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Structure, mechanical property, and
cytocompatibility of tri—layered nanofiber scaffold
composed of silk fibroin and poly (e—caprolactone) for
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Figure 1. Schematic structure of a medium—sized blood vessel
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ArE-sF . A (tablet) el S Av]FE v 23)7] IKA grinder A10,

IKA, Germany)¥& ©]&3lA &% Helz A&t 7 7]E AF([52]1&

Fasel Adetdrt. BAR AvFAY H9UT 1L RS
H7rste] 24X%F, 4TCeolA wRkg & 5000rpm, 4CxHdC = 101t

g4 EYstel AedvE FEeia A AxdA e FEe

A Fg 8N =5 (Spirulina water extract, SP) S A %3513t}

3.1.2 A A3 JB=219 Az
Az FollA e g WA FexE 0.3% sodium oleate £}
0.2% sodium carbonate “F&HelA 100TC FHOo=Z °F 1A%
7hdste]  Algals AASAL AR d2 ™SS Foiax2HE

sl AAs 7] A8 THFTFE olEs] 4~5H FAHT FH QA

Azxste] A7 yBZA(SHE AUt
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SP 1% (w/v)E F7bst AN S A7|gAlste] A9tk aEa
RZ PCL UxAft T 13%WwWWvE XS4 L83
WALE- NS AHg-3FSl o TS choFst SF/PCL
S5 E (SF:PCL=3:1, 2:2, 1:3)= 7k WAIEAS A x5}
A71Ab e st

A71%ARE AR 10ml FAM o 92 § WAMSE 0.3ml/h,
Ak 12—-14kV, WAAZ 20—25cm AR slelA & EiT
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25T, &% 40%) slolld A¥S R3PsAo). A x5
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Table 1. Sample identification of electrospun nanofiber mats

Sample ID Composition
SFSP Silk Fibroin 13%(w/v) +
Spirulina extract 1%(w/v)
SF Silk Fibroin 13%(w/v)
Silk Fibroin / PCL (weight ratio 3:1)
AL 13%(w/v, total concentration)
Silk Fibroin / PCL (weight ratio 2:2)
SFPCL2Z 13%(w/v, total concentration)
Silk Fibroin / PCL (weight ratio 1:3)
SielLe 13%(w/v, total concentration)
PCL PCL 13%(w/v)
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3.2.2 24 &4

Azxzst i et x5 #elsty] el FE-SEM(Supra
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3.3 3272 8BY JxAs AXA Az L B4

3.3.1 Az ¥4
Wi, oF 42 F3HE A SO0 o|Fo 3FTF d3d AA A9
Az =24 A7) AF(sequential  electrospinning) WS

%
o] &3ttt WA SP 1% (w/v)& ¥rsh= SF 13% (w/v) AN S
Abgeto]  AZIHALSE H TS BA), tgd SF/PCL &3=
(SF:PCL=3:1, 2:2, 1:3) WAENE A7Abste] FhES P38t
npAlg o2 PCL 13%(w/v) HAREHE Abgsto] F-5& st
3gAE A&KAHo=w APsgltt. 7+ T FAE T0pxm W=
zdstlom  dA 3 T FAE 200em BEE A SHA
zAs9t. 38 AAAE Axsr] Y5t 1.5mme A4S e
sfolo] 5 ZFHHE AME3ste] o T2 3AAZen BE A7
235 dolM A veAds WE Je 9 Ax 2439 FA3HA 3

} TR A7IHAE gnd AAAE oF 20mme]

dolz Zebd ZEEAM Zdsiia TRFE olgs o Ak

T35 B SF/PCL zAu]el m& 3372 AAAY 2 543
ofstA] JAE 1Ay flakel SF/PCL EdW&(3:1, 2:2, 1:3)°]
Az g2 ARE AFsglen B3 gxdos F45 glo]l Wi
gR-Fortt 4E olFTx AAA, ¥ dAdF(SF EE
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Table 2. Sample identification of tubular type electrospun
nanofiber scaffolds

Sample | No. of Composition
ID layers Inner layer Middle layer Outer layer
Triole31 3 SF 13%(w/v) + SF/PCL(weight ratio 3:1) PCL
P SP 1%(w/v) 13%(w/v, total concentration) 13%(w/v)
Triole22 3 SF 13%(w/v) + SF/PCL(weight ratio 2:2) PCL
P SP 1%(w/v) 13%(w/v, total concentration) 13%(w/v)
Triolel13 3 SF 13%(w/v) + SF/PCL(weight ratio 1:3) PCL
P SP 1%(w/v) 13%(w/v, total concentration) 13%(w/v)
SF 13%(w/v) + ) PCL
ol 2 SP 1%(w/v) 13%(w/v)
SFSP* 1 SF 13%(w/v) + SP 1%(w/v)
PCL* 1 PCL 13%(w/v)

