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Abstract

Blood vessel replacements are frequently necessary in the treatment of
atherosclerosis and peripheral vascular diseases. The supply of native
vessels may not be sufficient for multiple bypass or repeated
procedures. It is, therefore, desirable to develop a biocompatible
small-diameter artificial blood vessel substitute with no thrombosis
concerns. In our previous study, we have fabricated a prototype
tissue-engineered blood vessel equivalents (BVEs) by amniotic
membrane (AM) as a biological scaffold. The results showed that AM
might be an ideal matrix to develop a functional endothelium in BVEs
construction. To evaluate whether the endothelial cells in the BVEs
could confer the necessary hemocompatible properties, the responses
of endothelial cells (ECs) to fluid shear stress were assessed in this
study. Nine different shear stresses (0.5, 1, 2, 3, 4, 6, 8, 10, 12
dyne/cm?) were applied to the BVEs in a flow chamber and each shear
stress was maintained for 2~4 days to investigate the effects of shear
stress on the ECs adhesive strength. The expressions of cell adhesion
molecules such as PECAM, VE-cadherin, and focal adhesion
molecule, integrins, were analyzed by confocal microscopy and
western blot analysis. The data showed that the cell numbers on the
AM didn’t decrease after applying the physiological shear stress (12
dyne/cm?) for 2 days. Under this condition, the immunofluorescence
staining of F-actin showed that the cells aligned uni-directionally and
paralleled with the direction of fluid flow. Confocal

immunomicroscopy and Western blot analysis demonstrated that the
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expressions of PECAM-1, VE-cadherin and integrin B, integrin a./fs,
increased. From these results, we conclude that the AM-fabricated
tissue-engineered BVEs after fluid shear stress are more
biocompatible and can be used on the vessel implantation in the

animal models.
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A1 Feng &

T
=

Tk @5 7% ifi B AT 1 (atherosclerosis) H_AiE R R A e n A
B WBREIRAE L FAL FEHE B AR AT
Bk o eak g @ 3l g v %p (Glass and Witztum,
2001) o P w i &5 A fAio T RERA L nE i 2 o ¢ B
Ak B "% ¥Esg £ jiF (coronary artery bypass grafting, CAPG) ~ 2 4
fi » 15K (percutaneous coronary intervention, PCI ; v f I 45 5%
BE) od AWEA AN ACMISEEF BT  RAFFEEBE &
IAES G AR RERBFOIE RLEA A M0 R
P SRA (F RBEE) PR 2 HERGER
Ao T B R B SRR & 5 - R hE b bl
(Rosamond et al., 2008) ° @ Fjk & "% g £ ji5 > &3 £ if e
FREFHE . B RRETF R R K P A o dok R

% (saphenous vein) fcp ¥t %% (internal mammary artery) o i *
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W B o iva & &g & F 4 4e Dacron ~ expanded
polytetrafluorocthylene (ePTFE) - polyurethane (PU) % > d 3t 432
FRAEFE 35 Av o B E A F 04 1 x F #d (Kannan et

al.,2005) > ¥ AL F A TR F Ln g F RS e

A F IR F S (<6mm) od AN F AT F N o Gnin i
st A 1L g FE A2 L (thrombus) % # x5 &

(foreign body reaction) 1R AL > F]pt % s fg Pk kaE 42
PipFriEai i gL & 577 > % (Thomas et al,
2003) -

REH- BAAOAGL FFABRAEL D () At FRA
EFRE -G HADP AR o ar ¥ g P o PR e 20
i HREECR R 0 B dd o IRNAR ) IR TN R e
Fag o FI VR E Y B AL REPRE RO E S (2) A3
X g SRR AAF e R o hosl s FRSRE OB RMEE o B
ARART o op FREKELE BEL R FP A1 FOFEHY
Hiqensk 4 o R & 5 B2 8 i (Mitchell and Niklason,

2003; Rémy-Zolghadri et al., 2004)

