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Engineering Topographical Cues to Enhance Neural
Regeneration in Spinal Cord Injury: Overcoming Challenges

and Advancing Therapies

Wei Xu, Fenghui Wang, Joshua Stein, Sigiao Wang, Pengfei Jiang, Letao Yang,*

Liming Cheng,* and Ki-Bum Lee*

Spinal cord injury (SCI) poses significant challenges for regeneration due to a
series of secondary injury mechanisms, including ischemia, oxidative stress,
and neuroinflammation. These pathological processes lead to neuronal
apoptosis and create a microenvironment that hinders neural regeneration.
Recent advancements in tissue engineering have introduced biomaterials that
feature precisely engineered micro- and nanoscale topographical cues,
representing a novel class of therapeutic interventions. These biomimetic
scaffolds are designed to modulate the mechanotransduction pathways of
neural stem cells (NSCs), thereby enhancing neurogenesis and guiding
neuronal differentiation. They also influence essential cellular processes such
as adhesion, cytoskeletal alignment, morphological polarization, and gene
regulation. This review systematically evaluates current strategies for
optimizing topographical designs, emphasizing their role in promoting
neurite outgrowth, axonal guidance, and synaptic reformation. The
mechanisms are elucidated by which scaffold topographies regulate NSC fate
decisions through mechanobiological signaling and interactions with the
extracellular matrix. Additionally, critical barriers are analyzed for clinical
translation, including the precision fabrication of tunable architectures, the
scalability of novel materials, and strategies to mitigate glial scar formation.
By synthesizing interdisciplinary insights from biomaterial science,
neurobiology, and translational medicine, this work aims to provide a
roadmap for developing next-generation topographical scaffolds that address
the pressing clinical need for effective SCI repair.

1. Introduction

Spinal cord injury (SCI) typically results
from physical traumatic events such as mo-
tor vehicle accidents, falls, or sports-related
incidents.l'l Such physical trauma can fur-
ther damage the spinal cord, initiating a cas-
cade of pathological events, often referred to
as secondary injury, within the central ner-
vous system (CNS).[23] The first mechani-
cal injury causes axons, which are lengthy
nerve fibers necessary for transmitting in-
formation between neurons, to be dam-
aged. This results in an instantaneous loss
of communication between the brain and
parts located below the lesion site. This pri-
mary axonal disruption affects various types
of neurons, including motor neurons re-
sponsible for movement, sensory neurons
responsible for sensation, and interneurons
connecting different spinal cord neurons.!*!
The initial injury is followed by various
complex cellular responses, including in-
flammation and cell death, often resulting
in widespread neuronal death.l! Together,
these devastating changes profoundly im-
pair the neural circuitry of the spinal
cord, causing a permanent loss of mo-
tor and sensory functions below the injury
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site and significantly diminishing the affected individual’s quality
of life.l®]

Current treatments for SCI, such as surgical decompres-
sion, anti-inflammatory drugs, hyperbaric oxygen therapy, and
modern rehabilitation, have often yielded limited functional
recovery.”"!!l The compounded effects of primary mechanical
trauma and subsequent secondary injury mechanisms result in
extensive tissue damage characterized by widespread axonal sev-
erance, progressive neuronal death, and severe disruption of
established neural circuits.*'2] While surgical decompression
aims to stabilize the spine and prevent further injury, it can-
not reverse the initial damage.l'3] Anti-inflammatory drugs can
modulate the secondary injury response, but cannot fully pre-
vent neuronal death or promote axonal regeneration.'*!%] Hy-
perbaric oxygen therapy, while potentially beneficial, has yet to
demonstrate consistent efficacy in promoting long-term func-
tional recovery.!*1] Furthermore, rehabilitation, while essen-
tial for maximizing functional capacity, primarily focuses on
compensatory strategies rather than reversing the underlying
neuronal loss and circuit disruption.?*?!] In short, these lim-
itations highlight the pressing need for innovative therapeutic
approaches that can effectively target the fundamental patho-
logical mechanisms of SCI and promote substantial neural
regeneration.

To address these therapeutic limitations in SCI, neural tis-
sue engineering has emerged as a promising approach, employ-
ing innovative biomaterial strategies and advanced engineering
techniques to promote functional recovery after SCL[?2] Specifi-
cally, engineered scaffolds can modulate the physical, chemical,
and biological microenvironments within the injury site, creat-
ing conditions conducive to neural repair and regeneration.[2>-%]
Among various design parameters, topographical features such
as the sizes, shapes, and layout of extracellular matrix (ECM)
have emerged as particularly influential elements that can signif-
icantly impact cellular behavior and tissue response.!2-28] Recent
research has demonstrated a growing interest in understanding
and optimizing specific topographical cues, as these structural
elements can effectively regulate critical biological processes, in-
cluding neural stem cell differentiation, inflammatory responses,
axonal guidance, and synaptic reorganization.[?3!l These con-
trolled modifications ultimately aim to enhance nerve regenera-
tion and facilitate the reconstruction of functional neural circuits
at SCI sites.

To this end, scientists have developed and investigated various
topographical features—varying in size, shape, geometry, and
spatial patterns, from both natural and synthetic ECM—to sys-
tematically elucidate their influence on neural regeneration and
circuit reconstruction, offering promising advances in therapeu-
tic strategies for SCI*>34] (Figure 1). The efficacy of these topo-
graphical designs has been rigorously evaluated through both in
vitro studies, which allow for precise control and detailed mech-
anistic investigations, and in vivo models that better represent
the complex pathophysiological environment of SCLI35-3% Nev-
ertheless, topographical features do not act in isolation; rather,
they function within a broader matrix context that includes ma-
terial composition, biodegradability, and biomechanical charac-
teristics. While this review emphasizes the role of topography in
modulating neural responses, we also acknowledge that scaffold
mechanical properties (e.g., stiffness, tensile strength) and degra-
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dation kinetics may influence cell-material interactions and re-
generative outcomes, particularly in relation to neurite extension
and glial scar modulation.[3640-42]

Despite substantial progress in topography-based design, sev-
eral critical challenges continue to impede successful neural re-
generation at the injury site. These obstacles include persis-
tent severe inflammation, an inhospitable microenvironment for
neural stem cell survival and differentiation, and the formation
of inhibitory glial scars that create both physical and chemical
barriers to axonal regrowth.[***’] Thus, a careful and systematic
approach coordinating structural, mechanical, and biological fac-
tors to these complex, interrelated challenges is essential when de-
veloping effective engineering strategies to restore structure and
function for the damaged spinal cord.

This comprehensive review examines the emerging role of
topographical cues in tissue engineering strategies for treating
spinal cord injury (SCI). We begin by analyzing the complex
pathological cascade following SCI, with particular attention to
both acute and chronic phases of injury progression. Subse-
quently, we provide an in-depth exploration of innovative bioma-
terial approaches that utilize specific topographical features to
modulate the behavior and function of diverse cell populations
involved in SCI pathology, including neurons, astrocytes, oligo-
dendrocytes, and infiltrating immune cells. This systematic anal-
ysis of cell-topology interactions provides a fundamental frame-
work for designing scaffold architectures that can effectively pro-
mote regeneration and functional recovery in injured spinal tis-
sue. Finally, we critically evaluate promising future directions in
this rapidly evolving field, highlighting both the opportunities
and challenges in translating topography-based biomaterial ther-
apies from preclinical models to clinical applications. Through-
out this review, we intend to focus on non-conventional ap-
proaches and identify key parameters that may accelerate the de-
velopment of more effective therapeutic interventions for SCI
patients.

2. Understanding the Pathophysiology of Spinal
Cord Injury and Its Impact on Neural Regeneration

Spinal cord injury (SCI) typically triggers extensive cellular death
and compromises the integrity of the blood-spinal cord barrier
(BSCB), a specialized vascular structure that usually maintains
CNS homeostasis. This barrier disruption leads to the uncon-
trolled infiltration of peripheral immune cells into the normally
immune-privileged spinal cord tissue, initiating a complex in-
flammatory cascade that can exacerbate tissue damage.!**-! This
initial trauma initiates a complex secondary injury cascade char-
acterized by a temporally and spatially coordinated series of
pathological events. These events include acute inflammation,
excessive production of reactive oxygen species and free radicals,
and orchestrated responses from multiple cell populations at and
around the lesion site. The resulting pathophysiological changes
display distinct temporal phases and spatial patterns fundamen-
tal to understanding SCI progression and recovery (Figure 2).
There is currently no universally accepted standard for the clin-
ical staging of spinal cord injury (SCI), but it is generally di-
vided into acute, subacute, intermediate, and chronic phases.[*5!
In our previous work, we employed single-cell sequencing to
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Figure 1. Schematic diagram of spinal cord injury-inspired engineering of topographical cues for neural regeneration.

analyze the temporal molecular pathology of SCI and proposed a
three-phase model that reflects dynamic changes in cellular and
molecular responses over time. Phase I (0-3 days post-injury) is
characterized by a rapid decline in neuronal function, accompa-
nied by robust activation of astrocytes, oligodendrocyte progeni-
tor cells, and microglia, as well as vascular disruption and neu-
trophil infiltration. This phase represents the onset of neuronal
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shock and acute inflammation, highlighting a critical window for
early intervention to mitigate secondary damage. Phase II (3—
14 days post-injury) marks a transitional period, during which
partial recovery occurs across multiple cell types, including neu-
rons. Key features include glial scar formation, endothelial re-
modeling, and sustained immune cell infiltration, events that
may be amenable to therapies aimed at enhancing regeneration.
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Figure 2. Illustration of the pathological changes and neurogenesis following spinal cord injury (SCI). After SCI, neural stem cells, astrocytes, and
oligodendrocytes activate in response to inflammatory factors, undergoing temporally regulated changes with varied outcomes. A) Cellular and molecular
pathology evolve over time and space post-SCI. Adapted with permission.[] Copyright 2022, Nature Publishing Group. B) Ependymal cells, astrocytes,
and oligodendrocyte progenitors proliferate, contributing to new glial cells. Tracking their proliferation and distribution highlights their distinct roles in
tissue repair and spinal cord regeneration. Adapted with permission.[8'] Copyright 2010, Cell Press.

Phase III (beyond 14 days) involves a second wave of microglial
activation, progressive loss of neuronal and glial populations,
and persistent inflammation, signaling a shift toward chronic
degeneration in the absence of targeted therapeutic strategies!®]
(Table 1). Throughout these stages, the expression profiles of spe-
cific biomarkers are closely linked to clinical outcomes. Favorable
recovery is associated with reduced levels of pro-inflammatory cy-
tokines (IL-6, IL-8, MCP-1), structural damage markers (GFAP,
S100p, Tau), and matrix metalloproteinases (MMPs).%] In con-
trast, elevated levels of neurotrophic factors (BDNF, GDNF, NGF,
NT-3, NT-4/5) and myelin-associated proteins such as MBP cor-
relate with enhanced regenerative capacity and improved func-
tional recovery.**! These observations underscore the therapeu-
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tic potential of early modulation of inflammation and sustained
neurotrophic support to promote long-term recovery following
SCIL.