Triple: tri—layer scaffold,

Double: bi—layer scaffold,

SESP#*: mono—layer scaffold of SFSP,
PCLx*; mono—layer scaffold of PCL
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3mm=E ARSI on A e WA AREE oA FHY
F:E (clamp) ol A% ¥ AF &% 0.6mm/min, A°]A Aol
Ao AFor AdAste] AT o] W Ho $HS dFUE

d % (ultimate  circumferential tensile strength, UCTS)Z
AR o] FOoRFE AAAY HAE 4 A% (burst pressure

strength) & 2t&gtA WA A 4 (1)L o] &3sto] F4sTt.[8, 54]
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3.3.4 JESH Ay
A A7 ABA el o]2 el kA FRst AAAF}YE ZA=AE
Adry] e AE B4, AE T4, AE #
AAA L 7+ F3 FAo] T U WE HEHo AlEE o] g3}

v gk

&
Xyttt Al 5mm x 5mme A7]ZE FH|SEF O o] AXE 1
x 10* cells/256mm? ¢ H]E&Z seedingdt & DMEM (Dulbecco’s
Modiffied Eagle’s Medium including 10% FBS and 1%
penicillin/streptomycin) ®A| & o]&3}o] AXE HjdslF T AXEE
seeding?t AlRE 1Y, 249, 39 &<t 37T, CO, 5% Fx1ollA wijekdh
T HAAEERY #HlHe dSEes wilske AZEAR TNF-

a2 %2 Mouse TNF—o Immunoassay®& kitE o]&3] 7HgAo=

AE F2 APE MTT assays &34 B71sksivh. AlZs NIH
3T3 mouse fibroblast(d-o}Al3£) 9  Human umbilical vein
endothelial cell(HUVEC, a3 AEL) S o] &3l 574 A A e}
nE A2 AJEE Smm X bmmOe®E  FH|3 F oo AEES
fibroblaste] Aol 2 x 10* cells/25mm® HUVEC®] Aol 1
x 10* cells/25mm?®2] H]&E seedingdltFth. A|EE HjoFs Hix| 2=
fibroblast®] 7ol RAW 264.75 W v} FTUT WA=
AFE319lar HUVECS ¢+ EGM-2 bullet kit(EBM—2 medium
including hEGF, hydrocortisone, GA—1000, FBS, VEGF, hFGF-B,

R3-IGF—1, ascorbic acid, and heparin)E A}g3tF o AXEE

rir
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seedingdlt A8+ 14, 3Y, 54 %<k 37T, COy 5% Z7doA] kst
xeR MTT (3— (4,5—dimethyl—thiazol—2—yl) —2,5—diphenyl—
tetrazolium bromide) A 2FS ©] &3] 540nmeolA SHEE ST

wE 149, 3d, 5Y wt AxE wgE gAY AEE 25%

glutaraldehyde £ (Sigma Aldrich, Korea)< ©o|&3lo] Xz
AXZE IAAAD F dIES o8 Z5 Hds Sl dxeta olE
Ngow FYste] AN AS S TR AEe JuHSd TxE
el

s A= flel A HikE HUVECO] o] Ak Follie Al 24A <]
dse & A8 FA8ka Sl=A #lst7] ¢l PCR(Takara PCR

thermal cycler dice, TaKaRa, Japan) & Eallr AXo 22 @3
oAF-E st wlge A 6 ® AEE Tri—reagentE ©]-85}o]
o Fo] AEZHE mRNAE FE3 F AccuPower® RT
Premix (Bioneer, Korea)= ©]§3le] ¢cDNAE A3t ©o|& PCR=
ol ZetolwE o] &ato] FEHAIZTH

HUVECS] 32 & oFE5 gelsty] & ARgst A==
CD31 (PECAM—-1(PECAM: platelet endothelial cell adhesion
molecule)) ¥ vWF (von Willebrand factor) & o143tk 2 3l #}e]
o & Zfolu A2 CD319] Zd-5-oll= 5-—
TCATCGGAGTGATCATTGC—3 (Forward primer) 2} 5—
CTAGAGTATCTGCTTTCCACG—-3(Reverse primer)©|1 vWF
A5l 5—CGCCTGCTTCTGCGACACCA—-3(Forward primer), 5—

GCCAGTGGCTCAGGGTGCTG—-3 (Reverse primer) ©] ¥,
housekeeping gene?l GAPDH?9] 74 9-ofl = 5—
GCATGGCCTTCCGTCTCCCC—3 (Forward primer), 5—
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GAGGGCAATGCCAGCCCCAG—3(Reverse primer)? Q7ML
b= ZE ol gsilom 7 fHAe] F% A 742 367, 201, 211
base pairg zt= Zlox AEsltt [55, 56]

PCR T% &2 1% otEA Ao 2dstel d7] J5 st
Bt RS syl TA bufferd AMEEFom 80vVel et
40~457 7reke] AR FAEE SAs] S viAAR
1kb(+) DNA ladder marker (Enzynomics, Korea) & ©]-&3to] 23
ERET N

e e

mlo

Azl A¥  A3RES (means) t(standard  deviation) & &

el le™  Microsoft Excel 2010 ZZ138 o] &3fe] HAb

w4 (@anova) 0.2 1 e AASY. SASH RE Ak

p<0.05% 3§ ®S= Algtete] YEhfSit

rl
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Figure 4. FE—SEM images of (a)SFSP, (b)SF, (c)SFPCL31,
(d)SFPCL22, (e)SFPCL13, and (f)PCL nanofiber mats (X50k, scale
bar: 500nm)
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Table 3. Average fiber size of SFSP, SF, SF/PCL blend, and PCL
nanofiber mats

SFsp ¥ SF2 [SFPCL31 ? [SFPCL22 ? |SFPCL13 ?| PCL?

