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Abstract: Gelatin is a natural polypeptide obtained by the partial hydrolysis of collagen, exhibiting excellent
biocompatibility, degradability, and cell adhesion. In addition to having a high water content and structural
tunability, gelatin hydrogels also inherit the biological benefits of gelatin, indicating a wide range of potential
applications in the biomedical industry. Its load-bearing capacity and long-term applications are, however,
limited by its intrinsic mechanical weakness, which is exacerbated by complex functional requirements.
Researchers have put forth a range of reinforcement techniques, such as crosslinking regulation, structural
design, and composite strategies, in recent years with an emphasis on performance optimization and
application expansion. These techniques have further encouraged the use of gelatin hydrogels in industries
like tissue repair, drug delivery, and bioelectronics. This review systematically summarizes the design
concepts and performance optimization methods for enhancing the mechanical strength of gelatin hydrogels,
sets out their most recent application progress, and discusses the key challenges and future directions in
order to provide references for future research and clinical translation.
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Figure 1 (a) Classification schematic of core strategies for mechanical strength enhancement of gelatin hydrogel; (b) Schematic

representation of biomedical applications of gelatin hydrogels
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Figure 2 (a) Reaction of gelatin and methacrylic anhydride for grafting of methacryloyl substitution groups. The modification
occurs at primary amine and hydroxyl groups. The RGD domains are illustrated as red segments along the GelMA chains, and
their chemical structure is depicted within the inset. (b) Representative reactions during the photocrosslinking of GelMA to form
hydrogel networks. Free radicals are generated from photoinitiators, which initiate the chain polymerization of the methacryloyl
substitutions. Propagation occurs between methacryloyl groups located on the same chain and on different chains. Termination
occurs between two propagating chains or between one propagating chain and a second radical (Reprinted with permission from
Ref. [38]; Copyright (2015) Elsevier)
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Figure 3 Schematic of EKGelMA preparation: Step 1 shows hydrogel formation with imine crosslinking between a-CNCs

and GelMA within the fibers, unreacted methacryloyl groups of GelMA are not shown; Step 2 shows additional intrafibrillar

photocrosslinking between GelMA molecules. The dimensions of a-CNCs and GelMA are not to scale (Reprinted with permission

from Ref. [34]; Copyright (2023) John Wiley and Sons)
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Figure 4 (A) Pictures of the BC, gelatin, and BC+gelatin DN gels: (a) before compression, (b) during compression, and (c)

after 10 min compression; (d) scanning electron microscopy images of the stratified structure of the BC and BC+gelatin DN gels;

(e) wide-angle X-ray diffraction patterns of the BC, gelatin, and BC+gelatin DN gels. (B) Compressive and (C) elongational

stresststrain curves of BC+ gelatin DN, gelatin, and BC gels (Reprinted with permission from Ref. [31]; Copyright (2024) John

Wiley and Sons)
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Figure 5 Structural characteristics of CNTePG scaffolds: (a) Schematic of the interactions of CNTs with PG scaffold upon
cross-linking with EDC/NHS; (b), (c) SEM images of uncrosslinked 1.5% CNTePG scatfold; (d) Representative TEM image of 1.5%
CNTePG confirming the well dispersion of CNTs (arrow) aligned along the nanofiber axis; (¢) Raman spectra of the CNTs and
CNTePG scaffolds (Reprinted with permission from Ref. [56]; Copyright (2014) Elsevier)
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Figure 6 Strengthening mechanisms of gelatin-ammonium sulfate hydrogels (Reprinted with permission from Ref. [30]; Copyright

(2018) John Wiley and Sons)
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Figure 7 Schematic illustration of the gelatin gel fabricated from (a) direct blending and (b) post-treatment (Reprinted with

permission from Ref. [66]; Copyright (2024) John Wiley and Sons)
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Figure 8 The design concept of SALT: (a) schematic illustration of dragline spider silk spinning process; (b) scheme of gelatin

hydrogel during SALT processing (Reprinted with permission from Ref. [36]; Copyright (2024) John Wiley and Sons)
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9 B K I AE A AR ) 5 b AR R R R < (a) B RS /DMA(Gel/DMA)AE W) FE G /KB IR TE B A R 7 1
BL I GelMA 5 DMA TR A 15 1 1A 58 B s 25 P« 7 (S Ay 3 325 W Gel DML A W 3 £ 7K B 5 R AR A1 Sy AW ) (2023
John Wiley and Sons AL FF 1 ); (b)4HK 5 E 7K M il 46 3o A2 FA) 7o 25 1B 5 322 59 FEL 7 6 Bl B8 (TE M) PR S s e IR 56 290 K R 1
JUSF s K A KA T AR Sk (225 ) PR MRS B 1 S K 514 B (2014 Ameerican Chemical Society AL
VFRD) ;s (o) 6 i R S0 S BB R K g 2 10 45 AL 9 1 25 5 g B I 1 A 7 %€ (2019 Springer Nature fRALVF AT

Figure 9 Applications of gelatin-based hydrogels in tissue adhesives and hemostats: (a) Schematic of the chemical reaction
for Gel/DMA bioadhesive hydrogel formation and photocrosslinking of GeIMA and DMA prepolymer solution. Left panel is the
visual observation of highly transparent Gel/DMA bioadhesive hydrogel and natural cornea (Reprinted with permission from
Ref. [83]; Copyright (2023) John Wiley and Sons); (b) Schematic showing the preparation of the nanocomposite gels; The TEM
image shows the size of the silicate nanoparticle; Images showing injection of nanocomposite hydrogel through a surgical needle
(22 gauge) and recovery to form freestanding structures (Reprinted with permission from Ref. [84]; Copyright (2014) American
Chemical Society); (c) Constituent chemical structures and a schematic diagram illustrating the formation of the photo-triggered

imine-crosslinked matrix hydrogel (Reprinted with permission from Ref. [86]; Copyright (2019) Springer Nature)

KB, Befe SEBLIE MM ARG, BUEREiK  BEWRA MRt 3EFBEE A i cGMP/PKG-
(SR TR R I (P S HE - T WL - LR ) Wnt/Ca® {5 S il i, LUK 38 i 4 8 gl O (2 i o
THIE G ER NG, BEW RIF AU TR BT RIGTDEA.

