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Abstract

BACKGROUND: Small diameter artificial vessels are urgently needed to treat coronary artery and peripheral artery diseases in clinical practice. At present,
vascular tissue engineering has become the main method for preparing small diameter artificial vessels. Selecting suitable biomaterials and cell sources is the
key factor for successful construction of small diameter tissue engineered vessels.

OBJECTIVE: To observe the effect of four kinds of electrospinning membrane materials on proliferation, adhesion and differentiation of bone marrow
mesenchymal stem cells into vascular smooth muscle cells.

METHODS: Bone marrow mesenchymal stem cells were isolated and extracted from SD rats. The bone marrow mesenchymal stem cells were inoculated
separately on polycaprolactone (PCL), polycaprolactone-hyaluronic acid (PCL-HA), polycaprolactone-silk-filament proteins (PCL-SF), and polycaprolactone-
gelatin (PCL-GEL) electrospinning membrane materials. After 1, 3, and 7 days of culture, the cell arrangement on the material was observed under scanning
electron microscope. The proliferation and adhesion of the material were observed by phalloidin staining. The mRNA expressions of CD90, Meflin, and
transforming growth factor B were detected by gRT-PCR. After 7 days of induced differentiation into vascular smooth muscle cells, the mRNA expression of
a-smooth muscle actin on the material was detected by gRT-PCR.

RESULTS AND CONCLUSION: (1) Bone marrow mesenchymal stem cells were arranged along the fibers of the four kinds of electrospinning membranes

under scanning electron microscopy. (2) Phalloidin staining showed the regular distribution of bone marrow mesenchymal stem cells on the four kinds of
electrospinning membranes and parallel distribution along the fiber direction. Moreover, PCL-HA, PCL-SF, and PCL-GEL electrospinning membranes were more
conducive to the proliferation and adhesion of bone marrow mesenchymal stem cells than PCL electrospinning membranes. Compared with PCL-HA and PCL-
GEL electrospinning membranes, PCL-SF electrospinning membranes were more conducive to the proliferation and adhesion of bone marrow mesenchymal
stem cells. (3) qRT-PCR showed that the four kinds of electrospun membrane materials could maintain the mRNA expression of CD90 and Meflin in bone
marrow mesenchymal stem cells, but there was no significant difference between groups (P> 0.05). The mRNA expression of transforming growth factor B in
PCL-HA, PCL-SF, and PCL-GEL groups was higher than that in PCL group on days 1 and 7 (P < 0.05), and the mRNA expression of transforming growth factor B in
PCL-SF group was higher than that in the other three groups on days 3 and 7 (P < 0.05). The mRNA expression of transforming growth factor B in PCL-HA group
was higher than that in PCL-GEL group on day 7 (P < 0.05). (4) gRT-PCR showed that the mRNA expression of a-smooth muscle actin in PCL-SF group was higher
than that in the other three groups (P < 0.05), and that in PCL-HA group was higher than that in PCL group (P < 0.05). (5) The results indicate that compared
with PCL, PCL-HA and PCL-GEL electrospinning membranes, PCL-SF electrospinning membranes combined with bone marrow mesenchymal stem cells are more
suitable for the preparation of small diameter tissue engineered vessels.

Key words: bone marrow mesenchymal stem cell; small diameter tissue engineered vessels; electrospinning; polycaprolactone; polycaprolactone-hyaluronic
acid; polycaprolactone-silk fibroin; polycaprolactone-gelatin
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FE il 4% S 52 1 LR I R RT 9 SR R AR A A R R
BT A T AE AR RS M R T R AR A Mk R
HagEH. ZUmK. AR, 25=EH (silk fibroin,
SF) 5F LY 22 [P 456 & — PR A A 1 240 23 T RE S 2R il
/I, WAAHERRIFEZF 2R, Wk, &, 871,
U ORI e, AR AT 22 R AR R S ORI R G R,
B BUFREY A 2R AT = 10 25 0 B A 1 B KLU
MU e, AR 110 38 AR 5 B DA % 5 el 2L 20 470 &40 A 1) A
B RO — R R 5 A TR AR B, B
Ji /% (hyaluronic acid, HA) f& — Rl 6 B2 6 0 i SRR, 2
B AR R ) R By, 25 SO R LA AR A
AL FALRE, A RIFMAEDHEEE. LY E
PERISEK SR, 2R TR Hh B )2 R AR AR
PRE kL U B i (gelatine, GEL) FLAT R 4T (¥ AE M AH 25
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Py AR AR S AR B B, S R R B AT 4
HA LR RGE, w7 DLOE 2t 20 B 0 26 B ARG 5, AEBRYT

