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HWE. a6 KTt A R (extracellular matrix, ECM) , £ & 2 s 452 F & (small intestinal submucosa, SIS)
4k B2 5 64 JiF-A 18] 75 R - 4a i (umbilical cord mesenchymal stem cells, UC-MSCs) 40 JtL /i 45 2 @& 6% o0, & ik
18 F 2L R S NS B S AR AL 80P 5 B 359 R AX UC-MISCs,, 4L 52 BLAZ i ) % b 4m e, SIS, i it 4 22 45 T 7 X
T4 AL Y 3% % & (recombinant human fibronectin, rFN) SIS #= & i ik (Matrigel ) B & 72 % 3% T ¥ ( polystyrene,
PS) 4w it 3% ok @&, A7 PS & & . rFN-PS % &  SIS-PS & & v\ & Matrigel-PS & & *F UC-MSCs % % #) % v,
RT-PCR & #6m] 2 B &A 649 T AL 48 ) 20 K B 18 92 AT el 28 B S & 8 (extracellular vesicles, EVs) 2~ ab 518
A, >3 A K ECM 4365 rFN 42269 SIS 42 69 v & Matrigel 422 &) UC-MSCs 20 ML kR 74 977 K R kA B
Tetld B H A e @R E RS @R — TR EE T AR, 4R 5 PS A@ARIL,SIS-PS A @i
84 UC-MSCs % & & % %+ (P>0.05) ;RT-PCR #: 25 % 2 77, SIS-PS & #13% 7= 45 UC-MSCs ¥ NANOG F] /& 4E
(nanog homeobox, NANOG,P=0.041) .SRY-Box %% 3  -F-2( SRY-box transcription factor 2,SOX-2,P=0.009) ./
F Ak 45 A-#5 3 B T -4 octamer-binding transcription factor-4,0CT-4,P<0.001) , & A~ %-10(interleukin-10,IL-10, P =
0.049) . ¥3| & JEz 2, 3-%hw A B4 (indoleamine 2, 3-dioxygenase, IDO, P = 0.007) #= 35 4L & K B F-B ( transforming
growth factor beta, TGF-B,P=0.046) A B R £ 3§ 5% W Lok EVs #94E H R 53 3 (P<0.001), ship HBLERT
JU, 4% 7 SIS 42269 UC-MSCs @ R &7 s v A9t st ERM R A R E 5 7T R4 2 & R4 v @y bl
BAKH 26.9%+6.1%, #%+# SIS-PS & #3469 UC-MSCs 258 5 T £ 95 49 Fo 00 53658 | by b ) %, 849 2
Rk T R B BRI S 2 ARk S,
KB A AR T e NIRRT R 4 A m e sh R S R R
FE 43S R318.08 SRR : A

Umbilical cord mesenchymal stem cells sheets treated by small

intestinal submucosa promote wound healing

SHEN Feifei, LI Dong, LIU Linghong, JU Xiuli
( Department of Pediatrics, Qilu Hospital of Shandong University, Jinan 250012, Shandong, China)

Abstract: Objective To explore the effect of extracellular matrix (ECM) , especially the small intestinal submucosa
(SIS) -treated umbilical cord mesenchymal stem cells (UC-MSCs) sheets on wound healing. Methods Primary UC-
MSCs were isolated and cultured from umbilical cord tissues using the tissue block apposition method. Decellularized
SIS was obtained using a chemical method, and recombinant human fibronectin (rFN), SIS, and Matrigel were immo-
bilized on the surface of polystyrene (PS) cell culture dishes by physical adhesion. The effects of PS surface, rFN-PS
surface, SIS-PS surface, and Matrigel-PS surface on the morphology of UC-MSCs were investigated, and the changes
in gene expression were detected by RT-PCR, then changes in the secretion of extracellular vesicles (EVs) were detec-
ted using nanoparticle tracking analysis. Rat skin total excision wounds were treated with ECM-free, rFN-treated, SIS-
treated, and Matrigel-treated UC-MSCs cell sheets, respectively, and the therapeutic effect was further verified by cal-