TR A o X0 S5 A8 B0 B v ] B[] 410 6l k8 2R X TR PR AL I SRR M A B Tk, T
HEH F--a(TNF-a) /1 3 (1) 28 S0 B, M e M2 5 B R A8 1) 01 T V2 R BE A2 1 1P 1) T T RS 100355 1A



112 [ M R I 2026 4F

10 R EL KB AE AL TR IS : ()8R K PEPLD 5 25 K PEGelMAVR & iR Ja Vi |5 3 70 AH TE BOWZ 4544, 280
BE I 5 15 B A P UUZ B (BDMs) s 124 49 %02 BEELAT 588 LTI 485 45 7 A0 5 OO AL SR I S L 307 10 S 3 ¥ 3 i R 1T (2024
American Association for the Advancement of Science AT 1T ); (b)FH T-3DHT EI il £ %5 24 52 2 (1) i o 145 B e Ak e e 7812025
John Wiley and Sons FRALZFAT); (¢) HPC/K BB A EE ML (7% 2 100, (d) HPCK s e R 2 Bt s U 9%0(2021 American
Association for the Advancement of Science A1)

Figure 10 Applications of gelatin-based hydrogels in tissue engineering: (a) The hydrophobic PLD and hydrophilic GeIMA
quickly autophase into bilayered structure after mixing and spraying, forming the BDMs after photocrosslinking with strong
interfacial bonding, robust tissue adhesion, and excellent adaptation to joint movement (Reprinted with permission from Ref. [88];
Copyright (2024) American Association for the Advancement of Science); (b) A high-strength gelatin hydrogel designed for 3D
printing to fabricate drug-loaded scaffolds (Reprinted with permission from Ref. [78]; Copyright (2025) John Wiley and Sons);
(c) Schematic illustration of mechanisms for HPC hydrogel construction''?”); (d) Photographs showing rapid gelation of the HPC
hydrogel within 1 s (Reprinted with permission from Ref. [100]; Copyright (2021) Association for the Advancement of Science)
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Wiley and Sons ALY A])

Figure 11 Applications of gelatin-based hydrogels in drug delivery system: (a) The preparation of liposomes loaded with
PTH (1-34) (Lipo@PTH (1-34)) and GGA@Lipo@PTH (1-34) (GLP) hydrogel (Reprinted with permission from Ref. [112];
Copyright (2023) Springer Nature); (b) Schematic of the GeIMA MNs for sustained drug delivery (Reprinted with permission

from Ref. [117]; Copyright (2018) John Wiley and Sons)

AR TR A A 0 I Y VRO I P A B

SR, BB 7K B R 2 75 23 S A s f i A
T, PRI T AT 5 S AL A% B A T AR e
PR I . O T 5 i B R K R R R E A R
155 2% 1 A B IS 1R I 7K ) B, Baumgartner 2 %)
K H I AR R 2 BGR ROR T 70 38 4 T A R A
o HMRHE = IR A AF 392 K E ML BE
iR Fefa e, A BB R EETT OR8N ek H
B — PR 7 A3 O H R AR . N R BE B 55
FI A P AR i B S U A ). [RIRE L, Song %5 11
o i H B 2 Sl B K A RO R T
T AR K B R LA YR BE 5 4 B R K B e 55 R
4% J& (Galinstan) AH 25 & il B 2 A F20E P 1k
O FH P ) T B R (B 12a) 0 1% T B2 R G AS
FIUIN AT AR T ) 2 T 2R B R4 IS, I HL
A LA S22 6 T3 IRINAE R 50% HIF G ER o

B 1A R AUME BE, WK B Az 5 HL A
W AR R R R T AR AT S . HAT, 2
ot S HLSFOREAIRS 3 1 145 3 FL 4L LR A W]
JREHE e, DA 2 e 1) H I AR B 1E N
I A TP k. Tordi % U203 1o 4 4 J BH B8 152
IR BB IR 8 45 N K/ H il T8 ¥ 7 v AR T A
W X 2%, JfdE— DT TE 1 5 P e Jm B8 1 [ 5L
X T B AT WL/ BRI 28 1 Fi 3 3R g 2 R RE FY)
SN o e T R W AT HLAR R B L e 1
PG B AR AR, Sl B L AT DM L R R AR A%
R I BB, B 05 A RO A S AN A B

B B TR BAT S E WA L B T4
I R (H AR A H 3 R A A 3 SR L R SRR A
Mt es REPEA L. HLLZTN, K3 BIRHE AW
FEA B Jo S LA A LA S T FL



134 RS R K BT 7t it e 117

12 W /KU A TE BRI Mk v v A L - () W P A P e — 10 42 JR (GB-LIM) SZ 45 5% A 1 8t 1 ) 451120 (2023 John
Wiley and Sons AL TT): (b) MXene & 4 WK (MCG) A LK I il 4 3o Rt o 2 B 27) (2022 Elsevier iR 1T)

Figure 12 Applications of gelatin-based hydrogels in medical soft electronics: (a) Preparation of GB-LM composite transient
circuits (Reprinted with permission from Ref. [125]; Copyright (2023) John Wiley and Sons); (b) Schematic illustration of the

preparation of the MCG organohydrogel (Reprinted with permission from Ref. [127]; Copyright (2022) Elsevier)
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