Average fiber
size(nm)

A7 A Az A: P12kV, P13kV, P 14kV

357452 | 256+38 | 278166 | 303+159 | 386+239 | 179+64
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4.1.2 FT-IR &4
Figure 5+ SF  AZ|WARA] H7bsk wlMz{F  SPY  FT-IR

AAERS BT 9k 3300 em”! el Uehd F4 A%
FadstE FAbslriel NHe7lel  AEHAC  7)dd Aola[57],
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Figure 5. FT—IR spectrum of Spirulina extract
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Figure 6. FT—IR spectra of SFSP, SF, SF/PCL blend, and PCL
nanofiber mats
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4.1.3 43 A%

SP ¥ SF 9 SF/PCL Hd= yxAf wES DSC d#4
A= Figure 7] YeERRT SF YA+ A9ole= 40~115TC
FZoA W w9 Azt yehda 280C F2eA EvtEE 4
a7k vdepvs 2l 398 Aded Ao AeE SFe &
Aol Aol AWA, & Eo] THEe] g Folu FA9
95 SF AFEY Bajz Qg Aow 4 eh[60, 61] dH PCL
U] Bl 57.2ToA F<E dol7b yekht=d o= PCLY
&8 AToR Qo] dehves F99ar SIH(62]

SF/PCL EdE= YA o taires 22t
AT aEe] veEbgE slslth BAE Sekule] wep oA
Hole]  digshs FLE ¥IA X W3 A Qe Zew
#HEEew SF&F PCLe 44 Aol
Hl&of vl AOZRFEH A5 U

Al
™
PCLo| 2 EAHlo] Qe AT + 99
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—Exo

Heat flow
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temperature of SF
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Figure 7. DSC thermograms of SFSP, SF, SEF/PCL blend, and PCL

nanofiber mats
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Table 4. Contact angle of SFSP, SF, SF/PCL blend, and PCL

nanofiber mats

Sample SFSP SF SFPCL31 | SFPCL22 | SFPCL13 PCL
Contact angle(®) [ 57.3+3.2 | 62.2+1.0 | 62.6+0.7 [ 65.1+17 | 694+09 | 726+10
41 -":r'-\.ﬁ-! ""I:I -] -.
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Figure 8. Typical S—S curve of SFSP, SF, SF/PCL blend, and PCL
nanofiber mats under a dry condition of sample
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Figure 9. Mechanical properties of SFSP, SF, SF/PCL blend, and
PCL nanofiber mats at dry condition of sample; (a) Ultimate tensile
strength, (b) Elongation at break, and (c) Young’s modulus
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Figure 10. Mechanical properties of SFSP, SF, SF/PCL blend, and
PCL nanofiber mats at wet condition of sample; (a) Ultimate tensile
strength, (b) Elongation at break, and (c) Young’s modulus
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Figure 12. Optical(a, d, g), fluorescence (b, e, h), and merged(c, f, i)
images of cross—section of tubular type nanofiber scaffold(X50,
scale bar: 500 gm)
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N
Figure 13. FE—SEM images of cross—section of tubular type
nanofiber scaffolds; (a) Double, (b) Triple31, (c¢) Triple22, and (d)
Triple13 (X100, scale bar: 200 £ m)
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Figure 16. Typical S—S curve of tubular type nanofiber scaffold in a
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Figure 23. FE—SEM images of HUVEC cells on SF(a, d, g), SFSP (b,
e, h), and PCL(c, f, i) nanofiber scaffold for 1(a—c), 3(d—f), and
5(g—1) days after cell seeding (X 2000, scale bar: 10 £zm)
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Figure 24. FE—SEM images of fibroblast cells on SF(a, d, g),
SFSP(b, e, h), and PCL(c, f, i) nanofibers for 1(a—c), 3(d—f), and
5(g—1i) days after cell seeding(x2000, scale bar: 10 £m)
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Figure 25. RT—PCR results for expression of vWF and CD31 in
HUVEC cells after 6 days cultured on SF and SFSP nanofiber
scaffolds (fibroblast cell was used as negative control to
expression of HUVEC cell)



1.5mm)

ke 1 okt

2 (WA

i

=
L -

18

3% Tx9
-

A5 %4

ol

Tor

o|J
_io
-

H

=
23}

=

e

Ee] SF/PCL

R

pe

st SF/PCL &dE=

g
i
=~

=

o
< H

| E

R
e

ol

il

o
!

ojp
=

%)
0

W
N
o
Jo
70
wr
_*O_l

i

T Y AAAG

ZO

o

o

J)
K

el
T
oF

TH

S

A3}, 200~400nm2)