A b AR SO AR IR i DR 4L8IR A
A LRI, R IREE WA R di A A R AR AR R,

PR S S N, 7 T DR AR e e

5RMEWME AL, & om a7 EDME R
A TG BT 5 R AN T R Y B AR A, S O e
(polycaprolactone, PCL), PCL j& FDA ity i —Fh vl B =
T E R AT TR I B R A LR P R,
A A2 Bl K L7 B S A AR AR S A B, SRifi, PCL A
TEFE R AN, SEKMEZ ., s ARG MO 5. AEYAH
AR 2 A P, BRI PCL /N 142 N TS 544 Py 1
EHAMGSE SRR P MR RNT &8 RBRED
MR G B 2 T AR AL IR P A5 S Y
REAMR T EE P, pCL E SMBHEYT 2 A
B2, HAMFRREANH, H2H L7 PCL &2
GMEHEAT RGLE, PATR L EIE A T R4
SUTFR I ) 4 1 PCL &AM EL .

S R S 56 DN K B B AR M 1 A 4 B 8 ) 78 ) T 4
LI HEAT — RV G K58, Bl 4 1 i 18] 70 5T 4 i 43
FhF PCL, PCL-HA. PCL-SF. PCL-GEL #Hi4j22fi I, @it
RS, REIFIRY . qRT-PCR 5 SLI6 R 50 & BE I 78
R4 B AE A [F A RE ERRGRE . SG5E. HEA. 4T
FIE S e LA 1 LA L 2 AR S A VO, DA a2 HH s
G ki AR AR AR E S MR, BENDE
A AH 2R TR I ) ) A L B A R )

1 #EF153%E Materials and methods

1.1 kit s, AT, AN EECR
F R T 22 5 HT

1.2 WA B E SZEGT 2023 4F 3-10 H LEVRM 2 2 i
it 2% 5 57 56 ik

1.3

1.3.1 sZIGshY) 8 AWk HEME SD KR 3 W, A& (250¢
30)g, MAEVFEMBLRAMEETARAFR, FAlES:
SCXK( 4 )20230002. H MK KK &, ENERTE1HE
Je AT SEG . SR 56 CL I i M B S B s 18 B
SHEE, REEAS: RIS 2022-019 5.

1.3.2 FFHIGTLLIEMRL PCL( P % AR DRI A IR A H],
1845 7104), PCL-HA( V% AR AEMRHEA R A, 185
CP_20230206009). PCL-SF( 7t % 4R A= WAL 5 45 PR A 7],
f&'5.: CP_20230206010). PCL-GEL ( /i % Rl H
FRAT, 5. CP_20230206007).

1.3.3 R 5286 DMEM 5353, ( FEMEAN M A A IR
AFE)s JRAE TG ( SR EYI R AR AR ); CDIO0.

CD29. CDA45 ik (Biolegend A#] ); iR 153 /LA &
( Ll RS AEMRARAR ) R HS il &
( BRI AR AR AR ) BECE S0 A5
& ( RiBRE AR ARAR ) B EKET BLL
& (PR AEEARGRAT ) 450 5E (REELA )
PR IC REIK (ZREE AR ) KW (L n
Al )y ZEREGIY (HEEFEEMRECERATR ); RNA
SERFE (EMERE AT ); SYBR Green PCR 7 & ( 145 M %%
AF ) ROGEINE BB (3£ E Echo AF] ); CO, Br#:48 (L
WA R AT ) BB (%A ); PCRAX(Z
Kad ).
1.4 ¥ %
1.4.1 E (R 78 0T 40 M SR IS AR 7R IS 2%
SR L EG 28 (40 mg/kg) it BRI AL B SD KB, FARAR 43
0 75% LWER 15 min Y EE, JOHE AT B IR A
B (REREE 2 MR EE, HIBRMEE L BRIV ) i
FETCIR N 1% 5555 2R -G PBS HIETE 2 I VIR
BB E B, SRA 1 mL 5 #8 H DMEM {IGHE 578 42 15 97
B (B 10% R4 B 1% B R RIRA ) ik
BER B LB OE T, HESRRRM ERRLIR, B4
AR, REMBEE R E L H; 1200 r/min 5.0
10 min, F£ Lif: FHCEE PBS 13 3 FR R B0 (1 200 r/min
20 10 min), WEEAMPTIE, 5 mL DMEM {EHE 58 455
FRERE R, MRS, BT COo, B FRAE N AT FEAR
FEFR. 24 h WU NG BE J5 , 2BRER TR PBS Bk,
FBRARNGEEAN R, IONBrEEEE R Rk I, H3dE
e 1 e TR