Within this complex microenvironment, specific cell
populations—including reactive astrocytes, activated microglia,
infiltrating immune cells, and surviving neurons—interact
dynamically to influence the injury outcome.*>%] Hence, a
comprehensive understanding of these temporal and spatial
dynamics is essential for designing and implementing effective
topographical features in biomaterial scaffolds to strategically
facilitate SCI repair. This understanding must encompass the
intricate relationship between neural regenerative processes and
the behavior of diverse immune cell subsets.
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Table 1. Spinal cord injury phases and key pathological events.
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Data source and key events

Time post-SCl and injury phases

0-2h 2h-2d 2d-2w 2w-6M >6M
Anjum et al. 202014] immediate early acute subacute intermediate chronic
Bennett et al. 2024[°2] immediate acute acute intermediate chronic
Single-cell resolution 0-4h 4h-3d 3d-2w 2-7w
Studyl®] (Phase 1) (Phase 1) (Phase 1) (Phase 111y
immediate early acute a) late acute a) late subacute
b) early subacute b) intermediate
Key Events spinal shock a) initiation of astroglia scar lesion stabilization

b) BSB repair
c) Resolution of edema

In the following sections, we will examine the roles of various
cell types, particularly neural and immune cells involved in spinal
cord injury and regeneration (Table 2), and discuss how specific
topographical features can modulate the behavior of these cells to
enhance the design and efficacy of biomaterial-based therapies.

2.1. Cellular Dynamics in Neural Repair: Interactions Among
Stem Cells, Astrocytes, and Oligodendrocytes

NSCs, astrocytes, and oligodendrocytes are crucial for nerve re-
generation and neural circuit reconstruction post-spinal cord
injury. In the postnatal and adult stages, specific populations
of neural stem cells (NSCs) persist in designated neurogenic
niches. In adult mammals, neurogenesis primarily occurs in the
subependymal zone of the lateral ventricle wall and the sub-
granular zone of the hippocampus.[#2#3] Studies have demon-
strated that the adult spinal cord contains distinct populations
of neural stem and progenitor cells, specifically neural progen-
itor cells (NPCs) and endogenous NSCs (eNSCs), which reside
within the specialized ependymal region surrounding the cen-
tral canal. This region is characterized by unique topographical
features and highly organized cellular niches that maintain stem
cell quiescence and regulate their proliferative and differentiation
capacities under physiological conditions.[®#+85] The architec-
tural organization of this specialized microenvironment, includ-
ing its distinct extracellular matrix (ECM) composition and 3D
spatial arrangements, provides critical biophysical and biochem-
ical cues that help maintain the stem cell population’s regener-
ative potential. Following SCI, these cells become activated, mi-
grate to the injury site, and differentiate primarily into astrocytes
and oligodendrocytes.[%081:886] The adult spinal cord ependyma
acts as a latent stem cell niche that, upon activation, contributes
to glial scar formation.®] Thus, modifying the neural stem cell
niche is crucial for guiding endogenous neural stem cell differ-
entiation and regulating the development of glial scars.

At the same time, astrocytes serve as the predominant sup-
portive cells in the nervous system, supplying metabolites essen-
tial for maintaining neuronal homeostasis.®”) After SCI, astro-
cytes become activated and transition into a diverse population of
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reactive astrocytes.®8! Transcriptome analysis identifies two key
subtypes: neurotoxic subtype Al, due to NF-xB activation, and
neuroprotective subtype A2, driven by STAT3 activation.[>62-648%]
Microglial interactions significantly influence the differentiation
and development of specific astrocyte phenotypes. Activated mi-
croglia release TNFa, IL-1a, and Clq, which drive astrocytes to
polarize into the A1 subtype.[5#89%] A1 astrocytes lose their sup-
portive roles in promoting neuronal survival, outgrowth, synap-
togenesis, and phagocytosis and instead contribute to the death of
neurons and oligodendrocytes.[®?] Consequently, controlling mi-
croglial activation and astrocyte polarization is essential for min-
imizing glial scar formation, preserving neuronal homeostasis,
and promoting tissue repair after injury.

In addition to NPCs and eNSCs, endogenous oligodendrocyte
precursor cells (OPCs) play a crucial role in spinal cord repair.®!!
These cells, residing throughout the white matter and central
canal, are activated in response to SCI and migrate to the lesion
site. Upon activation, OPCs proliferate and differentiate into new
oligodendrocytes, which are responsible for myelinating axons in
the central nervous system.’*® Interestingly, after SCI, OPCs
can also differentiate into Schwann cells, the myelinating cells
of the peripheral nervous system, contributing to a unique re-
generative response.l*>?29] This process is regulated by a com-
plex interplay of signaling pathways, including PDGF, FGF, and
Notch, and is influenced by various growth factors and cytokines
present in the injured microenvironment.***®) While OPCs con-
tribute to remyelination and functional recovery, they also af-
fect the formation of the astrocytic scar, secreting factors that
can modulate astrocyte activity.®®! Furthermore, the generation
of new oligodendrocytes often depends on a pro-inflammatory
response to degrade myelin debris, highlighting the complex in-
terplay between inflammation and remyelination.[®!! This sug-
gests that remyelination repair following injury is not only de-
pendent on oligodendrocyte precursor cell (OPC) activation and
differentiation but also closely related to inflammatory regula-
tion. Therefore, designing topographical cues to recruit oligoden-
drocyte precursor cells (OPCs), regulate their proliferation and
differentiation, and modulate the inflammatory response repre-
sents a promising strategy for remyelination-driven spinal cord
regeneration.
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2.2. The Role of Immune Cells in Spinal Cord Injury: Balancing
Inflammation and Repair

Immune responses are critical in influencing the outcome of
spinal cord injury (SCI). In the local microenvironment, mi-
croglial activation leads to alterations in cellular morphology and
protein expression. This activation enhances microglial phago-
cytic capacity, facilitating the removal of cellular debris, but of-
ten promotes a pro-inflammatory phenotype, which contributes
to secondary injury progression following SCI.1%:69100] Microglia,
similar to astrocytes, have phenotype-specific functions. M1 mi-
croglia release neurotoxic cytokines and chemokines, promoting
inflammation and neuronal damage. Conversely, the M2 phe-
notype exhibits anti-inflammatory properties and promotes tis-
sue repair.l’”?l However, additional microglial subtypes are likely
present in the injured spinal site. Our previous study identified
eight distinct microglial subpopulations in SCI mice mode by
single-cell RNA seq, each exhibiting specific traits.’) The phe-
notypic shift of microglia is dynamic and shaped by multiple
factors within the damaged niches. For instance, Advanced Oxi-
dation Protein Products (AOPPs) activate the MAPK-NF-«B sig-
naling pathway in microglia, leading to neuroinflammation.!*!]
Conversely, inhibiting the HMGB1-RAGE axis diminishes the
pro-inflammatory polarization of these microglia, resulting in
a neuroprotective effect after spinal cord injury.'%?! The mor-
phological alterations and associated signaling pathway activa-
tion have thus become potential therapeutic targets for modu-
lating local microenvironmental cues after SCI. Furthermore,
disruption of the blood-spinal cord barrier (BSCB) enables
the infiltration of hematogenous immune cells, including neu-
trophils, monocyte-derived macrophages, and lymphocytes, into
the lesion site. These cells actively influence the post-injury
microenvironment.[*}]

For example, monocyte-derived macrophages (MDMs) in-
hibit immune cell-mediated neuronal damage in the injury
site.l”2] Hematogenous macrophages exhibit a more pronounced
capacity to induce neuronal damage compared to activated
astrocytes.[”?l These macrophages infiltrate the lesion site follow-
ing microglial activation and contribute to the exacerbation of
axonal degeneration.['®®! Like microglia and astrocytes, MDMs
are functionally heterogeneous, comprising two primary pheno-
types: M1 and M2. M1 macrophages are pro-inflammatory, con-
tributing to neurotoxicity and hindering neuronal regeneration,
whereas M2 macrophages exert anti-inflammatory effects, pro-
moting axonal growth and functional recovery.l”3]

In the early stages of SCI, M1 macrophages are detected
early and sustain elevated levels, while M2 macrophages are
transiently elevated and return to pre-injury levels within a
week.[31%] Studies have indicated that increased intracellu-
lar iron ions and myelin debris could promote a harmful M1
phenotype.[1%1%] Conversely, cytokines like MGF-E8 and IL-4
induce M2 polarization through the SOCS/STAT pathway, re-
ducing inflammation and preventing neuronal apoptosis.[*?7:108]
Because of the immune cell-to-neuron crosstalk, regulating
MDM subpopulations by designing novel biomaterials with the
desired topographical cues is crucial to managing the post-
injury microenvironment.['%! Neutrophils are another key me-
diator of secondary injury processes following SCI, predomi-
nantly contributing to detrimental effects. They release a va-
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riety of pro-inflammatory mediators, such as reactive oxygen
species (ROS), lysosomal enzymes, proteases (e.g., elastase
and matrix metalloproteinase-9 (MMP-9)), and myeloperoxidase
(MPO).5>1191 Additionally, neutrophils produce neutrophil extra-
cellular traps (NETs), exacerbating the injury by intensifying neu-
roinflammation and further compromising the integrity of the
blood-spinal cord barrier (BSCB).["!]

Adaptive immunity, primarily mediated by T and B lympho-
cytes, plays a complex role in spinal cord injury (SCI) repair,
often hindering functional recovery. CD8+ cytotoxic T cells are
prominent in the post-injury immune response. These cells re-
lease perforin, a cytolytic protein that compromises the integrity
of the blood-spinal cord barrier (BSCB). This increased BSCB
permeability facilitates the infiltration of inflammatory cells and
cytokines into the lesion site, further exacerbating inflamma-
tion and impeding neurological recovery.''!l The adult dorsal
spinal cord T-cell infiltration also contributes to neuropathic
pain.76771121131 SCT models with T and B cell deficiencies exhibit
improved neurological recovery.’®7°1 However, T cells activated
by myelin basic protein (MBP) can support CNS repair. An in-
crease in Th2 cells facilitates the transformation of both Th1 into
Th2 and M1 into M2 cells, correspondingly improving the lo-
cal environment and supporting SCI recovery.'™ Consequently,
mitigating neutrophil infiltration and modulating adaptive im-
mune responses represent crucial therapeutic strategies for regu-
lating the post-injury microenvironment. These approaches hold
significant promise for influencing microenvironmental cues
and promoting functional recovery following spinal cord injury
(SCI).

2.3. Neural-Immune Interplay: Implications for Recovery and
Chronic Pain Management

The interplay between NSCs and the local microenvironment is
crucial throughout the process of spinal cord injury (SCI) re-
pair. A hostile inflammatory microenvironment can indirectly in-
duce neuronal apoptosis and is a major contributor to the de-
velopment of chronic pain following SCI. Specifically, interac-
tions between microglia and neurons play a key role in mediating
chronic pain after SCI. For example, the release of prostaglandin
E2 (PGE2) from microglia is regulated by phosphorylated extra-
cellular signal-regulated kinase 1/2 (pERK1/2), while the PGE2
receptor, E-prostanoid 2 (EP2), is expressed in neurons. Block-
ade of the neuronal EP2 receptor has been shown to attenuate
the hyperexcitability of dorsal horn neurons, suggesting a poten-
tial therapeutic target for chronic pain management.!®!

