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HFIEE2L L4 Dess-Martin i85 B2 817K
EEBZ OPL-HPCS-GP #l& 54 ae1EM

sk B SRMema Y, ARFE, B, o2 &2,
FRM, FmE ', Eape T
(1. PHAbK: (BT 2EBe, BEPE PZE  710069; 2. BEVGAHRBIIFSE T, BEPT ViZ  710016)

HE . R Dess-Martin EAbiE, TEAHIEMEE 22 28 (PL ) BEFREEM) SE LRl EHI4 T L& 22 28 (OPL),
S RNESERM (HPCS ) AHMBERREN (GP), Hil% T —Fh BT RO 5 S g I Y B 2R 25 HA IR UK R
OPL-HPCS-GP ( OPL JFHEHBEAM R 15, 20, 25 g/L )0 K 'HNMR. FTIR. SEM X{/KBERSHEAT T #AE, X
HIp2evege . WARPERE . WICPERE . BEARMERE . 22N SRMERE . MIRARAME AN P T T, W T
OPL-HPCS-GP /K#EME Ay 1H T 14 ZE X G T- IRA B G2 i T IR AE AT ok o S5 R3RWT, AEFREE (37 °C) F,
OPL,-HPCS-GP i/ ( OPL Jiuig¥ il 20 g/L ) AIHREE (37.8's) IR MBI SIMBER 454, OPL,-HPCS-GP 7K
BRI N J1R(1.96+0.12) N, FEAi#& 41(30.2242.27) kPa, J12#HERE BT ; 7EAS4IIHM T, OPL,-HPCS-GP /K
BERE AT IR N 226.46%+3.57%, 60 d PR3N 30.85%+1.32%; OPL,-HPCS-GP /K H X} 4 £ 21 40 M 1)
VIR 1.95%+0.11%, Xt L929 HAIAEIEHH 112.97%+2.64%, A WIAHZNE BAT; 50778 22 14 E AR THR xR
ML, A OPL,-HPCS-GP /KEERBAE A THIEAR ZE 30 d A LA RELE RS TH I 25 325.0 um, AT e T IRAEIR
K$2IF: Dess-Martin %8fk; HE 220, BHNECRME; HmBERes; IRBUKEER:; HER%E; IEeErE
hESES: TQ427.26; TQ460.1 MERRIAFE: A XEHES: 1003-5214 (2025) 02-0313-11

Prepar ation and performance evaluation of a ther mosensitive hydrogel
OPL-HPCS-GP based on Dess-M artin aldehyde modified pullulan

ZHANG Qun', GUO Yeyang', ZHENG Yutao', PAN Shiyin®, LIU Rui’,
HUANG Saipeng', GUO Pengqi', XUE Weiming'"
(1. School of Chemical Engineering, Northwest University, Xi'an 710069, Shaanxi, China; 2. Shaanxi Institute of
Ophthalmology, Xi'an 710016, Shaanxi, China )

Abstract: Oxidized pullulan polysaccharide (OPL) was prepared by Dess-Martin oxidation method without
damaging the ring structure of pullulan polysaccharide (PL), and then combined with hydroxypropyl
chitosan (HPCS) and sodium glycerophosphate (GP) to obtain a thermosensitive hydrogel OPL-HPCS-GP
(mass concentration of OPL was 15, 20. 25 g/L) with interpenetrating structure by Schiff-base bond and
hydrogen bond. The hydrogel was characterized by 'HNMR, FTIR and SEM, and evaluated for its
mechanical properties, rheology properties, swelling properties, degradation properties, drug loading and
release properties, hemocompatibility, as well as cytotoxicity. The performance of OPL-HPCS-GP hydrogel
as lacrimal embolism on relieving the rabbit dry eye was further analyzed. The results showed that
OPL,-HPCS-GP (mass concentration of OPL was 20 g/L) sol could rapidly transfer to gel (37.8 s) with
dense and uniform network structure at physiological temperature (37 °C). OPL,-HPCS-GP hydrogel
exhibited the maximum stress (1.96+0.12) N and compression modulus (30.22+2.27) kPa, indicating good
mechanical properties. In simulated tear, OPL,-HPCS-GP displayed an equilibrium swelling rate of

s HEA: 2024-01-28; EFHEH: 2024-03-29; DOI: 10.13550/j.jxhg.20240100
HETH: ERARBARESTE (82304445 ); Bevis ARBIEILRATFTHRITH (2018IM2037, 2019JQ-461, 2023-JC-YB-672 )
{EE® . 3k BE(1999—), B, #it/E, E-mail: 2907681908@qq.com. BREA: BEHEH (1966—), %, #d%, E-mail: xuewm@nwu.edu.cn,



<314 - A% 4m 4 T FINE CHEMICALS

42

226.46%+3.57%, and a degradation rate of 30.85%+1.32% within 60 d. The hemolysis rate of OPL,-
HPCS-GP hydrogel on sheep erythrocytes was 1.95%+0.11%, and the cell viability of 1929 cells was
112.97%+2.64%, showing excellent biocompatibility. Compared with the New Zealand white rabbit
autogenous dry eye group, the treated one injected with OPL,-HPCS-GP was able to maintain tear meniscus

height with 325.0 um at 30 d, significant relief on the symptoms of dry eye.