TRy

Z % (amniotic membrane) “rPAP B K o B dRe X oKE RS
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2o Xv e = koo kB AL L wmre g (epithelium) ~ A K
%- (basement membrane) ~ % Z B & (stromal matrix) ° X #erAk
R A A S HWREGARE HIR X2 3BRFY 5
z 4| (collagen IV) % laminin (Timpl, 1996) > F #&& i & &
IR o ARG B FIe A RS s 2 prdle
it eni®*  (Solomon et al., 2005) - & ¥ X ¥p @0 & 4t R
* VPR & S enfS 4 £ 9 b (Burman et al., 2004) o2 R % F Lo
HR AL G kL F L %2 (endothelial cells) # & ~ 'q F {r
Fug L% 4 (Tsaietal., 2007) -

poano JIF BRI RPHTEREA L L B AR T LA S
% (Mitchell and Niklason, 2003; Kakisis et al., 2005) - (1) | *

#e # L T (collagen -~ fibrin)&2 fm*e R £33 % & g%k 1 (2) T
Sumt R G A R B R M P e R
(3) #Ad P 7 A fRinF A+ RS R BB R R A
PP SRR O R e 4 e LTV R BB
REamFRn, a A PFRTE IS AREEeRa 7L
1 FH 2 UF AT LR (PLGA ~ PCL) %#{4e 4 1 2 F 5
Beo e R E g o R aipE A & RS NP IR K

EWHAg AT MM e NI B 1L F PR - W k2



Hraegifrie g o

A e REF A

NRmR AIRGREFEL I T AR (1) P R e
%k ¥ & + 4 platelet/endothelial cell adhesion molecuale-1
(PECAM-1, CD31) -~ vascular endothelial — cadherin (VE-cadherin,
CD144) -~ cloudins % » # # PECAM-1 2 VE-cadherin % p & ‘m
P Ak E A G > TP AR L e X 4 i
AR X B4 & (Tzimaetal., 2005) o (2) p A wre &8 wre ¢
A B (extracellular matrix) 2z F4k¥ 4 + > 1 & % integrin 4 + >

Lt A Ta R s T g RFL B F Fd i )
hemi-desmosome % (Davis and Senger, 2005) #* focal adhesion
3 Fmre B L2 Bt ¥ o (3) E U F AP M e AR F
& =+ » 4 E-selectin ~ P-selectin -~ intercellular adhesion molecule-1
(ICAM-1) > iz A3+ ¢ BaE & IR & p A e B )54k (Carlos
and Harlan, 1994; Ruiz-Torres et al., 2006) = 4 1 i ¥ ¢ 4% & 5

R

TEHEREPN L s Nk ERL R FF L E Y 5 £

>

e A IR N R e AL E A F BN R mre 87 mre vt HL 2 AL
FhAG o FARES P UABAEAF > BIARRE LG KRB D
# 4= 7 % ¢ (Mitchell and Niklason, 2003; Rémy-Zolghadri et al.,
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2004) -

B8t 4 (shearstress) $+% R F %2 X 1w g p R ke RS

e F R RATAE L DL SR TFG o o RS
(pressure) ~ 5k 4 (tension) ~ % *7 fg4 o g4 gy in i
Fm EATALBAG TENEY 4 o d A g P L E SR
Bffo o Fl o i irAdd a4 BRIEF Ap Lwre o
PR e L hgE S A S e R AR A A R B bl
4o 1 jon channels (Ca®" channel) - Tyrosine kinase receptor
(VEGFR) ~ G proteins and G protein coupled receptors ~ caveolae
(caveolin-1) ~ adhesion proteins (integrins) -~ cytoskeleton
(microtubules -~ actin filaments) ~ glycocalyx ~ primary cilia ~ cell-cell
junction proteins (PECAM-1 ~ VE-cadherin) (Ando and Yamamoto.,
2009 ; Tzima et al., 2005) - % p A dmPe } B 5 g7 B4 g X %
PR R A BRI R AL B PR E T A
me TN A 4 MAPK % vk 35 @ 3L (Ando and
Yamamoto., 2009) > p A lme ¥t A s ik ik € A2 F R
EEPHPM R e BT A B B N A e B IR
L LA AEE A F (ICAM-1~ VCAM-1) > @ B3 gLind ®

e RS B R S L me o B UM AEF A T ARE
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3 4v (Chen and Tzima, 2009, White et al., 2007) o % p # & Jrp 4
M AR R R EX RS BEA B AL 0 DRI NE R
f8 77w (Chein, 2007; Davies et al., 1986) - < Lf&i I = aE
B R AR A afgpE > T 0 BaE L F 23 (Niklason et

al., 1999; Niklason et al., 2001)
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BB P eh