=l;

)

of uwhet

).

kel
=

5713

=

o]

=

¥9lew FT-IR¥} DSC #4&
3}

1

Z
t A3 PCL

hs

I8

S
1o

-

ol
=

A2 A=
| SFe} PCL9

1

K<}
\

I

3

E

o

ToR

Aol = PCL

Fol A Z3t

°©

=9

7

9=
Al
=

2. SF/PCL
& 3iA



No

)
_EO
1+

ﬁ
No

il

o}
_io
o~

Nfo

—_—

1o
il

T

o
o
o
ol

Az
al]

s
100

)

0
o
XO

0

0

|

L —

T

R

T

°

R

A
vt

7}7F
A3 A

=
al

| dad A=A A 2t

A
A+ SP

AAAZL AE H4e A

1A

SFATE. ek MTT assay

[

=

o

=

TEE S99 dx, HUVECH

SE/PCL z7dn]e] #Agle]l SF A

1= At

Z/g 7t

|

3+

=

T

T

SF/PCL
et
ﬁ_}o

Q
A=

:T_L

4. TNF—a assay

7]

=

9

Ava
i I

shue Al

1:111_

ol o m
RS

S
=

Wy

R

-

B

)

=

w0}

Ak
=

-

hs

5

o

=
78

A

O

T3k PCR
1la

=

SP

| —
R

oAtz el TCPS%}

av=



SF

G AA A

[¢]

v

webA SFeF PCLE FA4 % 3Z4%

B

B

N

0

"
Tor

K

o|J
HH

o

& 7hsAol

S|
S

2459 okl

79



3 &3

[1] Marelli B, Alessandrino A, Faré S, Freddi G, Mantovani D,
and Tanzi MC, Compliant Electrospun Silk Fibroin Tubes for Small
Vessel Bypass Grafting. Acta Biomaterialia 6, 10, 4019—-4026 (2010)
[2] Bergmeister H, Schreiber C, Grasl C, Walter I, Plasenzotti R,
Stoiber M, Bernhard D, and Schima H, Healing Characteristics of
Electrospun Polyurethane Grafts with Various Porosities. Acta
Biomaterialia 9, 4, 6032—6040 (2013)

[3] Lu G, Cui S—J, Geng X, Ye L, Chen B, Feng Z—G, Zhang J,
and Li Z—-Z, Design and Preparation of Polyurethane—
Collagen/Heparin—Conjugated Polycaprolactone Double—Layer
Bionic Small—Diameter Vascular Graft and Its Preliminary Animal
Tests. Chinese Medical Journal 126, 7, 1310—1316 (2013)

[4] Mcclure MJ, Sell SA, Simpson DG, and Bowlin GL,
Electrospun Polydioxanone, Elastin, and Collagen Vascular Scaffolds:
Uniaxial Cyclic Distension. Journal of Engineered Fabrics & Fibers
(JEFF) 4, 2, (2009)

[5] Huang C, Wang S, Qiu L, Ke Q, Zhai W, and Mo X, Heparin
Loading and Pre—Endothelialization in Enhancing the Patency Rate of
Electrospun Small—Diameter Vascular Grafts in a Canine Model. ACS
Applied Materials & Interfaces 5, 6, 2220—2226 (2013)

(6] He W, Hu Z, Xu A, Liu R, Yin H, Wang J, and Wang S, The
Preparation and Performance of a New Polyurethane Vascular

Prosthesis. Cell Biochemistry and Biophysics 66, 3, 855—866 (2013)

80 A ‘._, 2 II



[7] Lee SJ, Liu J, Oh SH, Soker S, Atala A, and Yoo JJ,
Development of a Composite Vascular Scaffolding System That
Withstands Physiological Vascular Conditions. Biomaterials 29, 19,
2891-2898 (2008)

[8] Ghezzi CE, Marelli B, Muja N, and Nazhat SN, Immediate
Production of a Tubular Dense Collagen Construct with Bioinspired
Mechanical Properties. Acta Biomaterialia 8, 5, 1813—1825 (2012)
[9] Vaz C, Van Tuijl S, Bouten C, and Baaijens F, Design of
Scaffolds for Blood Vessel Tissue Engineering Using a Multi—
Layering Electrospinning Technique. Acta Biomaterialia 1, 5, 575—
582 (2005)

[10] Maidoub H, Ben Mansour M, Chaubet F, Roudesli MS, and
Maaroufi RM, Anticoagulant Activity of a Sulfated Polysaccharide
from the Green Alga Arthrospira Platensis. Biochimica Et Biophysica
Acta—General Subjects 1790, 10, 1377—1381 (2009)

[11] Son M—H, Park K—H, Choi A—R, Yoo G—J, In M—J, Kim D—
H, and Chae H—J, Investigation of Biological Activities of Enzymatic
Hydrolysate of Spirulina. Journal of the Korean Society of Food
Science and Nutrition 38, 2, 136—141 (2009)

[12] Cha BG, Kwak HW, Park AR, Kim SH, Park SY, Kim HJ, Kim
IS, Lee KH, and Park YH, Structural Characteristics and Biological
Performance of Silk Fibroin Nanofiber Containing Microalgae
Spirulina Extract. Biopolymers 101, 4, 307—318 (2014)

[13] Marieb EN #|, HWell 2 621 ¢, Al 4z 7]&. 2006,
Mz, tERls, ASE3AE 530-532.

