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1.1 i #

W R Ak T RIS, kIR, 1R & 5 > 95% , 431 300000 ) 14 [ H A< Meat Pack-
ers v )y 3-( RPN IERE ) PR JE- — W 3 (3-fifi 9 ) Be (MPDSAH) | 1-(3-H & BE N L ) -3-2, 3tk — 1
Ji(EDC) | S0 SR ZEGER A LN & F (FITC-BSA ) /N A 2828 K I 7 (NGF) ¥ F 52 [ Sigma-
Aldrich 23 7] ; N-¥2HEEB8 FIBE i (NHS ) FIERE 2 B IR AR (PEGDA , SEX50 T M, =575 ) I T %
+ Fluka 237 ; /N A K-8 ELISA iR77) & (& [ A&D ARl . Heid ¥ Al
1.2 ERIE/MPDSAH IPN 7k £EEZ B #I &

BUT 480N 13. 7% MR IRIRI 0. 4 ¢ INARIER#R N, JRad T RS —E it s s,
SRR LB RS K AR BRI 90% (5T f 1A R 43 %8) MPDSAH 7KW . 50% (5 f AR B 43 550) 1)
PEGDAKIEIE A 10% (T RT3 40) B Irgacure2959 Z B, 1E 0 CHOKH R EHER LS8, i
HIRAA), Hh, m(#J5) : m( MPDSAH) =3:1, m(MPDSAH): m(PEGDA) =2:1, n(Irgacure2959):
n(MPDSAH) =1:25.

B 10 mg EDC F16 mg NHS ¥ F 50 wL Z&18K T, MG ES#5H 20 wL EDC/NHS IR & /K R
A FRBYEEE MPDSAH IS, Horh n(EDC): n(NHS): n(BEZEHRE) =1:1:1, 7E0 CHOKEHEH
REA). HEEM 2 mol/L A EALMIARIET pH{EE 5.5, LIAIF EDC/NHS b, IBE¥HA)E, 5r
BB AL RS 2 AHLBESH (10 cm x 10 cm x0. 5 mm) SRR A (J& 500 wm, EAE 12 mm) H, & T
LHMELAE (XL-1000, SE[E Spectronics 23 7)) N EIfE 40 min. SRJG7E 100% 05 (£ 0F T = IR 16
h, A 37 CHAE AL 5 he FTHFBLELEUH BERCFE S A 10 mmol/L R £h 2% #h i (PBS, pH =
7.4) 2, FERE 12 h I EE) PBS, WEVET d 5, BRERORA A 1% (B S5 PBS
T4 CFRFEH.

[IRE, 4208 R 7B Al LAHI45 IPN2-1, IPN1-1, IPN1-2 1 IPN1-3 /K#ERE , il 5 MPDSAH i
B e B R 201, 121, 1200 123, Heg o (8 B PRFEASAR . A e BE S50 110 0 e Dt /K 68 M S 7
A MPDSAH/PEGDA W44~ , LIAHIE B 77 ] EDC/NHS 2Bk HI15 , EDC/NHS/ 5[5 28 5L 1 BE R oy
1:1:1, 244 Coll.

1.3 NGF-KEHIH &

RV TS (BRI A IR A 500 WL 6 JE 8 30 we/mL (1) NGF-BSA[ m(NGF): m(BSA) =1:300]
B, T4 CTPAE3 ~4 d, DIGRIEA BB IK 258 IR, BERH PBS Puad bk LL LB
W2 o7 B e 2= 1T 1) NGF-BSA.

1.4 #H@EHNRIE

K PV HE 40 21 S 6543 ( Spectrum100 Perkin Elmer) W52 2 ¥ VR TR AL BRI IPN T-HECEE 5 (1)
LTANB IO, B K B IARE S IR TR ZEIBK T, A 12 h R — Rk, whik 7 d. BUH 2 R mA K
gy, AR, T -50 CTFARGTH48 h, HEIZFLMERH . B4 3 min A0B5, HEARMEE
(XL30ESEM, Phlilps ) WLEERE S BITESR.