Key words: Dess-Martin oxidation; pullulan; hydroxypropyl chitosan; sodium glycerophosphate;

thermosensitive hydrogels; lacrimal plug implanting; functional materials

THR% (DED) J&i FIHW 3 1A B 5 5% 5
LA PRI R N . B b E R A A
Fh2y, DA BRI e i ™ it 3% M 55 )5, DED &
RBAE T, AT A A B R iR
#XEHER DED KWEAMESR, B 14.0%~
33.7%, WHEEN 17.0%~33.0%, F1E DED &k
F2)H 30.0%, =T REZEIESK . DED InIKIGIT I
HETAREAYIEIT . NTIHB . THER 20
Horp ) JH B e 2 3 1 7E T TH ASURCE TH ZERH 2EHE
B 1R TH AT BE 2, B VH VR 7R R 3R VAT 7 B ) A ek
T HER PG Ak, EEATY . EE DED IR
S0 EET, PN AR B4 TH T R ZE R 38 Sk T
il R E T, ANRETE A 3E N AR AMARTHIE S5k 22 5,
O FESE T RIS TE o PSR EERESRENS SR A
UL IHIE I AR A B R N B AL, FL S R RS
HAWFAZE BT, 76 DED JRY7 45 20 Fv .

SEERME (CS) BRI Z M RR I 28,
YA U B RS (GP) AT
BEIRMR AT F A AEH IS CS o Frhbisos
2-NH3 &5 &, Rl HY . 37 °CF, BN S
GP /¢ fZ A3l o Z R, (i CS 4r 5k Sk IT
STEREEI AL o AR BT PR £ 35T B (HECS ),
FNILF R (HPCS ), R (HTCC) 5
GP 20t , #1457 AIAE 37 °C Yk R I Ak 1 BRI 2% 5
JE , AEAE A Sl i 7 RS BN ) 2 AN R A
[, BoR UL HECS-GP /KIS LR, 5
HIREN (SA) IR, 4% HECS-GP/SA-Ca* IR AT
TS K EEIG , O T R R 4 TR A o R R 2
fig, {H Ca® Ml SA #ATE Facodi Rt th, FHOR
R FHRAEAR G i . S &= 28 (PL) 24—
Wil o-1,4 F1 a-1,6 M EER A IR S Lt 20
R B A AR S RO PL R R
WEE, WERBMER A SN B, SR R
R a4 fE PLUS, NI 3 4% PL BEIR b C,~C; 1745
TSI ARE R, (HIR7E S S BRI BSY,
FANIE A R TR N OR S e | RE e 7/ =2 T
Dess-Martin i7] ( DMP ) {E - F—FE A SR80 & 1k
), AT A e A SR Ak R LT

ASCHR F DMP U4k PL R Co {7 A BESE AT,

TEABE IR S5 T 5 ARSI 25 S I & 22 L0
(OPL ), $RJ51E HPCS-GP FAZIREEER 5] A
OPL™ FIf] OPL 43 FHiis3k 5 HPCS 43T A& I
Z [T O st , #E# HPCS-GP 5 OPL-
HPCS XN 45 B 25 45K 1R oK &E e OPL-HPCS-GP, 14
S AT EHR SRR L RE A 2 F AR e e . I RN R
5K S51kRe, PPN AR AIHIE R ZE R T T

1 SCISERSY

1.1 MR RKF S8

DMEM K5 5735 i A4S (8 B A X 43 ot
FRA3Fit ) o4 3500 Da ), dbamiZSEERHEAIRAF;
INRURET4E AR AR (1929 ), FifFIL/REFAEYRI A
PR F]; 420 dni, Bt R DA Rk A BR A w5
BRERFIFC AR, 25 ), PRI EE — IR BB B o

HPCS ( 43F+& 120 kDa ). PL( 4»F4& 20 kDa ).
DMP ., WEMEEE (MTT ), fb2g4l, i itkAfb
BHE A RA T s GP, Jrbral, IR H oA
PR F]; AT (DMSO), fhali, Rk
AL B AR, DS PREA YR A B
oNE; ISEREN (BF), Zyahd, HAT Hil 25tk
KR SRR, A%, X
2 (ED) ARAR HAGR o o sl

FD-1-50 AUAZRTHEL, Jbrtid RIS A R
f]; AVANCE NEO 600 MHz %4 fif 248 I i X
(NMR ) , {8 Bruker A ]; Sigma3K15 Hl&ide
REVDHL, ERR =i A R A ; IR Affinity-1S
AU B AR 2T AR5 (FTIR ), HZA Shimadzu
/v ) 5 Sigma 300 A7 % ST WS ( SEM ),
[ Carl Zeiss /AW ; TA TOUCH BIFR#I{Y, i
PRI L BA RS A5 UV-3600 %128 4h-1] I 45
SCRETE, bRt A A A B 5745 A 7l ; NUNIRE
Al CO, MMREF#46, 9E NUNIRE A dl; RT-Vue
B2E A0 T W2 F 5L OCT ), 26 [# Optovue A Fl 5
TG 209 F3 BIFAE5-#71L, 7EE NETZSCH A Hl;
DHR-20 BUfigft i A8, 32 E TA Instruments /A H];
Infinite M1000 Pro AYfEAR{YL, it TECAN /A#].
12 Ak
1.2.1 OPL #54] %

B 2.0 g 19 PL 5T 100 mL A DMSO Hr, [i]#%
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ik #E, & BT %E -t 28 Dess-Martin B 5L AYIR K EE S OPL-HPCS-GP il % 5 REVEM - 315 -

WP 222 M A 4.0 g9 DMP, T30 °Ci#G v 24 h.
RN RS E: W SN I - oy (O A VAL
ke 2 4%, INAEFN Nay,COs I 24 1k W o U
T 2000 r/min 250 10 min, 52 50 AE B AN

0\CH2

CH,OH CH,0H

1.2.2 HPCS-GP 7K ik 64 %) &

e, HERIFREL 100 mg A9 HPCS 1 400 mg fY
GP ByoR , 9 m T 2 mL £58 1k, 155] HPCS
WO GP W =R T, # 1 mL B9 HPCS A1
1 mL /) GP IR A 135 HPCS-GP % i ; SR,
WHL 1 mL i HPCS-GP I ICIHE A KN 1 em 198
AR e, R E T 37 ClERSE AT,
33| HPCS-GP 7K BEME
1.2.3  OPL-HPCS-GP 7K %% % # #) &