culating the ratio of wound area to the original wound area. Results Compared with the PS surface, the morphology of
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UC-MSCs cultured on the SIS-PS surface was almost unaltered ( P>0.05) , and RT-PCR assay showed that gene expres-
sion of the SIS-PS surface-cultured UC-MSCs was enhanced, such as Nanog homeobox (NANOG, P=0.041), SRY-
box transcription factor 2 ( SOX-2, P=0.009) , octamer-binding transcription factor-4 ( OCT-4, P<0.001) , interleukin-
10 (IL-10, P=0.049), indoleamine 2,3-dioxygenase (IDO, P=0.007), and transforming growth factor beta ( TGF-
B, P=0.046), meanwhile the ability of the SIS-PS surface-cultured UC-MSCs to secrete EVs was significantly in-

creased (P<0.001). The results of the animal experiments revealed that the lowest percentage of wound to original

wound area was 26.9%+6.1% in the group of animals treated with SIS-treated UC-MSCs cell sheets at day 7. Conclu-

sion UC-MSCs cultured on the SIS-PS surface significantly improved immunosuppressive function and EVs secretion

ability, and the corresponding cell sheets have a stronger ability to promote wound healing.
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WF 5 = W, 40 M 7b 3 5 ( extracellular matrix ,
ECM ) J2& H IE 20 M 45 48 2 i =4 K 3+ I 2%, &=
FAFEE AR R 25 4k % 52 85 [ ( fibronectin,
FN) R Al (&4 i . ECM A AUFE 4 i A=
KA Z A 5183 AF TG ATE S T R AR,
1M ELRfi A PR B AN 4 TR R & S ECM HAE R
Y M OBHTE O D A h k15 B S AT AR AR
B, Br ECM %5 A 9 4 BL A1, 18] 78 5+ 40 i
(mesenchymal stem cells, MSCs) 8% 32 i H T
e T mAs
MSCs & N Z i BURA T T 70 58 R i 2 A
Z [ SAk U i B B AR T 4 e e ELA IR S g i
P AR GRE R P AR AT A BE 71T, MSCs
R Y 1) 35 1 A T T B AR 7 AR FE AR
PoE 0 o A 1A 38 5T 48 M (umbilical cord
mesenchymal stem cells, UC-MSCs) i T E.A Tt
()RR e AR BE R 1 38 20 R 1 T 32 1) 32 g
FH S AR S U T PN/ i 5B F )2 (small
intestinal submucosa, SIS) I Jii i ( Matrigel ) 3 Ff
B LAY BECM, 8 2 4 B R 19 7 o L B SRR
LJi (polystyrene, PS) 21 il 5 35 ML T, WA AN [A]
AL T XF UC-MSCs 1 T4 | 43004 1 55 922 941 15 g
JIRIEE B FEHRTT ECM AR B (1 UC-MSCs 4l il -
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8 Jilt 1) SD K BRI T st A= W R A PR A 7
JFA S ) S5 A5 Y A 5 S 394 G ( SE 90 3l W i 4 2
TR ) , I 22 1L R K22 55 & B e sh W) S 3 12
PHZE D12 E (41645 Pull-2023-098)
1.1.3 FZH]

28 7% .DMEM/F12 Il F 3% [E Thermo /A HJ
H/HER R (0.25% R H MW T 3¢ & Gibeo 24 A,
o-MEMI T4t 5t i R R A BR 2w\, Ht A CD29
CD73 .CD34 ,CD45 it {41l T 3% [# Biolegend A HJ,
$L A\ CD44, CD105, CD271 $i 14 Il F 3% [# eBio-
science A, Hi A CD90,CD31 Hiikll F 5% E BD
Bioscience /A H], 0H  BURE IR W55 S 40 A0 1
FFIEN T 3£ [E Cyagen ], 40 N A48 &85 H
(recombinant human fibronectin, rFN) b |- ¥ &
SRR B AR A BR 2\ \ , JE 5T S (Matrigel ) 1 H
% [E Corning A H], HE M 4% 2 RKHPEE HAER
FIAR 1 G {4 ( hematoxylin-eosin staining, HE) i 5
& TritonX-100 , % 2 £k 2% £k 7K ( phosphate buff-
ered saline, PBS) W) TAb st RE T AR A RA
A, RAEFRCRT 47, 6- — PR HE-2-Z FE 5| W (47, 6-dia-
midino-2-phenylindole , DAPI ) 4 8,35 & 4 F I 1
DHEAY R A PR 7], TRIzol | B i B 4 T 52 [
Sigma /> Al , SureScriptTM First-Strand ¢cDNA Syn-
thesis Kit, BlazeTagTM SYBR Green qPCR Mix 2.0
I F 2 & GeneCopoeia /A Fl ,
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ARG FRAE (RGE VK AR T AR W RO BR 2
) ,Guava easyCyte 6HT it 241 94 ( & [ Merck
Millipore 2] ) , {8 & 2 755 ( BX53, H A& Olympus
SED) SR THLCT O Z AR R A A | F34
L R 00BE ( 35 [ Sigma A ] ) | S5 I FAAIG PR AN (15
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1.2.1 UC-MSCs Hyifil# 5% &

