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[ Abstract] Objective To investigate whether polyethylene glycol hydrogel films (PHFs) can be used as a
carrier for the expansion of corneal epithelial cells (CECs) in vitro and whether PHFs can be used in the treatment of
limbal stem cell deficiency (LSCD). Methods Sebacoyl chloride, dihydroxyl PCL and glycerol ethoxylate were
used to synthesize PHFs. The thickness, transmittance and mechanical tensile properties of PHFs were measured. Four
clean-grade New Zealand white rabbits were selected to culture primary limbal epithelial cells. The expression of
keratin marker AE1/AE3 and stem cell marker p63 in the cultured cells were observed under a fluorescence
microscope. The cells were divided into negative control group cultured with common cell culture solution, positive
control group cultured with cell culture solution containing 100 pmol/L H,0,, and PHFs+CECs group lined with
PHFs cultured with common cell culture solution for 24 hours. The proliferation and apoptosis of cells in the three
groups were observed by MTT and TUNEL staining, respectively. Fifteen clean-grade New Zealand white rabbits were
divided into control group,PHFs group and PHFs+CECs group by random number table method,with 5 rabbits in each
group. LSCD model was constructed in the three groups. The control group was not given any treatment after modeling.
In PHFs group,empty PHFs were placed on the corneal surface of rabbits. In PHFs+CECs group, tissue-engineered
grafts constructed with CECs after passage implanted on PHFs were placed on the corneal surface of rabbits. The
corneal defect area of rabbits was detected and scored by fluorescein sodium staining. The histological characteristics
of rabbits corneal epithelium was observed by hematoxylin-eosin staining. The use and care of animals complied with
Guide for the Care and Use of Laboratory Animals by the U. S. National Research Council. The experimental protocol
was approved by the Research and Clinical Trial Ethics Committee of The First Affiliated Hospital of Harbin Medical
University ( No.2021006). Results The synthetic PHFs were with a thickness <150 pm,a tensile strength about
6 MPa,and a transmittance over than 99% in the range of 400-700 nm. Most of the cells from primary culture of
limbal tissue were positive for AE1/AE3 and p63. MTT test results showed that the A,,, value of PHFs+CECs group,
negative control group and positive control group was 0. 59+0. 01,0. 65+0. 07 and 0. 06+0. 04, respectively, showing a
statistically significant overall difference (F=12.25,P<0.05). The A, values of PHFs+CECs group and negative
control group were significantly higher than that of positive control group, and the differences were statistically
significant ( both at P<0.05). TUNEL test results showed that there was a significant difference in the TUNEL-
positive cell rate among the three groups ( F=13.45,P<0.05) ,and the rates of TUNEL-positive cells in PHFs+CECs
group and negative control group were significantly lower than that in positive control group ( both at P<0.05).
Fluorescein sodium staining results showed that with the extension of postoperative period, the corneal fluorescein
sodium staining score of the three groups decreased, which decreased successively in control group, PHFs group and
PHFs+CECs group. Hematoxylin-eosin staining showed fewer irregularly shaped corneal epithelial cells in the control
group,and sparse single layer of corneal epithelial cells in some areas of the PHFs group. In PHFs+CECs group, the
corneal epithelium coverage was the largest, and the cell layers increased to 3-5, and the cells were with regular
morphology and in close arrangement.  Conclusions PHFs have enough toughness, high transmittance and can expand
corneal epithelium in vitro. PHFs are suitable for corneal epithelial transplantation and can promote the repair of corneal
epithelium in rabbit model of LSCD.

[Key words] Epithelial cells, corneal; Limbal stem cell deficiency; Polyethylene glycol hydrogel film;
Corneal epithelial cell regeneration; Corneal epithelial grafts
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L1.1 SBshyy (@RS TEZON e 22 A% 19 2, HEnE
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Bt 25 — R Be sh b e ik ARSI T R e IR I R
PR 2B a2 — B2 e BHRIF AL IR O30 48 3 22 01 S it vf
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1.1.2  F3EH) L4 2% L4 (sebacoyl chloride,
SC) REZHH i EE (glycerol ethoxylate, GE) (R & g
P g ( polycaprolactone , PCL) — & ( 2€ & Sigma-Aldrich
O3] ) 5 F L g g L POk ( methyl thiazolyl tetrazolium,
MTT, 2 [# Sigma-Chemical /3 #] ) ; TUNEL £ ] i, 57 &
(% [E R&D Systems 23 1) ; 96 R (R HAH B &
Al /NP EE B (AEL/AE3) SR (CAE 5T A 146 BF 2
A]) ; DAPT( 3£ [& Santa Cruz 23 H]) 5 /N AT p63 HL A
(ab110038, % [E Abcam 2% w]) 5 1470/ B TG HL ik