Microglia play multifaceted roles in functional recovery, tis-
sue homeostasis, and the efficacy of rehabilitation following SCI.
They exert a beneficial influence on recovery by modulating the
transcriptional programming, functional phenotype, and inter-
cellular communication among various non-neuronal cell types.
Furthermore, microglia are integral to glial scar formation, inter-
acting with reactive astrocytes. This interaction is mediated, in
part, by fibronectin, which acts as a primary ligand for the g1 inte-
grin receptor (#1R) on microglia, thereby amplifying microglial-
mediated neuroinflammation.!'>-117]

In short, neural regeneration and microenvironmental remod-
eling represent significant challenges in treating spinal cord
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Figure 3. Effect of groove depth and width on neurite outgrowth. A) SEM images depict hippocampal cells cultured on substrates with 2 pm-wide, 800
nm-deep grooves Aa) and 1 um-wide, 400 nm-deep grooves Ab), with axonal angle distributions shown for the latter (Ac). Adapted with permission.[1?7]
Copyright 2017, Elsevier. B) Neuronal differentiation of hippocampal mNPCs after two weeks on unpatterned PDMS Ba) and PDMS gratings of 2 x
2 dimensions with depths of 0.35 um Bb), 2 um Bc), and 4 um Bd) is quantified. TUJ1 Be) and GFAP Bf) positivity percentages reveal substrate-
dependent differentiation. Adapte with permission.['2] Copyright 2014, IPC Science and Technology Press. C) Cross-sectional schematics and a-tubulin
immunofluorescence illustrate neurons on PDL-coated PDMS grooves with depths of 4.6 um Ca), 11 um Cb), and 69 um Cc).Graphs show axonal
crossing efficiency over steps (Cd) and dependency on approach angle (Ce). Reproduced with permission.['*3] Copyright 2005, Academic Press.

injury (SCI). These complex processes are profoundly influenced 3, The Effect of Topographical Cues on SCI Repair
by local microenvironmental cues, which play a critical role in di-

recting cellular behavior and tissue organization. Consequently, ~ Numerous cell types implicat.ed in SCI pafthogenesis exhibit a
understanding and harnessing the modulatory effects of these ~ Spectrum of phenotypes, ranging from pro-inflammatory to anti-

cues has emerged as a central focus of research aimed at pro-  inflammatory states. This phenotypic plasticity is observed in
moting functional recovery after SCI. astrocytes, which can adopt Al or A2 polarization states, and
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is also characteristic of microglia and macrophages, which ex-
hibit M1 or M2 polarization. T cells enhance ligand recogni-
tion through topographically constrained contacts with antigen-
presenting cells (APCs),['8] and their functional polarization is
specifically regulated by membrane curvature at the immunolog-
ical synapse.['"®] Similarly, B cells utilize dynamic plasma mem-
brane topographies, such as ridge-like structures, to modulate the
3D spatial distribution and mobility of IgM-BCR clusters, thereby
influencing receptor localization and transport.'?’] These find-
ings highlight the potential of utilizing surface topography to pre-
cisely regulate immune cell responses, presenting a promising
strategy for modulating immunity after spinal cord injury (SCI).
Similarly, neurons exhibit distinct structural polarity, character-
ized by axons and dendrites that extend in a directional man-
ner to form functional neural circuits. However, aberrant guid-
ance of these neuronal processes compromises the efficiency of
neural circuit formation, thereby significantly hindering regen-
eration and functional recovery after SCI. Contact guidance, a
phenomenon whereby the surface topography of a material di-
rects cell orientation and movement, plays a crucial role in gov-
erning neuronal polarity and regeneration. Originally introduced
by Weiss in his seminal studies on the directed growth of nerve
fibers, 12! this concept continues to play a central role in guid-
ing the design and development of biomaterials for facilitating
neural repair. Contact guidance cues can be provided through
both planar structures and 3D scaffolds. Current research indi-
cates that anisotropic and isotropic topographies differentially
influence cell polarization, thereby modulating cell fate. Gen-
erally, anisotropic topographies are characterized by continuous
features, such as grooves and ridges, whereas isotropic topogra-
phies are defined by discontinuous features, including pillars,
nanowires, and even nanoscale surface roughness.!'?2123] Qur re-
view primarily focuses on the influence of these topographical
cues on neural regeneration and microenvironmental regulation
following SCI.

3.1. Directional Guidance: The Influence of Anisotropic
Structures on Cell Behavior

Among planar anisotropic topographies, groove-ridge and fiber-
filament patterns represent the most thoroughly studied geo-
metrical configurations. The spinal cord, characterized by its
highly organized architecture of aligned conductive tracts, rep-
resents an ideal target for neural tissue engineering approaches
employing these topographies. Numerous studies have investi-
gated the responses of NSCs, primary neurons, and glial cells
to aligned fiber structures. Given the distinct cellular responses
elicited by groove-ridge versus fiber-filament patterns, these will
be discussed separately. Groove-ridge patterns present continu-
ous anisotropic features within a planar topography, with experi-
mental parameters typically focusing on variations in groove and
ridge depth and width to optimize cellular responses.

3.1.1. Groove Depth

Groove depth significantly influences the alignment of neural-
related cells. Research on four types of submicron-grooved
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polystyrene films (800/400, 800/100, 400/400, and 400/100) re-
vealed that all these films could facilitate the alignment of
the Schwann cell and re-organization of the cytoskeleton in a
groove depth-dependent manner.'>*! Coumarin polyester mem-
branes with depths ranging from 15 to 20 nm have been shown
to enhance the alignment of nervous system cells by 42% to
499.1117:125:126] Another study showed that neurites of differenti-
ated human embryonic stem cells aligned along a 350-nanometer
grooved patterned substrate.l?’”l Moreover, NSCs were aligned
and elongated along the grating axis on silicon micropatterns (lin-
ear or circular anisotropic, 2 or 10 pm wide, 4 um deep).'?8] As
groove dimensions increase from several micrometers to dozens
of micrometers, embryonic hippocampal neurons typically grow
in parallel alignment with the grooves.[?%]

The depth of the groove regulates neurite length. When groove
depth ranges from =~0.2 to 4 micrometers, neurite length in-
creases with depth, although no effect is observed for features
smaller than 200 nanometers.[13-132] Interestingly, groove depth
also influences neurite growth direction. For instance, when em-
bryonic mouse cortical neurons were cultured on microgroove
ridges with depths ranging from 2.5 to 69 um, axons crossed shal-
low grooves (2.5 or 4.6 um) but turned when encountering deeper
grooves (22 or 69 pum).[**3] At intermediate depths of 11 um, ap-
proximately half of the axons successfully traversed the steps,
while the remaining axons altered their trajectories. This behav-
ior depended highly on the angle at which the axons approached
the step edges. Axons approaching from a perpendicular angle
were more likely to traverse the steps, while those approaching
more parallel to the groove turned to align with it.'**] Interest-
ingly, Kwang et al. observed a similar turning behavior in their
study on T cell motility. Using ramp-like microstructures with
a height of 5 um and varying slopes to mimic tissue alterations
caused by inflammation or trauma, they found that T cells ex-
hibited directed turning behavior mediated by lamellipodia and
myosin light chain kinase (MLCK).['33] These findings indicate
that we can customize topographical cues to control alignment,
growth, and direction during neural regeneration.

3.1.2. Groove and Ridge Width

The spacing between anisotropic topographical cues represents
another crucial parameter in guiding neurite orientation. Both
ridge width and the width of the groove base provide distinct topo-
graphical signals that influence cellular behavior. Notably, groove
width has been shown to affect cell polarity. For instance, stud-
ies have demonstrated that embryonic hippocampal neurons ad-
just their polarity in response to the underlying topographical fea-
tures, specifically the dimensions of the groove width (Figure 3).
When the spacing between grooves significantly exceeds the cell
size, unipolar and bipolar cells often develop into multipolar
cells.!13¢) Additionally, groove width influences neurite alignment
and distribution. Researchers designed grooves with a depth of
200 nm and found that increasing the groove and platform width
from 500 to 750 nm reduced the alighment rate of PC12 neu-
rites from 90% to 75%.137] For grooves with a depth of 300 nm
and groove widths ranging from 100 to 400 nm, along with plat-
form widths from 100 to 1600 nm, neurons preferred growing
on the ridge edges and platforms rather than within the grooves.
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Figure 4. Effects of fiber arrangement on cell behavior. A) SEM images display electrospun aligned Aa) and random Ab) PLLA fibers, with fluorescence im-
ages of PC12 cells cultured on random Ac) and aligned Ad) PPy-PLLA fibers. Neurite median length Ae) and distribution Af) highlight alignment-induced
growth differences. Scale bars: 100 um. Adapted with permission.['8] Copyright 2016, American Chemical Society. B) SEM and rhodamine-phalloidin
staining reveals macrophage morphology differences on random Ba) and aligned Bb) nanofiber membranes. Quantitative analysis of elongation Be,Bf)

indicates greater elongation on aligned substrates. Adapted with permission.['%] Copyright 2019, Elsevier.

Additionally, 100 nm patterns were less effective at guiding
neurite alignment compared to larger widths.[3¥] When groove
depths reach 2-3 um, PC12 cells cultured on 5 and 10 um features
exhibit oriented neurites.

While cells are too large to fit within the grooves physically,
their neurites preferentially grow along the groove patterns.
This growth demonstrates increased straightness and align-
ment, particularly when interacting with smaller topographical
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features.['*") However, studies on surfaces with grooves deeper
than cell height and comparable to cell diameter found that PC12
cells exhibit oriented neurites on substrates featuring a depth of
11 pm and wall spacings ranging from 20 to 60 um. The most
substantial orientation was observed in the thinner grooves.['3]
Bedeuer et al. cultured hNSCs on 25 pm deep PDMS grooves and
observed distinct cell responses with increasing groove width.
They found fewer neurites extended and aligned tightly along
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the microchannels when the width was less than the cell body
diameter. When the width exceeded the cell body diameter, cells
exhibited multiple evenly distributed neurites. The study high-
lighted that neurites preferentially aligned along the edges
of microchannels at narrower widths, emphasizing that chan-
nel dimensions are critical for neurite growth and stem cell
advancement.['*] Interestingly, groove-ridge width is crucial for
neural cell differentiation. Adult NSCs cultured in silicon grooves
of 10 and 2 um widths showed a preference for neuronal over
astrocyte differentiation, especially at 2 um.[128] Smaller grooves
enhanced neuronal differentiation compared to flat substrates,
with nanopatterns showing more pronounced effects.'*! hESCs
cultured on 350 nm wide polyurethane acrylate grooves differen-
tiated into neurons but not glial cells, and cells on 250 nm wide,
spaced, and high grooves expressed more mature neuronal mark-
ers like MAP2.[1*2]

To further analyze whether groove-ridge continuous topo-
graphical cues affect macrophage and neutrophil morphology
and polarization, Liu et al. used deep etching methods to create
grooves of various widths on titanium surfaces and co-cultured
them with BMDMs. The findings revealed that these groove-
ridge continuous topographical cues induced macrophage elon-
gation, peaking at groove widths of 400-500 nanometers, pro-
moting the polarization of the anti-inflammatory, pro-healing
macrophage phenotypes. Notably, macrophages cultured on 5
pum grooves secreted significantly higher levels of the anti-
inflammatory cytokine IL-10, highlighting the potential of sur-
face topography to modulate macrophage function and improve
the post-spinal cord injury microenvironment. Another study
employed Reversal Nanoimprint Lithography (NIL) techniques
to construct parallel gratings with a width: height: period ra-
tio of 1:1:2, ranging from 250 nanometers to 2 micrometers,
for co-culture with macrophages. Macrophages showed maxi-
mum adhesion and elongation on 500-nanometer gratings, with
the most significant TNF-a secretion. As the grating scale in-
creased, both adhesion and secretion effects diminished.['*?]
When engineered zinc substrates with groove-ridge structures
of approximately 15 micrometers in width and 200 nanometers
in height were co-cultured with THP-1-derived macrophages, the
results indicated a reduction in macrophage inflammatory polar-
ization in vitro, thereby improving biocompatibility and tissue
integration.”* Zheng combined gold nanorods with PCL films
and utilized near-infrared radiation to create dynamic groove-
ridge topographical cues ranging from 5 to 30 micrometers. The
study found that films with groove widths of 10 and 20 microm-
eters more effectively induced macrophage elongation and phe-
notypic changes compared to those with 5 and 30-micrometer
grooves. These films also upregulated the expression of arginase
1 and IL-10, which corresponded to an anti-inflammatory
response.!#4]

