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Promote the Anti-Enzymatic Degradation Stability of Hyaluronic Acid
Hydrogel Using Enhanced—Crosslinking

LU Liushen, ZHENG Mengling, HAO Mengyao, WANG Wu, XIN Yu
(School of Biotechnology , Jiangnan University , Wuxi 214122, China )

Abstract: To promote the anti-enzymatic degradation stability of hyaluronic acid hydrogel,an
enhanced-crosslinking strategy was employed,and the most appropriate model was confirmed in
orthogonal test. The degradation ratio was determined using a chromogenic reaction with released
hyaluronic acid monomer. The cross-linking ration was calculated according to the content of
glycerin detected with gas chromatography. In addition, the cytotoxicity ,mutagenicity and hemolytic
toxicity of the enhanced gel were also carefully checked. After an optimized strengthen cross-linking
(35 C,0.05 mol/LL NaOH,reaction for 1.5 h,BDDE/HA at 1:8),the anti-enzymatic degradation
stability was dramatically decreased compared that of first crosslinked gel;the degradation ratios
were decreased from 9.76% to 6.85% ,16.79% to 7.65% and 20.45% to 12.4% at 24,48 and 72 h
respectively;and the crosslinking degree was increased from 16.53% to 54.52%. Additionally, after
the enhanced-crosslinking,the cytotoxicity, mutagenicity and hemolytic toxicity of the gel were
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detected as in the safety scale of biomaterials.
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Fig. 1 Schematic of the primary and enhanced cross —
linking of HA
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Fig. 2 Process of crosslinking of HA
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Table 1 Factor level table for primary crosslinking of HA

JEE/C | [NaOH)/ (mol/L) HffE/h | BDDE/HA
A B C D
1 40 0.10 3.0 1:2
2 45 0.20 3.5 1:4
3 50 0.30 4.0 1:6
4 55 0.40 4.5 1:8
122 & R4 A0 2 %R (SH)

S D7 2 WE I R RN N— 2 Ik 22 i 4 2 Wl iy
Bl — 0 i, o & A Z R0 [FAE X 2 I i 1Y) i
W I R B 4, DAL UGS 18 FH 80— 400 B 1 000 2 7 9k o
N5 375 WP O T2 0 O et e B SR FH A R 1 s 7 260
S 00 7 37 Y O R A 1) IO AR R 3 W TR A - A
PR 1 2 F T WK i B D8 % B T R R N- 2 B
S ENE, o D A0 I R e 5 R R AR
JRE, 7E 530 nm KA A BRI, HBOLES
D — 5] 75 A T o 2 VA B I LE , LAWY (A ) X A
25 R T R O A R R (C) AR [l iy AR 45 31 [l 5
75 :A=0.015 3C-0.007 2,R?=0.998 6, W] 5% b
TS R S5 Mk P AE 0~50 pg/mL LN ,A 5 C R R
UF BRI F o I vk e el Uy R Ok A o S 4 A
P T O v B2 AT AR 3 T R A 1 S R VR B

%5 W] BT BR AN T W (mg/ml) =C;x401.3 +
194.1+1 000x200
A, C o A RS I R Y I VR (pe/ml) 5401.3
Shy 375 W IO T A BRL A AF X 43 F U A 519401 Sk i 4
TS T3 A 6T 43 Jo i 3 200 A i R AN,
123 W RBEKEBEAIE NTHETKE
VY T 2 5 e 1 3 IO, A K S R T A 1 5 e
fromAb a2 B¢, If 4 NaOH B9 BE S 0 I B 2 I
B[] &% HA 5 BDDE 9 EE /R L ix 4 A~ R 2ok it
— AU PR 2 DU K- 1 1E 22 i, UL 2, LA A i
AR e
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Table 2 Factor level table for enhanced —crosslinking of

HA
K WREE/C | [NaOH)/ (mol/L) i 8] /h BDDE/HA
A B C D
1 30 1.5 1:2

0.05
2 35 0.10 2.0 1:4
3 40 0.15 2.5 1:6
4 45 0.20 3.0 1:8

124 FERBREKGEBE  HL0.5 g HA B,
300 U/mlL (1325 B 53 2 B 15 W 2 mL, 37 “C'F L
24 4872 h, B 0.2 mL I JC/K £ B 4.8 mL, A g &%
W IERE] 1 mL W, 0 PBS & 8 mL, fE ., 7
HUHA %1 0.5 g, 110.5 mol/L MYFRERIA#E 10 mL,
WK K 15 min, £ B £ 100 mL, 1E - QW™ 45
SUECH RN 245 1 mL, R RS A4 P s 325 30 5 3 T
FFOBE T R 1) IO R

