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 OE. ORIt EZUREE A KB DR, ASCE SR LLE I BT O R, 2 E AR IS A A I TR
(Oxidized hyaluronic acid, OHA); #RJ5 L1 OHA Fl & H 3L 4F 4k & (Carboxylmethyl cellulose, CMC) & = &4
ABE, RIS sZ B & T OHA-CMC /KBERS s feJa, FERIRME . IR K # (Gentamicin, GM) FIFZEREBA
IR BRI, #1175 2% 25 OHA-CMC /K #EE . i3 FTIR., '"HNMR. SEM £ TF-B, X OHA-CMC 7K 581 4 2%
¥ . OIS SR S 2R HEAT T 00T . WESTAS RS, OHA-CMC /K BRI BT B fi2e ks . Baett. A
MERE T A YIAR A, RGBS R H B A Y S B TAL IR 2548 . 2825 OHA-CMC 7K B 1% KA AT B Al
ST AR R BR TR AP0 R4 BA B 97.9% 1 99.9%, R BFEMBIRETEME; FR, SEARCT I IL-6. IL-8,
IL-1B. TNF-o %5 RAE K FRIZE L, FEIEA 9N 35.50% . 82.43%. 45.77%. 62.66%, HA BIFHIPLIIERE. 40
RS2 i — 2B IESZ, OHA-CMC /KB BLAT (R kRl A & Ve
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Preparation and performance evaluation of pH-responsive hyaluronic acid

composite hydrogel

LI Lanhang, JIA Cheng, PENG Chuanyan , QIAN Baoli, YAN Shihui , GONG Kai’
(School of Life Sciences and Health Engineering, Jiangnan University, Wuxi 214122, China)

Abstract: To design a multifunctional composite hydrogel wound dressing, hyaluronic acid was first used as the
raw material to prepare oxidized hyaluronic acid (OHA) via oxidation in this study. Subsequently, OHA and
carboxylmethyl cellulose (CMC) were employed as the main matrix materials, and the OHA-CMC hydrogel was
fabricated through borax-mediated cross-linking. Finally, silver acetate, gentamicin (GM), and aloin were incor-
porated into the hydrogel matrix to obtain the drug-loaded OHA-CMC hydrogel. The structure, micro-morphology,
and mechanical properties of the OHA-CMC hydrogel were analyzed using FTIR, '"H NMR, SEM, and other charac-
terization techniques.The results demonstrate that the OHA-CMC hydrogel exhibits excellent mechanical proper-
ties, stability, self-healing ability, and biocompatibility. SEM images reveal that it has a uniform microporous net-
work structure. The drug-loaded OHA-CMC hydrogel achieves antibacterial rates of 97.9% against Escherichia coli
and 99.9% against Staphylococcus aureus, showcasing significant antibacterial activity. Additionally, it effectively
downregulates the expression of inflammatory cytokines including IL-6, IL-8, IL-1B, and TNF-o0, with reduction
rates of 35.50%, 82.43%, 45.77%, and 62.66%, respectively, indicating strong anti-inflammatory performance. Cell
scratch assays further confirm that the OHA-CMC hydrogel promotes wound healing by enhancing scratch closure.
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TE A ) B 2 OB AS B 08T 0 2 R, K BEIE LA
HMURE Y = 2 28 450 R A0 S KPR AT
M ERAL M BT, R A 2 U 5 1 £
BEGOAE . HEUT RN ST, K EE R
JEBLI ER MRS Ty, FLRE S A A 40 A S L BT PR A
oD R N R T R R ST E IR 6
I B A Sy 245 40 288 A S B0 245 40 1) T 4 R s

SR, A% GE 7K B e TBORHAE 1o X6 52 244 495 151 fl A6
BEmHADAE GBS . — 5T, HOBUER — i R
DU B A TR R f—, 5 Al e P AR it 24
P, R I F YT 20 3 RS 5 — T,
T BE S BN 1) R 9 TN PR AR, BRAT M RL £ G
ZPUHE S PR EMREIALH, SR Ak AT R 0 4
LB 1 M AR B 22 Ak A A . AN, 1R SEsE
I5C 1A 25 3~ 174 78 25 5 F X D 97 405 11 pHL 38 B 55
AR, SR AT S AL A M
S, BRI T HAR R 2 1 B T