1.5 HZEMHREEZ A NIK

It R IHL(LLY206B, S {0 A BRA 7 ) a7k 58 I AP ot B | A8 o A Dy 224
KA, KEERSHFE 0. 5 mm, A Z BT7ERERREE 22 /i (PBS, pH =7. 4) P4, IF H UK 20 mm x
2 mm WYFEIE 2. BN OKBEICAE 9 SE BRI B A 10 mm, LR R 10 mm/min. BEF 5 H A S0
5% 3 K.

WK BERAE T AE PBS G2l A, SR TSR A0-0] WL 366 BE 1T (TU-1810, b st 5 #rid A R A
Al), B 500 nm, F 25 C AR A EED R, SRABIIPrSHMU(WAY-2S, FIEREEE
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FlEABRARD) , IRARZEAFRER ], T 25 CF IR EERFE S 3T b He 2L
1.6 TFHEEKERMIK

W /K EERERE S AE PBS 28 Ml TR I I KT, I8 K2R 00K 4, PR LRI /K 8 e 2 1 119 7K
g7, HRFIRTIRE, 10 IZKEERRE MR, W O 0 BT K BE RSV VR T8, 1C UK EE AR 1Y)
T R AR 0P K

A A K (%) = [((W, - W,)/W,] x100%

K, WA KEEEAE PBS 28 i ik BV T A i 9 BT i, W, SR VR T i TR A 1) o it
1.7 R5MNEBRRSSIG

¥ 50 ~ 80 mg HYBERHEM LA 5 mL PBS(pH =7.4) 1, JILA 60 wl 1 mg/mL AR EERHA W, Wik
AA 37 CHEFEF N, BERRAS [FIR DR BRI, W L3RIk, FREE.

BT A T P, SRR (%) =W,/ W, x100% , 2, W Hl W, 205 0 ia i ¢ ik 2
VR Y o
1.8 KSMEMBEEESR

W 1B I8 R 2 TE 75% L BEh , TEEAMT T KEE 30 min J&, B A DMEM ( Dulbecco’s Modi-
fied Eagle’s Medium ) 3555 B il L0 SRS EERS R % 2 48 FLANMIEE =M, BFLIINA 300 pL /Y
ARAA N AR T R 20 B R A TR R 1hT, R R 1. 67 x 10 /4L, BT 37 C, 5% (KB
B COEFAE RS, B398 1, 3,5, 7dJa, 78 AxioVert SRS (K 10 %) T WLEEHH M 7E BRI S48 |-
BB B RKAB I, BB R B3 ASATFLEE T BRAH , LA 0K B8 J R o 114 20 B TR A A Sk 2 ) R
H Northern Eclipse AT A A ) R
1.9 5MNERE

B3k FITC-BSA MY/KEEIEES:, FH 0.5 mL PBS whyk L £FRF M) FITC-BSA, HZA 0.5 mL PBS
W, 37 CRIFRFAPIAAT, 1524 b BEBORIEUE , RSN TR0 PBS S8 0hii, IR BEOR T 4 C
TRAE, HIEEFRAY (BIO-TEK, 32 ) M B0k 19 2 65 B (IR B 490 nm, A 5FIE K 520 nm) ,
PBS fE s FAINIR , B — AR B2l g 3 e, BUHCPIME. ButhZi i FITC-BSA 19 SRR Ak
b, LIRS B] kA A A ).

B ik NGF-BSA i JFK BEICEE &, FH 500 pL PBS whik L £ B 1m0 1) NGF, it A 500 pL PBS
W, 37 CRIFRFAHRAT, 1924 h BRI, [RIIRE R 708 6 () PBS 2% vhif, WS4 () BE O T
-20 °C 447, H Sandwich ELISA 57 & 78 BEAR X 100 2 B NGF #e .