FF 2t X e im&llgp\p‘umpeﬁ,,. Rr B A vk E gy 4

BN R E NN 1 B R A AP R T TS 2 AT
2o RN AATY ME R d g2 0 B
AT R lmreaphitd B R AR A BRI RA o A
A T T 3 mment F ¢ i 4 < K E_12 dyne/em’ s #7

PIANE R B R 4 s AR 2L 12 dyne/em’ ) MAEE_A 1 i

A A Y AL F N A e ) 8 5 gl R

WL RPN A HITHAL A o BV I RBRT
mij‘*u H fmre enA) g 22 23] e % (Chein, 2007; Davies et al.,
1986) o p A lme FlAE A AL BRI S e T B ERE

A IR STrEY LR A 1 F A e AT oA 1w

A st BT TS FdD A { e R R FARI o

R A FET A 3w g g4 b Pe fhcell-cell junctionfecell adhesion

BoRMIN G e & G iz > fecell-cell junctionz i€ A 4 E =
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srd 4 (Fung and Liu, 1993; Dusserre et al., 2004) - ¥ ¥ cell
junction3-v PECAM-1 Z'm® F ¢ ¢ & 4 giphi* R % (Osawa et
al., 2002) - @ ‘& p¥ fF cHshear stress ¢ i = cell adhesion 3-+v
integrinsr% i o Cell-cell junctionfrcell adhesion¥f*T p g ‘m¥z &2
e AP L A B EA R B BB o &

B %cell-cell junctionfrcell adhesion3-v & E ~ 2% » 7

PLRETA Do N A e A B4 T (S R R AR o
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P i

pA mE s &

- g gren 2% > 171z 5 150 U/ml penicillin > 150
ug/ml streptomycin 7 phosphate-buffered saline (PBS, 1.3M NacCl,
0.27M KClI, 79.6mM Na,HPO,, 14.7mM KH,PO,) 7% 2 ",/TT R
BB B fORFRG FIE A TG 0 % 0.25% trypsin AJE
10 & 458> 1 E jis7 JBpN B fnPe o 2B T i g wm e 12 M199
¥ %% (Gibco) +4rX £ % & M199 7z 10% FBS ~ 150 U/ml
penicillin ~ 150 pg/ml streptomycin ~ 0.25 pg/ml amphotericin B =
Bar? > 237C5%CO, ZBETH A2 B X {#H- A%
o mre h¥s A P R RS > 11 0.25% trypsin #-imre o g3 BT
e A BB R I RS AR EE KL RER T -
¥ % K B (10% FBS -~ 50U/ml penicillin ~ 50 pg/ml
streptomycin) o p A dmre AN R F = A EEE > 12 0.25%
trypsin 4 LI B~ ¥ > 12 recovery cell culture freezing medium
(Gibco) #-fmPe bk Bis R ki * » FHRITHEY ) AL e B

B v AR xe Kafmie o

X L LY
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Aapd 50 SAWAPRE REL RS54 150 Uml
penicillin ~ 150 pg/ml streptomycin 2. PBS % g iF-ie j5 7% {5 > 1
0.25% trypsin 2 37°C ™ &d® 20 A 4hts > @ * fmre )7 - i
B end g sl 0 BNA AN R RS A3 gk
FeieE o AR AR Y ) 4T 03 em T
FH Ao I EXG10~15 K £ R K Scem DR F g #

BE R EEE AR FR RSN R T FOUh S0 A

FoishE T E 2 01 % - AEE (B

C‘\

TR RS-
0.0IN fEpc® ) » 4CTit® 24 [P 7t £ AWE b
(cross-linking) » 3% k#-F Wop ¥t 0.1M H =pk (glycine) /%
v o UAZH AR 30 A4 P e AT 22 A E A