X FIRMER, AMFRBOT T L A R
W) 1 P 5 22 ML I ] 2 B %) B B OK BE i . X T
TG AN sl B F A HRIR R, W5 LA Ak 0% W] o
fi? (Oxidized hyaluronic acid, OHA) 5 #& H Jt £F 4k
# (Carboxylmethyl cellulose, CMC) b ¥E#f, it
TR A 5 1) 0 2 i 2 2 15 ) S K R S I 28, 1%
B 25 SC R S5 40 KT 44 R pH e I A B RE S
AP AR R RIRT AR A 10 R 1 PR v 2 1 I i
B2, WMTEIE® AR RS WS, M
Y T P A5 AN TR B B I T A B 5 R B9, AR B v ik
T E RO —Br A R, W SRR - KR
R hEPUE RS, Agtil i B IR 41 B A0 i i
DNA 45t , 5 PRKTE R 5 H A w7
ROERBCE AN, BUHE BT A A, 0 S2 it
2y A T B AR R e DA M B R AR 2
R 2528, oS54 b i I 1 5 1A T R S
PR RAE A LTI, ] TNF-a. IL-6 %4 &
KL BT, AHEAE etk "t &0, 76 B AR 40
JL B P 0 TR B DR A% A N, B N A H
A,

ARG S LLAMGIEA . AR RAL .
5 FAL A2 AN 55 T B AR 42 R AIE OHA-CMC 7K BE JiE 114
it . OB SR ) 2 MR . JF B % T OHA-
CMC /KEERE BT MERE . DU PERE . pH MW N 1
AR MR B DA e ) . PRSEAE R R I,
JIT A5 ) OHA-CMC 7K 5 e B A R 47 19 A W A 2

P, AR PURHT AR B OB ¥ e B A

1 XRHBRAE
1.1 sl

% B TR (1080 kDa) Hi A= de ik 5 ey it
FREM (O pr o). BEPERAR (Jrtral). BRW B4R
(800~1200 mPa-s), &b (99.99%). /25 & (4 #r
4l W [ Bk 3 i R A PR ®] 5 DMEM 4 Jifd 55
TN H PR O R B s A K AR 3R e 4 T
HaRB Y ; LB FRKAEEEAS .
1.2 KEREH &

B JCHRE 1 g% B iR (Hyaluronic acid, HA)
T 100mL £ 7ok, HERER, 55 1% %
B U IR K VS W . G A5 1 R BRI 0.53 g NalO,
F1romLKH, SN A RS RRER T, F
35°C WEEIEFE N 12h, RS HE A 1 mL Z
TR, HEBEFKEN 72h, 2B %GT
#1531 A AE W] BT RR (OHA), anl&l 1 s .

OH OH oH ol OH OH
0, o 0,

o Ho o HO o o Ho o
o ) NalOy o ;/é/ S o o
HO DI H 2R H HO oH NH

o: o: o:
n I n
HA

OHA

B 1 SALETTR (OHA) il Lk
Fig. 1 Preparation route of oxidized hyaluronic acid (OHA)

Fx HL 30 mg OHA 1 30mg CMC, ¥ H & T
1L5mL K&K, &8 TE.O0ETHFITRIERY,
HETYGE Y B . A 60 mg Y
ER 4N+ K A4, 76 50°C I+ E g, Kk
BERCHT IR MBI A B R, T 25°C # & 24h, 1§
#| OHA-CMC /K #EJi8 o 75 1 i 7K 88 15 A 39K 15 T
INAGE & Ag'. BRERIK K& R M 25K, FFEE
25°C #i i 24 h, 15225 OHA-CMC /KEEHL -
1.3 &M E5MEERIE
1.3.1 5K RME

K F A% w2 G+ i & 5, AVANCEL II
400 MHz) F1£L A6 1% (4 & 52, TENSOR II) 43 47
A AT BH 0T IR 2 K B G 1) &5 A R AIE
1.3.2 GBS RAF

K SEM(H A H Sz 28w/, SU8010) WL & &
KB S 1) SO 235 K)o K 7K B S R b R T I DD
BT SEM T M T4 .