(1583138) . Mk Pt B IgG i 1A (1608644 ) ( 35 [H Life
Technologies 23 7] ) 5 % A 75 2 Hu ZE AR AR R (i 12
N o P T 2 AEE (PharosGL, fif 22 KN A ) 5
TR (XT-X-8A, 8] B A 13 1891 3 Ik 2% 7 48 9% A5 FR
2 )) b5 WAUBE (Leica DM1000, 48 [E £k K 24 ) 5
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1.2 F¥:

1.2.1 PHFs &% ¥ PCL £ (0.104 ¢,10 wt%
PCL) B M AE —E M BE (15 ml) h & i 2 3L 3R & N i
(dihydroxy polycaprolactone ,DPCL) ¥5 V& , ¥ GE (0. 62 ml,
0.70 mmol/L) . SC (0.30 ml, 1.42 mmol/L) ¥ Jin 3
DPCL WP, MR &, EiRFE 1 hy 7.5 ml i
WIMABE 10 em B FR ML P, B T H = B4
60 C A 30 min, POV HD 1 h B, HEE T A
TR B JE 2 00 B, O AR B SR L P o A £ B 7K
20 ml, 323 15 min, JPY SR MK AR 2B 7K (101,
40 ml) kLR . KB S T 250 ml ZE K,
15 min B4 1 RPEW, BXE 3 K, ¥ PHFs 7 25 kGy
)y B IR KA

1.2.2 PHFs BALPERR I (1) PHFs B 7EAK
FLAS AT O PHFs 3 AE ik R bl Al 7
T BE WL S 1 7K A JEE 32 (1 AR it 28 ) % it
W% PHFs ORI . (2) PHFs G HEE ¥ PHFs 72
W R £ 2% v ik ( phosphate buffered saline, PBS) {7 i3I
1hJ5 & F5AT B % TE 25 C 4T 290 ~
750 nm {3 YEEE . (3) PHFs LS it fE  fF PHFs
BT PBS W I K =P, VI 2 emX2 em K/,
BRI AR B LA A LR PR RE o £ 35 C KRR
JER L 50-N U FE T F LA 0. 1 mm/'s 3 5 47 o g e 1
AR, R AR & XU A W . Pr TR ik
THAA N 0.5,

1.2.3 Mg bR A A 37 O I ZOR I
ZRER 4 H, D i 5 2 SRR A E S 5 A, T
B AR G I 8 IR BR, H] PBS e &2 b it J5 1R 1D
T & B R 3% T HE R R AP PBS b PR R
BT ¥ BT T R AR U, PR UORS A LS & 3%
HETE R WP PBS e dk , L BR AR B 45 I 2L, 1
IR FE Vogt M2 IX /N2 1 mm G 19 ) I S 420, B
NBEE A, RS TR PBS o Bk, FH IR R
BABTYIRZY 1 mmx1 mmx1 mm RN LU, T
R G TE 24 fLARN L BT 37 °C (A BU3 % 5% CO, s
FEAA W IR ACEE IR B H k. e 40 IR IE R FL S , JEAT 1%
B 5 8 B B T AT e AN H A RSO,
1.2.4 6 7B T WA M RGBT 00 8 40 B o
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p63 e A JEAT IR . 17 40 ML 2 2 80% I, 5 L K I
W, PBS piik s it 4r B 4% 2 R W [E E 15 min,
PBS i3k ; 5 P W ( PBS+J5T 5 43 %1 10% BSA +{4& F143 %
0.1% Triton X-100) £ B 1 h; i A — 3 (AE1/AE3
p63) 4 CIB &, PBS ks MAZOE 9, EH T
REGHET 1 h,PBS #hsk ;s i A DAPI %44% 15 min,PBS f
Ve HhE L 2O A S I Il k. PR AR 4
P Y A PEL I A 4 b E AT g it , R ] e e A 4k 2
HSCORE /g i i A7t . SegmdEs 3 ik, O
1.2.6  MTT A0 A B E &2 7E PHFs | B9 3 A4 1
B KA 4y A P X BR AL BH P X R 41 Fn PHFs +
CECs 20 , o [ 1 X B 2H K 48 i B 42 b AL A B35 9% 1L
JUS TIN5 200 5% 5 R, B ol R 2 4 i o A A 35
FRLJG A & A 100 pmol/L H,0, 15 i 4 fl 1 7%
W, PHF+CECs 2H ¥ 20 g #h 48 75 5l /7 PHFs 19 35 5% L
o T 300 200 L G AR U R L A LRGSR 24 b KA )
JE R TR A L 1 B 240 WA A3 4R T 96 fLAR N,
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CO, HEFAHNEEFE 24 h iIn A MTT 9% 10 wl/ fL, 355544
PREEIFE R 4 h, 38 LRI A — AR 200 pl/ AL,
R T B TAREEE R 10 min, JU & P K 490 nm 4b B %
RE (Ao ) (. BRI E L 3 R, BOF A