2 ZR5itE

2.1 KERHIGHRIAE

1 Al i RIS AR TR AY TPN K BEIERE Sh B9 204N 65 1R, HiEk o AT LAE Y, 4l e e 7
3300 ~3500 cm ™' AbFFAE N—H {45 RIS, 78 1660 cm ~ AMAFAEBENE B C = O {45 IR shm i
11438 em A FAE—CH, —8i—CH,— 25t IR sh i, ik d nTLAE i, 20k MPDSAH [ 4FIEIE
£33 3300 ~3500 em AR MERE - N—H P4adR 1%, 1726 em ' AR C = O(ZCHKH PEGDA)
ARSI, 1642 em ~ AEAYEERZ [ C = O(H4K MPDSAH ) i iz sl WIS 0%, 1535 om =" b Y Tk e
| N—HZ { 4R s %, 1175 em ™ A S = O AXFRM 45 4R S 4, 1035 em ™ 4bFY S = O XFFR{H
ARSI X e B, TR A A S JE-MPDSAH IPN 7K B8 & A 2l i IR e Al PMPDSAH
HPRRRARFAE R 0, TEBIFE T & Trgacure2959 514 T, A A T BE-MPDSAH H 2R AWM 4. 21
AMETETESE IPN BT 12

% 2 & PMPDSAH FI22 it I i ab P Y TPN1-1 A1 IPN1-3 BEEAY 4 S B/ . ik 2 aT I,
2 DR AL B AT Y TPNT-1 F1 IPN1-3 % i (9 ¢ AiE 16 5 PMPDSAH A9 FEAE 6 58 W) 4, UE B R Ji-
MPDSAH &8I 28 158 I B R e Ji , A 55 Jd () ) [) R JG D6 D9 2 B DTS IR, Bt ™= 0 2 AR O ARSI, DK
BEWE EAR TS, 1T MPDSAH/PEGDA P48 ANAZ IR IR B 02 M. i —2 00 0E T R -MPDSAH B 28R &
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Fig.1 FTIR spectra of hydrogels Fig.2 FTIR spectra of collagenase treated hydrogels
a. Pristine collagen hydrogel; b. IPN1-1 hydrogel; a. PMPDSAH; b. collagenase treated IPN1-3 hydrogel; c. collage-
c. IPN1-3 hydrogel; d. PMPDSAH. nase treated IPN1-1 hydrogel; c. collagenase treated IPN1-1.
W4 T I

2.2 AEBERWEYIEEEE
1 G T BERRE A G MR RE AT S K RO, di 3 1 RT UL, BT A BRI A Y S K B

90% ~95% Z I8, KT ANMFER&KE, Tablel 1 Physical properties of hydrogels

=N 1g PO W =574 k= Il S ite 1i
iﬁ([ﬁj E/J i 7k£/{ﬂ‘ﬁﬂ:‘”ﬂ:ﬂ j‘ﬂ:‘n = %%EE/J Sample Wh' te'l ht Refractive index Water content( % )
B, PIEFSBYTE 1. 35 I}ﬁlﬁ, F A\ i \ transmission ( % )

. b 3% [24] Coll 90.0+1.0 1.3506 +0.0021 91.08 £0.78
%}ﬁ%ﬁj‘ﬁ*ﬁgy<1373 ~ 1380) HJ%{EE IPN3-1 87.6 +1.1 1.3585 +0.0031 92.14 £0.40
AT RE 2 0 i 5L TPN 7K I 7 il 45 1t FE P e IPN2-1 86.4+0.7  1.3570£0.0033  92.45 +0.34
Eﬁﬁ%ﬂﬁ}?éﬁ*@l@’f& %ﬁ[*ﬁfﬁ%ﬁﬂi IPN1-1 88.9+1.8 1.3556 +0.0031 94.37 £0.42

o o IPN1-2 85.6+1.4 1.3475 +0.0041 90.24 +0.44
}J\%é 1 ﬂu%ﬂj’ Eﬁﬁﬁ%i@j{? IPN1-3 85.4+0.9 1.3586 +0.0024 92.57 £0.74
85% y L:J‘Aﬁﬁ*ﬁ Hj‘féﬁﬁﬁﬁ,jr /E\:EF‘ZEE% Human cornea 87 1.373—1.380 78