Fl- 2T oRFRRE o B EF &R o

BEE A ASLE % S X 0 % 107 B L N
o R MR RE K S ame (2x10° cells/cm?) -

AL FECAPFRBESRI TR 2 F BED B
% A P73 ¥1 (medium reservoir) -~ ¥E# F1iF (Pulsatile pump) ~ i
BE 2K A AR B LAY AP F RBEEREIICE

BRABY AFERET 2 5 F BEESAR T 1 M99 12 %

e
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%12 Hank’s buffered salt solution (HBSS) 5 % =3/ » & 4r »
HEPES (Sigma-Alderich) “c 3z % feac 4 > Tt M199 2 % A v A&
P e A F AR 0 e F B 41 g

Nzl R RCEVE Jeos S8 Rk da e

_32nQ
T md?

B r i A1ngpar it o iz dyne/cmz;n EYDE | R p¥ 33

7 B (viscosity) * H i g-em’ -5 Q AinMenE g o H
=4 em’-s' @ % Fl% F:d s A1a *gmp\ /£ (Reneman and
Hoeks, 2008) °M199 32 % ;% & 37°Cprendbi# & 5 0.7 centipoise =
7x107 g/em-s> 4 1 5 F R 5 0.3 omo Bt b BE o 25
VOUR A 1=2.64Q0 ATILT 1Y ;ﬁd s g ds Rl F i i
S E R R PTG e 4 o 11 12 dyne/em® %

bl F 453 45ml SR Mg A 1 g oo

Al FAFERETRAZABRALILFZIEIANFRE
v(1) A Feag B e i+ (060.5~1-2+3+4+6-8~10~12 dyne/cm?)
PRIEST - X 5 (2) 6 dynelem® 7 4 AU 2 X (5 0 AT 8
dyne/cm® EJ22 % £ % < 3| 12 dyne/cm” AJS2 2 = ; (3) 8 dyne/cm’

BT 4 % 5 (4) 12 dyne/em’ BUT 4 % o fr 4 bR EIR 2 (BT
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A1 % F 0 1 4% 0 paraformaldehyde ¥ ¥ 0 i @ *
4',6-diamidino-2-phenylindole (DAPI) (1:1000, v/v) (Molecular

Probes) &7 P54 d » A ¢ Ricfw PR A 14§ A3T &
RE R A mve £ o W M K 3D L TP 0 5 0

FRMMERE A 1L Y P A KE o

T L e Y

Er

n‘i’&

e AaFPRETRA AL FHRE AL I FEED

=

4 % F Bz 12 dynelem’ i 4 R ESR S X > Fod e
L AFRRETEEE D R AR R edrdlleat 10 B
TREWACAHI 2 A48 ke PBS FiR 3 AL B AR R
4%:7 paraformaldehyde ¥ € > PBS % b if-i% 10 4 48 3 =tk 2
paraformaldehyde » ] * /| B+ B PECAM-1 #4848 (1: 50, v/v)
(BD bioscience) ~ = & i 7 VE-cadherin #u%8 (1: 20, v/v)
(Serotec) ~ -] BlFu7% integrin B; %8 (1: 50, v/v) (BD Bioscience)
g« Phalloidin, FITC labeled (1: 200, v/v) ( Sigma-Alderich) % & ™
iT%* 1] pFis > 11 PBS ¥ 7% e 10 &= 48 3 =0 - 2 1 200 mﬁp
T bt PR L X U] R CyS B & T B L X fut &
CyS & & ednll > T I8* 1 [ pFis 12 PBS ¥ v e 10
o483 =00 Bt 0 1: 700 shffE Lt 5] * propidium iodide % w77 1
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10 » 45 > 2 PBS % e ‘Jﬁ“}?ﬁ 10 #4583 hicisdt s » MEbe
E % ks (LSM 510, Zeiss) BL% 11 488 nm i £ o B BL%
FITC ¥ 543 nm & & o3 % % propidium iodide ¥ & >543 nm

ML s PR CyS § X -

£ T

NS

AL E Al R

S
1

x5 Aok MA1RFEED

2 4 F s Bz 12 dyne/em’ et g 4 o R ESE S X 0 et R

=

i%i%"i#@"f_ﬂiﬁé%:% oi&.*’?%‘gﬂ.?&ﬁ:qéﬁﬁj&li%%
T > U PBSkZ &AL £ ¥ enzyme-free cell dissociation buffer
37CT 7 152415 e 4CTTAF R » @0 L dose i 0 1 i