B, #ERIFRE 100 mg A9 HPCS 1 400 mg 1Y
GP #yoK , A I T 2 mL £5 ok, 153] HPCS
WO GP ;. FRIG—E 7 OPL ¥ T Lik GP
W, %% OPL R ¥ B 435I 15, 20, 25 g/L
#) OPL-GP ¥, ic & OPL,. OPL, fil OPLs; K5,
FIR T BWEC 1 mL A9 HPCS WA 1 mL
OPL-GP /A IR A 15%] OPL-HPCS-GP %K ; ),
# 1 mL B OPL-HPCS-GP i#HIEAZK N 1 cm (¥
BARE R, HEHE T 37 CHEIRERA T, 5
#| OPL-HPCS-GP /K#Efi . #R4E OPL-GP A A,
A3 9 £ B9 OPL-HPCS-GP /K i6ic i OPL,-
HPCS-GP .OPL,-HPCS-GP il OPL;-HPCS-GP 7K .
1.2.4 3 25 KE 09 4 &

R 1.2.2 fi1 1.2.3 1%, #ER45 HPCS-GP,
OPL- HPCS-GP i# i (1)1 #& H1 43 51 il A— € & BF,
HAA BN 100 png/mL, 15303824 K BRI 43 5]
it BFE@HPCS-GP #1 BE@OPL-HPCS-GP,

1.3 RESHMR
13.1 #4E

FTIR #fiF: BU&E+H HPCS. GP. PL. OPL %
iKY A AN OPL-HPCS-GP /KEEME AT (3RAE S
JEE-50 °C, HE25FF 20 Pa, F[A) KESL, JHAEH
A5 W 2T AP OG5 H FTIR 3% &, i 403 [l
4000~500 cm ',

'HNMR #1E 6 10 mg 9 PL 1 OPL £ §1 435
W 1 mL K, 7 400 MHz T A g 3648 I 1Y
2 H "HNMR #%#

SEM #1E: ¥ HPCS-GP., OPL-HPCS-GP 7Kt

0 DM
0]
OH O -0 (0] —_ >
OH OH H 30°C,24h
H H 0 CZ_
OH OH

PR, K L3RR A BT (B 210 3500
Da), TEZEMKHH BN 3 do BHTEGE, KEhT
WA H TR, 155(1.6£0.2) g RH MK OPL,
RN AR FTR o

0\CHZ

@\O CHO0 o CHO0
OH OH
OH OH O Q o
OH OH
AER R TP A T, @RkmmiadE, A
SEM W52 i Je Ak A T 7 SO0 T 30
1.3.2 OPL &k m &

KRR R 2 ik M E OPL 20 A
FLEALSE . FREL 0.1 g (1) OPL ¥ T 25 mL $hER F i
W, DAF SRR SRR, A 0.05 mol/L brifE
NaOH AW AT, 10 B h 20 a8 v
i) NaOH % A FE R . R4l A50 (1) 315 OPL
AALE (0D, % ).

OD/% = cxV/(2m/My)x100 (1)
e ¢ AFRUE NaOH SR, 0.05 mol/L; VR
NaOH #RIH#E5=, L; m i OPL Jiif, 0.1 g; M,
i OPL FUKRYBE /R BT, 532.49 g/mol,
1.3.3  /KE R IR ACR B AR ] 9K

SR /N 2 U300 5 s e ) S A e 7 ]
4 1.2.3 15+ HPCS %l GP-OPL ¥ 45 HU 1 mL
I BN, IR /INIE T 37 CKiBT.
BB — BB ARt N, SR I SR A, 2
HA R PRSI, JO SRR ], i 3 RHUE
BOFHE,

B HPCS-GP. OPL,-HPCS-GP A 54% 2 mL, %
FHBESE W ASANAE 37 °C. 1 Hz 08T v I 04
REfiE (G') FfiFERLE (G") BRI AYARfE, XF
R it 8 L A 07 A 7 Sk AT R AR A
1.3.4  JKREIR A 5 M AEm] X

K FH F M) 52 HPCS-GP . OPL-HPCS-GP 7K
EERC I AR PERE o B K BERCAE i B T B SGR LT,
PEE RSl % 77 0.05 N, JE4E 3K 2 mm/s, %R
T, I KB R AR 50%IE AR I 6 1N ) AR AR
FHAR YRR F7-W AR LR, TR K BRI A R 4R
1.3.5  /REEMR T MR K

H{ HPCS-GP. OPL-HPCS-GP A4 2 mL, %
FHERE AT 37 °C. 0.1~10.0 Hz F & RE i i
G'Hl G"BEBT YIRS, it GG HAEARH
W e AL AR
1.3.6 /KB i kb AR ] 9K,

Fie FESCHR[2 117 3 7 IR B B ITE VR . 0 i Bk
i HPCS-GP. OPL-HPCS-GP 7K BEE 4 T-4E 5 B 9]
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WTEm (g), BHHABET 37 CHEENER S,
T o — 2 ) [RHEE 958 FE BB AR O IR B R K 43, BRI
Hom, (g) HEKERFREAL, RIEAX (2) 1T
FIOKBERL IR (Ry, % )o

Ry/%=(m~mq)/myx100 (2)
1.3.7 K ER B M RPE A ) 3K,

K5t R HPCS-GP. OPL-HPCS-GP /KM
TR IR THE mg (g), BIHET 37 CHHLH
Wb, R 3 dOREER U I AR TRt T 24 h
PABR ZoKEER Bk 4y, TR BERAR T IE S m/
(g), FEMSCEEtT 60 d. MRIGA (3) HAKE
KRR 2E (R, % )o