TR K 11 0% 375 2 ZE ] 3K 3] 90% , 1 i JE-MPDSAH IPN #E JIE 11 % 7% 3 38 ¥4 T 4l e J 8 e, HL
MPDSAH &5 it 5 OGBS AK. PMPDSAH JE P PER AR, T 43 B AR R AR —SO, A H K
51, SHGE TR N, 2 AR P AR T R, BERC B GRER S—rE, PIER
PR IR 114 43 25 W) PP T 8 A3 T B B AR B S ANV TR A SRS S DI AH G, BERCFE PBS SR Pl b A2
AN FER IR HAE T, BN T BABH B I R g 5 7, o FHEASWI R, X BURY (1Y o 28 o i o
FoRt . At PMPDSAH W25 B 7778 15 AT AR ACRE bk R I 15 0 2R 4 iU A

1 3 AN [RI ARG e ) P | W 24K S g [ i i b, dh &1 3 AT L, TPN S8 M i hr {1
S45 1 I o Al BRI , o IPN1-3 (7 58 52 (0. 571 MPa) 240 408 55 (0. 230 MPa) 119 2
fiZ. JEJR-MPDSAH H. 25 5540 I £ v i 19 26 6] 47 U5 g X (R AR B/, ROt ai 7 A 22
] B PSR 7, DTS A R 00 47 i B8 186 i 27280 TPIN S 2 %) O S i R SR R | e Tl e L e, (EL A
AR . 76 IPN KEER A #1453 B2 b, A MPDSAH F1 PEGDA /KIE W MACHEF , SHURE K
FkE, BEI T ACHR SR A BE RS, AT SO 2R AR . B IPN KBRS A Fr Ao B2 T R AR
ﬁjﬂf%?[(& 81 £0.40) MPa], {HXf TARNEEHIRUL, T 200 RAEA HIEK.

n s
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Fig.3 Tensile strength(A) , elongation at break(B) and modulus( C) of the hydrogels
a. Collagea; b. IPN3-1; ¢. IPN2-1; d. IPNI-1; e. IPN1-2; f. IPNI-3.
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I/ MPC . 2E BG4 T AR I AR SE i 98 B i, ELBIIIESE TPN R BB R4
R JE L A R P KR, (H5 MPDSAH A HL, MPC 5 Wi, HLBSRR S 3L 75 5 K i, A7AEAR
FsEtE. MPDSAH Z5H RN T L MPC R2aE, A5 Wik A, i ELEAT b0 B e B e, A= AR 2 1
RAr. i, MiX—J57mi% i, MPDSAH EAT B R AL
2.3 KIMNRIFERFERR

AR G2 D T8 i LA B M 114 00 4% ot i BRI () PR PR 06 RO . Y, e D o M o v e e
JE A B A D (1 4) , EDC/NHS 283k i 46
W IREEIETE O h BN 5E P8, R4 BnTE ], E:‘ . L )
Sali g IREER A L, I F-MPDSAH IPN B i
JR A A fE 70 B S 34 5, 1 FLRE % MPDSAH L4
%%M,Hﬂﬁ%ﬁ%*%%ﬁﬁ%ﬁﬂ@*ﬁ% wf DE AT
50 h REARECE) . Horh, IPNT-2 BEIRTEHF 4R 9 0l DEF
W RS T 29 25% , 30 d E%éﬁ%ﬁﬁ(@ﬂﬁﬂe% oSN L
)5 IPNI-3 BEREAE P46 O h 9 HL AR T 29 15% w3 s
40 d fEfESE 4= ﬁﬁ( Bl ok g i )- XIS T Fig.4 In vitro biodegrardation of hydrogels in
MPDSAH/PEGDAZS — [ 26 151 A BH 475 T IPN collagenase
BERAE B R P RGeS v, TR PMPDSAH 40 T M 4% [P I8 4, iR H AR5 E iy
T FE o4 fih , ol LA Rt T RE S P S I S5 AZ 1) PMPDSAH 45 G4, B e, DRk T ity
O3t BEIE Y 1 A ) Mok B T B A e (L A
2.4 ANfRELREAPETE IPN KERRENHEKBR

B S Sl NS b R AN 7 TPN /K B e o v A 5 0 Y 8 e B IR A ﬁ%@ﬁ%%b%ﬁ TEFFp

(A) (B) .