Anisotropic topographical structures significantly impact cell
shape and neutrophil migration. The development of advanced
topographical structures has the potential to act as physical cues,
modulating neutrophil behavior and reducing inflammation at
the injury site. However, the precise influence of topographical
cues on neutrophil morphology and motility remains poorly un-
derstood, necessitating further investigation.*3146] Early stud-
ies demonstrated that neutrophils exhibit contact guidance on
grooved surfaces (2 ym wide and 2 pm deep) and on jagged
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nano-patterns on glass and acrylic substrates.['*”18] Sung et al.
utilized a flexible UV-curable polymer to create rectangular
grooves with a width and depth of 0.8 um, finding that these mi-
crogrooves induced stronger neutrophil polarization during mi-
gration. In addition, the study revealed an enhanced positive cor-
relation between aspect ratio and speed in micro-scale topogra-
phy research.[1#]

Groove space width directly affects T-cell spreading and acti-
vation. Brittany et al. engineered parallel nanoridges, ~600 nm
high and 200 nm wide, with spacings of 1, 1.8, 3, and 5 um to in-
vestigate T-cell responses. Compared to flat surfaces, nanoridges
reduced the maximum spreading area of T cells, with 3 and 5 um
spacings promoting greater spreading than narrower spacings or
flat surfaces. These structures enhanced actin and ZAP-70 accu-
mulation at the immune synapse and altered actin and micro-
tubule dynamics, coordinating T-cell signaling.[**°! Additionally,
the nanostructures induced calcium oscillations and reorganized
B-cell receptor clusters, modulating B-cell signaling. These re-
sults highlight the critical role of nanotopography in immune cell
activation.['>!]

These findings indicate that immune-related cell morphologi-
cal changes and cytokine secretion are susceptible to groove-ridge
continuous topographical cues, with potential optimal parame-
ters for regulation. As observed in the previous examples, the
spacing of anisotropic linear geometrical cues significantly im-
pacts not only the morphology and polarization of macrophages
but also the alignment of neurites. Cells and their extensions tend
to align with wide and shallow grooves but bridge across narrow
and deep grooves, a phenomenon known as “cell bridging.” Ad-
ditionally, NSCs in narrower grooves exhibit a greater tendency
for neuronal differentiation. Nanometer-scale grooves promote
macrophage M1 polarization and pro-inflammatory cytokine se-
cretion, while micrometer-scale grooves are more likely to en-
hance M2 polarization and anti-inflammatory cytokine secretion.
However, more precise parameter ranges for these effects are
currently lacking. Understanding the influences of vertical con-
tact guidance, differentiation fate, and inflammation regulation
is crucial for designing topographical cues in spinal cord injury
repair materials.

3.1.3. Optimizing Fiber Orientation: Enhancing Neurite Growth and
Alignment

The alignment of fibers and filaments plays a crucial role in guid-
ing the orientation and differentiation of neural cells. Specifically,
the influence of anisotropic fiber orientation on neuronal differ-
entiation has been demonstrated in studies employing parallel or
randomly oriented submicron-diameter polycaprolactone (PCL)
fibers with diameters of 260, 480, and 930 nm (Figure 4). They
observed that NSCs cultured on aligned fibers demonstrated
higher expression of the neuronal differentiation marker Tujl
following retinoic acid (RA)-induced differentiation compared
to those grown on random fibers or un-patterned surfaces.!'>3]
Similarly, another study found that when dorsal root ganglion
(DRG) explants were cultured on poly(L-lactic acid) nanofibers
with varying degrees of alignment (highly, moderately, and ran-
domly aligned), the neurites initially sprouted radially on aligned
fibers but then oriented themselves along the fiber axis upon
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contact, leading to significantly longer neurites compared to
those on randomly or moderately aligned fibers.['>*] ESC differ-
entiation on 250 nm diameter random and oriented PCL fibers
showed that oriented nanofiber substrates enhanced differentia-
tion into both neurons and oligodendrocytes while limiting the
formation of astrocytes.['] Shah reported that NSCs grown on
randomly oriented 200-300 nm PCL fibers coated with graphene
oxide (GO) exhibited selective differentiation into oligodendro-
cytes, with the effect varying according to GO concentration.!1%¢
Rat NSCs cultured on randomly oriented electrospinning fibers
in a medium supporting mixed lineage differentiation into neu-
rons, astrocytes, and oligodendrocytes showed a threefold en-
hancement in oligodendrocyte differentiation on 283 nm diame-
ter fibers compared to the tissue culture polystyrene (TCPS) con-
trol. Cells on 749 nm diameter fibers demonstrated the highest
neuronal differentiation, as indicated by marker expression, with
scanning electron microscopy confirming these differences in
cell morphology. However, cells grown on larger diameter fibers
(1452 nm) had lower viability.[>"]

Moreover, studies have shown that fiber alignment af-
fects macrophage polarization. Aligned nanofibers alter
macrophage morphology and increase the activation of the
anti-inflammatory phenotype, whereas random nanofibers
induce a pro-inflammatory phenotype.>1>°! In contrast, studies
using parallel and randomly oriented PLLA nanofibers (250
nm) and microfibers (1250 nm) found that cerebellar stem
cells showed increased differentiation into the neural lineage
(cell number and neurite length) on nanofibers, regardless
of fiber orientation. These findings suggest that neuronal
differentiation may be influenced by fiber diameter indepen-
dent of alignment, while alignment primarily affects neurite
outgrowth and cell morphology.'®®! Discrepancies between
studies might be attributed to variations in cell source and
culture conditions. Nevertheless, these observations underscore
that fiber alignment is not the sole determinant in fiber-based
scaffold design, necessitating further investigation to eluci-
date the underlying mechanisms governing these cellular
responses.

3.1.4. Fiber and Filament Diameters

Fiber and filament diameters are critical factors in directing cell
migration and neurite outgrowth. Studies have demonstrated
that larger fiber diameters, such as 10 um, can induce precursor
cells to migrate from neurospheres in a chain-like pattern.[*!]
Similarly, experiments using poly(L-lactic acid) (PLLA) fibers
with diameters ranging from 300 to 1300 nm revealed that
larger diameters not only promoted longer and more directed
neurite outgrowth but also increased Schwann cell (SC) migra-
tion distances.[12] Similarly, this phenomenon was observed in
Schwann cells cultured on chitosan fibers with diameters of 15
pm.[19] When the diameter of PVC hollow fibers decreased from
supracellular (100 to 500 pum) to cellular (30 um) and to subcel-
lular (5 pm), there was a corresponding decrease in Schwann
cell migration and neurite outgrowth.['®*] Although PLLA mi-
crofibers with a diameter of 375 um effectively directed neurite
extension and Schwann cell migration, they significantly pro-
moted neurite growth when combined with laminin (LN).[1%]
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Wen and Tresco proposed that there might be an optimal fila-
ment diameter range for cell culture, where filaments neither too
large nor too small relative to the size of the growth cone would
not exhibit distinguishable energy differences in various growth
directions.[164166]

Fiber and filament diameters also regulate cell differentia-
tion (Figure 5). For instance, electrospun micro- and nanoscale
PLLA fibers can orient NSC somas and neurites, while nanoscale
fibers enhance NSC differentiation on microscale fibers, which
have average diameters of 250 nm and 1.25 pm, regardless of
their orientation.!'®"] In contrast to 2D substrates, 3D polyphenyl-
sulfone (PPS) nanofibers significantly improve NSC adhesion
and growth. GFAP and g-III tubulin fluorescence staining re-
vealed that over 85% of axons were aligned at a specific angle,
demonstrating that aligned nanofibers effectively promoted ex-
tensive parallel axonal growth.*"] To investigate the relation-
ship between fiber diameter and cell behavior, polyethersul-
fone (PES) fibers were uniformly coated with laminin. This ap-
proach revealed differentiation differences among cells cultured
on fibers with varying diameters, highlighting the influence of
fiber size on cellular responses. Cells cultured on fibers with
larger diameters of 749 and 1452 nm showed differentiation
into neurons; however, cells on 238 nm fibers tended to differ-
entiate into oligodendrocytes.[17:167.168] Thig preferential differ-
entiation of oligodendrocytes may be related to the fiber size,
which is morphologically similar to axon diameter.'?3] However,
an earlier study indicated that randomly electrospinning PCL
fibers measuring 750 nm in diameter also promoted NSCs to
preferentially differentiate into oligodendrocytes.[**] These find-
ings highlight the importance of optimizing fiber diameters to
guide cell migration and differentiation, offering valuable in-
sights for applications in tissue engineering and regenerative
medicine. Notably, it suggests that fiber alignment is not the
only parameter influencing macrophage phenotype; the diame-
ter of the fibers also plays a role in regulating macrophage ac-
tivation. Studies have shown that compared to electrospinning
poly (L-lactic acid) (PLLA) fibers with a diameter of approximately
1.5 micrometers, fibers with a diameter of ~600 nanometers
elicit the least inflammatory response in macrophage culture
systems.[170]

3.2. Isotropic Patterns: Their Role in Cellular Differentiation and
Neurite Orientation

Isotropic topographical cues, such as nano- or micron-scale pil-
lars, holes, and nano-rough surfaces, are characterized by their
diverse, discontinuous morphologies and provide guidance at
specific, discrete locations. The size and spacing of these fea-
tures are critical parameters that influence the effectiveness of
isotropic topographical cues in guiding cellular behavior.}71:172]

3.2.1. Alignment and Differentiation

Current research suggests that discontinuous isotropic topo-
graphical structures impact differentiation toward glial rather
than neuronal lineages. Researchers have designed micro-
patterned polymer membranes with pore sizes ranging from 3
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Figure 5. Fiber and filament diameters regulate cell differentiation. A) SEM images illustrate aligned fibers with diameters of 1325 + 383 Aa), 759 +
179 Ab), and 293 + 65 nm Ac). Schwann cell migration, shown in DAPI-stained images Ad—f), was highest on larger fibers and lowest on finer fibers
Aj). Neurofilament/DAPI images of DRG cells after 5 days Ag—i) indicate neurite alignment along fibers, with intermediate-diameter fibers promoting
the greatest neurite outgrowth Ak). SEM images Al-n) display neurite extensions and filopodia (red arrows) on each fiber condition, demonstrating
orientation-dependent growth. Reproduced with permission.['®2] Copyright 2010, Elsevier. B) Adult NSCs (ANSCs) exhibit distinct behaviors on planar
TCPS and fiber substrates. SEM images of aligned and random electrospun PCL fiber meshes with varying diameters, fabricated from 12 wt% PCL with
R18 Ba-b), 12 wt% PCL Bc-d), and 14 wt% PCL Be-f). Quantification Bg-h) confirms higher Tuj1+ neuron percentages on aligned 480 nm fibers. Adapted
with permission.!'33] Copyright 2010, IPC Science and Technology Press.
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to 15 um to study the differentiation of NSCs and found that
membranes featuring pore sizes of 3 and 5 pm obstruct NSC
differentiation, with the highest inhibition observed at 3 pm.[*”?]
In another study, researchers developed linear, circular, and dot
micro-patterns of different micron scales and co-cultured them
with adult NSCs. Unlike the high alignment of cells on con-
tinuous anisotropic topographies, cells on isotropic dot micro-
patterns showed no preferential direction or alignment and had
reduced differentiation capacity into neuronal lineages, indicat-
ing that cell polarity can impact the outcome of differentia-
tion, a trend more pronounced with smaller feature sizes.!'??]
A similar conclusion was drawn from another study. hESCs
were cultured on both continuous anisotropic grating patterns
and discontinuous isotropic micro-scale structures. The micro-
scale features included arrays of pillars (1 pm diameter, 1 pym
height) with a spacing of 6.5 pm, and arrays of holes (2 um
diameter, 2 um depth) with a spacing of 12 pm. Discontinu-
ous isotropic pillar and hole structures promoted hESC differ-
entiation into glial cells rather than neurons. Quantitative PCR
showed varying levels of expression between oligodendrocyte-
and astrocyte-specific genes when comparing the two discontinu-
ous patterns. This indicated that hESCs differentiated more into
oligodendrocytes on pillar structures and into astrocytes on hole
structures.[1*?]