H W E o g {8 B~ dUiik 0 2 RIPA buffer (25mM  Tris-HCI
pH=7.6, 150mM NaCl, 1% NP-40, 1% sodium deoxycholate,
0.1%SDS) #4#cim?z » ACRF A RYF 30 A48 BIDF L himre

%11 4°C 800 g e & A 10 4 480 < B ik 0 11 bicinchoninic
acid (BCA) F-v ¥ A 4724 - * i d £ % % (DU-65
spectrophotometer, Beckman) *+ 562 nm =k £ B £k B > 0 E
e FER

BT E k&b > 2 A 2 - WA 0 loading dye (1% SDS, 5%
mercaptoethanol, 2096 glycerol, 0.1%6 BPB : Bromo-phenol-blue,
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50mM Tris-HCI pH6.8) 41 * 8%k & th— = = A mi e dh B P i fie
v 5% W % A& (sodium dodecylsulfate polyacrylamide gel
electrophoresis; SDS-PGE) » #-f& &L » BRIt ¢ » 250V 7
R i stacking gel & » ¥ B R /BI 70V 7T A EFHR&ERT
X R R % o % PVDF (Immobilon™, Transfer membrane,
MILLIPORE) F # 1 ¥ 3= H R AR~ -] » ¥ @3 100%
methanol 10~15 #; ¢ » % methanol » ¥ ¥ 4] * ddH,0 7% 1 »
4 - =x > £ % PVDF ## 7|4 % %% /% (transfer buffer) ¥ %
15-30 Ado TR F 2 2 FHEA | iR iER B Fief
T BRI o 30 FTRAE- N > 34 stacking gel (R 0 %
R EERY G 15 A4 * Lz R (Trans-Blot®SD,
Semi-Dry Transfer Cell, Bio-rad) » #-3-¢ F& 3 ABEH 1 A&
Bl o A3 RgAE TR > L kAR AR
0 R AR T 3RpA o AR EALF AL o208 FL
Eeim 2 X 2% > 120 VNG BREFEA 30 ~ 48 - 4 % = e
M EL S > 1 PBST ¥ 7% 7% (PBS-0.05% Tween 20 buffer,
PBST) /& » R4 > 33 5% ifqdmds (skimmed milk)
PBST W3k 2 BT F RO BEB AR F0 Tiks
RN | F o £ 12 PBST & e e 35 » 5 = 10 A 475 - 4
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AR - sl ] Bl BLPECAM-1 248 (1: 1000,
v/v) (BD bioscience) ~ = & Fift VE-cadherin 348 (1: 3000, v/v)
(Serotec) ~ |- B Fu 7 integrin B; F 42 (1:5000, v/v) (BD
Bioscience) -~ /] BlFTA #F integrin o,P3 (1:1500, v/v) (Chemicon)

FRTEF 1S W PBST ¥ @3 RFxE3 =t &= 104

F_k

G815 0 4 r B AR Bl HRP = sfukll D HRP 4 & L 3 ) &
= Al (1:5000, v/v) (Zymed) ~ HRP 2 11 % Fut €= ikl
(1:5000, v/v) (Zymed) 87T €% 1] pFis > 12 PBST % #73 iv i
% 3 = » &= 10 %~ 4% > 12 chemiluminescent HRP 4 sk 2% |

(Millipore) A8 ¢ » & t.2 8 o & 4 % (Fuji) = B4p -
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wf)

b
3iF
e

A1 g F P L b 4 T Rkt R

LI E “&”T?Tﬁ_m‘ﬂ I AFA I w ’F? = - SEL S TEIE = g IO
A g B 5\:1;35;1:,2,_;3:'1}#%4“6574.11{;%?‘}1)‘ mAE 107 Bp A
mrg s 3 A A% 9 2x10° cells/em’ eh ¥ B g dmre 2 R 2880 | R
2% 05-1-2-3-4~6~8~10- 12 dyne/cm® # I 3 & i

