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Abstract: To address the issue of the poor mechanical properties and limited functionality of sodium alginate (Alg) gels, a
composite hydrogel SCAP/Alg/Ca*" that uses Alg and Schizophyllum commune alkali-soluble polysaccharide (SCAP) as
substrates was prepared by induction of Ca?". The gelation mechanism and the effects of SCAP addition amounts on the
characteristics and antioxidant activity of the composite hydrogel were investigated. The results showed that the
SCAP/Alg/Ca** composite hydrogel could be formed by the interactions of ionic bonds, hydrogen bonds and hydrophobic
force. The composite hydrogel exhibited a highly ordered porous network structure with the addition of SCAP and Ca*".
When the SCAP addition amount was 3%, the water holding capacity of the composite hydrogel achieved 87.32%. At
pH7.4, its swelling ratios were 45.56% (wet) and 2479.82% (freeze-dried), respectively. Rheological analysis revealed a
significant enhancement in the storage modulus, increasing from 455.33 Pa for pure Alg hydrogel to 17768.56 Pa for the
composite hydrogel, indicating improved rheological properties. The incorporation of SCAP and Ca®* did not affect the
thermal stability of the composite hydrogel but effectively enhanced its antioxidant capacity. The scavenging rate of DPPH
free radicals increased from 6.95% for pure Alg to 26.65%, while the scavenging rates of ABTS" and hydroxyl free radicals
also improved by approximately 10%. Furthermore, the SCAP/Alg/Ca** composite hydrogel may also exhibit pH-respon-
siveness, maintaining structural integrity in gastric fluid while undergoing rapid degradation in intestinal fluid. The findings
of this study provide a scientific basis and theoretical foundation for the biomedical carrier application of SCAP/Alg/Ca*
composite hydrogels.
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A ACIRIE L, BAR = HERZK 25 R 1 2K P 01
MBI, R EAA B4 2R W R L A AR
Pk ARTFEMEROE S AR s P, TE R L AR R
A 257 L S5 AU S T ATTAOR R G . ¥
PR 4N (sodium alginate, Alg)VE—Fh 1 p-D-H#%
BEERR AN o-L-7h BRI m i 1,4-W 1 B e il
YIS 5120, HOK BB MU SRR AN B BAT DL 509
APIFRZS T, OB AT TR . SR, Alg 7K
BERAUMIERER 2= . DhfRgsA—, W HI 2y T HAEE )
s 2585 N P . S gEmiaX—RIRR, H Alg HH
f BA R DI REIE I KSR ST A T A2 L, At HL
TSR ERERNAE M2 F DI BE Y A2 -G /K BEIRC A 2 Bl
B ITE]

ZNMFTR R, 7 Alg TEHIKEM: 2T A
SO BERCRR . U0 Chu 560 HE Alg S IKG
HRH-ZHE, T HIK— SR PAEL . BB RRERCSS 1Y
ali Alg BEIRE, 55— BEA R Sl =S
BEI AR, Yang 59 7E Alg P EI/KETE R A H
2, P TG /KB A RER & (G) A A &
(G"), I I H s T W i i 3 AR RS
Bl . Fan 5505 78 Alg WP UK S 20, nlid
LEU INEEIRE A FLAR | 35 RS IR 3 B S 45 e sk,
BETTSE B 25 ) ) S e RO T e HA UG BE . (EK
ARG, Mg By B, H RIS T/KIg 2 hE
% Alg WU PEBE RO BT Z , AR T Z2 WA OC
WFFEEL, HOSUBEAIL T 1 AN HH T

AT WE 5T % B, 2448 T8 080 1 22 W% (Schizo-
phyllum alkali-soluble polysaccharide,
SCAP) H A Jh AR = 1R IE L5441 Rt 5 b s Ak
TUMIRE R G R S AR IE T, R B RS B
e . ASHFTER il AN [R] SCAP BShn&ErY SCAP/

commune

Alg/Ca® B A 7KEEIE, IR R BRI EER . AL
il B L AR TE L pH RN TE LA P A RS T
T FRAE, LI SCAP/Alg/Ca 55 /K BRI 14 v FH 24
FEFER
1 MRERE%E
1.1 MR5EE