1.3.3  Jrsetkng it
il & HA% 2.5cm, JEE 2 1-2 mm 9 [RE 7K #E
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JEEAE o B R R R AR A (FEBR K, HAAKE
MARS60) ¥ i & b, 433l 47 4 8 45 4 T g 22 9
i, AR 22 R £ 1R O X AT 4y
Bro MeAb, XKEERHEAT A B EMERERAE, Bk
W 7K BE BETE 1%~1 000% BB 13 78 T B A8 4k
HRAESN V8 T B H R K BE I 4y PR 43,
Hrkfh, WERHEMABERET .
1.3.4 7K BE I 75 Ak 1 ik

0 Bk S R0 B T A, B R R R T
F IR BE T Y 10 mL B 2 £h 22 vh % W (PBS) H =
T, T B ) [ B B SRR L FH B 4T B
6] 5% B8 VR AT RBREE o K BB M A I ik SR A
IR
i = o

Hr: w, AHEM PG E & (g); W, MR AR
] 5 B i 19 B 4 ()
1.3.5 JK&ERE Y pH i I 74 B 24

A 52 5y 3 3 A3 B pF9E T OHA-CMC 1
AN R B o 28, il 0.3 g 5
JKEE SRR i BT 5 mL R [F pH A9 PBS H, I H:
BB T8N 25kDa B Hr4sh Bl JE ¥ 5
Br4$i2 A 20mL PBS ¥ W . 7£ 37°C Fl 60 r/min
T E R R P T RO . fE 1. 2. 4.
6. 8, 12, 24, 36, 48, 72h Ay B[] 55 43 1 B
1 mL B S AT 8 ORI BRI R, I [ B [ 33 By
Z YA S 1 mL # &F PBS, HiHb AgRl K KR &R
e P MRS A AR O €8 A5 B B M It 2T NS
25 BRI
a:wzwa+wqum 2)

mo

Hr: E i) SRR sV, i PBS B e {k
s Vo N BB HY PBS AT C; W4 i k&
BB RO TH 2 VR BE s n SRR IR B my
R KB I T 25 ) B B R
1.3.6 7K B 1040 1R 7 RE

e, B AE K E X EON A 100 uL F I (2x
10° CFU-mL™) 5 A [A] # & (PBS. OHA-CMC 7K %
K& . %25 OHA-CMC /K #E ¢ ) 4% fik 4h (n=3, n 3K
AN E R . AR5 0 P R TR S BRI
BEFE T, 78 37°C F 120r/min 5 F 12h, ¥ 40
B2 T PBS ¥ T #E AT 20 175 B, BX 50 pL E
PRI BRI AU A fE LB AR R i K m, T

x 100% (1)

37°C HrE R FF 24 h, XEARFARE, Jfil 1T Image ]
B X AR b B B VR AT B AT ARG R
1.3.7 AR
1.3.7.1 Iy AR 2

SR M A/ i e S 6 ek 7K R e A af T R 2
HATIEAY . % 50 mg /KEEL T 0.5 mL PBS H1 37°C
B4t 24ah, B RKERIZEBE . 2 9% 0.5 mL K
K% Z W (100 pg/mL) . T 2 4R ¥ WX (50 pg/mL)
FI K B8 I 32 32 W 5 0.5 mL 21 40 it 2 % W (4%)
A 1L5mLEP &S], 7£37C TR 1he Mk
X HEZH DL 0.5 mL 2141 Jfl 2 5 0.5 mL B 4li K IR &

Be s, BAMEXT A4l DL o5 mL Al 41 i B WS
0.5mLPBS iR & . L4l 5 X A EAH R x4 T

FAWEE, A AT 5000r/min #73# T 20
5min, B W FHEFAR I (% 15, Infinite® 200
PRO) il & 540 nm Ab W ' B8 {8 o 7K B JIE A9 5 1M 36
HREAKXWNTF .

