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Abstract: In this study, we focused on the preparation of hydrogels with good biocompatibility of sodium alginate (SA),
chitosan (CS), and calcium carbonate (CaCO;) by physical cross-linking. We aimed to optimize the hydrogel formulations
and systematically explore their structure, physical properties, and freeze-thaw stability. The optimal formula was
determined using a single factor experiment and response surface method: SA concentration was 2.14%, CS concentration
was 1.7%, Ca®* concentration was 0.31 mol/L, and the hydrogel swelling rate was 17.20%. The freeze-thaw experiment
showed that the performance of the hydrogel was significantly improved while freezing at —80 °C and thawing at 4 °C, and
the best effect of one freeze-thaw cycle was achieved: The hardness increased from 125.3 g to 189.6 g, the elasticity
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increased from 0.72 to 0.85, and the storage modulus increased from 2100 Pa to 3500 Pa. There was a minimal decrease in

performance after the second cycle. Nuclear magnetic resonance analysis showed that the hydrogel was more water-bound

and more stable in structure under these conditions, and Fourier transform infrared spectroscopy confirmed that the

hydrogel was physically cross-linked. The dual-network hydrogels prepared in this study had excellent mechanical

properties and freeze-thaw stability, which would provide an important theoretical basis and practical reference for their

application in frozen food preservation and as biomedical carriers.
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Table 1 Factors and levels of response surface

methodology experiment
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Table 2  Effect of different SA concentration on texture
characteristics of gel
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T : 7 — S5 B AR /N 5 B R 2 5 5 3 (P<0.05), #3~%4,
KT~

ARPEE 1 PRGN, G GUREE R
BEm RS, FHHANEER GHIRT G, ULBHRE
i HLAT UM BRSO T8 o BERE G G BT 1)
g A, (EI AL B9 SA SR CS/SA 4%
P SEHE S, 530 G'FN GUFEAIK, iX 5 Tang 4529 (i #fF
SELEIAAA]

B 2 B SA HREEIG N, W HKRIRAR, v Re
SRR EMR IR S Ca* KAEZHR, M AR IL 4
FH T FEUR 1S I K 5 S E I S5 A AN RE 5 M)
T EERE DA B BE, (I I R B vy, BRI )RR MR
K. NI SA Ml 2.0% B, BRI, BEIK

2026 4F 5
0.0010 1" 1%G = *2.5%G'
G LANG .
00008 {2 13%.6" T30 dr et T T
2 L AN
= ©2% G . ® L .
£ 000064 ¢ ¢ ° " e .
:% *.-t'*' ...0' .
— e 2 4 = omom
©00004] . et ]
© l‘AAAAAAAAAAA‘
s
0.0002 000023322
® o
Oﬁgﬁﬁﬁggﬁﬁﬁﬂﬁﬁggﬂ
01 I 10 100
 (rad/s)

Bl 1 ORI SA MR SRR A4,

Fig.1 Frequency scan results of different SA concentrations
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Table 3  Effect of different CS concentration on texture
characteristics of gel

CSUHEE (%) T (g) FEIEEE (g) [l IR
1.0 485.66+38.63° 219.98+18.24°  0.89+0.07%  0.52+0.02¢
1.5 767.20426.77°  459.62+22.08" 0.94+0.00" 0.76+0.02°
2.0 818.18+36.12*  503.86+26.11°  0.95+£0.02"  0.78+0.02°
2.5 551.04+45.66 233.02+£15.22°  0.92+0.11°  0.70+0.02°
3.0 664.88+52.33°  303.54+16.23°  0.92+£0.05° 0.68+0.03°

Jins 24 CS HeEPE— G, BEREACIR A R, Matk:
B, HEHTHPFERE TIAH R RREAREY, PR CS W h
2.0% FORHEE, BERC I BT R ds bR s . HIE 3 F
[l 4 AT, GUFN G I PR R R -NH, i,
TN T BEBERORSTAVE, 2 CS WREEN 1.5% B, BEK
AR R KRR, Khorshidi 5577 (YRS
R, BEAE FEIRMEA L AN, 25V8 -7 SRV K BE IR
PR R S S R R, st AR )2 . Popov
LS pPFE A RIS SRR B W R I CS
A BI5GB T EER D, INA TSRS BB G'FI
Gl flias . MHHEAER il 1R W BE5e SR/
TR EN/K BEIRE, A R T 5 SO BE G i, 43+
FEHES XS, KT AT i ABEIRE, FEAR T HE I
AOTA IR, AR SR BRI RO, T et oe .