3.2.2. Neurite Orientation

Previous studies have demonstrated that neurites accurately re-
spond to disrupted guidance cues (Figure 6). Cells on isotropic
features smaller than 5 pm exhibit small, rounded morpholo-
gies with poorly organized cytoskeletons.l'’*l When PC12 cells
were cultured on nano-pillars and nano-holes, they exhibited
shorter and fewer neurites compared to those grown on smooth
substrates, indicating that specific nano-patterns restrict cell
morphology and growth.['”>] When hippocampal neurons were
seeded on 1 um high pillars with diameters of 0.5 or 2 pm,
neurites typically spanned the shortest path across pillars, align-
ing predominantly at 0 or 90°. Larger pillars demonstrated the
greatest degree of alignment with minimal spacing. As pillar
spacing increased, alignment fidelity diminished, and at 4.5 ym
spacing, neurite distribution resembled that observed on flat
surfaces.['7%! When pillar diameter and edge-to-edge spacing in-
creased (ranging from 10 to 100 and 10 to 200 um, respec-
tively), neurites aligned and connected linearly between adja-
cent pillars, primarily growing in one direction with occasional
perpendicular branching. As the diameter was enlarged, neu-
rites wrapped over existing pillars, especially when spacing ex-
ceeded to 40 pm. A spacing of 200 um encouraged random
growth and wrapping, whereas flat surfaces led to non-directional
growth. As feature size and spacing increased, neurite growth
transitioned from alignment to wrapping and eventually to
randomness.!17?]

3.3. Randomness and Design: How Surface Roughness Affects
Cellular Responses

Stochastic topographies can be described as complex, random

surface textures, with roughness being the primary experimen-
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tal parameter. Substrates with specific ranges of statistical rough-
ness parameters can regulate polarity, neurite length, and the sur-
vival and differentiation of neural cells.['77178]

3.3.1. Roughness

Surfaces with less than 1 um height differences are generally clas-
sified as nano-structured or nano-rough. Research has demon-
strated that such surfaces significantly impact cell morphology,
adhesion, proliferation, and differentiation, highlighting their
potential to influence cellular behavior.'7l Roughness is typ-
ically quantified by the average feature size (Arithmetic Aver-
age Roughness, Ra). One study discovered that nano-textured
titanium nitride films with Ra values ranging from 1.3 to 5.6
nm diminished the attachment of primary hippocampal neu-
rons compared to PDL-coated glass.['”°! Another study demon-
strated that nano-textured silicon (Ra values: 18-204 nm) ex-
erted an unimodal influence on the adhesion and viability of
primary embryonic cortical neurons. The optimal neuronal re-
sponse was observed with a Ra of 64 nm; higher and lower
roughness values diminished this response.[*] Furthermore, lo-
cal nano-roughness and surface energy variations similar in scale
to growth cones enhanced PC12 cell outgrowth and neuronal dif-
ferentiation patterns even without NGF.['81] By using monodis-
perse silica colloids to mimic receptor cluster-level topographies,
it was observed that when Rq was 16-32 nm, telencephalic NSCs
spontaneously differentiated into neurons.'”’] Interestingly, on
nanoporous titanium dioxide (TiO2) surfaces with pore sizes be-
tween 200 and 500 nm, rat NSCs exhibited a stronger tendency to
differentiate into astrocytes rather than neurons.!'®?! The differ-
entiation of telencephalic NSCs into astrocytes could only be in-
duced in the presence of astrocyte differentiation inducers by ad-
justing random nano-roughness.['®] Furthermore, hippocampal
neurons demonstrated improved survival and functionality on
surfaces with nano-rough textures.['®*] A novel nanotopography-
based reverse uptake (NanoRU) delivery system was developed to
influence neural stem cell (NSC) differentiation by facilitating the
targeted delivery of siRNA into cells. By using optimal uptake pa-
rameters of 100 nm, they suppressed SOX9 to differentiate NSCs
into neurons selectively.!1%%]

Surface roughness can also modulate macrophage polar-
ization. Some studies also indicate that surface roughness
can simultaneously induce both anti- and pro-inflammatory
activation.['818] The narrow roughness range (Ra = 0.51-
1.36 um) enhanced anti-inflammatory polarization, while
roughness outside this range upregulated both pro- and
anti-inflammatory markers.'®] Anodizing titanium to cre-
ate 30-nanometer pores promotes M2 polarization, while
100-nanometer pores favor M1 polarization.!®l Similarly,
nanopores (35 nanometers in diameter and 3 microme-
ters deep) created on Ti50Zr alloy through anodization re-
duce macrophage metabolic activity and pro-inflammatory
cytokines.1192] Conversely, Li et al. found that micron-scale
roughness on tricalcium phosphate upregulated iNOS and
IL-14 in RAW264.7 cells, whereas submicron-scale roughness
promotes an anti-inflammatory phenotype.'3! These discrep-
ancies may be attributable to variations in cell lines and culture
conditions, highlighting the need for further investigation
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Figure 6. Neurites accurately respond to micro- and nano-topographical disrupted guidance cues. A) Polarization of C3H10T1/2 cells on nanopillar
(NP) arrays. SEM images show cells align with NP grids (I = 10 um, r = 100 nm, p = 2 um) after 1 day, contrasting with polished silicon wafers Aa).
Actin (red) and nuclei (blue) staining after 2 days highlights differences in polarization and spreading Ad). Schematic models suggest NP density and
spacing affect adhesion and alignment relative to critical spacing (d.;). Adapted with permission.l’”"l Copyright 2012, American Chemical Society. B)
Micro-pillar shape influences interneuron morphology and migration. Square pillars promote elongated processes, while round pillars induce branching
and frequent growth cone divisions Ba—d), with quantification across 60 cells Bm-n). Contact point distributions vary by pillar shape. Adapted with
permission.3191 Copyright 2019, IPC Science and Technology Press.
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into the relationship between surface roughness and macro-
phage response (Figure 7).

3.3.2. Patterned Topographical Cues

Patterned topographical cues play a role in regulating neural re-
generation, primarily influenced by image features and sizes.
Using etching techniques, square micro-nano structures of poly
L-lysine (PLL) with a size of 10* um? were synthesized and co-
cultured with NSCs, resulting in increased cell adhesion and the
formation of axon-like projections with high levels of g-tubulin
I1I expression.['*] Additionally, micro-nano structures with lin-
ear, circular, and dot patterns on silicon surfaces were found to
promote NSC proliferation and preferentially induce differenti-
ation into mature neurons compared to flat surfaces.['?8] In an-
other study by Buzanska, controlling the micro-nano topography
of fibronectin and PLL substrates effectively regulated stem cell
neural differentiation. Interconnected square micro-nano pat-
terns significantly enhanced stem cell adhesion and promoted
neurite outgrowth post-differentiation.['®] Interestingly, when
these square topographical cues are arranged through stacking
or orthogonal methods to form axial pores with micron-scale
3D geometries, they significantly induce macrophages to pro-
duce more pro-inflammatory cytokines, such as TNF-a and IL-
12/23.1%)

Generally, stochastic and patterned topographical cues not
only affect the adhesion, proliferation, survival, and differenti-
ation of neural-related cells but also the activation of immune
cells, underscoring the critical role of specific feature sizes and
roughness parameters in neural tissue engineering and regener-
ative medicine. Given the vast complexity of unconventional to-
pographical cue combinations, there is an urgent need for high-
throughput methods to screen diverse topographies for their
effects on neural and inflammatory cell behaviors. To address
this, we recently developed a combinatorial biophysical cue ar-
ray comprising thousands to millions of unique topographies—
including anisotropic, isotropic, and hierarchical designs—with
feature sizes ranging from tens of nanometers to microns. This
advanced array system enables us to systematically investigate
the interactions between substrate topographies and cell fate reg-
ulation (Figure 8).

Through a systematic comparison of studies, we found that
anisotropic topographies, such as aligned fibers or grooves, effec-
tively guide neural cell alignment, axonal regeneration, and direc-
tional growth by mimicking the native spinal cord architecture.
In contrast, isotropic topographies like pillars, holes, and nano-
rough surfaces influence neural stem cell fate and neurite behav-
ior through non-aligned cues. While progress has been made in
understanding the role of topological structures in spinal cord
injury, key areas remain underexplored, including systematic
screening, fabrication, intelligent responsiveness, and dynamic
integration of topographies. Several underutilized cues could en-
hance therapeutic efficacy, such as multiscale hierarchical struc-
tures combining micro- and nano-topographies, 3D scaffolds
with anisotropic gradients, and stimuli-responsive surfaces that
adapt to the dynamic healing process. Furthermore, the role of
curvature, geometric complexity, and topography-mediated im-
mune modulation, particularly in axonal growth and immune
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response, is still poorly understood. Ultimately, investigating the
relationship between topography and substrate rigidity may of-
fer new insights into mechanotopographical control, thereby en-
hancing the potential for translational applications in SCI treat-
ment. To provide a consolidated view of these parameters, we
have summarized representative examples of material types, sur-
face structures, and mechanical properties and their respective
effects on neural regeneration in Table 3.

4. Mechanotransduction Pathways: How
Topographical Cues Influence Cell Fate

The mechanisms by which neural stem cells (NSCs) and im-
mune cells interpret topographical cues, both in vitro and in vivo,
are not yet fully elucidated. It has been suggested that adherent
cells can sense local micro- and nanoscale topographical features.
This process is mediated by integrins, which facilitate cell adhe-
sion to the extracellular matrix (ECM) and activate intracellular
signaling pathways involving tyrosine kinases and phosphatases.
These interactions enhance cell-ECM signal transduction, trig-
gering biochemical reactions that ultimately regulate cell fate, 2]
as shown in (Figure 9).