& # I 47 static control F3b g ¥4 1 n F P BEF e el d

2

A

B AT apmie el 0 KA F N L e B ek
B> 7t 18 FAI205-1-2-3-4-6~8-~10- 12 dyne/cm’
e B4 2 R {4 0 A W EF static control RAsLitt g o BILPN A dw
AL PR R A CEET X REFOTE (B-) T
[URE LR I O ST f#éﬁ& a1 ’g AR E 12 dyne/cm2 i)

i | R/

A3k E R e st B Y AT PR R

At5

B F T 6 dyne/om’ PEFE FOF 4 ek g o ATk g e £
MW o4 AJZX B F LA PR 6dyne/om’ > 54 AT 2 X (5o
# 2 7] 8 dyne/em” AT 2 X £ % 2 ] 12 dyne/cm® AJ2 2 % >

RALIwg? e fcE PR M TP AP X Bicib static control
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2 F e O OA(Rl S A)o W AN PHFEAILOMR L 42
BT 8 dyne/cm2 ~ 12 dyne/cm2 2720 = % $ce static control 0
2 > ¥ 25 7| 8 dyne/em’ £ 12 dyne/om’ km e #c B 35T % > @

static control P& H-Z(Bl= B)>» Fl 2 & £ 7 i3 JJ2pF il anld %

1;\27@ ’ »quu;‘e ég-/AF ﬁ— Q{Eﬁg&m«;ﬁggo

A BN A e e 4 T R 2 A

BA g FEJE 12dyne/om’ S 4 2 X B4 X (S M4 1 F

FAE o HAILFY P AT b BRI o e
(F-actin) e k4 ¢ ¥ BRI actin #7025 o A2 B4 A

Wigepi 1w g P P4 0% actin 7|3 B - KT ER AR

ES

S L {7 @ static control A 1w B ¢ P A dw 7 P actin £ 7] T
Ly 2wk (Bz) -

AP R G F AT 12 dynefom’ 4 2 X i g0
cell-cell junction i {7 & & ¥ £ 4 ¢ > j&_ cell junction protein
(PECAM-1-~VE-cadherin) id % ¥ %k % ¢ -+ r/ g 3] PECAM-1
AiF o B R4 RJIE (S 0t cell-cell junction A5 { e PP AE

(Bl A-D) o ¥ %% ¢ 7~k VE-cadherin » i flw? % [ > ‘w

A TR BT ERAE S e T G & (R
E~F) -



A1 PR e At B4 T ihintegrins £ L ¥

Integrin 1 & B _f F p A w¥e & lmre 2 X 002 [ eni 4575 focal
adhesion » frp AL mfe cHRL A F ERM oA A 1w P T 12
dyne/cm® e+ s 4 2 % 4 fi_integrin By e ¥ kA ¢ P I A 4

Jid

\\2

S0 P A&l hintegrin By 4 627 f cell-cell junction
i‘%%‘f (Bl A~B~C-~D) »Z #2|% B+ J'X'?I‘_?f e EJE (S

2 Y

integrin P, /£ m% KIRAe 5 miz 2 FF (Bl E~F) > @ integrin o,B;

—_

R

FRILG FE A a2 A A it (Bl A-F) P K Z#h
2w BT 'F:] | integrin a,f; static control 2 shear ‘¥ » # f 'm?e &
ik (B> E~F) -

A1 g *g pR e P g 4 T encell-cell junctionfrcell adhesion v

Cell-cell junction #_‘m?z 2_ & £& T_& 7k 42 > f&_cell junction F-v
4 2§ 7 i cell-cell junction 8. F { 4 A& % o 8& > 8% 2 %
VU F ML F P N L e g2 12 dyne/em’ (7 g4 2 X
{6 > p A dmP2 eh cell junction 3¢ PECAM-1 (Bl- A) v
VE-cadherin (B]= B) =4 i& § £7 static control '* $i2>*7 i 4 &2

{6 e PECAM-1 %2 &4 2 7+ % &_ static control # 1.72 & »

VE-cadherin 04 :Z £ {2 7|9 E_1.67 2-d B AL 1 1 ? ¢
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p AL fm#e cell-cell junction ]88 %7 i 4 a2 £ B H 4 m { 4

e
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