UC-MSCs Wil & 77k 2% SCk [ 12 ], ¥ b 31
WA 208 T8 10% 6 48 005 F 1% 5/ 55 5%
R o-MEM i35k FANME 3240 b i 5 1 4,
OSR]I AR N U T e s,
MRS L 80% , i FH 0.25% i8R i e = 6
AL AE M T30 ST E], DL 1309 Fe B AR 8 35, i
P3 % P6 {41,

¥ P38 1x10° 4~ UC-MSCs 1 /] PBS ¥k 3
W, BRBIPEFLAR , 43 5005 B AH N () 28 R0 i Ui
(CD29,CD44 ,CD73 ,CD9Y0 ,CD105,CD271 .CD31 ,
CD34 .CD45) , ¥ B 45 W5 , PBS Yk 2 Ik, HEIFF(H
FH A A TR, B3 Flowdo 3450477 .

JHGUE TS UC-MSCs 494346 BE 1, 41 Jif 43 51
FERCHE SR RS LB R e B 9% 4 3 KO
e 1 ke FREL LR SE 21 d, S H 4% 2 58 W S
JE AR, I 4370 P BT B AL O P R 2Lk A7 gL
o, 5B TS B T ItE k.,

1.2.2 ECM 3Rk Fnsr2i

¥ UL B 50 mg/mL Y rFN #4547
6 fLik 37 CWE S,

e A 7= B 09 UL B, B 3 mg Matrigel & T
36 mL DMEM/F12 JAfi% 5 b 6 LR o &L m
A1.5mL, 37 CH B,

SIS F FRSETTHE AR 1 7 il 45 [ 13 ], BB e 1
H /N FRBIUBE 12 25 B3 e R R e B L), A 3R K
YA, e i, Bl (4R 2 R B,
-70 CHR G T, ¥ 1) SIS-ECM Z840F % |
i e RN R BECOK B S, W T8 1 mg/mL H & i
(1% w/v) 9 0.01 M HCl %+, I8 F 37 C L

24 h Jea ST RV TR SR 9t

RYEET O H ECM DL AL B 1 Fh 388 55 77
A5k 4 4. PS 41 fFN-PS 41 SIS-PS 41 LI J
Matrigel-PS 4 ,
1.2.3 UC-MSCs JE &2 5%

¥ UC-MSCs L 2x10° 4~/FL 1 % B2 45 Fh 75
ECM ZEFEfY 6 fLAR b, 4 fl& B A F) 80%
L RS A E S, PBS hitie , EEE T H
JoK CWERE 10 min Hf-# M HE Qe (0, 76 BB T
MEL AT

Ry 20 WS A0 L ) R IO 2 X 20 M iR A T
i B8 7 W 7#%5% ( scanning electron microscope, SEM)
Mg, BIEFEIE AR A S 3% 5 8/ 0.1 mol/L
PBS Z i, I 19 BRI 1.5 h i FH & S 4 4
L B BT R