Integrins are cell surface receptors that attach to specific ECM
motifs, allowing cells to sense and respond to the physical and to-
pographical features of their extracellular surroundings.[?%! Ac-
tivation and clustering of integrins lead to the formation of fo-
cal complexes, which evolve into focal adhesions (FAs). FAs are
multi-protein structures that connect integrins to actin filaments
within the cytoskeleton. The recruitment of actin-binding FA
proteins, such as paxillin and talin, promotes the development
of actin stress fibers and facilitates force transduction through
the actin-myosin network, resulting in alterations in cytoskele-
tal tension.[?”] FAs offer mechanical and physical connections
for cell contraction structures, directly influencing cytoskeletal
organization, structure, and cell shape.[?®] Additionally, FAs in-
teract with signaling proteins to trigger downstream biochemical
pathways, such as phosphorylation and G protein activation (e.g.,
Rho-mediated pathways and ROCK). These interactions lead to
long-term alterations in transcriptional regulation, cell adhesion,
proliferation, and differentiation.2%°]

Studies have shown that the A1 integrin subunit is cru-
cial in NSC migration and differentiation. Specific topograph-
ical cues can achieve selective protein deposition, influenc-
ing cell adhesion and subsequent biological behaviors through
p1 integrin.2192121 For instance, distinct protein adsorption
on hydrogen-terminated ultra-crystalline nanodiamond films
(H-UNCD) with an average grain size of 5 nm triggers the
spontaneous differentiation of NSCs. This behavior can be
markedly inhibited using a f1 integrin inhibitor, while an in-
crease in phosphorylation of FAK and Erk1/2 is observed in
NSCs. Treatment with the MEK inhibitor U0126 reduces the
activation of the Erkl/2 pathway, suggesting that fibronectin
adsorbed on the nanodiamond surface binds to f1 integrin.
This binding activates integrin signaling pathways, leading to
FAK tyrosine phosphorylation and subsequent activation of the
MEK/Erk signaling pathway.!%1 Enhanced differentiation of hu-
man NSCs (hNSCs) on a hierarchically patterned surface model
with nanopore-patterned microgroove structures appears to be
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Figure 7. Nanorough substrates in the regulation of cell morphology and function. A) Influence of nanorough substrates on PC-12 cell morphology and
neuronal function: Aa) AFM characterization of SNP-modified substrates with varying roughness (Rq). Ab) Neuron-astrocyte interactions on smooth
and Rq = 32 nm substrates, visualized by GFAP (blue) and MAP-2 (red) staining, with quantification in short-term (5 days, Ad) and long-term (6 weeks,
Ae) cultures. Af,g) FURA-2 calcium imaging reveals intracellular calcium changes and depolarization rates upon KCl stimulation, highlighting functional
differences between smooth and nanorough substrates. Adapted with permission.l'?’] Copyright 2014, National Academy of Sciences. B) Modulation of
immune response by titanium surfaces: Ba,b) SEM and surface scanner analysis of glass and titanium substrates. Bc,d) Immunostaining of THP-1 cells
cultured on titanium shows differential expression of M1 (CCR7, red) and M2 (CD36, green) markers, quantified using Image) and GraphPad Prism.
Adapted with permission.['8] Copyright 2019, Elsevier.
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associated with integrin binding, F-actin reorganization, and FAs
assembly.[183]

To further investigate the role of f1 integrin in regulating
NSC fate, researchers developed a hierarchically patterned sub-
strate (HPS) platform. This platform combines microgroove
patterns with nanopore clusters to create a multi-scale HPS.
Compared to 2D-patterned substrates, NSCs grown on HPS ex-
hibit highly aligned, elongated morphologies and increased dif-
ferentiation into both neurons and astrocytes. Treatment with
ROCK inhibitor Y27632 showed similar effects, with both treat-
ments reducing adhesion mediated by N-cadherin. These find-
ings highlight the crucial role of f1 integrin-mediated assem-
bly and ROCK-mediated signaling pathway activation in promot-
ing FA formation and FAK pathway activation, thereby enhanc-

Adv. Funct. Mater. 2025, 2508435 2508435 (18 of 37)

ing hNSC differentiation on specific hierarchical topographical
models.[?"3] Similar conclusions were drawn by Czeisler.'®! In
vitro, electrospinning studies indicate that hierarchical patterns
might enhance hNSC differentiation through mechanotransduc-
tion mechanisms.

To explore the mechanisms by which specific topographical
cues induce selective differentiation of NSCs into neurogenic
lineages, Qi examined the percentage of neurons, astrocytes, and
oligodendrocytes differentiated under treatment with Erk1/2
pathway inhibitors. They found that the percentage of neuronal
differentiation changed significantly, indicating that topograph-
ical cues contribute to neuronal preferential differentiation.128]
This selective differentiation is linked to focal adhesion kinase
(FAK) and mediated through the fibronectin-f1 integrin
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Table 3. Effects of material types, surface structures, and mechanical/physicochemical properties on neural regeneration.

Category Design/Feature

Effect on neural regeneration

Material type Natural polymers (e.g., collagen, chitosan,

gelatin)
Synthetic polymers (e.g., PLGA, PCL, PEG)
Composite materials (natural 4 synthetic)
Immunomodulatory biomaterials
Topographical Cues Grooves, ridges, aligned fibers
Random fibers or isotropic topographies
Hierarchical micro/nanostructures
3D architectures
Surface biofunctionalization (e.g., RGD, IKVAV)
Elastic modulus (soft, 0.1-1 kPa)
High stiffness (>10 kPa)

Tensile strength

Mechanical Properties

Crosslinking density

Physicochemical Degradation kinetics

Electrically conductive materials (e.g., graphene,
polypyrrole)

Biocompatible; promotes cell adhesion, ECM mimicry; modulates immune responses (e.g.,

promotes M2 macrophage polarization).l’172141]

Tunable mechanical and degradation properties; long-term support.l197:198]

Balance of bioactivity, mechanical strength, and tunability.[19%:200]

Modulate inflammatory microenvironment and support axonal regeneration.!”1:201]

Guide axonal alignment and elongation; support directional neurite outgrowth.[124137.150]

Less effective in directional guidance; may hinder axon guidance.['**172]

Mimic ECM complexity; enhance migration, extension, and regeneration.”“*wz]

More biomimetic; support circuit reconstruction and deeper cell infiltration.[197.202:203]

Promote adhesion, differentiation, and glial cell integration.[">’]
Mimics neural tissue; enhances axonal growth and neuronal differentiation.!"%]

Promotes glial scarring and inhibits axonal growth.!1%8]

Supports large-gap repair and mechanical integration.[202204]

Influences scaffold degradation and cell migration.!1%8]

Affects scaffold persistence and immune response; balanced degradation supports

repair.[198.19]

Facilitate electrical signaling; promote neurite growth and synapse formation.[150.153]

interaction along with the FAK/MAPK/Erk signaling
pathways.[21% Lim et al. co-cultured NSCs with submicron-
diameter polycaprolactone (PCL) fibers ranging from 260 to 930
nm while simultaneously applying various biochemical cues.
Their findings revealed that different differentiation lineages of
NSCs exhibited distinct responses to parallel fiber topographical
cues. This differential response was found to be mediated
through the Wnt/f-catenin signaling pathway.['**] These find-
ings indicate that gene expression changes can be influenced
by substrate topography through cytoskeletal elongation. The
synergistic effect of stem cell shape control and biochemical
cues plays a crucial role in determining cell fate.

In addition to affecting integrin activation and intercellular
communication, topographical cues may also modulate stem
cell function by activating mechanosensitive ion channels or al-
tering the proportion of nuclear YAP/TAZ. Magnetic nanobub-
bles (MNBs), composed of magnetic nanoparticles, were used
to induce intracellular hydrostatic pressure and cytoskeletal al-
terations in NSCs through membrane volume oscillation. This
process activated the Piezol-Ca?* mechanotransduction chan-
nel, triggering the BMP2/Smad pathway and leading to the dif-
ferentiation of NSCs.[?'*] Yang developed a topographical gradi-
ent of polydimethylsiloxane (PDMS) based on a high-throughput
screening (HTS) method to study its effect on the destiny reg-
ulation of bone marrow mesenchymal stem cells (BMSCs) to-
ward neuronal differentiation. The results showed that specific
substrate parameters significantly enhanced neurogenesis, with
BMSCs on these substrates exhibiting lower nuclear YAP/TAZ
percentages and weaker cellular contractility. These findings
suggest that the promotion of neurogenesis is mediated by
alterations in cellular tension and the YAP/TAZ pathway.l?'%]
While the precise role of this pathway in regulating NSC dif-
ferentiation into neurons remains unclear, cytoskeletal dynam-
ics are believed to play a crucial role in guiding NSC fate
determination.
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In contrast to f1 subtype, f2 integrin plays a key role in
regulating the inflammatory microenvironment. Zheng con-
structed biocompatible Mg-Al layered double hydroxide (LDH)
nanosheet arrays on titanium surfaces with sizes ranging from
75 nm to 0.85 pm and investigated their regulatory effects on
macrophages. They found that nanosheet array structures pro-
moted M2 macrophage polarization by activating the PI3K-AKT-
mTOR signaling pathway, characterized by high gene expres-
sion of integrin f2 and FAK, thereby suppressing inflammatory
responses.[2%] Different aspect ratios of nanostructures can gen-
erate micro-nano forces to finely tune the conformation of in-
tegrin f2, precisely regulating inflammatory responses. To in-
vestigate the impact of varying structural parameters on inte-
grin aXp2 conformational compression and inactivation, three
nanostructured surfaces with low aspect ratios were created. It
was found that low-aspect-ratio micro-nano structures, such as
nanorods and nanospheres, effectively inhibited the extension
and activation of integrin 2 conformation. This inhibition led
to reduced focal adhesion activity, downstream PI3K-Akt signal-
ing, and decreased NF-xB signaling and macrophage inflamma-
tory responses.?!’] Existing studies have confirmed that mesh
and linear micro-nano structures regulate inflammatory cell
phenotypes, while low-aspect-ratio micro-nano structures regu-
late inflammatory responses. This regulatory effect is related to
integrin activation, PI3K-AKT-mTOR, and Src-ROCK signaling
pathways.[2!8] However, the exact mechanism for regulating these
micro-nano structures requires further investigation.

5. Synthesis of Topographical Substrate for
Enhanced SCI Repair

Given the highly oriented and well-organized structure of spinal
cord tissue, effective neural regeneration and circuit reconstruc-
tion require materials specifically designed with carefully engi-
neered topographical cues to optimize injury repair.
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Figure 9. Mechanistic insights on topographical cues enhance neural regeneration following spinal cord injury. Topographical cues regulate cellular
behavior through integrin signaling. f1-integrin activation triggers FAK/MAPK/Erk and Rho/ROCK pathways, promoting cytoskeletal remodeling, cell
survival, and NSC differentiation into neurons and astrocytes. Mechanosensitive ion channels, such as Piezo1, and nuclear YAP/TAZ dynamics further
support NSC differentiation. Additionally, f2-integrin-mediated PI3K-AKT-mTOR signaling modulates inflammation by promoting M2 macrophage po-
larization and reducing inflammatory responses. These mechanisms provide a foundation for designing topographical scaffolds to enhance spinal cord

injury (SCI) repair.

