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Abstract

In recent years, collagen derived from tilapia skin has attracted increasing attention in the fields of
biomaterials and tissue engineering; however, its poor mechanical properties severely limit its prac-
tical application. To improve the structural and mechanical performance of the collagen fibrillar hy-
drogel, different concentrations of genipin were introduced for crosslinking modification. The results
showed that the crosslinking degree of the hydrogel was dependent on the genipin concentration, and
the crosslinking reaction reached equilibrium when the genipin concentration reached 8 mM. Atten-
uated total reflectance Fourier transform infrared spectroscopy (ATR-FTIR) and scanning electron
microscopy (SEM) analyses revealed that genipin interacted with collagen fibers through covalent
bonds, leading to densification of the hydrogel network and a reduction in fiber diameter. Further
investigations demonstrated that genipin crosslinking decreased the porosity of the hydrogel while
improving its surface hydrophilicity, mechanical strength, and swelling properties. The maximum
compressive strength of the uncross-linked hydrogel was 23.32 kPa; upon treatment with 6 mM gen-
ipin, the strength increased to 28.14 kPa (a relative increase of 20.58%) and subsequently plateaued.
The water retention rate of the uncross-linked hydrogel was 281.97%, whereas after cross-linking
with 10 mM genipin, it rose to 1740.31% (an absolute increase of 1458.34 percentage points, corre-
sponding to a relative increase of 517.20%). This study provides a solid experimental basis for im-
proving the properties of aquatic collagen-based biomaterials.
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RIE R A A N & B ER . iR IZEREA, Q05 N NMEREAFUSRER 30% [1]. AL
NAETZIRBEEHN, M= AT L TR 2 INGE RSO . ML T AR E S, KRR EA
PR N 8 SR U/ TR BRI S0 i 32 B LR . FRE T L KK 2 AR IR A AN T &
XK, WHEEPERE AR Y. AT 70% 0L LRI E A, 5 AR 2780 R AT
PRI SIS G, 10 HL AT DN BR 2GR i ST ML SR JEORE MTT Bl 0 Bl A2 J2 J B 1 R AR 2]

B AR R R ) > TAT N (3] FEEMEA, RIED Tl sKIER . . BT Es
TR EAE ] B AL B eT 4, et gt — 0 RIS LT 4ECR) - AEARSE, SIS A 2%
RS T AT LSEEL AL, TR SR AT KBS, SRIBT BCM S5H4[4]. SR T iR SR T A RTS8 A7
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441 P B (SEM) A SR U 4 S 514 LI AR e 21 Rt 1% (ATR-FTIR) S5 70 M /K BEIR O 25 K A2 Ak s It — 0 i
FOKBERIFLIR R . KA A . HUBPERERIEIKTE, G W50 e Fxf B 4R SR - 4 AR 45 A A0k

DOI: 10.12677/0jfr.2026.132021 184 IKFERE AT


https://doi.org/10.12677/ojfr.2026.132021
http://creativecommons.org/licenses/by/4.0/

EUNCEIE

REMISEN, 9t BB IR EFESE AR M PDRHI T SR P R B ERR et 5 2%
2. SRBRMRATTE
2.1. MR EEERH

DR, JTARAPRINT) s AN, JOKORE. KB . SAeH, EZR R AR A R A
Al BARRE AN, BERR AN, LR M AENREAIRAE HEAR(1:10,000), JLREEEREH
IRA®; wer, Lz EEMBHAERAF.

2.2. EE{UH

FEUEA R E O, CTI4RD IR, H#ERFERIAAERAHR AR BRI, FD5S AL, Jbai4h
MR A BRAR] s kA SO B AR R L ARG, Nicolet 6700 Y, 3% [ Thermo Fisher Scientific 24
Al T REE, JSM-6700F B!, HZA JEOL An]. #filfill &4, SDC2110020 Y, ZRZETT i amks
FAIARAF .

2.3. TEEEREKRENHIE

Bt R RS IR Yan SRR J5VE[6]. K EORAKIEBE TR, BIRL 2 x 2 om MIHUIR. X
EEMAEET 1 mol/L NaOH ¥ H(m:v=1:50), 7E30°C FHiH: 90 min J5, KEZEH 1 AERIET 0.5
mol/L BERRIAE TR H (m:v =1:50), FFAIN 0.5%1 B AN, T 4°CTHHERIN 48 h; HJFIMA NaCl 249K
J£24 0.9 mol/L, #FEI RIS 10,000 rpm A4 B0 30 min, WEDE, EMT 0.5 mol/L BERRET, K
XH 0.02 mol/L NapHPO ¥~ 0.1 mol/L BRI TR AN 2538 F/KiENT, T35 JE 6 iR .