- An—A
g = =

x 100% (3)
t—4p
Ho, Ap. Ay FUA 7T SR AR A IS AR . B
£ (PBS) Fl B XF B (TC T 2 B 1K) Ot B
B, RRALRE SN 3 WRIFTH A Y (E S5 5 M 2= .
1.3.7.2 4fEAHZ 1

K CCK-8 ¥ X R} B 7K 458 Ji¢ 1) 400 Jf B 1 F
TTWFE . B 0.2 g 7K HE I3 A 28 5% A1 K T Ab 3
30min J5, BT 2mL B EREPRE 240, ¥
N 3R B2 7k A= fk HaCaT 41 Jifd L) 6x10* 4~ /mL f9 %% B
PP T 96 FLEF FE M, TRANIGRE S , B A
W BERE IR PE W . L3 SR 24 h 450, H LR
W, HIA 10% ) CCK-8, 37°C ¥ % 1h. fF 450 nm
BT B AR A 5 R, SRR . B
MG EE 3k, M IR A .

T =

x 100% (4)

Horpre A SR AIRE I IOC A ; A, N T Sedl
FES BTG RE(E ;A 9% FE 2 RE S B WO 1
1.3.8 4 IR A A ik

% HaCaT 4l fifd (1x10° 4~ /mL) #:FP 75 6 £L 15 37
Merfrash, JERANMEAE, (] 200 puL B 256
S HIVEAR R, SRS FH PBS BRI UK K540 i
G390 5 7K B M 13 B RN JE filf DMEM 8% 37 J — i 9%
B, JFE RS O WM BT JE R, ECLIPSE Ts2)
E 5 5 B[R] 4 2R 200 e (45 . QIR & R i T
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KT
0—Ct

I s
Co

Hrr, o 1 C A IR T T JE i XR X 3
1.3.9 JK#EERE BT A MR I ik

4 THP-1 4l e LRSS, ks 5%10° 4~/mL,
LB fL 2mLAF A 6 fL MR, 5 3% 24h)5, A
100 ng/mL i J lig (PMA), #4701 85F, 24h)5
BB EIE RO, W LW, R EE A
0.5 pg/mL fig 2 B (LPS) I /K B I = 82 W, 35 5%
24 h J5 Trizol ¥ £ BUE RNA, 45 3130 55 S 7 &
PEAE ¥ RNA 55 55 cDNA, o % FH 821 3¢ 6
JE ft PCR R (RT-PCR, 1F14k CFX96) >k A6 il ¢ JiE
M JEFE A (IL-6, IL-8, TNF-o. IL-1B) ) mRNA %
B

RT-PCR JZ Jii %% {4 il & & #% M/ PerfectStart
Green qPCR SuperMix R 5 iAF| &% &, L) GAPDH
HNZ, SR 27T LS A G SE A 9 mRNA (1)
AR E ., LA AT BN 51975050 T35 1.

2 ZBER5WR
2.1 Frfl&RBENEHRE

FIH NalO, % 1k 3% B T iR , il 159 1 2L fk HA,
B HA SR BE IR (14 2 500 F1 3 507 B A B R IF 35,
LV ity 43 AR L — 4y F RO S . B 2(a) S HA R
OHA ) '"H NMR [ 3%, ®/ %1, 5 HAM L, OHA
1E Ak 2% 0 B 6=4.9x10°—5.2x10° (D,0. HDO I
6=4.79x107°) 4b HH BE T B 19 1%, %1% 5 )& T OHA
FEEUAR TR BRI T B 5 1 3T 2 B0 1 1 2 40 T o
T

x 100% (5)

(a) HA

OHA

‘Aﬁ}L 1 1 L'_'—
5 4 3 2 1 0
Chemical shift/10°¢

x1 3MFIIR

Table1 Primer sequences

5128 519)¥51(5'—3")