5.1. Preserving Structure: The Role of Freeze-Drying in Scaffold
Fabrication

Freeze-drying provides an effective method for preparing porous
scaffolds by rapidly dehydrating materials to preserve their
original 3D structure.?'] The ice-freezing method is commonly
used to create porous scaffolds for tissue engineering, particu-
larly in spinal cord regeneration. A material solution is frozen,
forming ice crystals that create a temporary template.?20221 The

Adv. Funct. Mater. 2025, 2508435 2508435 (20 of 37)

ice is then removed through freeze-drying, leaving behind a
porous structure with aligned pores that guide axonal growth,
making it ideal for neural tissue applications.[??2] By control-
ling the freezing rate during ice crystal formation, the pore
size of the scaffold can be adjusted, with a faster rate lead-
ing to narrower ice crystals and smaller pores.[??)] Additionally,
directional freeze-drying can create 3D scaffolds with uniform
porosity and highly aligned structures.['””] For example, freeze-
dried collagen/chitosan scaffolds have been demonstrated to
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increase the density of BDA-labeled axons, suggesting enhanced
axonal growth.[??*] Li utilized freeze-drying to simulate the cor-
ticospinal tract and construct freeze-dried collagen/silk fibroin
scaffolds. Although these scaffolds had some repair effects, they
exhibited larger lesion areas and more disorganized structures
compared to 3D-printed scaffolds, with fewer GAP43+ cells,
suggesting that the uncontrollable topographical cues of freeze-
dried scaffolds may lead to differential cellular responses and
varying repair outcomes.??! While porosity can be controlled
through freezing rates, achieving consistently aligned topograph-
ical cues is challenging with freeze-drying. Furthermore, the cy-
totoxicity of crosslinking agents remains a challenge in their
application.

5.2. Nanofiber Engineering: Tailoring Topographical Features for
Neural Applications

As previously mentioned, nanofiber matrices can replicate the
topographical features of the natural extracellular matrix and af-
fect cellular behavior through both long-range and short-range
biochemical signals. The alignment and diameter of the fibers
dictate the topographical features and the corresponding effec-
tiveness of spinal cord injury repair.[2**22¢] Electrospinning is a
widely employed technique for fabricating oriented morpholo-
gies in nanofiber mats or tubes. Its precision in controlling
fiber diameter, alignment, and signal encapsulation makes it a
highly versatile approach for various scaffold applications. Cre-
ating a nervous tract-inspired multi-nanoyarn model system us-
ing nanotopography holds significant potential for advancing
research on neural differentiation and transcriptional regula-
tion, offering a novel paradigm for in vitro neuronal model
systems.[%®] A wireless, biodegradable 3D piezoelectric electro-
spinning nanofiber scaffold was designed for spinal cord injury
repair, offering a novel direction for using radio-driven electro-
spinning nanomaterials.??’] However, achieving uniform fiber
diameters and consistent morphologies is difficult with elec-
trospinning, and unstable topographical cues may adversely af-
fect spinal cord injury repair.l??8] Additionally, synthetic polymer
fibers have limitations, including poor biocompatibility, inade-
quate cell adhesion, and low cell affinity, which impedes cell in-
filtration and migration.!??”! Furthermore, the cytotoxicity and
sterilization challenges of some electrospinning nanofibers limit
their clinical translation.

5.3. Advancing Scaffold Design: The Promise of 3D Bioprinting in
SCI Repair

Spinal cord tissue has complex 3D structures with layered orga-
nization and functional partitioning. 3D printing offers a promis-
ing approach for constructing topographical cues, leveraging its
unique ability to create intricate biomimetic geometries with
high precision and customization. It can create anatomically ac-
curate structures with spatial distributions of NSCs to repair SCI.
Many researchers have attempted to integrate various topograph-
ical cues using 3D printing for SCI repair.?3! The microscale
continuous projection printing (WCPP) technique was used to
fabricate complex central nervous system (CNS) structures for
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applications in spinal cord regenerative medicine.[3!l Liu simu-
lated spinal cord structures using functional chitosan, hyaluronic
acid derivatives, and Matrigel to print spinal cord-like structures,
promoting axonal regeneration and spinal cord injury repair.?}!
Li developed a time-programmed linear hierarchical structure
scaffold with linear topographical cues to promote neural stem
cell migration and differentiation, enhancing motor function re-
covery in rats.[32] However, 3D printing tissue engineering still
faces challenges in the types and quantities of materials used, the
construction of high-resolution topographical cues, and the cre-
ation of multi-responsive topographical cues.[?®}] Current spinal
cord bioprinting research targets a limited range of cell types
and scaffold models, focusing on neural stem cell differentia-
tion and 3D scaffold construction without fully depicting the to-
pographical cues needed for spinal cord injury repair.l??*] The
safety, efficiency, cost, and scalability of 3D printing also limit its
application.

5.4. Precision Engineering: Utilizing Laser Techniques for
Topographical Cues

Laser ablation systems are essential for constructing topographi-
cal cues by focusing high-quality beams on tiny spots to create pe-
riodic relief patterns, including lines, grooves, gratings, micropil-
lars, and microcavities.[**] Laser ablation offers a more straight-
forward manufacturing process compared to traditional pho-
tolithography, enabling the creation of more complex patterns.
Benefits of laser ablation include avoiding contamination from
direct contact and achieving high aspect ratios in the designs.
In contrast, conventional photolithography methods such as UV
lithography, extreme ultraviolet lithography (EUVL), X-ray lithog-
raphy (XRL), and direct laser writing (DLW) are often used for
pattern creation. Laser ablation is a widely used method for cre-
ating micro/nano-structured substrates to regulate stem cell fate,
with controllable periodic pattern arrays like lines, grooves, grat-
ings, micropillars, and microcavities.[23>23¢] However, laser abla-
tion requires photomask-assisted pattern formation, which is in-
efficient and limited to small-scale, simple micro/nano-structure
fabrication. The structures formed are typically 2D, limiting their
broad in vivo applications.[?]

5.5. Advanced Patterning Methods: Creating Complex
Topographies for Neural Regeneration

Photolithography has become a dependable technique for rapidly
producing complex patterned substrates, making it ideal for
large-scale applications such as biosensors. Its compatibility with
existing high-throughput photolithography infrastructure allows
for efficient scaling and integration into various manufacturing
processes.[238] Photolithography can also fabricate intricate 3D
structures that are challenging to achieve with conventional pat-
terning methods. This technique involves bond breaking or for-
mation during the photolithography process. By utilizing various
photochemical reactions, it is possible to attach biochemical sig-
nals such as peptides to biomimetic materials, thereby influenc-
ing cellular behavior as part of the extracellular matrix.[23%240] A
maskless photopatterning technique was developed, utilizing the
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photocatalyzed thiol-yne “click” reaction to produce both binary
and gradient patterns on thiolated surfaces. This method is no-
table for its capability to produce custom gradients, wide-ranging
applicability, low defect rate, and rapid prototyping advantages,
all with no mask.?*!l' Photopatterning is also applicable to
hydrogels. For example, a collagen-functionalized hydrogel scaf-
fold capable of sustained release of basic fibroblast growth factor
(bFGF) was developed, creating a supportive microenvironment
for directional neuronal regeneration and bridging the gap be-
tween spinal cord stumps, ultimately promoting motor function
recovery in rat models.[?*?]

Laser Interference Lithography (LIL) utilizes the interfer-
ence of two coherent laser beams to form standing wave
patterns, which are then used to fabricate periodic mi-
cro/nanostructure arrays. This technique achieves large-scale
(centimeter-level) patterning with high uniformity without the
need for photomasks.!?#3] Flexible substrates can be used with LIL
to create guided 3D micro/nano-structured materials,!***] and the
periodic pattern of gradient lines also provides a powerful tool
for screening the optimal parameters of topographical cues, 2]
offering potential for clinical translation.

Two-photon polymerization (2PP) utilizes near-infrared (NIR)
light for two-photon absorption, enabling high-resolution topo-
graphical cue fabrication with controlled, precise patterns.[2¢]
This rapid prototyping technique can produce clear, high-
resolution topographical cues, with higher precision at the micro-
and nano-scale compared to other methods.!**"?*8] A variety of
natural and synthetic photosensitive materials, including gelatin,
zirconia sol-gels, aliphatic polyesters, acrylate-based polymers,
and organically modified ceramics, are suitable for two-photon
polymerization (2PP).2*1 However, the widespread adoption of
this technology is hindered by its high equipment costs and the
need for specialized expertise.

Advanced micro- and nano-fabrication technologies can fur-
ther provide versatile approaches for designing topographical
cues that closely replicate the native spinal cord microenviron-
ment, thereby effectively guiding and supporting neural stem
cell (NSC) behavior. Each approach presents unique strengths:
freeze-drying allows tunable porosity, electrospinning mimics
ECM nanostructures, 3D printing enables anatomical precision,
and laser-based or photolithographic patterning achieves high-
resolution spatial control. However, their clinical translation
hinges on overcoming several hurdles. Biosafety remains a pri-
mary concern, especially regarding residual solvents, crosslink-
ers, or synthetic polymers with poor biocompatibility. Scalability
and reproducibility are also essential, as techniques like 2PP and
photolithography often require specialized, high-cost equipment,
limiting widespread adoption. In vivo therapeutic efficacy varies
across platforms and needs further validation through long-term
preclinical studies.

Encouragingly, several studies have shown promising out-
comes in animal models. For instance, Liu et al.l?*! demon-
strated functional recovery and enhanced axonal regeneration
using a 3D-printed spinal cord-like scaffold composed of chi-
tosan and hyaluronic acid derivatives. Similarly, Li et al.l*% re-
ported that a time-programmed scaffold with aligned topogra-
phies significantly promoted NSC migration and differentiation,
improving motor outcomes in rats. These studies underscore the
translational potential of topography-guided strategies, yet sys-
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tematic comparisons and large-animal validations are still lack-
ing. Future research should prioritize the development of stan-
dardized fabrication protocols, large-animal studies, and scalable,
GMP-compliant manufacturing processes. Integrating multidis-
ciplinary advances in material science, neurobiology, and bio-
engineering will be essential to translating topographical scaffold
technologies from bench to bedside for effective spinal cord in-
jury repair.

6. Translating Research to Practice: In Vivo
Applications of Topographical Cues

Spinal cord injuries (SCI) disrupt the integrity of neural cir-
cuits, necessitating the development of advanced materials that
can support axonal regeneration and tissue repair. Building on
the in vitro evidence discussed in Sections 3-5, where nanoto-
pography significantly influenced neural cell behavior, we now
explore how these findings translate into scaffold-based thera-
pies for SCI. Unlike conventional scaffolds with flat or non-
structured surfaces, topography-engineered scaffolds incorpo-
rate aligned fibers, grooved microchannels, or nanoscale fea-
tures that mimic the native ECM, offering enhanced guidance
for axon regrowth, improved stem cell differentiation, and reg-
ulated immune responses in vivo. Accordingly, a compelling
strategy for neural tissue repair entails the physical bridging of
the injury locus coupled with the creation of a permissive mi-
croenvironment that actively stimulates endogenous regenera-
tive processes.!?" Specifically, the alignment of fibers, pore size,
and the 3D structure of scaffolds have been shown to affect cell
infiltration, axonal growth, and neurogenesis.[*!l These findings
serve as the foundation for selecting specific topographical cues
for in vivo applications, ensuring that experimental results are
translated into practical designs that align with clinical objectives.
While biomaterial implantation has traditionally aimed to mini-
mize immune responses, recent advances underscore the impor-
tance of controlled immune activation as a regenerative strategy.
Rather than evading immune surveillance, topographically engi-
neered scaffolds are now designed to modulate the phenotypes of
macrophages and neutrophils, promoting anti-inflammatory and
pro-regenerative responses. For example, aligned microgrooves,
specific nanofiber diameters, and optimized surface roughness
have been shown to enhance M2 macrophage polarization and
suppress detrimental inflammation. This immunomodulatory
approach shifts the paradigm from immune avoidance to im-
mune guidance, highlighting the dual role of immune cells as
both responders to injury and facilitators of SCI repair. Nerve
guidance conduits (NGCs) and nanofibers are typical examples
of this approach.