Rp/%=(m{—m})/m{x100 (3)
1.3.8  FKER AR AL 2 M 5K,

¥ HPCS-GP F1 OPL,-HPCS-GP /K ¥t 7 T4
MBS A, AT, SR AR AT
FEBEERE 0 i i AR AE o VUL, i 100 mL/min;
TR EEVE I 35~900 °C, THEHE®R 10 °C/min,

14 HYREMEE

W4 AH 7)o 1 19 28 24 7K BE X BF@HPCS-GP Fll
BF@OPL-HPCS-GP T 100 mL A4LHE 7, 7 37 °C.
100 r/min 8 37 PR ORI, 55— 2 B R 2 mL
VS, RFERSM-] DL A SO EE T 2 FEAE 268 nm
LB IERE ((Aseg Do BEUIMIRZE A G, HF b I
FE SO PR RO b, ORRESC g0 R R TP B A
FARFREE ARG BF T (x) -MOLE (y)
FrufE 2 #E (y=0.414x-0.003, R’=0.9991), |4
AR ZI BT B BF B o vk B AR lcE, R
st (4) R EBBECE (0, % ).

O/%=m!Im{*100 (4)
Kf: m/ R ¢ BFZIBHHE 2P R, me; mg
ARG 1 B, mg.
15 MmikHEEHERXE

0L IR 5 1 S 6 1A B X R B X R 2
FUKEERAE AL, R TATHAT 3 IRSEE . IKBEIR
FEMMZ . B 0.5 mL ARF 34 4%48 F 2040 ( PRAF
TR, TR A 7.5 mL AEFEER KA, )
AR 0.3 g B HPCS-GP af, OPL-HPCS-GP 7K
BB URTRESY . BAPEXTHEZL . HL 0.5 mL A9 4%%40 41
MM 7.5 mL AR K BHPEXTIRZT : B 0.5 mL
B 4% L2 A 7.5 mL ZE18Kk b, & 4REN
T 37 CEE 4h )5, LA 2000 t/min &.0> 10 min, %
FHERAD-RT WL SR TN 2 7B VAR 540 nm &b
WGCRE (A4). MWRAEAZ (5) HEHFMZE (Ry, % ).

Ru/%=(A #s—A mn)/ (A mr—A m1)>*100 (5)
N Awa. Awn. A wed3 B KB . BHYE
XTHRL | BT BR L BT W WO

1.6 HpEMHXE

K MTT 3£ A 7K S A /N B £ 4
4L ( L929 ) By 4 e & . #KHL 0.01 g Y HPCS-GP
OPL,-HPCS-GP . OPL,-HPCS-GP #l OPL;-HPCS-GP
IKBERE R T A, TR A1 T 43 I7E 10 mL & Wt
DEME 535 5L gt 42 24 h, K15 4 Rk BER IR 32

FHEREKE 25 oL HEEAM (F4ET
pH=7.2~7.4 ) PBS Z& WP i )WL A 2 % B0 Ak K
() 1L929 41 i 4L 2 min, F 600 r/min B.0> 5 min
DI o A D DR aB | NG T 3=
DMEM ¥4, BRERWAT 40 % , T 600 r/min
B0 5 min 5L RIHR, HEEREWRDIGR LH
PRI R B SR . AN A 2x10° 4 /mL, 4
Fi ¥ 96 FLANARKTFRAR Y, BFL 100 pL. KhEsat s
T CO 4MIEFAETT 37 “COEE 24 h )5, HUH B3
Wt FE AL R R, K 4 FloKBERSIR $ 35 3 in
A RS, AL 100 uL, HSLEe ik 4 Fhok st
JEAE 2, X REZH FUIN A B SR IE R4, SR
IMARG SR, B4 E 3 ME L.

P EEFEE T CO, UG FRAETE 37 CTHE
72 h J& B IS R LR B SRR, A FLIA 100 pL
JERERIE 5 ¢/L 19 MTT ¥, PRI FRAE T CO,
MALREFRFETE 37 °CTFWFHE 4 ho HUE IR R AL
H MTT 9, A 100 pL 9 DMSO I 5 4l 5],
16 CO, U5 3548 h F 37 °CH¥HE 30 min, KM
FRACIN 5 25 FLAE 490 nm AL WG RE . ARIEAK (6)
T AEAETE % (Cy, % )s

Cv/%=(A wa—A 1)/(A sm—A 21)x100 (6)
K A was A4 o A weBIRNKEERFEMYL . XF
W | 25 A BIWOGRE .
1.7 ZhiiHERELR

ARSI B VG 4 ER B ST T U B S AR, SEER T
ZBAESE 8 ML ( SE sh iy BEAN(E FHH5 e ), IR F
FAThEHZE R aHit (LR HERS .
AEWC-202308, h¥scindltifi's: SN-202308 ), >k
Ffl OPL,-HPCS-GP 7K &E i #E47 1H 18 4 ZE R AN -

VR 6 HUEFE R = KA, MEMEARRR, A
YR 2~3 kg, FESBRAT T VLSRG 1 (1) 25 i ul £ A
TAFAESE R, [FIRR A0 T W 2852 (OCT )
Dt E G B A VH T v B MR 10 g/L B
T AT i i HIR 90X e F- 64T DED #28E, A KTiE IR 4
W, FEek 7 d, YIHMEE/NT 0.1 mm, U6HH EEAR
B o A R 45 RS P i o 55 1 B8 A - RG22 8K
P, it JCTRNH B s e 1 mL 9 OPL,-HPCS-
GP ¥, i NIH SRS ATHIE , 3 A A 3
T R EE R FETHE B R R ZE MR A A K BE
PUAIRN A AR HRBAI T IR, S2s0isg 30d, 4 15d
i OCT X R HEAT IR A W2 W5, I TH Il
mE (TMH) FITETEE R ( TMA ),
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ok BE, A ETEE L LM Dess-Martin AL AR SUKEE R OPL-HPCS-GP il % 5 PEGETE 317 »