GAPDHF GGAGTCAACGGATTTGGTC
GAPDHR TGGGTGGAATCATATTGGAACAT
IL-6 F GGTACATCCTCGACGGCATCT
IL-6 R GTGCCTCTTTGCTGCTTTCAC
IL-8 F TGCTAAAGAACTTAGATGTCAG
IL-8 R GGTCCACTCTCAATCACT

TNF-a F CTGCCCCAATCCCTTTATT
TNF-a R CCCAATTCTCTTTTTGAGCC
IL-1BF CTCGCCAGTGAAATGATGGCT
IL-1BR GTCGGAGATTCGTAGCTGGAT

Notes: GAPDH F and GAPDH R are forward and reverse primers
for glyceraldehyde-3-phosphate dehydrogenase gene respec-
tively; IL-6 F and IL-6 R are forward and reverse primers for
Interleukin-6 gene respectively; IL-8 F and IL-8 R are forward
and reverse primers for Interleukin-8 gene respectively; TNF-a F
and TNF-o R are forward and reverse primers for tumor necrosis
factor-a gene respectively; IL-1p F and IL-1B R are forward and
reverse primers for Interleukin-1p gene respectively.

JiT il £ FE i A9 FTIR & 3% 40 & 2(b) Fr s, 7
OHA "', 1735 cm™ &b 5 3BT W g e, 3 2 1
(—CHO) i 3 (C=0) il 45 = sl R ik 0, ik B
NalO, % 1k HA J5 s T 5| A B % . 1 7€ 1 000~
1200cm™ X3k, 77765 HA ZE 0 50 45 3 3%
Wik, 2 WBE 20 A ZR 7E S Ah 7 v R o A ik
. ¥ OHA-CMC /KEEEHY FTIR [EliEH, 1346 cm™
b H BT R g f (B—O—C) A 455 4% 3h W i 0
X TIED 5 OHA Fl CMC | ¥ 3 J 13 1 i Wi 7% i
BERYUEHE , UEP] T OHA-CMC 7K $E % A4 1 2 i 45
55 411U 2 AE 3 000~3 600 cm ™ [X_ I, 14 A G Wz AT i
BT b B E E R S (—OH) i 4 ik
Bl I PRk R AR R T A .

: OHA Y 346 em !
/

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber/cm™!

2 (a) B (HA) 5 OHA f9'H NMR Kli%; (b) HA. OHA., RFEL4EER (CMC) K OHA-CMC /KEEH FTIR i

Fig.2 (a) 'H NMR spectra of hyaluronic acid (HA) and OHA; (b) FTIR spectra of HA, OHA, carboxyl methyl cellulose (CMC) and OHA-CMC hydrogel
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2.2 PRl FiX R AR R

WAL 3 7K 8 B BT SEM &% ] DL 3G B i
F], T4 OHA-CMC 7K #E JiE 52 30 HY A X 14 4]
HB LA o AR A DG SOk 3, X R
45 F s S RE IS B AR A% 1 Kb B iE R A5 58 AL B K ),
YEFF IR B @A BT, Bk G T AR A 1T 5
AR FE, W BT A RE SR Y P
HEIR 5 TFAL, AN ML G BE  EA AE Bh fEAIE
DB AL, SRR DA, G
PER TR B G A

& 3 KRR SEM)[@@
Fig.3 Cross-section SEM images of the hydrogel
2.3 Frfl&EIXER S FERERIE
18 1% NS T AR 440 op (18] 4(a)), Kl
RGN, 25 AR B2 KR 1 A RE B i (GY) AN

PFER R (G) bl —3, TR, —HK
JFRH GRT G, IBER L 75 Wi,
Y ETE, Rl AR R R R BE B sh R AN Ak Ty 0
R, LA S A A M S B, 2% 2 I 4
il G LT, HEBUz s R MR B G T