S WLELA R B AL, o ) U 28 2R IR DAPI %
03] B0 At L 28 v i LS 8 1 A A% R A T A
ic, H PBS mryk A i, AR5 4% £ B W E E
30 min, {§iJ] 0.1% TritonX-100 X 2 fifd 17 % Ak b
B G ZE P RRRE G YL {5 40 min, P9 DAPI L7,
1 min, #R 5 76 9¢ 6 W 008 T~ W&, {8 H Image] &
P 20 i Y SR T AR AR T L
1.2.4 RNA $&H(# RT-PCR

fdi ] TRIzol MAEAEA h 2 HUE RNA, 4217
=R Ui B, B SureScriptTM First-Strand ¢cDNA
Synthesis Kit % 558 5 £ 500 ng RNA 2 % 5%
S cDNA ;%18 BlazeTagTM SYBR Green gPCR Mix
2.0 BULH 5 HE 47 98 6 & PCR; i FH 52 s #4178 340
PGHEAT DO AT . BRI H 0 5L B AR XS Fe ik 38 1o
274 CE I TIT S PS 412 GAPDH (1% ik it
7H— BRI SIFS 0% 1,

# 1 PCR3IYFHI MK E

Table 1 Sequence and length of PCR primers

S S1FEI(5'-3") KJE/bp
NANOG F AGATGCCTCACACGGAGACT 20
R GTTTGCCTTTGGGACTGGTG 20
SOX2 F ACATGAACGGCTGGAGCAA 19
R GTAGGACATGCTGTAGGTGGG 21
OCT-4 F TCAGGAGATATGCAAAGCAGAA 22
R TTGCCTCTCACTCGGTTCTC 20
IL-6 F ACTCACCTCTTCAGAACGAATTG 23
R CCATCTTTGGAAGGTTCAGGTTG 23
IDO F GCCAGCTTCGAGAAAGAGTTG 21
R ATCCCAGAACTAGACGTGCAA 21
TGF-B F CAATTCCTGGCGATACCTCAG 21
R GCACAACTCCGGTGACATCAA 21
GAPDH F ACAACTTTGGTATCGTGGAAGG 22

R GCCATCACGCCACAGTTTC 19
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1.2.5  YKRURLEE B 73 H7 ( nanoparticle tracking anal-
ysis, NTA)

WO 45 AL AN 0 855 35 T, 43 WA SCik 7 vk ik AT
Y I AP ENL ( extracellular vesicles, EVs) A4 EC |
WL NTA K43 M de 3815 59 EVs, ¥ 100 pL
EVs BMAZIHLE L EEFLAL  EVs FIURE ) ¥ & ff
JH NTA B AFHEAT 5081, I3 84 A 3 4 BT i) EVs
FRPRLAR o3 Al JOREHREE | R S BRI AR B Ti0 5%
1.2.6  4ilf F il &

1E 48 FLAR R AT 0.5% (w/v) BEiE B, B
FUIMAR N 20 pL, FREUIRHEEEE 5, 4% B8 R iRy
W 3 AhOR A B ECM g B IR R i, SRR
BB A B 2R PR E 1 h, #RFL Sx10* A4
UC-MSCs #2715 ECM &b P ) F 107, 7835 3548 P 15
F% 48 h, BiJ5,-80 C ¥ 4 h, IR T HLIEAT
W, B Ky SRR KT R RO AN A
B
1.2.7 KRG HEA TR

8 A SD K B FAL s AW H A H R
Al KEURZRLE 12712 h (6-BEJH R IR %
HITE (25+2) C, MXREEH (55+10) %, 7] A H
ARBCE YRR, 5 S8 R I B, 0 B A &
ELE ERRERYIBRERA 1 cm HRE 22
B2k o BRJEHE R BRBEML 3 4 4. D a 41 (& ECM
L BREG AN A 20 ) ;@ b ZH (rEN 4b P ) UC-MSCs
A A 2H) ;@ ¢ 41 (SIS kb B UC-MSCs 41 it
4) ;@ d 4l (Matrigel &b ) UC-MSCs 4 il /7