2 RS

21 OPL HI&SRIESH
2.1.1 OPL #|%&

FTF Dess-Martin AL HLEE, DMP A¥ PL 43T
FEEICH Y Co AR R AL S, 28 PL 19
Ak, BEEIEALEME . SOV HLE R, DMP 4
B—ANCmEIYS PL Mk E IR A B KRG
DMP 43+ 55 — A~ S B R e A B 2o, iR
FHERR R T LB B O AL L, fff PL 9
ARSI A O 5L o I R HA AR X = i b 2s it
P, I H AT LUk G B A AL

SRR R 2 e 2 R 22 OPL 48 AL . $hiR
el oy H A L 0] DL OPL 491 H A I 3 & A I
N FFAE R HCL, DL S8 S F8 757, 8 i AR 1fE NaOH
WRBHEFERTTE OPL WS . WA= (1)
P1E453], OD=71.57%+2.32%,

2.1.2 OPL & A4E

& 1 & PL #1 OPL iy '"HNMR % &, o] LIFE ),
LT PL, OPL 7E 6 5.2 AbH BB A0 4 1 (B3
FESTOK R DL g I AR ) 5 5k, R H Sy
FHSIIGIA TR,

52
OPL 5’_)
PL Y "N

100 9 8 7 6 5 4 3 2 1

[’ 1 PL 1 OPL /) '"HNMR %%
Fig. 1 '"HNMR spectra of PL and OPL

¥l 2 2 PL #1 OPL 1 FTIR #%/4.

PL

3307

OPL

1735
3278

4000 3500 3000 2500 2000 1500 1000 500
WE/em™

2 OPL M1 PL 9 FTIR {& &l
Fig.2 FTIR spectra of OPL and PL

2 ALIEH, 5 PL AL, OPL 7£ 1735 cm ™
AR (C=0) h4aiRshig, £ OPL 4+
I TR, JES2 OPL A& ™, x5
'HNMR % & (1) 8558 —50,

2.2 OPL-HPCS-GP 7kl & 5 RA1F
2.2.1 OPL-HPCS-GP 7K % iz 4] &

[ 3 Jy OPL-HPCS-GP /K EEIE 1Y iR s B AL L
REE . WE 3 ATLIEH, GP RS HPCS kiR &
wREH, GP 43T R R R IR —O0—PO3 5
HPCS 43T ¥4 B FAb—NHz i i E S &
ffi GP 3 FL5E1E HPCS 43 FKBE E AR S . B
GP 53, Ci. G+ &5 1 MR, 5 Gl
—O—POF AT SR HL T30, {Edt T C,
I Cy R IEART L4 . Rk, 7€ HPCS 44
b, —A GP @A h BRI O R 5
—~ GP i 5 P IE B EGR L H R T Z MRS TE
A, fff HPCS 2> THEIE B 1 o A T2t GP
B Z BE RS E, THE AR ] IS HPCS
SFEERIGE S, K GP A S IREHERER, JThhl
MEDE R SR AR, T SR B I A X 4%

HP
HPCS
OPL O
f? GP NH ‘\CPb

JiE R i
— i GP

K13  OPL-HPCS-GP 7K &I 4 IR S HR AL BE /R 3 ]
Fig. 3 Schematic diagram of thermosensitive cross-linking mechanism of OPL-HPCS-GP hydrogel

I\Oll’()

OH c__
OPL °H
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R, AU VR AR 1 Y HPCS-GP BE i
BRI )4 (5~10 min ), BRI S12F0mEESS, AfE
T 2 T S B VH B R A R A R oK . TR OPL 43F
3L HPCS 43 F R i T & Z R B e & AR 0
FEH I B4 S, i OPL 55 HPCS . GP 3R IF 75
PHIRIE (37 °C) WEEHIE AL GP 4 55 -GP 4 i &l
&R OPL-HPCS Jif FHgEEAC IR 1) b ] S 1R I 45 4544 o
2.2.2 OPL-HPCS-GP %k 4&

[ 4 & OPL,-HPCS-GP 7K ¥ I 145 2H 43 i) FTIR
W, nTRAE S, HPCS 7F 3312 cm ' 4b H B SE A
YR BN ; GP 7E 1065 F1 942 cm ' &b i iR R 5 4]
WP 4R R 504 ; OPL 7E 3278 1 1735 em ™' Ab43 51
I O—H #F C=0 Y P4aIR %, T OPL 43
FHBERA HPCS 2 FH & 3 2 MY LW e, fiff
OPL,-HPCS-GP /KEERAE 1735 cm ' AbAI(E S 04T
&, I HAE 1648 cm ' AL T C=N % ()1 45 15 30
W, UERA TR RARERE AR Y. 5 GP AL, OPL,-
HPCS-GP /KEEIAE 1065 F1 942 cm ™' &bX 1 T W R
L B ARSI 55, I GP 4 T BRI S
HPCS 7 FH i F A s 3 2 i) & AR T i s A BAR o

OPL
3278 1735 o8
OPL,-HPCS-GP
GP 1648
342 942
HPCS 3197 1065 942
| 312 . . . .
4000 3500 3000 2500 2000 1500 1000 500
PWeE/em™

El 4 OPL,-HPCS-GP /K%K f45 44 40 #) FTIR 3% &
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Fig. 13 In vitro drug release curves of BFE@HPCS-GP and
BF@OPL-HPCS-GP hydrogels in stimulated tear

F 1 R REEAEAAUTH W H R 3 ) 2 I 25
Table 1 Fitting results of release kinetics of drug-loaded
hydrogels in simulated tear