F5 FACHI ML IE 80%-90% fil & I, W 37 JRUE% 97 3,
FH TG PBS i ¥k 2 ;I\ 2 mL 37 C Wi # ) & 0.01%
EDTA ] 0.25% JFEE MG, M CO, 574 i AL 2 min,
AU TSR I 2 BBV S NN 2 mL T ) DMEM I
B TR A A, BB R EWVATIRS): #
AL T REAT B0 (1 200 r/min &40 5 min), FE LT
1 2 mL DMEM fICHE 56 4235 72 Bk B 4oyl #&fi1 @ 2
ECAI AT A AR G 35 57 - A0 Bf% 2258 3 AR AT AH OGS
{5 5 50 BB R 8% TR AR 22 A AROK B i 7] 78 o
THMITERS . %R A B AR OR L, AR
1.4.2 7 il [A) 78 o T4 P PR 465

AR AN B R AR E R B 5 AR
V) 780 -4 M, i i i 9 AU B A i 5 P L4 1 PBS
JEPEANM, 1500 r/min B0 10 min, FF _EiE, 524000
DUsE, HRAA GBS AR R 2 2x10° LY. AR EP
E NN 50 L 4 BRE L Az 45 ul G2, i 5 L
CD90(PE), CD29(FITC). CD45(APC) fiifk, JRE)G 4 ‘Cilbt
W& 40 min; 4 °C, 1500 r/min &.0» 5 min, # &, H
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THRA I PBS 3 ¥ 2 ¥k, BN 500 pL 22 pf i B8 T R b
ke, SERI BN

BAEES S SEIs: U 5 A B B 18 78 57 140 i b2
Fil T 96 FLAR T, 5 7% 2 40 M fik & FE IS B 100% Bl A
I R 175 S 35 TR (B AR 40 B0 10% JiG 2R i iE
1% BB E. 1% HHEHRIEEW. 0.2% i E. 0.2%
3- AL -1- PRI ENERS L 0.1% B K AIEH . 0.1% ek
P G5 T o A Rl IR B ) ARl g . AR Mle
FRWORT . [IRG 2d B4 1 XIS, 5 21d )5,
TEBE NI MR B A M A B, 2R b K & AR T
IS F V20 O Beifiont B gk A7 e t, WS T 4 (1 L o

BBES WS B 5 A H B8R 78 51 140 e b2
Fi T 96 LA, 3R B4 MRAA FEIL F] 60%-70% BN
B SRR (SRR EOh 10% 6 4- G 1% A4
Fhi. 1% FH % RIS, 0.2% PrdR MR, 0.01% i %
KA 1% B H I BEER BN 1) B 155 o0 Ak Rl 7R 0k ) 4k
GEREFRE . DRI BCE 15 SO . TR 2 d 5046 19K
BRI MEHER21d )5, WA MM R K
SRR, R RGBT A M AT e, WS G
B

BB FES /UL B 5 A HE 0 70 i 40 i
Fi T 96 fLARH, 57 B AMMRL & FEIA R 90%, B E
B PE IR (SRR HORN 10% JE 435, 1% HhEH &
TRAW. 0.1% . 0.3% HiIhEg. 1% HAbA KK 1
Bl. 1% NEREREN. 1% ITS I A E 5 T o R hT
FRHE) R FE. ARG 2d B 1L IRIE S DLRIIN AL
WHBFHROT . BT 21d 5, WESRARESR
SR, FH BRI ET WE e A EA T Y, SR Gt L

