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1. Introduction

Spinal cord injury (SCI) represents a major challenge in mod-
ern medicine due to its complex pathophysiology and inher-
ently limited endogenous repair capacity. Primary physical 
damage rapidly triggers a cascade of complex secondary in-
juries, including severe inflammatory responses, disruption 
of the blood–spinal cord barrier, demyelination, formation 
of fibrotic and glial scars, and extensive expression of inhib-
itory molecules. Collectively, these processes establish a pro-
foundly inhibitory microenvironment detrimental to nerve 
regeneration.[1]

Over the past decade (2015–2025), bionic biomaterial strat-
egies targeting the complex spinal cord microenvironment have 
achieved significant breakthroughs in SCI repair (Figure 1). 
The core strategy of these materials has evolved beyond mere 

physical filling; they now actively regulate the postinjury patho-
logical microenvironment by mimicking the physical, chemical, 
and biological characteristics of healthy spinal cord tissue. This 
approach “induces” endogenous or exogenous cells to achieve 
nerve regeneration and functional reconstruction, thereby cre-
ating a regenerative microenvironment conducive to nerve 
regeneration.[2]

2. Types and design of biomimetic materials for 
spinal cord microenvironment

Biomimetic materials facilitate nerve regeneration by em-
ulating the composition and structure of the extracellular 
matrix (ECM), such as collagen, laminin, and fibronectin. 
An ideal biomimetic material should match the mechanical 
properties, degradation rate, and pore structure of native spi-
nal cord tissue to promote cell migration, proliferation, and 
differentiation.[3]

2.1 Natural biomaterials

Collagen, a primary ECM component, bridges SCI gaps and 
promotes axon regeneration. Hyaluronic acid, a key constit-
uent of the central nervous system, provides an appropriate 
microenvironment for neural stem cells via derivatives like hy-
aluronic acid-methyl methacrylate hydrogel. Chitosan exhib-
its antibacterial and wound-healing properties. Cross-linked 
chitosan hydrogels demonstrate efficacy in reducing glial scar 
formation and promoting neural functional recovery in SCI 
models.[4]

2.2 Synthetic polymers and composite materials

Poly(lactic-co-glycolic acid) offers controllable degradation 
rates and excellent mechanical properties. Polycaprolactone’s 
slow degradation profile makes it suitable for long-term 
nerve regeneration applications. Several polymer-based bio-
mimetic products have advanced to clinical trials. Natural- 
synthetic hybrid materials, combining the bioactivity of natural 
components with the mechanical strength of synthetics, are 
also employed for spinal microenvironment reconstruction. 
Furthermore, functionalized nanomaterials like graphene,  
nano-hydroxyapatite, and carbon nanotubes enhance neural 
signal transmission and regulate neuroimmune balance follow-
ing modification.[5]
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3. Integration of active factors and cells

Controlled-release systems for neurotrophic factors—such as 
brain-derived neurotrophic factor (BDNF), neurotrophin-3 (NT-
3), and nerve growth factor—provide sustained growth signals 
to the injury site, promoting nerve regeneration. Delivering cy-
tokines, chemokines (eg, interleukin family), and regenerative 
factors via material carriers modulates postinjury inflammatory 
responses and tissue repair processes.[6] Microenvironmental bio-
mimetic scaffolds also provide a three-dimensional (3D) culture 
environment for cells. Seed cells—including neural stem cells, 
umbilical cord stem cells, and Schwann cells—engage in nerve re-
generation through synergistic interactions with these scaffolds.[7]

4. Core application strategies and progress

Biomimetic microenvironmental materials actively regulate the 
damaged microenvironment by replicating physical, chemical, 
and biological signals from healthy spinal cord tissue, thereby 
supporting nerve regeneration.

4.1 Bionic physical topological structure

Techniques like electrospinning, magnetic field induction, and 3D 
printing fabricate scaffolds with micro/nanoscale-oriented struc-
tures (eg, aligned nanofibers, microchannel hydrogels) that simu-
late the directionality of nerve fiber bundles in spinal cord white 
matter. These scaffolds provide “tracks” for regenerating axons, 
guiding them across the injury site to achieve functional neural 
circuit reconnection. They also deliver contact guidance cues, pro-
moting the long-distance, directional extension of host and trans-
planted neurons/neural precursor cells across the injury scar.[8]

4.2 Regulation of the immune microenvironment

Materials with immunomodulatory functions, such as 
those loaded with M2-type macrophage-inducing factors or 

antifibrotic drugs or those that regulate the phenotype of mi-
croglia/macrophages by utilizing their own physicochemical 
properties (such as surface chemistry, stiffness)[9] inhibit the ac-
tivation of proinflammatory (M1 type) macrophages, promote 
the polarization of anti-inflammatory/repair (M2 type) macro-
phages, inhibit the excessive activation of pericytes, fibroblasts, 
and astrocytes to form dense scars, and create a more permissive 
environment for regeneration.[10]