[14] oAbz A, AFd, =45 o, 2 & AR 2005, A&,

31 -":rx E "";i' 1_-“



o eknls, R4, 278-281.

[15] Patton K, Thibodeau G, Douglas M #], H™ol 2] 82 <,
AA L 28} 7. 2011, A2, tignl=, AAv|ojsig|o}, 377-380.
[16] Stegemann JP, Kaszuba SN, and Rowe SL, Review:
Advances in Vascular Tissue Engineering Using Protein—Based
Biomaterials. 7issue Engineering 13, 11, 2601—-2613 (2007)

[17] Del Gaudio C, Ercolani E, Galloni P, Santilli F, Baiguera S,
Polizzi L, and Bianco A, Aspirin—Loaded Electrospun Poly (E-—

Caprolactone) Tubular Scaffolds: Potential Small—Diameter Vascular

Grafts for Thrombosis Prevention. Journal of Materials Science:

Materials in Medicine 24, 2, 523—532 (2013)

[18] Blit PH, Battiston KG, Yang M, Paul Santerre J, and
Woodhouse KA, Electrospun Elastin—Like Polypeptide Enriched
Polyurethanes and Their Interactions with Vascular Smooth Muscle
Cells. Acta Biomaterialia 8, 7, 2493—2503 (2012)

[19] Andukuri A, Kushwaha M, Tambralli A, Anderson JM, Dean
DR, Berry JL, Sohn YD, Yoon Y-S, Brott BC, and Jun H-W, A
Hybrid Biomimetic ~ Nanomatrix Composed of Electrospun
Polycaprolactone and  Bioactive  Peptide  Amphiphiles  for
Cardiovascular Implants. Acta Biomaterialia7, 1, 225—233 (2011)
[20] Mckenna KA, Hinds MT, Sarao RC, Wu P—C, Maslen CL,
Glanville RW, Babcock D, and Gregory KW, Mechanical Property
Characterization of Electrospun Recombinant Human Tropoelastin
for Vascular Graft Biomaterials. Acta Biomaterialia 8, 1, 225—233
(2012)

[21] Browning M, Dempsey D, Guiza V, Becerra S, Rivera J,

82 -":rx E "";i' 1_-“



Russell B, Hook M, Clubb F, Miller M, and Fossum T, Multilayer
Vascular Grafts Based on Collagen—Mimetic Proteins. Acta
Biomaterialia 8, 3, 1010—1021 (2012)

[22] Liu S, Dong C, Lu G, Lu Q, Li Z, Kaplan DL, and Zhu H,
Bilayered Vascular Grafts Based on Silk Proteins. Acta Biomaterialia
9,11, 8991-9003 (2013)

[23] Nguyen T—H and Lee B—T, The Effect of Cross—Linking on
the Microstructure, Mechanical Properties and Biocompatibility of
Electrospun Polycaprolactone—Gelatin/Plga—Gelatin/Plga—Chitosan
Hybrid Composite. Science and Technology of Advanced Materials
13, 3, 035002 (2012)

[24] Wong CS, Liu X, Xu Z, Lin T, and Wang X, Elastin and
Collagen Enhances Electrospun Aligned Polyurethane as Scaffolds
for Vascular Graft. Journal of Materials Science: Materials in
Medicine 24, 8, 1865—1874 (2013)

[25]  Sell S, Mcclure MJ, Barnes CP, Knapp DC, Walpoth BH,
Simpson DG, and Bowlin GL, Electrospun Polydioxanone—Elastin
Blends: Potential for Bioresorbable Vascular Grafts. Biomedical
Materials 1, 2, 72 (2006)

[26] Xiao S, Xu W, and Ma H, Fabrication and Characterization of
Mechano—Modulated Pet/Bpu Nanofibrous Mats as Potential
Vascular Grafts Materials. Fibers and FPolymers 13, 5, 618—625
(2012)

[27] Pignatello R, Biomaterials Science and Engineering. 2011,
Rijeka, Croatia, InTech., 424

[28] Holzwarth JM and Ma PX, Biomimetic Nanofibrous Scaffolds

83 A ‘._, L]l



for Bone Tissue Engineering. Biomaterials 32, 36, 9622—9629
(2011)

[29] Zhu H, Liu N, Feng X, and Chen J, Fabrication and
Characterization of Silk Fibroin/Bioactive Glass Composite Films.
Materials Science and Engineering: C 32, 4, 822—829 (2012)

[30] Kim HI, Matsuno R, Seo J—H, Konno T, Takai M, and
Ishihara K, Preparation of Electrospun Poly (L—Lactide—Co—
Caprolactone—Co—Glycolide) /Phospholipid Polymer/Rapamycin
Blended Fibers for Vascular Application. Current Applied Physics 9,
4,e249—-e251 (2009)