2K BERE BEHIR R REZGHLH
BF@HPCS-GP 0-20.81/"°% 0.9743 Non-Fickian §"#}
BF@OPL,-HPCS-GP  0=17.28:"*" 0.9836 Non-Fickian ¥}
BF@OPL,-HPCS-GP  0=16.75¢"*¢ 0.9904 Non-Fickian ¥}
BF@OPL;-HPCS-GP  0=15.39/"* 0.9951 Non-Fickian '}

MK 13 ATLIEH, 5 BF@HPCS-GP AL, B
F BRI T OPL & & Y34, BFE@OPL-HPCS-GP
th ) BF B8 522 808/ o X A& K Ol , OPL 55 HPCS
Z ] JE 5 B 2 K0 A FH A XU 4% 2R 45 R v B o
FEA T BF BT P it B 1]

MR 1 AT LI, 4 FhaR 2y K BER Y ¢ 48 500
(n)=0.45~0.58, 7 Korsmeyer-Peppas 3l J] 4 4&
i, n=0.43~0.89 i, 25 RIS Non-Fickian
P, B ECS BARE AR SS G TLL, BF@HPCS-
GP il BFE@OPL-HPCS-GP [/ 25 ¥ B AL 241 M 51k
S MARSE A . BEEBER T OPL S RE B,
n BT 0.43, RIZ5WREAILEI 420 Fickian 47
o 2RI SRR I NG A T A KB W E 2R 451
Y /T NS B AR O 45 S B
Fickian § ML o

MFE 18T LEH, 5 BFQHPCS-GP A,
BF@OPL-HPCS-GP N #{ A ik M 45 T S 8%, Rtk
BRSO, AT LR R E B 25 E ] . DED
my B R, W T IR RO A A el As , AT
Bl RAE SN o T BT R 25Y) BF, A LITE#EAT

T A4 ZE 114 5] A0 [ 400 1) 2 A5 s 1 o
25 MBAFMETEH

AR 1SO 10993-4—2023 { BEJT g8tk W2 F
W), THIE R ZEM RN B KA A A A 2 Y,
VIRV AE T 5%, Kl 14 4 HPCS-GP., OPL-HPCS-
GP JKHBEAE X 240 22T M A P IR S SE IR . /]
15 MY I RLER

PR 8 & & & MR

& & & &
€SS
F & &
[ 14 HPCS-GP.OPL-HPCS-GP 7K ¥ i % 25 2 21 41 B )
IR LY 8 A

Fig. 14 Hemolytic state photographs on sheep erythrocytes
of HPCS-GP and OPL-HPCS-GP hydrogels

301
25 _I_
20

151

MR /%

1.0

05

S e e S
&0 0 o o©
DA SN

TKEEBE

K 15 HPCS-GP,OPL-HPCS-GP 7K ¥E X 45 241 4 i fry
L%
Fig. 15 Hemolysis rate to sheep erythrocytes of HPCS-GP
and OPL-HPCS-GP hydrogels

E 14 FTLUE 1, # A2 K (BRI IR )
FUKEERE (KBERRE T ) INASREL b 4 h
JE A BV MRS, 1T LAZEAR K R 43 0 I3 1
PEXTHRZATE 4 h J5 I MIRA . HPCS-GP, OPL,-
HPCS-GP. OPL,-HPCS-GP #l OPL;-HPCS-GP 7K ¢
JEE B IR0 3R 2.64%+0.18% . 1.85%+0.07% .
1.95%+0.11%71 2.03%+0.15% ( & 15), #4 ISO ¥
MbriE, HA RGHMBAHAEN ., X&HF HPCS
i PL ARG AYAHAEMEIL R, KA DMP %} PL
SO S 1) OPL KSR BE AR BE AR Z2 W 11 LE W AR 2%
. MIELZ T, 51 A OPL AYBEIIFE b s B M A
SR IR AR A



©322- M 4m 4 T FINE CHEMICALS

42

2.6 MRS ESH
Kl 16 AR MTT 34l %2 i) HPCS-GP, OPL-
HPCS-GP KB X 1929 4 ffd 4 25 M 45 5

140
120 e
gl00f — [ ]
X osof
£ ool
S w0t
20
R = e S Ry
P o6 g8 g g
o

B 16 HPCS-GP. OPL-HPCS-GP 7K &/ (1 4 A7 35 %
Fig. 16 Cell viability of HPCS-GP and OPL-HPCS-GP
hydrogels

MWE 16 ATLIE L, S%FB4HM L, HPCS-GP,
OPL,-HPCS-GP . OPL,-HPCS-GP #l OPL;-HPCS-GP
JKEE RS RE S AHAE 72 h By 4H M AE S R
103.43%+6.98% . 109.28%+4.81% . 112.97%+2.64% .
118.35%+3.26% , ¢ B BE A it AN (S H A7 1K 40 i B
PE, i HAE—E B AR T g s . 51 A OPL
R = ST AT N B /S 1 O L IO O
OPL-HPCS-GP i fi#5E i 76 1H 18 14 Z€ rp () o FH 42 it
TR AR,

27 HUSESH

R HR BG5BT A YH YRR T BP oA H YT, TMH
Il TMA 22 Wi DED AYE Z 15457, OCT Al A i
WeVHAR S, JF3515 TMH F1 TMA %088, K 17 K
OPL,-HPCS-GP /K&t #2 ZE ) TMH Fl TMA.

ZEfR (HegEd) AR (XFHRA )

TMH=103.0 um Seadl W
99,0 )1

TMA=0.011 mm?*

TMA=0.009 mm?

TMH=143.0 ym

TMA=0.012 mm?

e TMH=94.0 pm

TMA=0.052 mm? TMA=0.006 mm?