W i 2 = T TR R 2 T PR Y R P2
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AR € 35 T2 ARG 281 DL I Sk i 2 S BB
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mL, 5 KV 7K f# 50 min, ] NaOH #8715 pH 2 1,
RURT N 4 mL JooK 2Bt i i8R TR A G
T

3 4 0F . (384 . HP-INNOWAX (30 mmx0.25
mmx0.25 mm) ; #£ i : 100 °C;20 C/min F2FTHEE
230 °C, JF - ¥F 0.5 min; £ 3 # :8.0 mL/min; 73 i
P 1ol ERE A .1 s 1 FE IR B . 250 °C; K il 2%
TBE 270 C5 805 A A R I % . Sk a1k
M2
1.2.6 #ARBREIL Lo sh kit B IR BTG
1) 19 58 15 R 8 1 S8 IR AT 2] 1) B MRSV R T, i FT-
IR, 5 R 32 196 1) 125 BH ot 18 1 % L
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o HrREEM R 10% 1035 40 i 35 57
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PEIUR Ry 37 C BRI 24 h, R/ BRI L
SRYEAE A, P20 B s 3R RC AR 1x10° A /mlLL 1 4
MW, 7E 96 FLAR A 100 WL 119 20 i B 77 W,
1E 37 °C 5% CO, 54 15 95 48 h, s KB 57
W, BALINA 200 wL 1945 O BRI LA B i B 5
HBEIE , BT 8 ML, IFAE 37 °C 5% CO, ¥ 57
FEEESE 48 h, #E A 20 WL BEME P (MTT, Ji &
W R 5 mg/ml), B 5% AWK IR TE
(37£2) CFHEFE 5 h, FEALNBMA, FFA 200
pL DMSO, I #R1CAE 570 nm Al 630 nm 4 1 5%
B, 45 5L AR 405 4 Jf i) A G 3 A 3 (RGR) SFe 4 7
W 3, Horp 2 Rk DLy B R R A e A
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Table 3 Relationship between cell relative proliferation
rate and cytotoxicity grade
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16 37 CHE K 30 min, il 2% A5 20 40 i IR &
W& 2.5 mL, 7F 576 nm Kb WG AE |, I 15 37 BH P X
TR ZH (ZRAB K ) R B X RE2H (A= BRER K 5 1L B 1T
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e REROGIE —EREAL
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2.1 EARERERRYIRZEZEIFIE

HA 195835 S5 A AR 98 B A 32 (R, %) 9 R/ D K
175 WY 0T R B ) DO R RO A R A R N U ]
BERS PG R R Sl i &5 SR LR 4, ATLLE 1,56
9 ZH S 0 A5 B (1 B AR R AE AT 3 R E R /Ny,
e 22 43 A1 T 0 XoF A8 B N7 ) ¢ il A R DR /MR TR 2
NaOH A& B BDDE/HA | 52 B[] 52 7 i . B
NaOH 119 ¥ J3 5 i) f <, T B8 1) 52 1) B /s . 45 B4 IR
R e A . RO TR 2 50 °C,NaOH (1)
B /& 0.1 mol/L, J b i [A] /& 4.5 h,BDDE/HA /& 1:2,
R I 25 AR A5 31 ) B8 IS AT S i W PG A R 0 g
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Table 4 Primary crosslinking of HA
175 B Jo P A o VR SR/

A B C D
1 1 1 1 1
2 1 2 2 2
3 1 3 3 3
4 1 4 4 4
5 2 1 2 3
6 2 2 1 4
7 2 3 4 1
8 2 4 3 2
9 3 1 3 4
10 3 2 4 3
11 3 3 1 2
12 3 4 2 1
13 4 1 4 2

(mg/mlL.)