ELR A S SR N v L SO AR (| S s = RN
Al; ABTS i85 bR eEmRHE AR Al 48R
fiff (400 U/mg) . R BE i (50000 U/g) . A AR [ il
(800 U/mg) . DPPH k5] iR EHE R
ol EARAREN . JOR GRS | MG EEIR AN . AL A
RIS . KA . BRI AR EZGERLARTE
B2 w15 B S FHGRI Sl 8 A ordrati .,

BRUKER ALPHA II f# BL i A8 3 2T S S 354
D8 Advance X S} £k fi7 4L £ E fm & 52 A Al
MARS 40 JE# 728 5= Thermo Fisher Scien-
tific 22 Fl; STA 449F5 2= AT [ L HH i 7l
[l i gt B2 E A AR A RS F s MIRA LMS 4548 5 i
W% HETL TESCAN A F]; GL-21M K =i
FRESODHL S MR S 5 EANER T A A BRA A
SPARK ZUJREEFAMY  HARSFARAFE
1.2 XWFHEE
1.2.1 S4B TE 2 WA R SR T Sk
60 °C T 5t 57 (80 H ) . K Ui FRHLZLRE B A5
R 25.00 g, A 750 mL 0.5 mol/L NaOH 59, 74 /7
WEFE 30 min, B)5 400 W TR #E 75 2 HL 30 min,
8000 r/min & 0> 10 min, Y45 E W - ¥ LiEWR
pHHZE 7.0 )5, #E T . K H 8000 r/min &5 .0»
10 min, YCHETLIE . B ali /K P UL IE DA R 25K
EPEZR T, 8000 r/min .0 10 min WAETTHE TR E
T4 (=50 °C, 10 Pa, 48 h), Fx 23K 45- 2074 1A %
PEZHE(SCAP) .
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1.22 HEE/KERH S B Alg(l o) &M T
100 mL @ &lizk i, =i F g 13 60 min, 193] 1%
Alg 7. FRELSCAP(10., 20 F1 30 mg)#f#T 1 mL
0.5 molV/L NaOH ¥ ™7, Z= il 1% J14%+#£60 min, il
PEARE U BE (1%, 2% F1 3%)SCAP ER . FFA[EHe
£ SCAP RS Alg ¥Wid% 1: 1 KRR G S, I
HZ 1% CaCl, #E T, T2l SCAP/Alg/Ca* 57Kt
BEGR), FASEIHANIE . AR SCAP HI&197K
BE W 4y W Bk iy 44 & SCAP/Alg/Ca®*-1. SCAP/Alg/
Ca®"-2 il SCAP/Alg/Ca*-3P],

1.2.3 HEAMBEBEWEMNIESE =% Li 50 19y
5, RAHAE R T BB, WEE Alg A1 SCAP/Alg/
Ca”' & G /K BER L5 o FFURT- (=50 °C, 10 Pa,
48 h) IKBEHCHE S AL FR)S , 78 S keV IR T
Pk e

1.2.4 {8 B - 48 #e 21 4b 5% 3% ( fourier transform
infrared spectroscopy, FTIR) 5387 =% Chen 51"
By 7 ¥, FH KBr 43 311 SCAP. Alg. SCAP/Alg Fll
SCAP/Alg/Ca® -2 VR T I FE 5 (=50 °C, 10 Pa, 48 h)
TP AR, e R, 3547 42 B (500~4000 cm ™)
ESETS

1.2.5 Zeta BALMMIE =% Li &0 fyJ7 6k, &
SCAP. Alg. SCAP/Alg 1 SCAP/Alg/Ca**-2 [1Y] Zeta
Lo B TRESS (=50 °C, 10 Pa, 48 h)5 mg ¥ i
F 1 mL &Lk, a3 AR e T RS =
T FIERES Zeta HL