Kl 17 OPL-HPCS-GP B/ %€ ¥ TMH il TMA
Fig. 17 TMH and TMA of OPL-HPCS-GP hydrogel plugs

ZME, 25 AN R (R A BE I ZE 17 1E iR )
f) TMH “4(240.84+22.8) pm, TMA “4(0.037+0.005) mm’,

ME 17 AR, RIMABERREZE (0d) B,
Sl TMH 5 TMA W] AR T 1E & )T HA A TR
Sk, HZEAR 54 25 SRR YBERC R 2E 22 0R 15 d
mf, ZeAR TMH (285.0 um) Fl TMA ( 0.040 mm?)
N 8 Bk 36 74200 IE % (. ( 240.8 um A1 0.037 mm? ),
M4 TMH ( 143.0 pm ) A1 TMA (0.012 mm*) 1/}
40T DED ARZS; MEERIEAR 30 d B, H5AHR
THRAEAR G — 2P s AH L, Z2AR TMH (325.0 pm )
A TMA (0.052 mm® ) $2/8 HA IRAERASF 50l 3% .
W], OPL-HPCS-GP I UsE R AETH I8 Hh A 4% T e
e ZEME, SR TIHVRAEIR S0 B At I), A3 R
T THRAERR o

3 #Hig

(1) % DMP & fk PL Il % T OPL. “Afbik
Pt R B R A TE PL BEIR Co i MAmEREHEE b, 7
AN SR B B 52 B M A St 5] AR, 4E4F PL
FHEEFEIAME 2= R , IR B R AP AE AR A 1

(2) HPCS 437 "H I ZIL H i A by #4851
EARAE T RO SRR . — W R SR GP 4y
TR S 4551 HPCS 20 85 b, TEIRBERE A8 1
Frf, GP S Z e i, ek HPCS 4038k
oS BE RS A5 4 5 [FIRT, 55 —iR4r & 2L 5 OPL 43 F
F14) 8 L3 Ao I R S A T A 2 s v, BV A4
EERE I N ERES AN . B2 OPL i, mILASCHR
X} OPL-HPCS-GP 7K #E i 25 44 4 e i I i

(3) OPL,-HPCS-GP 7K #E i HA7 it i s} ]
5 (37.8s). J1ERE L (BRI J1°8(1.96+0.12)
N . BrlEfERE 7198 (60 d AR 30.85%+1.32% ),
YRR AR, A AR R SR A X
P2 AR T TR THE AR ZE IR, R OPL,-
HPCS-GP 7K B Jist fig % Fo 2 A7 20k 28 1 H 18 9 0% T
AREIR, PAREE Y R A B 5% N T (o

S 3k :

[11] DAIML, XU K J, XIAO D C, et al. In situ forming hydrogel as a
tracer and degradable lacrimal plug for dry eye treatment[J].
Advanced Healthcare Materials, 2022, 11(19): 2200678.

[2] ARAGONA P, GIANNACCARE G, MENCUCCI R, et al. Modern
approach to the treatment of dry eye, a complex multifactorial
disease: A PILC.A.S.S.O. board review[J]. British Journal of
Ophthalmology, 2021, 105(4): 446-453.

[31 HUIJW,ZHU X P, PAN S Y, et al. Prevalence and risk factors of dry
eye disease in young and middle-aged office employee: A Xi'an
study[J]. International Journal of Ophthalmology, 2021, 14(4): 567-
573.

[4] CRAIGJP,MUNTZ A, WANG M T M, et al. Developing evidence-



52 M

ik #E, & BT %E -t 28 Dess-Martin B 5L AYIR K EE S OPL-HPCS-GP il % 5 REVEM « 323 -

(3]

(7]

(8]

(9]

[10]

(1]

[12]

[13]

[14]

[15]

[16]

based guidance for the treatment of dry eye disease with artificial tear
supplements: A six-month multicentre, double-masked randomised
controlled trial[J]. The Ocular Surface, 2021, 20: 62-69.

BOIDO M, GHIBAUDI M, GENTILE P, et al. Chitosan-based
hydrogel to support the paracrine activity of mesenchymal stem cells
in spinal cord injury treatment[J]. Scientific Reports, 2019, 9(1):
6402.

KOBIA-ACQUAH E, ANKAMAH-LOMOTEY S, OWUSUE, et al.
Prevalence and associated risk factors of symptomatic dry eye in
Ghana: A cross-sectional population-based study[J]. Contact Lens &
Anterior Eye, 2021, 44(6): 101404.

SIEDLECKI A N, SMITH S D, SIEDLECKI A R, ef al. Ocular pain
response to treatment in dry eye patients[J]. The Ocular Surface,
2020, 18(2): 305-311.

SEDOVA P, BUFFA R, SILHAR P, et al. The effect of hydrazide
linkers on hyaluronan hydrazone hydrogels[J]. Carbohydrate Polymers,
2019, 216: 63-71.

XU S K (#:1H:5%), ZHANG H M (5K5L%K), QL P F (Bl K), et al.
Preparation and properties of thermoreversible gel based on chitosan
and silver cation[J]. Fine Chemicals (I% 401k T.), 2024, 41(5):
1036-1042.

LI C, JIANG T, ZHOU C, et al. Injectable self-healing chitosan-
based POSS-PEG hybrid hydrogel as wound dressing to promote
diabetic wound healing[J]. Carbohydrate Polymers, 2023, 299: 120198.
CAO B, WANG C J, GUO P Q, et al. Photo-crosslinked enhanced
double-network hydrogels based on modified gelatin and oxidized
sodium alginate for diabetic wound healing[J]. International Journal
of Biological Macromolecules, 2023, 245: 125528.

XING Q Y (JBH%H), PEI W W (GEfifF), XU R Q (#&:%i%k). Basic
organic chemistry[M]. Beijing: Peking University Press (L5 K2# 1
Jitt), 2016.