H) ., iaHl&E)s, &3 d 444 UC-MSCs
A B

AN xF 05 1 HEATIRYT . 55 0.7.14 R4 A
JEI & D E AR, SRS Imaged B3 A i 1
1
1.3 SitFEaE

i 1 GraphPad Prism 9.0 %, X % & £ ¥=
K H Shapiro-Wilk ( S-W) #E47 1E 2543 i K 46, i
Levene KB b7 257 MEKC I . X FAF & IE& 4
RS DL xxs Rom, W R IER MG 5 25571
BAR AT Z2 20 1) LU A ok FH SR 3R O 22 40 A, O
i Tukey's ki 56 47 W0 HL 3, X F AR & IE
BT EAE R0 M( P, P,s) Fon , HEAT 24 10]
HL 3 2R Kruskal-Wallis H ¥z 56 38173 S 840 11
534, B Dunn's Kp B0 AT G L AL, X T EE
DU M FH 5 D 4 22 438, 48 Tukey's
KU R AT W5 9 1L 48, P<0.05 K 22 5+ B it 2%
2 & B
2.1 UC-MSCs HH&E

FEEEE T, UC-MSCs 2 Bl L7 1) £F 48 R JE 385
(B 1A) o FEHE R 1 53 10 35 57 JE vh 85 3% )5 19 UC-
MSCs 22 Rt [w] Jis 400 200 R 00 5 i G €2 B P 1]
1B) 4 (PE R 2 g e fH %, B 1C) MR 7
AN (LT O Ye o fHME:, B 1D) 4tk Hiak i Ak
ZER R R T #35 CD29 . CD44 .CD73,CD90
1 CD105, JL-F A # ik CD271, CD31, CD34 #1
CD45 KIHEH (K 1E),
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A: P38 UC-MSCs [WIEZ, LR =200 pum; B : UC-MSCs [ 3K 4l 534k, Al R = 100 m ; C; UC-MSCs [l 1B 4 i
I3, FI R = 100 wm;D: UC-MSCs [ A 07 40 M 434L , HEA9 R = 100 wm; E: UC-MSCs (43 2 3140 H7 45 5

Figure 1 Identification of UC-MSCs

A: Morphology of UC-MSCs at Passage 3, scale bar=200 wm; B. UC-MSCs differentiated towards chondrocytes, scale
bar = 100 wm; C. UC-MSCs differentiated towards osteoblasts, scale bar=100 wm; D; UC-MSCs differentiated towards
adipocytes, scale bar=100 wm; E: Flow phenotyping results of UC-MSCs.

2.2 ECM 4 IEREXF UC-MSCs 2825 HI 8200

# UC-MSCs 7£ PS 41 .rFN-PS 41  SIS-PS 41 fll
Matrigel-PS 2R HI$5 55 48 h J5 , Y65 Y4B &
WE 2A Fiw, AE—2 W88 UC-MSCs i %
&, AR SEM( AT 2B) | REEFR KA DAPI 3
(& 2C) KL HE 35 (& 2D) k. it it5a
Ay R E T 4401 UC-MSCs T PS 2H 1 799.0
(1663.0,2 147.0) wm?, rEN-PS #H 2} 936.5(904.0,
991.4) wm’,SIS-PS £/ 2175.1(1871.3,2 656.0) pum®,
Matrigel-PS #H % 1363.3(1283.4,1979.6) pm’, %%
RN HHEST PS 41, SIS-PS #H 1) UC-MSCs [fi f2
ER TG L (P>0.999) , 1fif rFFN-PS 41 ( P<

rFN-PS4
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0.001) 1 Matrigel-PS £ (P =0.018 ) I W 5% %1 B &g,
A4 i T AR (2B, ol it i — IR T
UC-MSCs [ # Jit L, & 3L tFN-PS 41 (1 8% it L oy
22.2%(19.1%,26.0%) , W & &= T PS 41 [ 14.8%
(9.7%, 18.6%), P < 0. 001 ] . SIS-PS #H [14.7%
(10.0%,19.0%) , P <0.001 |, UL X% Matrigel-PS #H
[15.9%(13.6%,19.1%) ,P<0.001 ] , L4y 4% 2 ] 2% 5
TG4 X (] 2F) . SIS-PS f) UC-MSCs HIiH 1k,
BSTEIA (169.2+11.3) s, AHE T HE PS 41 [ (141.4+
6.9)s,P<0.001] rFN-PSZH[ (132.6£9.2)s, P<0.001 ]
Fl Matrigel-PS 4H[ (134.2+5.1)s, P<0.001 ] i1 1k
A (8] 2G)

Matrigel-PSZ
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B2 WERAKAEARIRE SRR M - UC-MSCs

