F Fob vgatairh. He vl f v Ed
el AE S Felslr] ¢al MTT(3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyl
tetrazolium bromide) assay (Cell Proliferation Kit I; Boehringer-Mannheim)-2&- A}-&
&}o] Spectrophotometer(EL 800, BioTeK) Wave number 570 nmel] 4 OD(optical

density) gt Akt

Az AX A%L ZA® Adelth thegriEe] 27 ¥HEL <
o}uy] 98 AES 2443 WG F MIT assayd 2ol 14-Bi= wlEo] A
22 79 FQ W%sle FRoldon oY Aelse] AX @4 BAH A3

oth. 71 A3 AApEel Ul BhFel L4 ALY 7] FHAE

°of S7kshE A& AU & SUSUTh

_56_



G-B T ¥ T i T * T * T

(A)

=
(82 ]
T
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o
(3% ]
i

1

Absorbance (OD,,,)
L]
-

C.D L . L " i " 1 " i
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(B)

pure PCL 2 wi% of SF Swid of SF 8 wt% of SF

Fig 14. (a) Initial cell attachment of bone-marrow-derived MSC seeded on electrospun PCL
and various biocomposites. (b) Comparison of cell attachment and proliferation of the pure
PCL and biocomposites after cell culturing of 7 days. This figure is published in colour in

the online edition of this journal, that can be accessed via http://www.brill.nl/jbs.
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A2A AZ|WAR S

Intestine Submucosa)”7} 39 M

o] 43l Poly(e-caprolactone) #} SIS(Small

Ax 4.

1. A&

AHbA] 0 & A A (scaffold), 4|3 (cell), A W 2372 AH(growth factors)+=
A A Yol obF TAF 248 d¥A Utk PCLASIS Wil = A d ol
H, AA A ARl PCLat 2l type T, M oz 7450 9l o
Fot AAAQIAE ghfelar 9l SIS(small intestine submucosa)Z ©]-8-3}o] i
AE Azekdvh w13 AzE vl skl VAE, A=y A9
St

SISE 3kt Fel= 7hastr] flato] shx|e] AolM AWz, ALS,
A, 2552 At Al B2 EdAYE st #4dx 5 sAENE
Abgste] dhe-o FeE hEetoh”

Aeatz el s R 7hEo] o] Fol SISe Hold FEEFF 7T g
e AFEA ] AAHJT] wEol e ARukes Holx Fom thef
 AFAAAE $Hreka o] A okelM B2 AT HdE AL
o]q_.fifi*i?

o8 71E2 Zte SISe] ARa AAAFAL AxTA L 7EAR] S
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EoAFA AFRH AV WAE 9% 22 g9 17 wt% PCL, 66.4

wt% MC ¢} 16.6 wt% DMF [MC : DMF=4 : 1] SIS #-%9 7}%& H7)s}h
o], 0.5, 1, 3wt% PCL/SIS(Small Intestine Submucosa)& 3§ 1&E =2} & H-S- A x5}

=23 ZH=E(collector) Akole] Al 150mm Hojxl 3o flow, wm&
HEAFO0Z5E 4 mm E3AA 14¢E dolFo]l d717el 93] wALE
stk A7) WAR Al E£3F aRAE A diste] w=Fof rhek s, A,
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Grinding

Fig 15. SIS powder preparation before electrospinning process.
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t}. Poly(e-caprolactone) and SIS =7 -f- A 2
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PCL =17 wt% CL/SIS - 0.5 wt%

X:06cm
H:357¢

Fig 16. PCL and SIS(Small Intestine Submucosa) electrospinning.
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2. 219
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(3) FT-IR =4
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ul APA B

(1) SEM image
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Fig 17. PCL/SIS nanofiber and SIS powder SEM image.
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(2) stress-strain curved =7
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Young's modulus { MPa ) 0.112+0.021 0148 £0.057 0.098 £0.022
ultimate strength (MPa ) 1141 2009 1708 +0.10 0.832+£0.04

break stram { %o ) 3367E17.77 497£313 1634164

Fig 18. SEM micrographs and size distributions 0.5, 1, 3wt% of PCL/SIS. (A) FWHM as

a function of various SIS concentrations in biocomposites. (B)Stress - strain curves of PCL

and PCL/SIS (0.5, 1, 3 wt%) at a stretching rate of 0.5mm/s for rolling collector speeds of