1.2.7 TUNEL 240 5 I 275 PHEs |9 4 T 1%
B 20 AL AL B TR] 1. 2. 6., % 4 B AT PBS vk
3 ,4% 2 B E 30 min, KF3 %0 3% H,0, &
[4] 10 min, 0. 1% Triton 7£ 4 °C ¢35 3 min, Jjjl TUNEL
SRR AW (A WOFD B AR L 1:9) F 37 Cilikot
JEE 1 h, DAPLBEOG YA 15 min, 5% Wi T 94 0F
A8, AR A TUNEL FH 40 i %0 DAPT [P 40 i B0 55
TUNEL fHYEZ0H S, oA 3 )k, BRI,

1.2.8 % LSCD iRl K Zh Wy SC i sr 4l B i
GORTPE = KR 15 HOAESCHR L9 ] 5 i iy itk F o DA
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JRIE S 3 4, B 30 min #b 58 2 ~4 mg/kg, BRI S T
i, TR I3y PR 59 2 A M ULE & A2 (N 2 mm
ZH 2 mm, PREE 100~ 150 pum) , I FI A B 2L &I BR B
2 6 mm i Bl P S IR B e o SR Bl AL R A

BRI SR sy 3 AN AL 5 H I R
NSEEAR X BN S X B B RS OR 48 T AT Al
b PHFs 41 B M 6 B, @ B 5 % B A28 12 mm
)75 PHFs i 8 T LSCD fg A5 A4 1Y) ff 6 3 i ; PHFs +
CECs 41 ¥ CECs )5 M By fpdl F 5 M EH&BE A
12 mm () PHFs b A 20 TR RS A R, 40 i %% 5
(2 118+32) 4~/em® B J5 ¥4 B 4 i B T LSCD o b 8
(A RS THT . T A SE 50 30 W 8 UL B G AE BT IR GE
HhE AR G 4R 4 IR S 45 LT B R IR G 4 S
ARG 25T A2 TR i IR R e T K A T 1R
IR R, K 3 4K, %2k 14 d,
1.2.9 GG FR A Y o 2 K0 0 4% 21 52 56 G A R e 46 T
R FFAREHO D) BARJE 3.5.7.14 d 171
POCRMY . LI RIRI G, ARG R R 4,
PSR 7080 0. 2% 29 G AN B W 10wl 35 in 31 52 50 fe
FAMEETE ,30 s 5 o A 28 BT S MBI Bl ' 0 2% e
T AL FEATHR AT A . 2 R MY PR AR T
P10 0 43, <1/8 HH AR 1 4, =1/8~<1/4 $5i 45
WA 250, = 1/4~<1/2 i 1H AR R 3 4, = 1/2 #i}
Gt A g 4 43110 SeeE A 3 W ORI . S AR
YEJG Pl ¥ X e Lo dk 22 P 5 IR G
1.2.10  J5 ARG — 0P 21 4% €0 A6 I 45 20 52 56 fa A e b 2
AR 14 d JEHUT S50 % A AT 05 AR — B4
Yot f 21 20 B F R 4 Bk 10% rp ok RS T L IR
WAE 100% . 100% . 95% 80% Z, T, L4 J — F 4 v i
KGEW ., A U ARSI R
J g K AR, IR AR E AL Y e, B FE R R VR A
& (100% ,100% 95% 80% ) (1) £ B . — H 2R Hh it /K i
B, Hl s R, o2 B R AR AT IR
1.3 Gk

K1 SPSS 23.0 Geit 2 84k it A7 ge it 40 Hr, R
GraphPad Prism 6.0 % £ K., it & ® B 4 E &
Shapiro-Wilk 4 & UF 52 52 1IE &5 40 M, LA v £5 £ R,
PHFs+CECs 21 F1%F B8 21 0 B 41 i 50 Eb 48 % FH 2k 57+
At K58 PHFs+CECs 41 [ 4 X B8 21 A1 BH 1 % 8 41
Ao fH \TUNEL PH P 40 fifg 56 24 H 45 R A R 2 07 22
Sy AT, I B SR L LSD- K 5 . X B 41\ PHFs 41 fl
PHFs+CECs 20 A [m) B[] 45 £ I 5% 0t 38 B % 4 3F 43 4
AR L 95 SR FH R 2 0k 9 DXL R O 25 4 A, PR B RCR
LSD-t K55 . P<0.05 h 22 5 A 4t = 5 Lo