21.95 12.34

14.60 33.17 41.87
8.92 31.86 63.96
8,49 21.71 60.85
12.17 23.59 52.24
11.19 28.54 65.96
18.44 17.47 39.17
14.98 22.95 56.87
27.46 10.21 21.53
25.44 13.09 32.53
14.14 16.86 44.57
13.17 24.06 63.05
23.90 10.65 29.31

JOURNAL OF FOOD SCIENCE AND BIOTECHNOLOGY Vol.38 No.7 2019



AR 5 . SR A SUBRAR 3 i U R R R i 09 AR R AR )

gx4
A B c D
14 4 2 3 1
15 4 3 2 4
16 4 4 1 3
K/4A 47386 31.69 51.45 37.04
K/4 5356 40.38 56.33 43.16
KJ4 4015 53.96 40.61 54.80
KJ4 4728 62.81 40.47 53.85
Wz 1341 31.12 15.86 17.76
LK A B, Cy D,

®5 MHLERRBERSRPEARBNNRERERE
Table 5 Content of HA and the degradation rate of HA

with the products on the market

e 5 W IR BN T | Rt S/ %% | WOk A8 51 % | WA 2R 1%
VR /(mg/mlL) Ry Ry R,

=i

HENER 21.14 11.28 14.47 18.95
S A 22.89 7.58 10.53 16.31
M 15.82 13.53 17.12 20.88
Fig 24 21.11 9.50 13.85 24.35
LRI RS 28.84 9.76 16.79 20.45
AL STHR 29.03 6.85 7.56 12.40

2.2 ERARBRMWRERERNNE

75 WY J5i 2 A 114 Joi e e 5 T LA o 0 S T 2
TR 2 1) o 9 B OR TR AR B, H R T 3% L 3B W R
TR IEE 7 it v 37 W SR B 4 o B MR R LR 5 T

2 R RS | W%
(mg/mL) Ry R,
34.00 17.80 24.67 32.16
11.63 27.71 35.61 68.15
9.25 38.05 53.83 70.48

BT % g 77 5 01 B W] 5T R 48 BT o vk B 45208 B AT
T IA 7= b 105 I S 3SR S
2.3 EMRERRERN B &R TEE
LIV IR EE 2 50 °C,CNaOH m9 e & 52 0.1 mol/
L, JZ W i) & 4.5 h,BDDE/HA & 1:2 8 444, #15
1) (1 375 B I 1 6 s R A T R AL S R BT A A 45 R n 5k
6 FIT7R . FHE% 6 T, S Ak 38 TR 40 Uk S8 Bk 1 B2 i
R AR WA W EHT . Hh s 1 4 SE 7T 2 iy b
fif Rt /N A A 25 4 AT TN X A8 B RN ) R )
T BE R /N U B vz I ] (BDDE/HA \NaOH Y ¢
JEE RN BV I HSF T 5 e A A TR ) S i)
AN R FH R R E 35 °C,CNaOH (16 )% J2: 0.05
mol/L, JZ ¥ i 6] J& 1.5 h,BDDE/HA & 1:8 i 451K+
3, 0RE R 2 = R B BRI 6.85% |
7.56% 12.4% , %5 B [ R 4 % 124 29.03 mg/mL.

#x6 HABUZE
Table 6 Enhanced—crosslinking of HA

=

A B C D
1 1 1 1 1
2 1 2 2 2
3 1 3 3 3
4 1 4 4 4
5 2 1 2 3
6 2 2) 1 4
7 2 3 4 1
8 2 4 3 2
9 3 1 3 4
10 3 2 4 3
11 3 3 1 2
12 3 4 2 1
13 4 1 4 2

BRI E | B

R £ 2./ % % A 2R /%
(mg/mL) » g R»

34.13 8.95 13.78
25.25 12.73 15.47
11.09 25.65 39.54
22.44 11.95 17.97
19.11 10.92 19.82
24.98 9.98 17.55
21.09 14.38 23.74
21.55 12.44 19.47
22.82 11.63 19.69
18.19 11.91 26.17
18.68 13.48 21.30
16.95 21.72 30.06
17.25 16.48 28.39
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HgR6
A B C D
14 4 2 3 1
15 4 3 2 4
16 4 4 1 3
K /4 21.10 20.08 18.54 23.27
K,/4 20.15 21.27 21.66 2091
K4 2431 26.86 26.39 27.11
KJ4 25.11 22.61 24.07 19.37
e 2 4.96 6.78 7.85 7.74
7K A2 B1 C1 D4
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Fig. 3 Determination of cross-link degree After an acidic

hydrolyzation, the content

glycerol was

determined by GC chromatography,and the

glycerol peak was at 6.0 min

BRI R R | BRI % | ERAR% | BRI %
(mg/mL) Ry
16.82 16.26 15.30 26.87
15.19 15.69 17,29 22.27
19.95 11.54 11.81 2292
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Al RLVAE Y, 7E 3 4207 em BT A £ HE O-H o N-H
W, #E 1 6607 cm i A C=0 W, 7
1 400" cm B A C-N Wl , 76 1 0507 em Kt
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Fig. 4 FT-IR spectra of different HA gels