[31] Liu B, Xu F, Guo M—Y, Chen S—F, Wang J, and Zhang B,
Electrospun Plla Fibers Coated with Chitosan/Heparin for Scaffold of
Vascular Tissue Engineering. Surface and Coatings Technology 228,
S568—-S573 (2013)

[32] Wang S and Zhang Y, Preparation, Structure, and in Vitro
Degradation Behavior of the Electrospun Poly (Lactide—Co—
Glycolide) Ultrafine Fibrous Vascular Scaffold. Fibers and FPolymers
13, 6, 754-761 (2012)

[33] Ferrand A, Eap S, Richert L, Lemoine S, Kalaskar D,
Demoustier-Champagne S, Atmani H, M¢ély Y, Fioretti F, and
Schlatter G, Osteogenetic Properties of Electrospun Nanofibrous Pcl
Scaffolds Equipped with Chitosan-Based Nanoreservoirs of Growth
Factors. Macromolecular Bioscience 14, 1, 45—55 (2014)

[34] Xie J, Macewan MR, Liu W, Jesuraj N, Li X, Hunter D, and
Xia Y, Nerve Guidance Conduits (Ngcs) Based on Double—Layered

Scaffolds of Electrospun Nanofibers for Repairing the Peripheral

84 -":rx E "";i' 1_-“



Nervous System. ACS Applied Materials & Interfaces 6, 12, 9472—
9480 (2014)

[35] Uppal R, Ramaswamy GN, Arnold C, Goodband R, and Wang
Y, Hyaluronic Acid Nanofiber Wound Dressing—Production,
Characterization, and in Vivo Behavior. Journal of Biomedical
Materials Research Part B: Applied Biomaterials 97, 1, 20—29 (2011)
[36] Park SY, Ki CS, Park YH, Lee KG, Kang SW, Kweon HY, and
Kim HJ, Functional Recovery Guided by an Electrospun Silk Fibroin
Conduit after Sciatic Nerve Injury in Rats. Journal of 7Tissue
FEngineering and Regenerative Medicine , in press

[37] Park SY, Ki CS, Park YH, Jung HM, Woo KM, and Kim HJ,
Electrospun Silk Fibroin Scaffolds with Macropores for Bone
Regeneration: An in Vitro and in Vivo Study. 7issue Engineering Part
A16,4,1271-1279 (2010)

[38] Liu X, Lin T, Gao Y, Xu Z, Huang C, Yao G, Jiang L, Tang Y,
and Wang X, Antimicrobial Electrospun Nanofibers of Cellulose
Acetate and Polyester Urethane Composite for Wound Dressing.
Journal of Biomedical Materials Research Fart B Applied
Biomaterials 100, 6, 1556—1565 (2012)

[39] Blakeney BA, Tambralli A, Anderson JM, Andukuri A, Lim
D—J, Dean DR, and Jun H—W, Cell Infiltration and Growth in a Low
Density, Uncompressed Three —Dimensional Electrospun
Nanofibrous Scaffold. Biomaterials 32, 6, 1583—1590 (2011)

[40] Lovett M, Cannizzaro C, Daheron L, Messmer B, Vunjak—
Novakovic G, and Kaplan DL, Silk Fibroin Microtubes for Blood
Vessel Engineering. Biomaterials 28, 35, 5271—-5279 (2007)

85 -":rx E "";i' 1_-“



[41] Yang H, Xu W, Ouyang C, Zhou F, Cui W, and Yi C,
Circumferential Compliance of Small Diameter Polyurethane Vascular
Grafts Reinforced with Elastic Tubular Fabric. Fibres & Textiles in
Eastern Europe 17, 6, 89—92 (2009)

[42] Nakazawa Y, Sato M, Takahashi R, Aytemiz D, Takabayashi
C, Tamura T, Enomoto S, Sata M, and Asakura T, Development of
Small—Diameter Vascular Grafts Based on Silk Fibroin Fibers from
Bombyx Mori for Vascular Regeneration. Journal of Biomaterials
Science, Polymer Edition 22, 1—3, 195—206 (2011)

[43] Lai ES, Anderson CM, and Fuller GG, Designing a Tubular
Matrix of Oriented Collagen Fibrils for Tissue Engineering. Acta
Biomaterialia 7, 6, 2448—2456 (2011)

[44] Diban N, Haimi S, Bolhuis—Versteeg L, Teixeira S, Miettinen
S, Poot A, Grijpma D, and Stamatialis D, Hollow Fibers of Poly
(Lactide—Co—Glycolide) and Poly (E —Caprolactone) Blends for
Vascular Tissue Engineering Applications. Acta Biomaterialia 9, 5,
6450—-6458 (2013)

[45] Uchida T, Ikeda S, Oura H, Tada M, Nakano T, Fukuda T,
Matsuda T, Negoro M, and Arai F, Development of Biodegradable
Scaffolds Based on Patient—Specific Arterial Configuration. Journal
of Biotechnology 133, 2, 213—218 (2008)