Kl 4(b) Hr, 7EHT KN AR T K BE IR F GR
T G BERC R, BEE N RS K, B R R G
INF G BECRAS o UK EE I Y BB R BE T,
E 4(c) i i ic s 7E AN A W AR (1% AT 1000%) 38 #F
TERTE, /KEERLR G'FI G RAR RI Y254k . 7E 1 000%
o AR AR TS, 7K e I 25 S5 A B IR, B R
K, H G'>G; Mk RE 1%, G G"KE
HG"< GARAS, FWIKEE I P9 0 A0 B AF A &
B, MR E, RKERESET H
WA 7EE 4(d) K BE R AR I 52 S8 T R I
FoP 2 fih 30 min J5 , REEHIE B — AR, HAR
SR LA — E W HE JR P2 5 R A(c) B BR N AR 2
SM B AR T OKEER M A B = kg

GARE, RBERETHAEDE ¥4 T
5 I A AR AR AR L AR

10000 f(a) 000 1 000
000 (b) (©)
< < <
& & &
S 5100 5 — o—
5 100 e g 100 o= T Tig
S —~-OHA-CMC G’ S —~-OHA-CMC G’ c 1% S 170 o 1%
© ~-OHA-CMC G" O o} —~OHA-CMCG" © ,1000%  1000%
101+ Drug-loaded OHA-CMC G’ ~+Drug-loaded OHA-CMC G' G
-+ Drug-loaded OHA-CMC G" -+ Drug-loaded OHA-CMC G" °G
1 : : 1 : 10 s s s - -
0.1 1 10 10 100 0 100 200 300 400 500

Frequency/Hz

(d)

G'—Storage modulus; G"—Loss modulus
K4 (a)1% RS R ISR () 1 Hz FRORRS; (c) BERIIAR F/KBER ISRk s (d) /KEEIR B AP REERAE

Fig.4 (a) Frequency scan at a strain of 1%; (b) Strain scan at a frequency of 1 Hz; (c) Modulus changes of the hydrogel under step strains;

(d) Hydrogel self-healing performance test

Strain/%

Time/s




2394 -

EEMRER

52 - V4 J2 2 78 R LA R A1 3 B IR i 8 42 fll T ik A2
S EREN ABERT, Bl RIFIE
T vERe S A AR E R, AR AR W IR TR R SR R
N
2.4 FHIEREARKIERE R

e BRI IR AR R, O RE S A A
HE AT, FRAR 5 1 ORI LA 3 R Y T P
e, DMEARBOERRG 0B hm™>, BsERT
#2455 R 425 OHA-CMC 7K B B 1 75 K155 00 o

400
300 -
<
S
E
on 200 |
8
E
) —a— Drug-loaded OHA-CMC
100 | -o—- OHA-CMC
1 1 1 1
0 5 10 15 20 25
Time/h
5 #2454k 25 OHA-CMC /KEEAER TR Eh 2% vp T (PBS) A
ik 2k

Fig.5 Swelling curves of drug-loaded and unloaded OHA-CMC
hydrogels in phosphate buffer solution (PBS)

FESRHII Th N, 7R8I 4 75 ik e 522 3 o A
TS, R KR AR i i B B AR PR
WK VA I B o 31X AT RE SR B TR AR B BoOK BE ik 5
SBR[ AETE BB A TR 22 5, MRl K 4y
THR ) K EE L N ERB S . [FIET, KBRS P
TR Z AL G580 R K o F I iE A SR AL T 78 R 1 23 (]
7K 73 RE % 1 R 1 70 K 85 e P 5

B A B ]I HERS K BRI 55 4150V W =2 [ 1Y
BB W T, VKR G L
WA, BRI B AR % . KA Sh)E,
K JE 1 5 ik SRk B AR R AR A IR A . &
K251 OHA-CMC 7K BEIL e A 5 ik % 292.45% ,
TMi 11 %% 25 ) i OHA-CMC 7K 88 I8 fx K i ik R Ny
280.79%. X — 45 A7 Sy Mk B T T 4% 9 OHA-
CMC 7K BEIE HA B0 @ ORRE 11, REIE T 2
15 VOB AR W T T I SRR SR . AN, A
KA WK BT Ik R E 22 R AR, RUIZAY
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