2.6 ERRBEKHNARSHE

3E 3 T ARA B 9 W 5T R 5 R 1 A A T 1 A
R (RGR) A S dE R I W2 7, Hoh ) ik S 3k o 45
() % iE #£ 570 nm A1 630 nm 4t 9 RGR 43 5l Ky
88.9% il 85.6% , ) KT 80% , b — 5 Pk, i fb 22
I AT 45 B 358 J6E 19 RGR 7E 570 nm 1 630 nm &b 43 %l
N 85.5%F1 80.9% , ¥ KT 80% , Iy — K EE M, #RAF
HER,
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Table 7 Cytotoxicity grade for HA gels

27 EPRRBERNIERESYE
HBAL TR PSS R UL 8, A 1, W1k 38 B A siE £k
T AR BERSTE NS AN SO IR EW K1 T,

RGR (570 nm) | RGR (630 nm)

= 1 : ? Wl 22 N
m;g%p& 5o s (1) [ A (MR D) 35/ T 2,005 K WIS SR AT
IKAC iy 99, 6%
B B S g AR
SRALSCHEBEIR  85.5% 80.9% 1 U150 R AL

K8 FEPHREBERM Ames iR I (x+5,n=3)
Table 8 Ames test of HA gels(xs,n=3)

+S9
A & [l 4z 3243 363 12+2 14£2 43+4 4543 78+5 82+6
ZEIRIK 200 272 28+1 16+1 12+1 44+2 39+2 75+3 774
W UR A Bk B I 5 38+2 42+2 13+1 16x1 562 64+3 102+6 113+5
50 37+2 39+2 16=x1 15+1 40+2 43+2 97+3 93+2
500 31+2 33+2 17+1 19+1 47+2 52+2 87+2 92+2
5000 29+2 34+2 15+1 18+2 46+2 49+2 99+2 106+7
5 A 28 R B 5 361 39+1 14+1 18+1 54+2 52+1 89+2 83+3
50 43+2 37+2 19+2 21«1 44+1 62+3 99+4 87+4
500 441 33+1 161 13+1 59+2 521 107+3 94+3
5000 37+1 34+1 14+1 13+1 48+2 45+1 82+4 86+3
- I 10 863+76 89391 915+87
FH L1 R IR 1 974+93 1085+116
FAEN 50 963+89 843+84

1,8- RSk TR 50 1121£153

2.8 EHARER B BY A I E
UK S TR i A A2 Bk i A 1 5 TR Y 9 IR L
%9, HAE ML 5 2.67%H 2.60%, /N T
5% , N9 EA R0 A PR A A I A 9 I
P A5 & — A AR LB A 2R
x99 EHREERNELE
Table 9 Hemolysis for HA gels
ISR BE I 2.67
it A S I I M 2.60

RSB

A Ao 40 YR A BB — 5 e S R ) £ T A ke ) 5 i
W o R B B, 4% 39 40 T S MK 5 e A 8 A S IR B I
BT Y P ER P K A T S 1 R B E ) U S B Y
AR RIVIRE 50 °C, SRR E R 0.1

mol/L, & 1% I [B] 4.5 h, 5 B Jo 2 -5 3¢ 6 57 114 B8 /R
Ry 215 SR AR A R Y e A A RO IR B 35 °C, AR
LAV S 0.05 mol/L, e Wi [] 1.5 h, i M iR 5
SEHRFN A EE R LGy 821 I A5 B Je 1y 37 W) Joit 7R 6
J R e B AT TR S BE 1) 28.84 mg/mLL | Tt #]58 Ak 38
KA 29.03 mg/mL, A BRI AEA . 435 7% B 5t
%2 Tt 5 i B i, & 0 A 5 TR 1) 8 G 17%) 48 fif o3 1 B
T 30% 44T, B ER R T 352, Hh ik sc Bk
T8 JEE 1470 375 D JO % 6 % e R 0 T S B KO
5ER b A2 XK B B 1) e 375 WD BT IR i AR ik S80S TE D A K
SRR T, 3T FT-IR 2341 &k B, BRI il 45 44
5 HA M FE A B A 2546, IF LA 40 M R |5t 1% 3
PE RS T G5 R IAF G R, U, A5 AT
A4S 2 40 B A 58 J7 o 09 BEIE , O B AT DLUAR = A2 B
JE o AR 37 W 5T R 45 e A6 N PN 1 Vi R B I o
i — 25 30 i S B
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