[46] Wang H, Feng Y, Fang Z, Yuan W, and Khan M, Co-
Electrospun Blends of Pu and Peg as Potential Biocompatible
Scaffolds for Small-Diameter Vascular Tissue Engineering.
Materials Science and Engineering: C 32, 8, 2306—2315 (2012)

(471 Stitzel J, Liu J, Lee SJ, Komura M, Berry J, Soker S, Lim G,

36 '}"‘5 ui 1—l| =



Van Dyke M, Czerw R, and Yoo JJ, Controlled Fabrication of a
Biological Vascular Substitute. Biomaterials 27, 7, 1088—1094 (2006)
[48] Yin A, Zhang K, Mcclure MJ, Huang C, Wu J, Fang J, Mo X,
Bowlin GL, Al-Deyab SS, and El-Newehy M, Electrospinning
Collagen/Chitosan/Poly (L-Lactic Acid-Co-e-Caprolactone) to Form a
Vascular Graft: Mechanical and Biological Characterization. Journal
of Biomedical Materials Research Part A 101, 5, 1292—1301 (2013)
[49] Bonani W, Maniglio D, Motta A, Tan W, and Migliaresi C,
Biohybrid Nanofiber Constructs with Anisotropic Biomechanical
Properties. Journal of Biomedical Materials Research Part B Applied
Biomaterials 96, 2, 276—286 (2011)

[50] Thomas V, Zhang X, and Vohra YK, A Biomimetic Tubular
Scaffold with Spatially Designed Nanofibers of Protein/Pds® Bio-
Blends. Biotechnology and Bioengineering 104, 5, 1025—1033 (2009)
[51] Mcclure MJ, Simpson DG, and Bowlin GL, Tri—Layered
Vascular Grafts Composed of Polycaprolactone, Elastin, Collagen,
and Silk: Optimization of Graft Properties. Journal of the mechanical
behavior of biomedical materials 10, 48—61 (2012)

[52] Chu W-L, Lim Y-W, Radhakrishnan AK, and Lim P-E,
Protective Effect of Aqueous Extract from Spirulina Platensis against
Cell Death Induced by Free Radicals. BMC Complementary and
Alternative Medicine 10(2010)

[53] Han F, Jia X, Dai D, Yang X, Zhao J, Zhao Y, Fan Y, and Yuan
X, Performance of a Multilayered Small—Diameter Vascular Scaffold
Dual—Loaded with Vegf and Pdgf. Biomaterials 34, 30, 7302—-7313
(2013)

87 -":rx E "";i' 1_-“



[54] Nieponice A, Soletti L, Guan J, Deasy BM, Huard J, Wagner
WR, and Vorp DA, Development of a Tissue—Engineered Vascular
Graft Combining a Biodegradable Scaffold, Muscle—Derived Stem
Cells and a Rotational Vacuum Seeding Technique. Biomaterials 29, 7,
825-833 (2008)

[55] Du F, Zhao W, Zhang M, Mao H, Kong D, and Yang J, The
Synergistic Effect of Aligned Nanofibers and Hyaluronic Acid
Modification on Endothelial Cell Behavior for Vascular Tissue
Engineering. Journal of Nanoscience and Nanotechnology 11, 8,
6718-6725 (2011)

[56] He W, Yong T, Teo WE, Ma Z, and Ramakrishna S,
Fabrication and Endothelialization of Collagen—Blended
Biodegradable Polymer Nanofibers: Potential Vascular Graft for
Blood Vessel Tissue Engineering. 7issue Engineering 11, 9—10,
1574-1588 (2005)

[57] Doshi H, Ray A, and Kothari I, Biosorption of Cadmium by
Live and Dead Spirulina: Ir Spectroscopic, Kinetics, and Sem Studies.
Current Microbiology 54, 3, 213—218 (2007)

[58] Pugazhendy K, Fourier Transform Infrared Ft—Ir
Spectroscopic Analysis of Spirulina. International Journal of
Pharmaceutical & Biological Archive 3, 4, 969—972 (2012)

[59] Elzein T, Nasser—Eddine M, Delaite C, Bistac S, and Dumas
P, Ftir Study of Polycaprolactone Chain Organization at Interfaces.
Journal of Colloid and Interface Science 273, 2, 381—387 (2004)

[60] Zhou W, He J, Du S, Cui S, and Gao W, Electrospun Silk

Fibroin/Cellulose Acetate Blend Nanofibres: Structure and Properties.