1.2.6 S FRIVEHJIRAE  HERGTE G /K BERSTIE WL,
AR EAER S, 2% Li &0 g0yt il . B
AN ) &= 1 PR 2R Bl —BE B R 44 (sodium dodecyl
sulfate, SDS) I A SCAP/Alg IR-GIFH b, (i H: 2 uk
FESY BN 0.1%. 0.5%. 5.0% Fl1 10.0%. F&E), ¥R

CHFTESTES 1% CaCly W, WEE5T K BERIR
A

1.2.7 ¥k =% Jin U B, KR STREERE
BT 10 mL .08 P, F 8000 r/min 5 3E T 2.0
10 min, IEAZANTR:

K1 (% =i%><100

2 M SR B RTRES IR AL, g3 M, 28505
FEAE L, g6
1.2.8 Ik =% Wang 2509 (1 07 8, 43 B0 52
SCAP/Alg/Ca* & & /K BE R IR 5 ¥ T (-50 C,
10 Pa, 48 h)JRAF, FER PRI 5548 v I K%

BRI AURESY BT pH D 1.2 F1 7.4 B9 PBS IR,

37 °C R 24 he HURJE, FHuEARERA mivk B
AR TEH KIS ST RIRRE . AT

- M, - M,
ot (%)=T % 100
3

s M, JERE S IK AT BT B, g5 M, SRR

IS AL, g0
1.2.9 #FaEM =% El-Sayed 251 14 05 1, 75
N, 514 F, % 10 mg VR T-HEERLHE & (=50 °C, 10 Pa,
48 h) LA 10 °C/min BINFRGEH N ZIEIIFE] 600 °C,
MR A 1) ST AR A
1.2.10 JAstE
1.2.10.1 RO =% Meng 551 g9 7715, 1A
Fi4s 35 mm AT HERLE i A8 . 7E 1 Hz %R T
BEAT ARSI 0.1% 2 100% BIPRIRIAHE, LIafE
TREER A s O S AR B DX IR SR AL
1.2.10.2 SR 4% =% Huang & 17k, 18
25 °C Fl 1% W AE Fl%E SCAP/Alg/Ca* &2 & /K EEHE
(F8)FE 0.1 = 10 Hz R N9 G'Fl G".
1.2.10.3 W Ji#asth 2% Chu Z88 f5 1L, 78 25 °C
PTEE AR (10%) T B TR JIAR SIS, LAVFAL IR EE
B L8 EER AR A SIS S U TR (T,
7. B 1SR A
1.2.11 pH WM M =% Chu 580 4 Jr ik, W HL
SCAP/Alg 1R & W & i3 g & v, 4y 5 0.6, 0.8,
1.0, 1.4 F1 2.0 mm PAEAESHER Sk, BHIE AR 1%
CaCl, MW, Hil#5 AR FER ST SCAP/Alg/Ca*' &
EIRELE . BEIS, RS RTRERE R BT AT B
AL 2 h 5, #R R T 2 h, SR EER S
MR AR I
1.2.12 RSN EARTE PRI RE
1.2.12.1 DPPH H HEIFEZE MM E =% Duan
SV [, K 1 mL VSRR T B A TR0
&, IS BT 1 mL(0.2 mmol/L)DPPH &K, %
5,37 °C BOCEHE M 30 min, #RJ5 8000 r/min BS
0> 10 min, B FIEWAD 517 nm BOGIHE. A
ﬁ[ﬂ::

Apei — Ay

X i

DPPH & %(%) = (1 )x 100

P, A FEESHTE 517 nm IROGIE; AN
DPPH WA IC/K AR WG A g AR
i AR Al K B G IE
1.2.12.2 ABTS'H HIEERF WM E =% Yan
U7 (1977 5, B 7 mmol/L 19 ABTS X7 5 Z5 A fX
M) 2.45 mmoVl/L Mt HREREMAMRIE G0 ABTS B,
FIREOCIE 12~16 ho 4 ABTS BEH L BEF RS,
HE 734 nm W GEME N 0.70£0.02( TAER) o #
I mL VREE RS B 28 T B0 45 v, IFSr B A
1 mL ABTS TAEW, IR2)F#HEIE/Z N 6 min, 2R
8000 r/min B5.0» 10 min, B FIFWAI 734 nm G
fH. HHEAXUT:

Ajrs = Asn

ABTS' H HIEIERE R (%) = (1 -
R

)><100
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=, A#,ﬁ,y‘j#lﬁt?{ 734 nm By SGIE; Aﬁﬁy‘j
ABTS e 18 TC 7K CBEHS R W S CAE s A gy
e i EB 21K PR G
1.2.12.3 BRAMBIECOMERRMIE 2% Duan
AEDO (T, B 1 mL SRR B A TR
Hh, ARSI 1 mL 9 FeSO,(6 mmol/L)#HAN 1 mL
#Y H,0,(6 mmol/L) &, #&2J, #EOCHFE 10 min,
BJEA 1 ml BY/KAG IR -2, 155 (6 mmol/L) % K, 3%
4], 37 °C #EYEEF B 30 min. X5 8000 r/min B>
10 min, T 510 nm AMMERSGIE . 3HEAKANT:

F2 1 I R (%) = (1 _Ann—Asn

)x 100
X

o, Apen HEERRTE 510 nm IROGIE; A R
H,O, F AR AIK 1A A gy KR A5
BRI G -
1.3 HEIE

SCUm YR 3 Yo Sr H A S g 45 R S Y
{H+ARUEZEFEIR, % SPSS Statistics 27 A{FHEAT T
Z250HT, SR FH OMNIC KA ERLT SN R, HAh
% JH Origin 2021 #Af4F2:A .
2 RS9
2.1 Alg 1 SCAP/Alg/Ca® E & ICEIINRRL7S

WE 1 s, Alg WA . Il SCAP F
Ca™ Ji, B S MR AARZE Sy AR 2, S50 2845 I [ .
B SCAP HJE RN, SCAP/Alg/Ca> 52 5 /K BEIK
Bt i B AR L A0, SRS IR, SCAP 5
Ca? BTG I AR IE T Alg BUBERSIRAS, M MeAs T H:
Bt

Alg SCAP/Alg/Ca>-1 SCAP/Alg/Ca>-2 SCAP/Alg/Ca>"-3
€1  Alg Fl SCAP/Alg/Ca* 5B & K EER B S LA
Fig.1 Apparent state of Alg and SCAP/Alg/Ca*>" composite
hydrogels

2.2 Alg 1 SCAP/Alg/Ca> & A 7K RBR M LEH

Alg OSSR Ak (B 2A), A5 FL .
SCAP/Alg/Ca™ 55 7K EEME R I Ay i B AR A LS54 o
SCAP/Alg/Ca* -1 [HiERRERIE H ALK (E 2B) o
ML Z T, SCAP/Alg/Ca"-3 3% 2 % f i, FLE /I
(Fl 2D) . Ff#E SCAP R HE 5, HEIE X 25 A5 155K
%, ik, SCAP/Alg/Ca* 5 & 7K BEIRE AT VE S ddidAk i
AR TR T
2.3 SCAP/Alg/Ca> 8 & 7K EB R BEHLH

SHHRTFE SCAP/Alg/Ca® 52 5 7K BEE 1 BRI,
A I eI E A R FR PR SCAP/Alg/Ca” -2 IR
AGTHIT o 2R TR B 1) 356 436 3 iy 400 55 596 2 B o)

