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[ Abstract]  Traumatic brain injury (TBI) is a leading global cause of mortality and neurological dysfunction.
Its pathological process involves both primary and secondary injuries. External forces directly cause vascular rupture
and axonal disruption, leading to cerebral hemorrhage and cellular damage; the secondary phase further exacerbates
the injury through mechanisms such as neuroinflammation, neuronal degeneration, and mitochondrial dysfunction.
Current clinical strategies for TBI management include surgery, pharmacological interventions, hyperbaric oxygen

therapy, nutritional support, and hypothermia. While these approaches can alleviate certain symptoms, their efficacy
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in improving long-term neurological outcomes remains limited. Tissue engineering has provided new strategies for TBI

treatment. The application of biomaterials such as hydrogels, electrospun nanofibers, and nanomaterial-based drug

delivery systems can create biomimetic microenvironments, overcome the delivery limitations imposed by the blood-

brain barrier, and enable coordinated multilevel neural repair. This review aims to summarize recent advances in

tissue engineering strategies for TBI treatment, analyze their therapeutic effects and underlying mechanisms, and

propose new directions for future research.
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Table 1 Conventional therapeutic strategies for TBI

RIT RS
Strategy

BB S H Y

Core mechanism & purpose

BT EE I
Key clinical profile

:F‘*‘Jﬁﬁ[m'wi”:

Surgical intervention

BT
Hyperbaric oxygen therapy

ARy

Pharmacotherapy
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Rapidly relieves intracranial hypertension and
mass effect (e. g, hematoma evacuation,
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(e. g., creatine, -3 fatty acids) to support
neural repair and anti-inflammation.
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Table 2 Application of hydrogel delivery systems in TBI therapy
TR it T L

Primary cargo Core therapeutic mechanism

16 S LG5 B, 400 6 ol 22 A, e E 22

IKEEK R BT
Hydrogel system
MPDA@ DEX @ gel & & 7K

PSi IR

Key targets

, HBFEKHA (DEX s

BRI FAHA(DEX) JCAFI 1 Occludin, ZO-1, Claudin-5; | Iba-1,
Dexamethasone . L o .

MPDA@ DEX@ gel composite (DEX) Repairs BBB, inhibits neuroinflammation, CD16/CD32

hydrogel ’ promotes neuronal survival

HA/Gel/SAB/VEGF E & 7K VEGF Ml F} & % B

HE SAB R 53F 1 4% A= B
eI (SAB) - ek E'.éliﬁli ' 1 CD3L, a-SMA
HA/Gel/SAB/VEGF VEGF and salvianic Promotes angiogenesis

composite hydrogel acid B (SAB)
BRI Lz o (i e
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neural repair
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] TNF-o/ TL-6 3 % , 23 DI RE VRS
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TM/Dap hydrogel

i %5 & (Dap)

) neuroinflammation ,
Daphnetin ( Dap)
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functional scores.

P2 T 41 (NSCs)

SelMA/ Alg 7K B 3 41 %
GelMA/Alg K %'ﬂ@lz*n Neural  stem  cells _ 1 NeuN, DCX; | Ihal, GFAP
GelMA/Alg hydrogel scaffold (NSCs) Prevents  cell ~ washout, provides
i neuroprotection, inhibits inflammation
M ) 58 5T T 40 i
IR ZER RS (hUC-MSCs) P53 T A Ak i 2 o0 Ko 2k R
. ‘ . .. . L ) TR &k
Multi-domain peptide hydrogel Human umbilical cord Induces differentiation into functional

Promotes neural differentiation.

mesenchymal stem neurons and neurospheres

cells (hUC-MSCs)
GalOx/HRP W i 22 Bk 7K 8 1] 55 B+ 40 i
B ( BMSCs)
GalOx/HRP  dual-enzyme  Bone marrow mesenchy-
crosslinked hydrogel mal stem cells (BMSCs)

with sustained release

Pt/ INBE AR IR M2 BT R AU AL

Promotes microglial polarization toward T Argl (M2); | iNOS (M)

anti-inflammatory M2 phenotype

BGA @ GelMA & & JK A Mt 2 7 & 4 ML featorfb o him w200, /Al i 22 i

Mzl AR SRAE , s B U e

™ (hNPCs) L . L
. L . . Neural differentiation , reduces
BGA @ GelMA composite Human neural precursor Promotes differentiation into  cortical . . .
. . . inflammation, improves motor function.
hydrogel cells (hNPCs) interneurons, rebuilds neurovascular unit
T Tuj-1/NeuN/ChAT ( # £ ),
BMSC 2 5 4h W & B B, B RME 2/, T CD31/AQP-4/a-SMA (Il & ),

DHC-BME & & 7/K#E ) (BME)
DHC-BME composite hydrogel BMSC-derived
exosomes ( BME)

oL
Sustained exosome release; synergistically

promotes neuro-/vasculo-/axono-genesis

1 PSD95/SYN (#ghze)
1 Tuj-1/NeuN/ChAT  ( neural ),
1 CD31/AQP-4/a-SMA  ( vascular ) ,

1 PSD95/SYN (axonal)

Exo-dECM & A7KBERT MR EMEsNL & PR GRS BTN, A A A A
Exo-dECM Neuron- Modulates  immunity,  inhibits  glial | CD68, GFAP; T CD206, MBP

composite hydrogel derived exosomes scarring, promotes remyelination

1 : MPDA@ DEX@ gel : Z2# 5L 5T % $71 2B FE R AR 10040 £L 2R 25 10 e 499 K 0L ; TM/ Dap . = 38 T il SR I BR TR/ B 7 R ; GelMA/ Alg: B
H LDV R/ 4 R4 ; GalOx/ HRP ; P ZLIE A (L BEAHUR T SA (LW ; BGA@ GelMA ; TR IR I 22 75 % P 1 IS o A B R o 22
E IR T 5 PR AR A4 H BT AR A R ; DHC-BME ; 67 280 B B 17 78 5 T 40 B ke I A0 A% 14 325 W B0 19 — JBE L Exxo-d ECML ; /1 K — i
ML, TARFEERE A | AURERTA,

Note. MPDA@ DEX@ gel, A polysaccharide matrix and dexamethasone-loaded mesoporous polydopamine nanoparticle. TM/Dap, Tripolycerol

monostearates/daphnetin. GelMA/Alg, Gelatin methacrylate/sodium alginate. GalOx/HRP, Galactose oxidase and horseradish peroxidase.
BGA@ GelMA, Bioactive glass nanoparticles incorporated gelatin methacryloyl. DHC-BME, Dual-component hyaluronan-collagen hydrogel
loaded with bone marrow mesenchymal stem cell-derived exosomes. Exo-dECM, Exosome-loaded decellularized extracellular matrix.

1 indicates upregulation. | indicates downregulation.

KA E v, PR A T BT SRS, NI 7R BRI S R PR A R A BB, LUK BRI N
FWIE TBL MR, SR SNIMALER N SR S EGE BR R IR, O TBI & 465 5 s
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