Fig.5 Human corneal epithelial growth on hydrogel surface
Control post-seedig: (A) 1d, (C)3d, (E)5d, (G) 7 d; IPNL-3 hydrogel post-seedig: (B) 1d, (D) 3d, (E)5d, (H)7d.
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Fig.6 Cell density of human corneal epithelia

5 P A 0 AR T X R, SO Pl T R R A
Jit PMPDSAH HA7 1 il 55 1 W Bk 0 248 Jd s B ) i
- on IPN hydrogel surface

[29]
Jr a. 1d;b.3d;c 5d;d 74d.
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2.5 BEAREKERTHEE

JEE i/ PMPDSAH B 25 585 0 I 248 5 I S R ) AR 2 A S s el 1 P A AR R OGS R R 2 —. SRR
RIERTIET, ATLMEK B LI 25915 2B ar i fr ke, KL 7 ATLAE B, SIS IR EERS 7R T )5
BWAY, B EERE | SCHHONM ZFUIREEH , FLARAE 50 ~ 150 pum Z ARk, X PPl A5 H A F
THM AL R AT | K F A%k, FIFE, IPN KBRS O T 5t 2 AL RS 3450 1 1
ZRaERE ) TR AR, VPRI M 4% 5 PMPDSAH 54> THE45) B 28, WAV T 7K Bk e T /K P
MRS IR A (B 8) FTLAE Y, VRS BER K I A1 9K AT IR B A 0 ff AR, AR IR, 5ok
TR AR AR, UEIBERR T FE kR8s, nl TRRE, #e TIBRE T &EA RS
TEPEDR i 2 T R it 5 PRI IR R AR P T A A B A o8 o M RS AR A A6

(A) f‘p. i ~ N @ -
§5- m! 0 Ul

Fig.7 SEM images of freeze-dried collagen hydrogel (A) Fig.8 Pictures of freeze-dried( A) and
and IPN1-3 hydrogel (B) reswollen corneal substitutes(B)

FHA LS F A (BSA ) 1 S A58 18 24 ) 5 42 Jisg Ik B Jise e VR RS 68 0. 85 0B 2 R 1 I - O B
FITC-BSA, HIEIEYO6 R MBI FITC-BSA FEEEMC iy 04, AT nTRIE i, RSB I, R
W B} FITC-BSA (BEIS AT AEA 2, i Bt FITC-BSA FY%ERE (BEICHT ) RERSI R 4R (A5, BSA
I ATTEBERE N, BRI 28 d BUBERL R AR AT SR B 5O EHUR H , (BSOGIREE BT s, R BSA AR
. BEIRAEVS O TS BT = 4E 2 L85, 164 CIRIKI R P Se X E Fm 2y W s, XM EEIR 5 £
FHAR IR RARMTA IR, AT LIS 2 f, [ RIR DRE B P 5170 A 3 PR R A
UEERGR BRI, LR/, S 2y I b i TR AT A HLEA ) B TRAL B
JEU) b AR ZE A A= A PR TR AT AR, AT 20 iR

(A)

Fig.9 Fluorescence microscope images of BSA-hydrogels
(A) Blank hydrogel; (B) FITC-BSA collagen hydrogel ( before release) ; (C) FITC-BSA collagen hydrogel at 28 d after release; (D) FITC-
BSA IPN1-3 hydrogel ( before release) ; (E) FITC-BSA IPN1-3 hydrogel at 28 d after release.