0.0006 { + 28, G’ AP .
- 00, " A A
= 0.0005 A f/‘lGA“ ,.*"-
W) - * - 5 *
000047 , 000t azrEi”
= M
»o00003% & *°F
G 0.0002 S
AA
000017 & o o oo =2t pg il
SEEERERERAE
0.1 1 10 100
w (rad/s)

K3 KIA CS MEESAR AT R
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Fig.4 Results of swelling rates at different CS concentrations
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Table 4 Effect of different Ca*" concentration on texture
characteristics of gel

Ca™ VR (%) iR (g) NELAERE (g) i R
0.1 523.72£16.29° 372.24434.13°  0.96+0.07° 0.65+0.04°
0.2 613.32+£16.89° 444.10£27.07° 0.95+0.08* 0.73%0.01°
0.3 762.96£14.21*  510.62+38.43" 0.94+0.06" 0.74%0.02°
0.4 753.76£12.91*  516.43£32.24*  0.93+0.02° 0.77+0.01°
0.5 682.23+46.50° 470.55+32.75" 0.94+0.03" 0.76+0.02°
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Fig.5 Frequency scan results of different Ca®" concentrations
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P#it. i Design-expert 12.0 HE47 [0 195347, 25 5
N 5 Frn.

25 Box-Behnken iR %1t M 4%
Table 5 Design and results of Box-Behnken trial experiment

SR A(%) B(%) C(%) k(%)
1 1.50 1.50 0.40 25.78
2 2.00 1.50 0.30 18.57
3 2.00 1.00 0.20 25.39
4 1.50 1.00 0.30 25.49
5 2.00 1.50 0.30 17.33
6 2.50 2.00 0.30 18.71
7 2.50 1.50 0.40 23.15
8 2.00 2.00 0.40 22.06
9 2.00 1.50 0.30 17.46
10 2.00 1.00 0.40 23.63
11 2.50 1.50 0.20 24.77
12 2.50 1.00 0.30 25.34
13 1.50 1.50 0.20 25.86
14 2.00 1.50 0.30 17.89
15 2.00 2.00 0.20 22.08
16 1.50 2.00 0.30 2627
17 2.00 1.50 0.30 17.1

FIHH Design-Expert 10.0.1 X SLIEYE 1T
giitordr, 49 58] gk Z 0 =X BHH 7 FR: Y=96.17—
0.67A+0.4B—0.097C+0.22AB—0.2AC—0.085BC—
3.21A-2.92B°-2.64C%, & 6 nJ A1, Wi by [H i Ia A5
UMK P<0.0001, 1hd BH AR A bl S 25, AR (1Y) e
FRECH R7=0.9827, JHHE KN R? 5 4=0.9604, Uil
A5 TR (14 H8L B 7 50 R T P R A, A ROKE 2 R Sk
16.1522>4, 23T P=0.2439>0.05, LI IZAT8 7

A TR R, A PR 3R X K R i 1) R
/NRREETRT LSS FARM S AR TR 2, F RS, 12K
FXTE MRS . ARPE R 6 IR s R, I
I PRI B BRI S MR Y SR 5507 A SA MR (A)>
CS e (B)>Ca? i JF(C),

T I8 2 58 AR G e 15 A A S i an ] 7 s,
SA MPEEY CS USRS B AE FH w7 T 1 14 45 i £ A X

6 WL AR T 22 b
Table 6 ANOVA of response surface model

FEAE  PHM HME  ¥WEF O FHE Pl BEH
TR 195.88 9 2176  44.14  <0.0001 o
A 16.33 1 1633 33.12  0.0007 o
B 14.39 1 1439 29.19  0.0010 o
C 1.51 1 151 3.07 01232
AB 13.73 1 1373 27.84  0.0012 ok
AC 0.59 1 0.59 120 03091
BC 0.76 1 0.76 154 0.2553
A’ 65.40 1 65.40 132.65 <0.0001 ok
B? 23.08 1 23.08 46.81  0.0002 ok
c? 4526 1 4526  91.80  <0.0001 o
B 2% 3.45 7 0.49
AU 2.11 3 070  2.09 0.2439
4R 2% 1.34 4 0.34

JEvil] 199.33 16

e *22 57 25 (P<0.05), **22 341 i 3 (P<0.01),

R (%)

e g5 1401'6?“ o
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Fig.7 3D diagram of response surface
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Table 7 Effect of freezing temperature on texture
characteristics of gel

B/ (C) W (g) NELIER 2 (g) S N
—20/4 1396.05+52.43" 704.84+42.67° 0.91+0.01° 0.77+0.13"
—-80/4 1866.67+35.54° 921.47+46.37° 0.96+0.16* 0.86+0.31°