2.4. FRTERI R AT 4R B Bl &

BUEERJE, AT 0.5 mol/L MIBSERVEW, A5 5 40 mM BEER 2 Ml (PBS, pH 7.4)55 A F1R
Ay FRRZRE N SmgmL. BAIE], WA pH7.4 f5, AN+ LA #=mh, 28 C FEERE
12 h 33l JFL B AL AF KR . K BRIE T 0. 2. 4. 6. 8 Fl 10mM e~ P, T 28CFR
¥k 24 h, HEB TKEHERE.

2.5. BRIREAFHERBR YT IR &

JBE S LT AE 7K B 1R A HER P R FH B = BRVE N € - 556, #4 85 mg B =B 15 mg /K& ik J5 Bl = BV
FETE 10 mL ¥ 2-F S B 2, i & el =l . 2805, O 20 mg R TOKERIZ A 10 mL 1) 0.5 M
IR HCHS, £E 90°CAM N 4 min EH TR, WA AIEEIE. KIER. 2 mol/L BAIR -
BE RN 22 P (pH 5.4) FIEfi — i fo (LI SRR A, T 100°C 264 FI#% 15 min, A %15 F 40% L BE R
B, ME 570 nm ARIMROERE . KB AR B A (D) THE .

W
e

A -4
Cross-linking degree = “A % x100% (1)

a

FUHR A, FT Ay 53 3 N A B A AN AT R S5 VA TR AR G B
2.6. FRIEAUEKEIZE ATR-FTIR i

FEF 1 %A A ATR-FTIR St (O R T 4K BEIR#EAT 434, $933E ]y 4000~600 cm ™!,
DRI 4em!, T 64 I, LLETUNE R
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2.7. RIRAHKERE SEM Ef%

IR IR T E/KBER 2 W AL PG, T 10 kV Ik i R il SEM W SEH O R o AR L fi
LR EE 5 FKAFIFLET ) SEM BHRBOREHGE— 9 < 5000), HE5K EGH BEHLIEEL 20 #2588 H s
MR BR4F4E, {8 F Nano Measurer 1.2 I & 47 4 HA2(GE 100 1)),

2.8. RRAHEKERHFLERE

£ 10 mL SR 07, JFREIPE S PTR . K R E R AT 4K B B T B, A
FTERRNCHE, T 25CHAA RSB 10 min, KB T2 R, R5, FHH O ERZE 10mL,
MRER . fa, BHHREE QRERIKES, FREFRRK OB S BEmM . R AKXQ)THHALER:

W, ~ W, =W,

Porosity = 0 x100% (2)

1 3

A Wo A1 W 3 B A TR AN 78385 R RS TR =, W A s SR B KR BT i ) BRI =
2.9. BRIRAFUEKERRKIZEMEAWCA)

Fe R TR SR AT YA IR [ AR 3RO B DA R ER TGI8, SRS KB aik(Z) 5 pl)ig 24
mh AT, A R TN S WCA.

2.10. FRIRAUEKERRZHIHM M RE

KR T TR BOALEL 5 mm/min BN ARH FER BARZ) 20 mm. 540 8 mm (1 E AT IR IR 2T 47K
BERCHEAT IR0, EHENASER] 60%, FRIGN AT - WAL,  Hfi KA I 4 8 B A 7K B ) e 4 o

.
2.11. BRIREFHEK R RB A RE
W TN VR I SR £ 4 /KB RIRLLE 40 mM 1) PBS ¥ (pH 7.4), 7E 37°C AR 24 /M LLIA

FPEMCTET . DU RER IR BT 1 min DIBRERIEK Y, FREFTR. SRJEHRE RS 2R A B AR A B0
B, BL 500 rpm By 5 min, TCRFERL TR . 70 HIIRYE A G4 THE KB VA IR R A ERK R -

W —Ww,
Water absorption ratio = IW % %100% ?3)

0

. . W, -W,
Water retention ratio = ———2x100% 4
0

A Wo BE T KB RR & W AR BNEIK T8 5 KB R & Wa 230 5 KRB A R &2
2.12. G4

FE4H 9256 # A =Yk, {4 F] IBM SPSS Statistics 27 BT EIME « 5 ZEFRZ /347, 18] OriginPro 2023
B . XFFMRASE, R G TE0 20, BRI AT R R EREE.