R ME RIS S oSS R 5 AR BER 7
JiT-AH B T 96 ALt T, BE R B AH Rl A FE Ik F) 90%,
SIEI6 20 0 N B T LA IR IS 5 R R (A 5 ng/mL
AR T BL. RFLS £ 1% iR 2 113 1) DMEM K 4
B FRAR ), DU ARFR 53 % 1% i 4= (i3 ¥ DMEM {CH
BEFRECAN . 51 E)E, B TR,
FIH Image J A 53 B 4 A 2 5 20 B T A
1.4.3 EHEE TSR R RSELe IR 5 A E i H]
AT AR T 6 FLAR Y, B4l 40 M. B5 R 14 d ),
40 g/L 2 FEHIEE A € 20 min, FHZETRKIGYE 2 K, 3% 45
A 55 B £, 10 min, FZRTR/KIE VRS SLEE T g gLl o
VR =n FLr R SE VR B AN /n AL, BEIKIE K = H9%
H [ PP A S % x100%
1.4.4 B i [F) 70 00 T4 M AEAS [F) i FRL 97 22 A ) b [ RE 9%
¥ PCL. PCL-HA. PCL-SF. PCL-GEL % F &7 22 i £4 K 8 Fi
8 mmx8 mm K/h, JHN 48 LA, &EFLIN 500 pL fA&FA
TE 5% CREEROE T, IR R, F 48 fLIROT

664 | DEHERATIEWRR | 5529% | 545 | 2025828

TR S T E 15 min, 3fH DMEM A5 77 3532
7 15 min, HERICER A I L. HL 5x10° A~ H R 78 5 T
Y43 ) FhF- PCL, PCL-HA., PCL-SF. PCL-GEL ¥ HL &1 44 i |-,
JN CO, ¥ FRAf R 7%, FEAN A ] sdEAT DA R A
MR ER AR B IREE 2 RIS ISR IR AL,
PBS JH ¥t 2 ¥, 2.5% [ W[l € 4 h; H PBS iUk 3 IX,
AU 15 ming 4 5 AR AR 4> %k 30%, 50%, 70%, 90%,
100% L FEEHEATRARENLK, % 2 Ik, FHIK 10 min; JU7EE

WA B, BT HBIRE, Bie, T RS
PO IR

MR ER ARSI SRME: LUK 406 LR R A
Mo xf . B FREE 1, 3, 7 R, WRFEEs SR, H PBS
TEDE 21K, 40 g/L ZEEFIEE LA E 10 min; H PBS & B —IK,
££K 10 min; 0.5% Triton X-100 ¥4 % 1k 4L BE 5 min;
PBS JHWEM =X, X 10 min; HY 200 uL P4 TRITC
Fric Y ZE A IR TAE W0 T 40 i b 5 iR B8 % & 30 min;
FH PBS Ji5% 3 VK, 4% 5 min; FH 200 pL DAPI 33 (100 nmol/L)
XYM UL 30 s; FH PBS Il Yk, TR INHLIE G R IR [
TEZOE BAET N LI IR, R Image J #AR4 BT 40 i
HEE T

PRt E R EFRIAAEM . B IR 1, 3, 7 ORI, IR
FEEFRAE, I PBS IV 2 IR, MM EHE R 2 1.5 mLEP &,
FHIRALBR AR BT A, FEBUS RNA, K430 52 45 Y RNA Ji
Tok B, RPN E R EE, T H 500 ng RNA fiT
FTARAH T )5 82 I ¥ 5% . {£ RNase-free ] PCR & HH i ]
BAEWL FraRFn e 215, N PCRACH (42 C
2 min); £ iR PCR & EH #2000 \ 4 L S5xHiScript I qRT
SuperMix 1T, V&5 5 H# B LHLE L, N PCR
%1 (50 'C 15 min, 85 C 5s). K[43 2] cDNA Hi
B 10 5k T Uk 4 H, 7F 2 mL RNase-free EP 45 BC TR A
W FIRAEBIMAB\FEE o, B OHLE O JE
A PCRAXZEH: TilAEHE, 95°C 30s; fiH I (40 MG ),
95°C 10s, 60 C 30s; f#&firizk, 95°C 15s, 60 'C 60s,
95 ‘C 15s. LL GAPDH fE N2, fulll CD90. Meflin, #%
A K7 B mRNA [AE ST ik &, i 27 itk AT
FoEESNT. ST 1.