AJCEE AR, LB = 100 wm; B . HI S T A RIES, LFIR = 100 wm; C. I RLF DAPL 4L, Lk
R =20 pm;D: HE ¢8R =100 pm; E: T A4 4T (n=20, "P<0.05, *"P<0.01 vs PS) ; F: #% 5 L %4347 (n =20,
"P<0.05 vs PS) ;G MEH AL A /34T (n=5, "P<0.05 vs SIS-PS) ,
Figure 2 Observation of UC-MSC grown on different cultured surfaces
A Cell morphology under the light microscope, scale bar = 100 wm; B: Cell morphology under SEM, scale bar =
100 wm; C: Phalloidin and DAPI staining, scale bar=20 wm; D: HE staining, scale bar= 100 wm; E: Area analysis
(n=20, P<0.05, "* P<0.01 vs PS); F. Karyoplasmic ratio analysis (n=20, "P<0.05 vs PS); G: Enzyme digestion

time analysis (n=5, "P<0.05 vs SIS-PS).

2.3 SIS-PS RHEIRSF T UC-MSCs By FF1 5%

BEFHXERNRIE

RT-PCR il A [] ECM 4k B 5 %) 15 35 26 i XF
UC-MSCs # [H 2 ik 1 5 i & B, AH %8 T PS 41,
SIS-PS# & # | ¥ T UC-MSCs NANOG [ J #E
(Nanog homeobox, NANOG) ( P =0.041) . SRY-Box
;5% A ¥--2 ( SRY-boxtranscription 2, SOX-2) (P =
0.009) J\ R 45 & % 5% [ 1-4 ( octamer-binding tran-
scriptiou-4, OCT-4) (P <0.001) % [H iy % 35 (&
3A) . RIERTT NSRRGSR R, 5 PS A
F1 rEN-PS 2H #H [t , SIS-PS #H f) UC-MSCs#iJl 4 Ji:
Zeik Tt e, 5 PS 1A H, SIS-PS4H UC-MSCs [
141 %-10(interleukin-10, IL-10) %35 Fi# T 25 2.2
f5(P=0.049) , W] Wiz 2, 3-XUhN 48 i ( indoleamine
2,3-dioxygenase, IDO) ik L T2y 1.9 f5 (P =
0.007) , ¥4k A= K K -F-B ( transforming growth facfor
beta, TGF-B) # ik L 72 1.9 /% (P =0.046) ; M
JZ, 7 Matrigel-PS 41 ) UC-MSCs Ay TL-10 ik &
THTZ 1.6 £5(P=0.728) ;/H TGF-B & LT
T#2.61%(P=0.001) (/& 3B),

2.4 SIS-PS &R i# UC-MSCs 43iih EVs

M NanoSight % 43k H UC-MSCs 7£ A [7] ECM
AR ) 15 77 2% TR BV TR o A il 28 (A
4A) , e LB, 5 PS 4l tL, SIS-PS 41
UC-MSCs 43b ) EVs (14 B i 25 42 = (P<0.001)
PR SIS AP 2 i T UC-MSCs /3 EVs [fE
J1, K EWT 1.4 4%, 101 rFN-PS 4151 Matrigel-PS 41
W ZE R T X R AR T, A R R T 2 12.1 f5(P<
0.001) 1 12.9 £%( P<0.001) (&1 4B), FIH] NTA %%
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Figure 3 UC-MSCs gene expression in different groups
A Stemness gene expression; B: Expression of immunomodulatory factor genes (n=3, "P<0.05, ""P<0.01, """P<0.001
vs SIS-PS; *P<0.05,"P<0.01 vs PS).
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Figure 4 NTA date analysis of different groups of EVs
A: Images of particle size distributions; B: Particle concentrations; C: Cumulative size distributions; D: Medians;
E: Modes (n=3, *P<0.05, "P<0.01 vs PS; *P<0.05,"P<0.01 vs SIS-PS).
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Figure 5 ECM-treated UC-MSCs sheets accelerate wound healing

A. Representative photographs of the wound at 0, 7, and 14 days after wound healing; B . Percentage of wound area to
original wound area for each group on day 7and 14. (n=3, *P< 0.05 vs group a; *P<0.05 vs group c )
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