Alg SCAP/Alg/Ca**-1

20 fm

SCP/AlaZ*-Z o SCP/Alg/az*-3
K2 Alg il SCAP/Alg/Ca® & A /K BEH Ao &S Fa 1Al
Fig.2 Microstructure of Alg and SCAP/Alg/Ca*" composite

hydrogels

F MK BE I ) 52 IRAE AL AR A R AR, (W] Bh A 3k B b s
e B AT i H B A BN o

%} SCAP. Alg. SCAP/Alg Fil SCAP/Alg/Ca**-2
HEFT FTIR 4347 (8l 3A) ., SCAP 14 FTIR 7E 3290 il
2927 em ' b5 R R B ARFE A, Horb 3290 em™!
Kb IR ) S8 F O-H AR 45 PR3, 1T 2927 cm’™
A PRSI I X . C-H B 4a PRt Al Alg
B FTIR W%, 3265 cm™' BYIE Ry O-HAH 45 PR shig!'s),
1597 1 1408 cm ™" Ak 1 W WAL 53 S5 X 1oy 2 R (1) A Ko
FRAH 2 A0 % BR A 45 YR sh 19, 5 SCAP & Alg AH
kb, SCAP/Alg #£ 2908 cm ' FYIEAR TR, X ] HESEH T
Sy F M A CBEAH HAE M IR TEL. 5 SCAP/Alg
AL, SCAP/Alg/Ca®'-2 #£ 1418 cm ' YR/ T
, Al T Alg PRI (-COO )5 Ca® TE I
TFHEPO, HE 3267 om! MERARMEERE, nTRER H
F Alg 19-COO™ 5 Ca> & A B TR/ A/EF, HlE5 T
ST STl S ER R TE P, SCoG 4l SR,
SCAP/Alg/Ca* IZ 57K EEE Hh al ReAr7E B 5t 5 A
FHEAEH IS

SR T i U K BRI R S A AE B R, I
£ T SCAP,. Alg. SCAP/Alg Fll SCAP/Alg/Ca**-2 1]
Zeta Hi\., SCAP [ Zeta 7" H—19.69 mV (K 3B),
FHUAH A2, Alg & BILt R A
137(—44.83 mV)., SCAP/Alg Fll SCAP/Alg/Ca®*"-2 I
Zeta 7533 0—21.34 F1-10.65 mV, 5 SCAP/Alg
A EL, SCAP/Alg/Ca*-2 14 Zeta FELAN A% 45 X H BEAIR,
HIREE I F-COO 5 Ca® B E T4k, -hA T H 0 h
LR,

T BE— B BAIE SCAP/Alg/Ca> 52 5 /K BEEIE AR
RS SN KA B AR ), AN E S
I (PREFEFN SDS) U INBIKEERL I, Bl IR FE U
BEEEI (E 3C), 526 7K BERE NBE AL Sy - BE IR
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— SCAP/Alg/Ca*2 — Alg

A — SCAP/Alg — SCAP
I 1~ 0 I
| |
3267 em”! : 2927 em™ 1604 cm”! : :1418 1
o 1
=~ Vg ! 1\ |
M | s265em? I e \
'1}‘_‘} \: . 7% b sog et
P . ' 1597 em o) |
I 1
3290cm"/ 2927 em’! mwcmrmum" |
1005 cm™! <!
4000 3500 3000 2500 2000 1500 1000 500
P (em™)
SCAP Alg SCAP/Alg SCAP/Alg/Ca?-2

v}

ZetaHLfi7 (mV)

€ 10 . .
S s s
i
%05 . . °
&
i
o o .
0 . . .

SCAP/Alg/Ca*-1 SCAP/Alg/Ca**-2  SCAP/Alg/Ca*-3

D 10 4 A A A

;\; 5 A A
i

0.5 . .
wn
[a)
w0

. . .

0 4 . . .

SCAP/Alg/Ca*-1 SCAP/Alg/Ca**-2 SCAP/Alg/Ca*-3

K3 SCAP/Alg/Ca® & A /K BEME LB HIL I &
Fig.3 Gelation mechanism of Alg and SCAP/Alg/Ca**
composite hydrogels

[: A: FTIR; B: Zeta HLAZ[&]; C: JRER MBERCIRZSE]; D: SDS 1)
BRI € F1 D B i BT AR AL TRERCRES, = ATEAR
AT B AN FEACTRAE G R] Zeta A2 5F
3% (P<0.05).