&1 | qRT-PCR#&MSI4FF
Table1 | Primer sequences for qRT-PCR

HA

ALK R T B-F
ALK T B-R

5151 (5'-3')

CAT TGC TGT CCCGTG CAG A
AGG TAA CGC CAG GAATTG TTG CTA

CD90-F CACTCT CCT GCT TTCAGT CTT GC
CD90-R GGC TGA ACT CAT GCT GGA TGG
Meflin-F GCC CCT ATG GTC AGG CAC AT
Meflin-R TCG GCA TCC ACT GAC TGG AAC

o= T NLILEE A -F
a- WU E I -R

CGT GAC TAC TGC TGA GCG TGA
TGC CCA TCA GGC AGT TCG TAG
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1.4.5 i i (7] 78 S50 T 4H B A A [5) 47 22 8 %) Rl i A
SIS LAE M 2 Ak BCER 5 X R 70 5 T 48 AR T PCL,
PCL-HA. PCL-SF. PCL-GEL i Hi &7 22 JliE b, 2 il #o & Oy
5x10%, i\ F DMEM fICHE 5 75 & (&5 A0 30 1% iR
A I35 A 5 ng/mL AL KR 7 BL) K577 1, HS3aik
NILEF . 24 WR)E, KA qRT-PCR £l a-
SIS AUILEH 1 mRNA RIARE O Kk L.

1.5 EBILERARAT 4 P gy 22 B0t B B 18] 70 0 140 i
WA R B e ) LA ST JULAH 43 e S

1.6 %itF oW a2 EdE N Graphpad Prism 8.02
A Image J AT AT HOE A A G2 i, 24
FEBCRH R 3 T 22508, Horbr P < 0.05 R Edl 2 7 A
REMRE S, B SR g R ST B AT 3 IR SEIR A5 R
EILGL TR AR RS A S R

2 258 Results

2.1 BRARVEBAR AT mpe s
T BE T de (e e, RS —
B, WE 1.

2.2 FRAR AR T e ey T

2.2.1 AR AR mHUR  5 5 ACE RE R R
T4 ffd 7= #2148 CD90..CD29, BH 314 %43 Jill 5 (99.740.3)%,
(99.610.6)%; fKFKiA CD45, BHMERIEF N (2.2¢0.4)%, I
& 2.

2.2.2 BEFEFERE RS 21 d 540 HE T S
BN N EE BT, MK REE T RAIAER
W, G40 Yt )5 iR REfa e, JLE 3.

223 EHEISMGERR BUETES 21d 5, JHHEETH
iR Z AT, W KES BRI e, &
PR LYt 5 ] IR A S5, L 3.

2.2.4 RBUEEEISER BRCEET 21d )5, ARE
W T A AN RN T, NG R AR R
thfEaii 26, LA 3.

225 FEFMMNME FENALE %S0k 1
J&, RIS BN, AR, 28R,
R iy BB ARG, Ok T 2L 24 i A7 SR O R B D) 7 T 4
JFA Mg, WE 4.

2.3 FHE AR T @R R BN R EE HRER 7R T4
VIR (92.542.25)%, W[ 5.

2.4 FHAAR T mio ey LfEAE LB 6
FLE T ] LB B ) 78 o T 4 L /E PCL. PCL-SF. PCL-GEL,
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Figure 1 | Morphological observation of bone marrow mesenchymal stem
cells (inverted microscope)

20230419-Tube_003 20230419-Tube_ 006

5
S
# EE!
i -
55 r2 EPE
GEE o3
EE &
2] EE
El g k.
i e =t " = pe T T,
N 10 “:?E-A 10 10 bW 10° 10* 10
FITC-A
CD90 CD29

20230419-Tube 009

Pl 5 5 ARR 3 o) 78 5 T~ 40 i
321k CD90, CD29, [Nk« iALZ%

F 3N (99.740.3)%, (99.6%0.6)%:;
ik % ik CD45, PH M & 1K % K
(2.2+0.4)%.

& 2 | B 7R T AR EmRIgRIE
Figure 2 | Expression of surface markers of bone marrow mesenchymal
stem cells
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Figure 3 | Adipogenic, osteogenic, and chondrogenic differentiation of
bone marrow mesenchymal stem cells
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Figure 4 | Experimental study on inducing differentiation of bone marrow
mesenchymal stem cells into vascular smooth muscle cells
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Figure 5 | Determination of colony forming unit of bone marrow
mesenchymal stem cells
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cells on different electrospinning membranes
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