13.4 m/s. The table shows the tensile properties of PCL and biocomposite.
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(3) FT-IR =4
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Fig 19. WCA(Water contact angle) measurement at various times

from pure PCL and three concentrations of PCL/SF.
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PCL 17 wt% PCL/SIS 2wt%  PCL/SIS 5 wt%  PCL/SIS 8 wt%

Fig 20. Comparison of cell attachment and proliferation of the pure PCL and
biocomposites after cell culturing of 7 days.This figure is published in colour in the online

edition of this journal, that can be accessed via.
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B o] AF83" PCL(poly caprolactone) &4 R} dutbdg o=z dg A}
&5 poly ester AlGe] A= M B, BAAFEY 54 vERAT
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Syringe
pump

Pressure
controller

HVDC ——
Plotting system

Fig 21. Schematic of the hybrid plotting system complemented with a meltplotting

electrospinning system.
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(1) SEM image
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(A)Normal 3D scaffold (B)hierarchical 3D scaffold

e

N

'
)
)

Fig 22. Optical images of PCL scaffolds fabricated using (A) a standard plotting system
(inset shows the side view of the fabricated scaffold), and (B) the hierarchical 3-D scaffold
in which the micro/nanofiber was electrospun with a mixture of 8 wt% of PCL and 8 wt%

of SIS, respectively. The fabricated scaffold size was 10 - 10 - 8 mm.
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(2) FT-IR =34
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(A)

E

normal scaffold _ (B)hybrid scaffold

O . 88

Silk

a4 PCL/SIS_But%

_PCUSIk_8M% |
3000 2500 2000 1500 1000 500
Wavenumber (cni’)

Fig 23. SEM images of PCL scaffolds fabricated by (a) the standard melt-plotting system and
(b) the hierarchical scaffold fabricated using a hybrid technique combining dispensing and
electrospinning systems. (c) layered 8 wt% PCL/SIS fiber mat between micro-sized strands and
(d) 8 wt% PCL/Silk fibroin mat. The insets show the diameter distributions of the spun fibers.
(e) FT-IR results of pure PCL, pure SIS, pure Silk, PCL/SIS (8 wt%), and PCL/Silk (8 wt%).
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comparisons of WCA

(A) (B) 160 — : : : :
1s >
(]
J —Q % ?120- i
a) PCL b)PCL/SIS  C)PCL/Si g
\ 4 v \ 4 _g 80
2 min i
8 —o0—PCL
__C-— o] —o—PCL/SIS
g 40| —A&— PCLSsilk |
; | 2 ' 4
Time (min)

Fig 24. WCA of the layered micro/nanofibers. (A-a~c) Water contact angle measurements
at two time points for pure PCL, PCL/SIS (8 wt%) and PCL/Silk (8 wt%) electrospun
mats. (B) Comparison of the WCAs of PCL, PCL/SIS and PCL/Silk fiber mats.

_85_



(4) A%

H o 71 % =
geletdar of= 7—%7—%94 7} Z71 = -2 Fo] S A EH] kel glof
=0
S -

assay A ¢S T3] Aozl Ayg&Es H}E“’i =3} 3F g Zott,

_86_



Hyrid scaffolds

Fig 25. SEM micrographs of bone marrow-derived MSCs attached to 3-D PCL scaffolds
fabricated by (a) the normal dispensing system and (b) the hybrid system including
biomaterials. (c) MTT assay showing initial cell attachment and proliferation of bone
marrow-derived MSCs. PCL, PCL_PCL, PCL PCL/SIS and PCL PCL/Silk along the x-axis
refer to a normal 3-D scaffold, 3-D hierarchical scaffold with pure PCL fiber mat, 3-D
hierarchical scaffold layer with PCL/SIS fiber mat and 3-D hierarchical scaffold layer with
PCL/Silk fiber mat, respectively.
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