88 A ‘._, L]l



Iran Polym J 20, 5, 389—397 (2011)

[61] Zoccola M, Aluigi A, Vineis C, Tonin C, Ferrero F, and
Piacentino MG, Study on Cast Membranes and Electrospun
Nanofibers Made from Keratin/Fibroin Blends. Biomacromolecules 9,
10, 2819—2825 (2008)

[62] Rosa D, Lopes D, and Calil M, Thermal Properties and
Enzymatic Degradation of Blends of Poly (£ —Caprolactone) with
Starches. Polymer Testing 24, 6, 756—761 (2005)

[63] Sarasam A and Madihally SV, Characterization of Chitosan—
Polycaprolactone Blends for Tissue Engineering Applications.
Biomaterials 26, 27, 5500—5508 (2005)

[64] Minoura N, Tsukada M, and Nagura M, Physico—Chemical
Properties of Silk Fibroin Membrane as a Biomaterial. Biomaterials
11, 6, 430—434 (1990)

[65] Lehoux S and Tedgui A, Cellular Mechanics and Gene
Expression in Blood Vessels. Journal of Biomechanics 36, 5, 631—
643 (2003)

[66] Sarkar S, Salacinski H, Hamilton G, and Seifalian A, The
Mechanical Properties of Infrainguinal Vascular Bypass Grafts: Their
Role in Influencing Patency. European Journal of Vascular and
Endovascular Surgery 31, 6, 627—636 (2006)

[67] Billiar K, Murray J, Laude D, Abraham G, and Bachrach N,
Effects of Carbodiimide Crosslinking Conditions on the Physical
Properties of Laminated Intestinal Submucosa. Journal of Biomedical
Materials Research 56, 1, 101—-108 (2001)

[68] Konig G, Mcallister TN, Dusserre N, Garrido SA, Iyican C,

89 A ‘._, L]l



Marini A, Fiorillo A, Avila H, Wystrychowski W, and Zagalski K,
Mechanical Properties of Completely Autologous Human Tissue
Engineered Blood Vessels Compared to Human Saphenous Vein and
Mammary Artery. Biomaterials 30, 8, 1542—1550 (2009)

[69]  Kottk-Marchant K, Veenstra AA, and Marchant R, Human
Endothelial Cell Growth and Coagulant Function Varies with Respect
to Interfacial Properties of Polymeric Substrates. Journal of
Biomedical Materials Research 30, 2, 209—218 (1996)

[70] Asran AS, Razghandi K, Aggarwal N, Michler GH, and Groth
T, Nanofibers from Blends of Polyvinyl Alcohol and Polyhydroxy
Butyrate as Potential Scaffold Material for Tissue Engineering of
Skin. Biomacromolecules 11, 12, 3413—3421 (2010)

[71] Altankov G, Richau K, and Groth T, The Role of Surface
Zeta Potential and Substratum Chemistry for Regulation of Dermal
Fibroblasts Interaction. Materialwissenschaft und Werkstofftechnik
34,12,1120—-1128 (2003)

[72] Murphy—Ullrich JE, The De—Adhesive Activity of
Matricellular Proteins: Is Intermediate Cell Adhesion an Adaptive
State? Journal of Clinical Investigation 107, 7, 785—790 (2001)

[73] Liu H, Li X, Zhou G, Fan H, and Fan Y, Electrospun Sulfated
Silk Fibroin Nanofibrous Scaffolds for Vascular Tissue Engineering.

Biomaterials 32, 15, 3784—3793 (2011)

90 A ‘._, 2 II



Abstract

Structure, mechanical property, and
cytocompatibility of tri—layered nanofiber
scaffold composed of silk fibroin and

poly (e—caprolactone) for vascular graft

A Reum Park

Major in Biomaterials Engineering

Department of Biosystems & Biomaterials Science and Engineering
The Graduate School

Seoul National University

In this study, tri—layered nanofiber scaffold of silk fibroin(SF)
and poly (e—caprolactone) (PCL), composed of inner, middle, and
outer layer, was fabricated using sequential electrospinning method
for examining its possible application in vascular tissue engineering.
The middle layer of SF/PCL blend nanofiber was introduced to
minimize delamination of each layer of the scaffold while the inner
layer was composed of SF nanofiber and the outer layer was of PCL
nanofiber. The 2—dimensional (2D) mat type as well as 3D tubular

type scaffold(1.5mm of inner diameter and 200 #m of thickness)
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was fabricated and structure, mechanical property, and
cytocompatibility were evaluated. Morphological structure of each
layer and delamination between the layers of the scaffold were
examined using FE—SEM. As a result of mechanical test, the tri—
layered nanofiber scaffold with middle layer of SF/PCL blend
nanofiber showed excellent longitudinal and circumferential tensile
strength, burst pressure strength, and suture retention strength,
which are comparable to those of human carotid artery and
saphenous vein. No cytotoxicity was observed for the scaffolds, and
MTT assay showed that a higher cell proliferation of HUVEC cells
was observed for the inner layer (SFSP nanofiber), while that of
fibroblast cells was for the outer layer(PCL nanofiber) of the
scaffold. Especially, gene expression of HUVEC cells on the inner
layer was comparable to positive control. Therefore, the tri—
layered tubular type SF/PCL nanofiber scaffold, which is composed
of SF/PCL blend nanofiber in middle layer, has a high potential for
applying to vascular tissue engineering due to its excellent

mechanical property and good cytocompatibility in vitro.

Keywords: Silk Fibroin, Poly (e —caprolactone), Nanofiber, Tri—
layer, Scaffold, Vascular tissue engineering

Student Number: 2012—23357
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