2.6 KERKMEFBASMEITE

K10 R TARFPRZSEER X BSA AR5 B A Bt R agsm. nT LA, T BB i8S 1)
HEREXT BSA RO FERE s sR, IR TR R TG MBI B =4 2 fL45H, R m Bk, AT
BSA WA HBORMIZEG . e B -MPDSAH 1PN i 1) 8 11 5T W% B e 0 38 o 55 T 20 R e e, i HLRE &
MPDSAH HCA 38, e XoF 25 11 Jo W B A sy, TPIN -3 R e 1Y) 28 24 ek 5 4l e SR 6 Jise A b B 22 0k /0>
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T3 1/3. PMPDSAH & i 1% 7 2R B S O I A o L e 0, JFL 907 v A7 o 2 4 i A R PR AR —S 0,5,
SIS BT 14y EhL g S I 5 T Kourosh S5 AHFST TR R 70 SRR SR A 4 Fh A SR RN A TR, 4R R
B, 75— i B B NaCl AW, /NG5 F A OGS AH S FEL £ S5 i 14) 1 FH 0 SR R ) 0 A
WrfHi . 24 IPN BRI I2 76 BSA ¥ i, PBS XF PMPDSAH A4 HEL 17 B il 7 FH, 545 670 H %) il 7 R
—SO, HEEASMI, S T BSA AHEHER, IIMAE—EFEE L IIH] T BSA M. 28 d R4S
SRR, BSA Ml it | IPN3-1 A IPN1-3 BEe i i SRR s i 5301 R 53. 9%, 59. 2% 1 65. 6% .

L A) B
12r ( 20 + ®

~= 10} ) [T]
) T [T] g sk
SE st g
8 = 2
_ =
2w OF S 10t
B E - =
= 4 - =
S22+ I
2 F =
o LIS . . . ) . 0

a b c d c f zl| b c d [
Fig. 10 Loading amount( A) and loading efficiency (B) of BSA in hydrogels

Xerogel: a. collagea; b. IPN3-1; ¢. IPN2-1. Hydrogel: d. IPN1-1; e. IPN1-2; f. IPNI1-3.
2.7 NGF-7KERBEINERITH

I X OSBRI A T A R TR AL B EL AT TSR AR B RE ), A RO R S T B Y
AR MUBER, fit, EHRHR TGP EER 5 NGF, w058 ARSI A T0 .

11 TR NGF J5 iRt £k, ar
DI, IPN1-3 BERE X NGF B B0 ek 8 e T 4l i
JREENE. BERUARE) pH M 7.4, KT NGF Y%
&, MBS NGF A A, [RIAEAF7E S PMPDSAH 1Y
i HERE. 22 d J5 NGF Ay BRSO A F) 10% |
SO A2 SR R T BE & NGF P34, &
53 NGF ZEVEFREL; o) — R JE NGF B 4 4 3 M , , ,
[ O 3T | W & R (EPS& y P  IL E A= o B
FEktdk NGF HUBERR. FA1% AR R Fig.11 NGF release from freeze-dried hydrogels
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Corneal Substitutes of Protein-loaded Collagen/Polyzwitterion IPN

LIANG Shuang, YANG Jian-Hai, LIU Gui-Pei, LIU Wen-Guang *
(School of Materials Science and Engineering, Tianjin University, Tianjin 300072, China)

Abstract Collagen/polyzwitterion IPN based corneal substitutes were fabricated by crosslinking porcine type I
atelocollagen and N-[ 3-( methacryloylamino ) propyl |-V, N-dimethyl-N-( 3-sulfopropyl ) ammonium hydroxide
(MPDSAH) with 1-ethyl-3-(3-dimethyl aminopropyl) carbodiimide/N-hydroxysuccinimide and poly( ethylene
glycol ) diacrylate (PEGDA) , respectively. The white light transmission and refractive indices of IPN corneal
susbtitutes were similar to those of natural human cornea. IPN hydrogels had superior mechanical properties
and collagenase resistance compared to pristine collagen hydrogels. Human corneal epithelia grew well on the
surface of IPN hydrogel. Bovine serum albumin( BSA) and nerve growth factor( NGF) were efficiently encap-
sulated in corneal substitute by freeze-drying and re-swelling, and drug-embedded xerogels could be stored in
dry state, avoiding the denaturation and leakage of active factors in wet state. It is expected that the complete-
ly shape-recovered corneal subsitutes after re-swelling can be implanted into diseased site. BSA and NGF were
found to release from IPN hydrogel in a sustainable manner. NGF-loaded composite corneal substitute shows
promise in promoting the regeneration of corneal tissue as well as nerve.

Keywords Atelocollagen; Corneal substitute; Interpenetrating polymer network; Hydrogel; Nerve growth
factor (Ed. : W, Z)