XUE W M (##4HH), WEI R (#5€), L1 K X (ZE0[JiK), et al. An in
situ injectable thermosensitive responsive water-soluble chitosan
composite hydrogel for lacrimal embolization and its preparation and
application: CN109045063B[P]. 2021-01-26.

WEI R (B5%), XU N X (FT°4k), HUANG S P (#FE), et al.
Preparation and characterization of chitosan-based injectable temperature-
sensitive interpenetrating hydrogels[J]. Chemical Engineering (k2%
TF2), 2019, 47(12): 6-11.

DE SOUZA C K, GHOSH T, LUKHMANA N, et al. Pullulan as a
sustainable biopolymer for versatile applications: A review[J].
Materials Today Communications, 2023, 36: 106447.

ROY S, HALDER M, RAMPRASAD P, et al. Oxidized pullulan
exhibits potent antibacterial activity against S. aureus by disrupting
its membrane integrity[J]. International Journal of Biological

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

Macromolecules, 2023, 249: 126049.

THAKUR A, SHARMA S, NAMAN S, et al. Pullulan based
polymeric novel drug delivery systems: A review on current state of
art and prospects[J]. Journal of Drug Delivery Science and
Technology, 2023, 90: 105117.

SINGH R S, KAUR N, SINGH D, et al. Pullulan in pharmaceutical
and cosmeceutical formulations: A review[J]. International Journal of
Biological Macromolecules, 2023, 231: 123353.

SEDOVA P, BUFFA R, KETTOU S, et al. Preparation of hyaluronan
polyaldehyde- A precursor of biopolymer conjugates[J]. Carbohydrate
Research, 2013, 371: 8-15.

ZHENG W S, ZHANG Z, LI Y Y, et al. A novel pullulan oxidation
approach to preparing a shape memory sponge with rapid reaction
capability for massive hemorrhage[J]. Chemical Engineering Journal,
2022, 447: 137482.

XU N X, YANG H, WEI R, et al. Fabrication of Konjac
glucomannan-based composite hydrogel crosslinked by calcium
hydroxide for promising lacrimal plugging purpose[J]. International
Journal Biological Macromolecules, 2019, 127: 440-449.

CHEN X (BJik), CAO B (#%), WEN H Y (RE %), et al. Drug
release properties of GMA-grafted sodium alginate photo-crosslinking
with metal coordination interpenetrating network gel[J]. Fine
Chemicals (F§4l11k T.), 2023, 40(7): 1454-1463.

CONSTANTIN M, SPIRIDON M, ICHIM D L, et al. Synthesis,
biological and catalytic activity of silver nanoparticles generated and
covered by oxidized pullulan[J]. Materials Chemistry and Physics,
2023, 295: 127141.

MA L, TAN Y F, CHEN X Y, et al. Injectable oxidized alginate/
carboxylmethyl chitosan hydrogels functionalized with nanoparticles
for wound repair[J]. Carbohydrate Polymers, 2022, 293: 119733.
SUN M (#if), SUN H (F)E), JIANG S (i), et al. Research and
application progress on polysaccharides-based thermosensitive
injectable hydrogels[J]. Fine Chemicals (Ki4ffkT.), 2024, 41(8):
1679-1692.

CHEN X Q (%/), QIU X L (F:léH), FAN X Y (JEIEH), et al.
Preparation and properties of temperature-sensitive phase change
hydrogels based on quadruple hydrogen bond self-healing[J]. Fine
Chemicals (F541fk T.), 2023, 40(8): 1688-1696.

HE T B (fflXH), HU H J (87 7). Functional polymers and new
technology[M]. Beijing: Chemical Industry Press ({2 Tk i bitt),
2007.

LIU C K, LIU C, LIU Z Y, et al. Injectable thermogelling
bioadhesive chitosan-based hydrogels for efficient hemostasis[J].
International Journal of Biological Macromolecules, 2023, 224: 1091-
1100.

(B85 297 W)

[62]

[63]

[64]

[65]

HUANG Y Y, WANG Y Q, TANG C, et al. Atomic modulation and
structure design of carbons for bifunctional electrocatalysis in
metal-air batteries[J]. Adv Mater, 2019, 31(13): 1803800.

TANG C, ZHANG Q. Nanocarbon for oxygen reduction electrocatalysis:
Dopants, edges, and defects[J]. Adv Mater, 2017, 29(13): 1604103.
HAN X P, ZHANG W, MA X Y, et al. Identifying the activation of
bimetallic sites in NiCO,S4@g-C3N4-CNT hybrid electrocatalysts for
synergistic oxygen reduction and evolution[J]. Adv Mater, 2019,
31(18): ¢1808281.

LIU Q, FAN J, MIN Y L, et al. B, N-codoped graphene nanoribbons
supported Pd nanoparticles for ethanol electrooxidation enhancemen

[66]

[67]

[68]

[J]. Journal of Materials Chemistry A, 2016, 4(13): 4929-4933.
KANG Y M, WANG W, LI J M, et al. Ultrathin B, N co-doped
porous carbon nanosheets derived from intumescent flame retardant
for rechargeable Zn-air battery[J]. Journal of Power Sources, 2021,
493: 229665.

MUTHURASU A, PATHAK I, ACHARYA D, et al. Cutting-edge
nitrogen, boron, and fluorine triply doped chain-like porous carbon
nanofibers: A versatile solution for high-performance zinc-air
batteries and self-powered water splitting[J]. Journal of Materials
Chemistry A, 2024, 12(3): 1826-1839.

ZHU X F, HU C G, AMAL R, et al. Heteroatom-doped carbon
catalysts for zinc-air batteries: Progress, mechanism, and opportunities
[J]. Energy & Environmental Science, 2020, 13(12): 4536-4563.