2 #R

2.1 PHFs ff 3 b4 v
PHFs & — Bl A & B A 35 B /K % i 8K, i
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DPCL GE F1 SC 3 #4 i 7£ 60 C
TR R (] 1A) o HH T
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(FE1B) . 25N AT WOLIE if W
it — 0 BRSO
5 3 2 A WO e g, PHES 18
B9 2 Ol A 07 15 O IR S R A
&1, 7£ 400 ~700 nm H.A4 >99% [t
Bk BE (] 1C) o g Ah i A il ik
W], PHFs fi il B2 45, RE R % 2
6 MPa 4 J3 ([ 1D) , AT i 22 T
2.2 bR B AT A
J bR 5 i e 3k

JELAR A0 D 5 5% 40 3 R A
J2 T PR A I 25 2R R, AE1/AE3
Yt 5, K 43 41 L Y 41 i T 2
LI, B % K (98.60+2.40) %

(& 2);p63 Je 0 )5, 2 B 20 i A9 20 A% 5 4 6, BH 1

FH(61.20+3.60) % (18 3) .,

2.3 &40 PHFs &%) 20 i 26 B0 00 HL 3
1 i s e 45 T R, PHFs+ CECs 41 Fil % 18 41 g

0 0
H{o/\/\)L)So/\/O\/\o(JJ\/\/\otH

dihydroxyl PCL
H

~

o7

2 RREFABELETHED AEI/AE3 fJRIE (X400, R =12.5 um)
REST AN R AN R 4065, A:AEI/AE3 Jefs, B:DAPT e C:RiA Kl
Figure 2 Expression of keratin AE1/AE3 in primary cultured corneal epithelium ( x400, bar =
12.5 um) Red AE1/AE3 staining was seen in cytoplasm of most cells A:AE1/AE3 staining
B:DAPI staining C:Overlay

AE1/AE3 e fa )5,

12,5 pm

3 EREFABRLEHRAEAS p63 AR IE (X400, H5 L =12.5 pm)
AN A ARG Ap63 Re B:DAPIR:@  C.i& R
Figure 3 Expression of keratin p63 in primary cultured corneal epithelium (x400,bar=12.5 pm)
B:DAPI staining C:Overlay

AEI/AE3 Je 4 J5 , K #B

Green p63 staining was seen in nuclei of most cells A;p63 staining

BE Y B4 B R (2 282.33 £ 144.00) 4~/em® Fl
(2 148.00+77.60) 4/cm’, Z R TG i B X (1 =
1.70,P>0.05) , #k&e¥s3: 3 d, /1L 2 4403y 2
[T S A [ |, HES 5%, 4 TR 38 S R R4k B 24 T W]
WER(E4),
2.4 4] PHFs ()40 Jfl 55 1% tL 8K
MTT 5 % 45 9 @ 5%, PHFs +
CECs 41 | B4 HE 20 1 BH 44 % 1
Ay 1H 4 B H 0.59 £0.01,
0.65+0. 07 i1 0. 06+0. 04, 1A 11

(i)dissolve reagents in DCM
(ii)60 °C,30 min
(iii)60 °C,20 min

H’(O\/\}70/\(0 ? ) ’Cl—) WESAESZITHE X (F=12.25,
gt o }\l\hl{ \O P<0.05) , 5t PHFs+CECs 41 fl

: /S B XS B2 A B S RT FH 4

2, O i, 2R G X (Y

g P<0.05), TUNEL £ | 45 'R

1283 . z 7, PHFs+CECs 41 1 BH 4 % iE 4

S 99sf Zs JG TUNEL B 40, B X 16 4

B h A UL % TUNEL R 40 .