Ao X AIHEEH T IR R Sva b 5 R R
W R i 2V, TR EE RS Hh s i U, S 3305E
JBE ) =4k I 28 548 FUR# o R, SCAP/Alg/Ca™ &
IKEEE ] REFFAE S ERA BEAEF J1 . SDS HA 3%
P, AT AR IR EE e 45 14 vh i) g 7K 2B A5, S 30— 4k
25 Al G5 Y, AE SDS HE N 5% i, SCAP/Alg/
Ca®-1, SCAP/Alg/Ca*"-2 Fll SCAP/Alg/Ca*"-3 ¥ 7%
BRI A (] 3D), 2B SCAP/Alg/Ca*E & 7K

BEBE AT REAEAE G /KA AR 7 o PR, #ED &5
B SERBUKAH BEA/EFH P2 SCAP/Alg/Ca” B &
IKBERTE P E PEEIER -

Kl 4 Je7R T SCAP/Alg/Ca> 52 & /K BEIR I it
FERE K., 5, SCAP £ NaOH & A8 h 4544
PAECIBRGEARY . S INA Alg, BT SCAP 1 Alg
Wiyt H Alg e BAT MR, Wi 2 e 2xim i) &
A G [, 208 R AR 238 sl /K DX, AT
P FELKAH BEAER IR 1% SCAP/Alg 15T
F 1% CaCl, F )G, Alg R FE LT T1b 5 Ca™*
TE RGBS 5k, SRR A S5 e, TR
B SEENEUK AR BAE R ST FEEIE AR T 29l —
YER L5 4540 . B SCAP HJE AN, 14 & RIS EE iy
B AR RGN, ZKEE WL 2T TR 22 1022 HK 54, PTNTTE
S INESC P BE IS PR 265 4544 o

/" N——~SCAP~""~ Alg BKA EAE R

K14 SCAP/Alg/Ca™ &5 /KEERIE R =l
Fig4 Schematic illustration of SCAP/Alg/Ca*" composite
hydrogel formation

Ca2+ = /ﬁ%

2.4 SCAP/Alg/Ca® 8 &7KEEFK

SCAP/Alg/Ca**-1 . SCAP/Alg/Ca*>"-2 FISCAP/Alg/
Ca®"-3 MUK J143 51N 75.09% . 85.80% #l 87.32%
(El 5). B##E SCAP WREEMIBIIN, 52 A /KEE K 71
W IR (P<0.05) . —J7 I, X " Hef& H T SCAP
VAR AN, 7K B eSS IDR B2 4 i, T2l B 3808 1) P 2%
2844, T LA A Hb B K 430 5 — 7 T, SCAP & f
FE YRR LA (-OH ., -COOH), AT 3 i S A FH 4%
GRS T, PR A KBRS K F1P0

100 1
80 b

60 1

Rk 1 (%)

40 4

20 1

0+
SCAP/Alg/Ca**-1 SCAP/Alg/Ca**-2 SCAP/Alg/Ca*-3

&l 5 SCAP/Alg/Ca® 84 /KEERA K 11
Fig.5 Water holding capacity of SCAP/Alg/Ca®" composite
hydrogels
TE: AR/ NG R A K ) 28 5 .35 (P<0.05) .

2.5 SCAP/Alg/Ca* 8 A7KEERRK M

Kl 6A i SCAP/Alg/Ca> 5 & 7K EE I 1 %5 1K
THOL . TERRTESSAE R, SCAP/Alg/Ca®*-1, SCAP/Alg/
Ca?"-2 il SCAP/Alg/Ca*"-3 BIIEAKFR S5 0.84% .
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1.95% FN 3.08%; 1M 7E AP 5547 T, 1% Bk =350 51 ok
9.58%. 23.58% Fl1 45.56%. T HJ SCAP/Alg/Ca*"
G KREEEE KGN E 6B s . 7E pH D 1.2 Fi
7.4 I}, SCAP/Alg/Ca®"-3 R 1 H B v HOIR IK 3, 4
Bk 1677.55% FN 2479.82%, Tk LS54 SCAP/Alg/
Ca>-1.SCAP/Alg/Ca*"-2 Fll SCAP/Alg/Ca**-3 Ak
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