ERYN 932.91+47.06° 466.28+52.14° 0.84+0.01° 0.72+0.20°

TFEFRPEFIN SR M7, —80 °C BERAH L 5—20 °C
WA IR TFH(P<0.05), X2 H THE—20 °C 1% %
BT, TR UK 2 S 3R I NS5 A A
AR IR, 8IS A28 322 P 285 AR A AT, 25 B2 e e
AP B, I AR KRBV £ S PR BE 2 a2 1), 18
fE e B8 T B8 22 LB AN ZS B, VB8 T BRI 1 S 4%
4, MTTREARG T EE S A 3, S AR BhR O 38 3 X AN [R1v8
URIEE T BESE/UE M 52 -6 BRI ST e PRI 58 2 B0, Bl
VR URIELEE (A BRAIG, BRI R ik e Pk v, B e
M-, PRI —80 °C A, ¥iAl SA/CS/Ca?
KPR 25 7K BRI 1) SR AR AR E R o

ASTR) A AT R R I ) ST AA AR E R R AN [R], FR
TR R R AL P 45 2544, BRI TR e
JRe i Az B AR BE RS2 . 3 8 AL 4 °C Rk
Tk B VR e g R R | MELRR R T 25 °C, X T RE A AR
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ZHEST A iz shZ 52, GENs T8 G RAF PR RS
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TR BRI, K 4343 FEBTMRL TR EE I PI R I AS B R
FLIR, S EURAS B 1 BERE P25 S5 T T, e AR
A FEINANEL, R BT IRA SR Ty, B R R
4 CR Al B BERCARE BE ST 25 °C RlfbiRUBESERE, i
B JIC (R FEE AT, MELNGS 25 0 I JUr 75 BR S REEAIK, MELNES
2 (P<0.05) AL, RIULEMEIREE N 4 C B, ZREk
SA/CS/Ca* B 25 7K BENZ A BT AARF P e A o
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Table 8 Effect of melting temperature on texture
characteristics of gel

BIR/AE(C) T (g) MELIE R (g) B R
—80/25 1680.81453.37° 704.84+42.67° 0.91+0.03° 0.82:£0.02°
-80/4 1866.67+35.54 921.47+46.37° 0.96+0.16* 0.86+0.31°
ER/R 932.91+47.06° 466.28+52.14° 0.84+0.01° 0.72+0.20°

FHER 9 AT, Lot — YRR G 20, 4568 1 1) i
BE | DHREEAERRA T A RN, 33X P S — YRR
PEI S S TEEEE FRIE ALK i, ST ] AR
VEF, PN X2 25 R B IS0 . it —RiRmil=
PREEIRE R B | RELIRRME 32 ) 35 (P<0.05) /)N, X2 T
TUREREIAEIS BRI IE AR, 5 B LS R I
AR, T RFATRIEE RS AR 207 DR Sk — R il 5 3805
JE I ER I S5 R A, TE A R F LB RN 25 Bit, PRI
IESSEERL A BE, R IREIEE Z UK AT ORI KT
BE S 45 L T A IR, A5 IS A A5 B R R BRORN ) AR
JE o AP ST T R G B RO JE 2/ 5E Ry A
B 0 A REE R I, 25 R IATERT — UOA a2
HL, BRI 25 TUT A R A ST ), Bl Rl B )
Y, RERE | RHIEEE AR, PRIk, St — IR URRE
E BRI SA/CS/Ca” XU L 7K EE I SRR E R o

RO YRR UCEON BEIE B RS i 25
Table 9 Effect of freeze-thaw cycles on texture
characteristics of gel

A UREMECC) iR (g) MR () e R
—80/4— A 1866.67+35.54° 921.47+46.37° 0.96+0.16° 0.86+0.31°
—80/4 " IRVRRL 752.36+46.71° 387.22+36.88° 0.83+0.03° 0.71:+0.06°

ERAR 932.91+47.06" 466.28+52.14° 0.84+0.01° 0.72+0.20
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Fig.8 Effect of freezing temperature on rheological
properties of gel
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Fig.9 Effect of melting temperature on rheological
properties of gel
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Fig.10 Effect of freeze-thaw cycles on rheological
properties of gel
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Table 10 Relaxation time distribution of freeze-thaw
gel samples

FE S T, (ms)  Ty(ms)  Tp(ms)  T,,(ms)

=20 °C/4 °C 1.149 - 43.976 444,878
—80 °C/4 °C 0.912 11.623 55.427 352.971
—80 °C/25 C 1.084 23.272 62.226 396.269
—80 °C/4 C(=K) 1.467 17.426 - 249.451
ER/R 0.644 - 62.226 471.375
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Table 11 Water distribution peak proportion of freeze-thaw

gel samples

BES Ay(%)  An(%)  AR(%)  AL(%)

=20 C/4 C 3.438 - 2919 93.643
—80 °C/4 C 3.859 1.871 3.954 90.316
—80 °C/25 °C 3.682 2.819 3.131 90.367
—80 °C/4 C(—IK) 0.389 0.202 - 99.409
A TRHl 2.980 - 12.147 84.873
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