3. SKBERSIR
3.1. REFR IR HERBREZ IR B HIF T

HUET X R IR 2T 4 AR S IR BE (R P 1 B 50 TR EE IO T i KBRS ISR B ST v e
TRE, SRR /IR T R SR ARG — [ 7], HARUETIREILS] 8 mM KBRS, %2

DOI: 10.12677/0jfr.2026.132021 186 K=


https://doi.org/10.12677/ojfr.2026.132021

EUNCEIE

WREETERIREE, N 71.04%, TRl Rt p-HR =45/WI ik 2 & S0 28 A BRI (67.46%) [8], R HLE
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Figure 1. Effect of genipin on cross-linking degree of collagen fibrillar hydrogel
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Figure 2. Effect of genipin cross-linking on ATR-FTIR spectra of collagen fibrillar hydrogel
2. REFRERXRREFHEKERR ATR-FTIR SEi&AIS/0T

B P A e R AR 4K EEE ATR-FTIR i pysgmanlsl 2. a7 DU H A Jot 45 4 7K e s A7) 2 S0 Ik M
A. B. I. IFIIIEERAAER IS, S5IRIEZEA10]. BEAE 5 PR RIS 10 mM, 7KEERIBEIZ A W5
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3.3. TREF IR B SR AR B R A M S A I R M

AT AT 5 7K B AR DU IR T AT B = eI 8 S5 R (1] 3(A)~(L))o BEHE U T-IRBERIIG N, 4% 45
PSS, W] BER RN RUE 15 B R AT e R] (AN SRRk 1 e SR 21 4[] A r AR ELAR . AT S it
LRAEHES S AN, SRS ANR A [12] 0 (ERBEA 5 TR EEIIE N, L4 (144 EARIZ N (4]
3(a)~(0)e RHAKE LR PIHILF4EBE AL 287.10 nm, M5B TR 10 mM B, LR R4
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Figure 3. Effect of genipin cross-linking on SEM images (A, B, C, D, E, F, G, H, 1, J, K, L) of collagen fibrillar hydrogel and fiber
diameter distribution (a, b, ¢, d, ¢, f). (A, C, E, G, I, K) images at 300 x magnification, (B, D, F, H, J, L) images at 5000 x magnification.
(A, B, and a), (C, D, and b), (E, F, and ¢), (G, H, and d), (I, J, and ¢), and (K, L, and f) correspond to the samples crosslinked with
genipin at concentrations of 0, 2, 4, 6, 8, and 10 mM, respectively
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Figure 4. Effect of genipin cross-linking on porosity of collagen fibrillar hydrogel
Bl 4. REFREKIRIRAHE KRR FLIR RIS
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Figure 5. Effect of genipin cross-linking on WCA of collagen fibrillar hydrogel
B 5. REFREKXTERRLFHKERL WCA RIS

5 BN T BB N B HE 0 7 R R 4 4k /K WCA [ RENA « R AZ B K B ) WCA h 106.69°,
FH R RIGKNE, SRR BHE AT (94.96° )RR 1 (100.30°) R R B[ 14]. & 5T e P8 Bk Ab HE
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Figure 6. Effect of genipin cross-linking on stress-strain curve (A) and compressive strength (B) of collagen fibrillar hydrogel

6. TR IRRAHENRRN S - REHL (A) RELRE (B) B

TR FIHURNE BEXT HAE AR B2 24 A AH 2R TR U N P 28 SR EE 38, DA e o e 4 S 6 DA
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YR HIMG, RAFREEMR AR TS RIR . RIS AREEIR I e KR8 50 5 23.32 kPa; Bl 5 JE P58
R PE T, 2RI, MIRETHESE 10 mM i, KB IBRE 650 T2 31.18 kPa (&
6(B)), IX ISR HH T 41 4 W 25 45 K I 3508 R 3G M DA R FLBR R 1 R R SR B A ERE BT )L
FHE B TIRBR(EGCG) St UF i & 1 I S IR B R IE[17]
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Figure 7. Effect of genipin cross-linking on water absorption (A) and retention ratio (B) of collagen fibrillar hydrogel
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B2 TV I M RE A 7K B e BB DR IR UL B TRV R VRS i 3 1T 4 i SRR R s gt afn, [R5 R0 T4
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Fhim, AKER IR 20 L TG PR, 75 6 mM RHEARIE KAE; MRACRMIERS: BT, 458
PR E 10mM B, AR/K SRR AR R 1 517.20%. X —ZR LA AEIA R T 50 7 51 N ISRk 3E
[ 5 27 4 28 BUCE AR B RN, A BF SRS T AL A5 19]

4. &
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B IR BEIE R 6 mM I, KB I LIR I BE AR S BORE A 1 20.58% (LaXf & im124 4.82 kPa, MRAZHEK
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