4.3 Reconstruction of the nutritional microenvironment

Carriers like intelligent hydrogels, microspheres, and nanoparti-
cles enable sustained, gradient, or on-demand release of neuro-
trophic factors (eg, BDNF, NT-3, glial cell-derived neurotrophic 
factor [GDNF]) and axon guidance molecules (eg, Netrin-1, son-
ic hedgehog   [Shh] signaling molecule) at the injury site. This 
provides essential bioactive signals for neuronal survival, axonal 
growth, and angiogenesis while regulating inflammation, mitigat-
ing secondary damage, and guiding precise axonal targeting.[11]

4.4 Conductive and electroactive materials: restoring 
neural signal conduction

Conductive scaffolds or coatings constructed from conductive 
polymers (eg, polypyrrole, polyaniline), graphene, or carbon 
nanotubes bridge disrupted neural pathways to restore signal 
conduction. Exogenous electrical stimulation further enhances 
neuronal differentiation, axonal growth, and synaptogenesis.[12]

5. Future research prospects

5.1 Multifunctional integration and intelligence

Given the limited efficacy of single strategies, future biomateri-
als will be highly integrated platforms capable of simultaneous 
structural guidance, immune regulation, temporally controlled 
multifactor release, and electrical signal conduction within a 
single system. Self-assembling smart materials that trigger drug 
release or structural changes in response to specific pathological 
signals are under development. Combining biomimetic materi-
als with physical therapies like electrical stimulation, optogenet-
ics, and magnetic field therapy will yield synergistic effects.[13]

5.2 “4D and 5D bioprinting” and spinal cord organoid 
technology

High-precision 3D bioprinting is expected to enable scaffolds 
capable of programmed transformations in both spatial struc-
ture (3D) and time (4D). Advancements in functional dimen-
sion or free-form surface manipulation (5D) will facilitate full 
life-cycle design, allowing precise simulation of the spinal cord’s 
dynamic injury-repair process. Scaffolds could initially feature 
dense structures to suppress inflammation, later transitioning 
to larger pores promoting cell infiltration and axonal growth. 
A 4D-designed shape-memory hydrogel scaffold transforms 
from a linear structure into a spiral configuration triggered 
by body temperature, conforming closely to the injury cavity 
and providing axially aligned guidance to promote axonal re-
generation. Simultaneously, such scaffolds can be loaded with 
mesenchymal stem cells via microfluidic printing, enabling their 
targeted differentiation into neuron-like cells under reactive 
oxygen species (ROS) stimulation, thereby achieving a closed-
loop “sensing-response-repair” system. Spinal cord organoids 

Figure 1.  Over the past decade (2015–2025), bionic biomaterial strategies 
targeting the complex spinal cord microenvironment have achieved signifi-
cant breakthroughs in SCI repair.
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show great promise as a potential source for cell transplan-
tation. With reliable and scalable cell sources, and containing 
multiple synergistic cell types, transplanted organoid fragments 
can potentially provide replacement neurons, supportive glial 
cells, and scaffold functions to reconstruct the microenviron-
ment simultaneously, offering greater integrative potential than 
single-cell-type transplants. Furthermore, spinal cord organ-
oids provide a novel platform for drug discovery and toxicity 
testing in an environment more closely resembling the human 
body. Using patient-specific induced pluripotent stem cells 
(iPSC)-derived spinal cord organoids, disease-in-a-dish mod-
els can be established to simulate pathological changes under 
specific genetic backgrounds or injury conditions, enabling 
high-throughput screening of candidate drugs that promote 
neuroprotection, axon regeneration, myelin repair, or inhibit 
glial scar formation.[14]

5.3 Integration of stem cell therapy and genetic 
engineering

Biomedical materials will serve as advanced cell delivery vehi-
cles and “in vitro stem cell niches.” Material optimization will 
enable precise control over stem cell fate (survival, differentia-
tion, integration). Coupled with gene editing (eg, clustered regu-
larly interspaced short palindromic repeats [CRISPR]), silencing 
intrinsic inhibitory genes or enhancing pro-growth gene ex-
pression during cell delivery will significantly boost therapeutic 
potential.[15]

5.4 Collaborative reconstruction of the Neuro-Immune-
Vascular network

Future research will emphasize synergistic interactions between 
neural regeneration, immune modulation, and vascular regen-
eration. Designing biomaterials that concurrently promote 
vascular regeneration (nutrient supply) and lymphatic vessel 
regeneration (clearance of metabolic waste and inflammatory 
factors) is crucial for establishing a truly healthy regenerative 
microenvironment.[16] Future material designs must increasingly 
address clinical requirements, including biodegradability, long-
term biocompatibility, scalable manufacturing, personalized 
integration protocols, and surgical compatibility. Concurrently, 
developing more precise noninvasive imaging technologies to 
track material dynamics and repair efficacy in vivo is essential 
for clinical translation.
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