" 232 ) =2 PHFs+CECs 21 | B 1% X} B8 241 F1 FH

G0 97'%00 300 42)0 sz)(j)lﬁfoo 700 800 0 o.l1 o.lz 0.|3 0.I4 (:).Is o.le PEXT AL TUNEL B2 %53 5]
wkom @ B4R (o) @) W (1.6820.25)% (1.17£0.36) %

1 PHFsHEREERELEME A:PHFs G RE
PCL: REMRNER; DCL: 5 F b ; PHFs : B¢ 2, /K B R FE

C:PHFs B¢ D:PHFs lIHL{fRE S
Figure 1
of PHFs ( bar = 200 pm)

polycaprolactone ; DCM : dichloromethane ; PHF's ; polyethylene glycol hydrogel films

Synthesis and physicochemical properties of PHFs
C: Transmittance of PHFs

B: PHFs J& i (45 ] =200 pm) F1(62.35+3.68) %, i {A e #% 2
A G E L (F =13.45,
P<0.05), H o PHFs+ CECs 41

B R X AR 20 TUNEL FH 44 40 Jig

B : Thickness
PCL:

A ; Synthesis of PHFs
D: Tensile strength of PHFs
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200 pm @ 200 pm
i pm—i

& 4 PHFs+CECs 4 5 Xt B8 28 40 B & Bt fF 0 bb B (X 100, fx R =
200 wm) PHFs+CECs 21 41 i 0% B %k H 5 %F B2 A1 e TG0 8 22 57

A:XTHE4] B.PHFs+CSCs 4

Figure 4 Cell adhesion in two groups ( X100,bar=200 um) There
was no significant difference in the number of adherent cells between

control group and PHFs+CECs group A :control group B:PHFs+CSCs

group
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Figure 5 Comparison of cytotoxicity of PHFs among three groups A: Comparison of A,
values F =12.25,P<0.05. Compared with positive control group,“P<0.05 ( One-way ANOVA,
LSD-t test,n=3) B:Comparison of apoptosis rates F=13.45,P<0.05. Compared with positive
control group,*P<0.05 (One-way ANOVA,LSD-¢ test,n=3) C:TUNEL staining ( X400, bar=
50 wm)  Green nuclear staining of TUNEL-positive cells was not seen in PHFs+CECs group and
negative control group,and was observed in positive control group. The nuclei of all cells were stained
blue, and the number of blue nuclei in the three groups was similar ~ PHFs: polyethylene glycol

hydrogel films; CECs: corneal epithelial cells
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Figure 6 Comparison of corneal defect area and histological characteristics of corneal epithelium in LSCD rabbits A Before modeling, no
luciferin sodium staining was observed on the ocular surface of rabbits in the three groups. On the day of operation (0 d) ,the ocular surface of rabbits in the
three groups was full of luciferin sodium staining,and the staining decreased gradually with the extension of postoperative time B:In control group, severe
conjunctival edema,a large amount of secretions, turbid and white cornea as well as unclear iris were observed. In PHFs group, mild conjunctival edema,
diffuse corneal edema and mild iris congestion were seen. In PHFs+CECs group, conjunctival edema was not found, and local corneal edema were seen and iris
C: Hematoxylin-eosin staining results showed that there were fewer irregularly shaped corneal epithelial cells in the control group,while a single

was normal

layer of sparse corneal epithelial cells appeared in some areas of the PHFs group. In the PHFs+CECs group,the corneal epithelium coverage was the largest,

and the cell layers increased to 3—5. The morphology was regular and the arrangement was close (X100,bar=150 pum)

films ; CECs: corneal epithelial cells
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Table 1 Comparison of corneal fluorescein sodium staining scores of LSCD

rabbits among different groups at different time points (x:s,score)
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PHFs+CECs 41 5 4.00+0. 00 1.80+0. 45" 0.60+0.55""  0.20£0.45%

TE i F jyy =41.81,P<0.01; Fyypy =42.52,P<0. 015 F oy =0.13,P=0.97. 5[40 d L%, P<
0.05; 5[ 3 d L, P<0.05; 541 7 d [b#, “P<0. 05; 15 [ I} ) 5 %) B 48 L %%, P<0. 055 5[]
i) 55 PHFs 4 Hb 4%, P<0. 05 (35 & I 4 5 [ 2 Jy 2240 7, LSD-1 Fa iy ) LSCD .« £y 4% T 4 Jf 5t =

JiE s PHFs : 8 2, — /K B e s CECs « 1 JIEE 1= Bz 20 Jifa
Note:F, =41.81,P<0.01;F, =42.52 P<0.01;F,

interaction
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group at day 0, P<0. 05;compared with the same group at day 3 ,"P<0.05 ;compared with the same group
at day 7, “P<0. 05 ;compared with control group at corresponding time points 1P<0.05 ;compared with PHFs
group at corresponding time points,“P<0. 05 ( Two-way repeated measures ANOVA,LSD-¢ test) LSCD:

limbal stem cell deficiency; PHFs: polyethylene glycol hydrogel films; ; CECs: corneal epithelial cells

PHFs; polyethylene glycol hydrogel
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