6.1. Nerve Guidance Conduits: Enhancing Axonal Regeneration
Across Injury Sites

Compared to smooth-walled conduits, NGCs embedded with
aligned microchannels or nanofibers better recapitulate spinal
cord architecture, facilitating oriented axonal extension and re-
ducing disorganized scar formation. Section 3 highlighted the
importance of anisotropic topographies in guiding cell behavior,
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Figure 10. Nerve guidance conduits enhancing axonal regeneration across injury sites. Multi-channel nerve conduits (LNCs and NNCs) for SCI:
a—c) Schematics of porous (LNCs) and nano-fibrous (NNCs) channels implanted in SCI models, showing reduced astrocyte/collagen scarring and
macrophage/microglia infiltration. Enhanced NSC migration, differentiation, and axonal growth were observed. d—i) Immunofluorescence images show
Ibal+ (microglia) and CD68+ (phagocytic macrophage) cells at the injury site in SCI, LNCs, and NNCs groups. j-I) Nestin+ and Tuj1+ cells in each
group at 8 weeks post-implantation, showing NSC activity in LNC/NNC channels (n = 6, *p < 0.05). Adapted with permission.[2%] Copyright 2019,

Elsevier.

and these principles are directly applied in the design of NGCs.
Recent research indicates that incorporating numerous micro-
conduits into a larger conduit enhances nerve migration and ax-
onal growth.[?®2] The presence of multiple conduits promotes
longitudinal axon growth more effectively than a single large

Adv. Funct. Mater. 2025, 2508435 2508435 (23 of 37)

conduit, which is essential for bridging the injury gap.!*»*
For example, highly porous, biodegradable multi-conduit scaf-
folds containing Schwann cells (SCs) have been observed to
support nerve regeneration 1-month post-implantation.[?* Or-
ganized axon regeneration was achieved only in multi-conduit
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Figure 11. Oriented nanofiber scaffolds promote neural repair. a) Oriented PCL fibers in a 3D-printed hydrogel scaffold; b) composite hydrogel scaffold
with directional fibers c—e) SEM images with oriented fibers (yellow arrows). f) BBB score plot showing motor function recovery. g-I) Immunofluorescence
of NSC differentiation and migration in lesion areas; Nestin+ and GFAP+ cells indicate NSC and glial activity, with significant NSC migration at lesion
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agarose scaffolds; injected cell suspensions did not show
such organized growth.>®] Another study demonstrated that
smaller diameter multi-conduit scaffolds (450 um) outperformed
larger diameter scaffolds (660 um) in promoting axon regen-
eration and reducing scar reaction in a rodent SCI model,
suggesting an optimal parameter range for contact-guidance
functionality.>4
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Multi-conduit systems can also maintain the linear and bun-
dled structure of the spinal cord, increase SC adhesion and ac-
tivation, and facilitate the release of neurotrophic factors like
nerve growth factor (NGF).[202257:28] For instance, conduits with
an average conduit diameter of 125um embedded with brain-
derived neurotrophic factor (BDNF) supported organized axonal
regeneration.['”] These findings highlight the critical role of
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Figure 12. Assembly of smart spheroids for advanced cell therapy. A) To more accurately replicate the natural architecture of 3D tissues and amplify
the therapeutic potential of stem cells, we integrate advanced biodegradable nanomaterials. These materials serve a dual purpose: acting as a bonding
agent while providing structural support and functioning as a drug delivery system. B) Manganese dioxide nanosheets are selected as the optimal
component for our hybrid system due to their exceptional physical, chemical, and biological properties. C) 2D manganese dioxide nanosheets are coated
with extracellular matrix (ECM) proteins and therapeutic drugs, then combined with cells. This assembly is facilitated by the unique physicochemical
properties of the nanomaterials, enabling the formation of SMART spheroids. D and E) As a proof of concept, we delivered SMART spheroids in an in
vivo spinal cord injury (SCI) model. The results demonstrated that the SMART assembly significantly improved stem cell survival at both 1-week and
1-month intervals. Additionally, it enhanced the differentiation efficiency of the implanted cells into neurons, reduced glial scar formation, and increased
neuroprotection. These outcomes collectively contributed to improved motor function recovery. Adapted with permission.[272] Copyright 2021, American

Association for the Advancement of Science.

topographical cues in axonal regeneration within injured spinal
cords when combined with cellular or molecular therapies. Sun
utilized 3D printing to create multi-conduit scaffolds mimick-
ing spinal cord structures. They found that nanofiber nerve con-
duits with high porosity could promote NSC differentiation into
neurons and synapse formation, even without key neurotrophic
factors, reinforcing the importance of contact-guidance conduits
in neural regeneration(??2>°! (Figure 10). These designs lever-
age the established understanding (please see Section 3 for de-
tails) that neuronal cells exhibit distinct responses to diverse to-

Adv. Funct. Mater. 2025, 2508435 2508435 (25 of 37)

pographical features. A critical next step involves comprehensive
research to pinpoint and refine the optimal topographical cues
and their defining parameters for guiding neuronal behavior.

6.2. Nanofiber Scaffolds: A Versatile Approach to Promote Neural
Repair
Traditional electrospun scaffolds with random fiber orientation

lack the guidance capacity needed for SCI repair. In contrast, as
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Figure 13. Nanoscaffolds for spinal cord repair and neural regeneration. A) 3D nanoscaffolds self-assembled from 2D nanomaterials with tailored
nanotopography for drug loading, ECM protein embedding, and stem cell delivery. Images on the right show the nanostructure and topography of the
nanomaterials for specific interactions with cells. B) The advantages of 3D nanoscaffolds for stem cell transplantation and treatment of spinal cord injury.
C) SEM images showing the nanotopographies of the self-assembled nanoscaffolds. Scale bar: 500 nm. D,E) Schematic diagrams showing the process
of nanoscaffold-mediated transplantation of NSCs and the mechanism for promoting spinal cord regeneration after injury. Adapted with permission.[270]

Copyright 2018, Nature Pub. Group.

Section 3 pointed out, aligned nanofiber scaffolds direct neurite
outgrowth along the rostrocaudal axis, enhance NSC migration,
and promote synapse formation. Electrospinning creates fibers
with a high surface area-to-volume ratio and significant poros-
ity. Several studies have investigated the efficacy of electrospin-
ning fibers in SCI repair.[204260.261] Colello et al. created cylinder-
shaped scaffolds via air gap electrospinning, which matched the
shape of the spinal cord and promoted SCI repair. They found
that aligned fibers were more conducive to cellular infiltration
compared to randomly oriented fibers, indicating that aligned
electrospinning scaffolds provide directional guidance cues and
nutritional support, enhancing axonal regeneration post-SCL.[262]
Comparable findings were reported by Zhao et al., demonstrat-
ing that the aligned PCL microfibers facilitated neurite outgrowth
along the longitudinal axis!?**! (Figure 11). Hurtado et al. im-

Adv. Funct. Mater. 2025, 2508435 2508435 (26 of 37)

planted films and random and aligned microfibers into 3 mm
thoracic SCI gaps in rats and observed organized tissue com-
posed of regenerating axons and aligned astrocytes four weeks
post-implantation. Aligned fibers were more effective in pro-
moting long-distance rostrocaudal axonal regeneration.l?%*] Con-
versely, in an acute SC, Liu et al. observed substantial cellu-
lar infiltration in electrospinning nanofibers, regardless of fiber
orientation.[?**] This discrepancy implies that fiber diameter is
a crucial topographical cue in SCI repair, alongside alignment,
with potential optimal ranges. Although the exact parameter
range is still undetermined, Chen et al. produced fibers ranging
from 400 nm to 1.5 um, mimicking spinal cord fibers. In com-
parison, Li created 3D nanofiber sponges with diameters around
400 nm, both achieving promising results in SCI repair.[204260]
Furthermore, Ley analyzed the response of neutrophils on
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polymer electrospun scaffolds and found that, compared to larger
diameter fibers (~1.9 pum), smaller diameter fibers (0.3 um)
led to more significant neutrophil aggregation and activation,
resulting in a stronger NETotic response.?®>] Self-assembled
nanofibers (SAPs), composed of amphiphilic peptides that form
cylindrical structures (6-8 nm diameter) with bioactive surfaces,
can trigger specific cellular responses.[201:266] Vicki et al. demon-
strated that injection of self-assembling nanofibers into a mouse
model of SCI causes axon elongation and reduces glial scar
formation.[?”] These insights are translated into the design of
nanofiber scaffolds with varying diameters to optimize the in-
flammatory response and enhance tissue repair.

Nanofibers also show promise in modulating the microenvi-
ronment. Bartnet’s research indicates that changes in material
topographical cues have a much greater impact on the adhesion,
migration, and phenotype of primary human macrophages com-
pared to surface chemical modifications. 3D nanoscaffolds can
effectively reduce the release of pro-inflammatory cytokines.[2%!
Kaneko found that electrospinning nanofiber conduit walls re-
duced macrophage activity and pro-inflammatory cytokine secre-
tion, limiting macrophage infiltration and improving the regen-
erative microenvironment post-SCI.[26826] Saino investigated the
effect of electrospinning fiber diameters on macrophage activa-
tion and secretion, showing that nanofiber PLLA scaffolds mini-
mized inflammatory responses more effectively than film or mi-
crofiber scaffolds, highlighting fiber diameter’s critical role in in-
fluencing macrophage behavior and pro-inflammatory molecule
secretion.['7]

6.3. Nanoscaffolds: Integrating Multiple Cues for Enhanced
Regeneration

Unlike conventional hydrogel or polymer scaffolds, nanoscaf-
folds with defined 2D or 3D nanotopography support the as-
sembly of stem cells into regenerative spheroids and enhance
host tissue integration by directing neural differentiation and ax-
onal alignment in vivo. Constructed from nanomaterials of var-
ious dimensionalities (0D-3D), these scaffolds present tunable
topographical, mechanical, and chemical cues within a unified
platform. In contrast to electrospun nanofibers that predomi-
nantly facilitate 2D interactions, 3D nanoscaffolds enable vol-
umetric cell encapsulation, thereby improving delivery, viabil-
ity, and regenerative efficacy in spinal cord injury repair. For
instance, our recent work developed a series of 3D biodegrad-
able inorganic hybrid (BHI) nanoscaffolds designed to syner-
gistically combine drug delivery and stem cell transplantation
for SCI treatment. In contrast to organic or polymeric nanoma-
terials, inorganic nanomaterials offer unique advantages: their
crystal growth can be precisely controlled to synthesize 0D, 1D,
2D, and 3D nanomaterials with defined sizes and geometries.
These materials not only enable programmable, sustained drug
release but also provide size- and shape-dependent topographical
cues to cells. The first-generation 3D-BHI nanoscaffolds employ
laminin-functionalized 2D manganese dioxide nanosheets to
co-assemble with human-induced pluripotent stem cell-derived
neural stem cells (hiPSC-NSCs) while integrating a moni-
torable, controlled-release system for the Notch inhibitor DAPT
or methylprednisolone (MP).[27%271] This comprehensive system
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successfully promoted the survival and neuronal differentiation
of hiPSC-NSCs both in vitro and in vivo in a murine hemisec-
tion SCI model (Figure 12). This approach directly builds upon
the cellular-level knowledge from Section 3, where specific sur-
face features were shown to influence stem cell neurogenesis and
axonal growth. The 3D nature of these scaffolds further enhances
their ability to replicate the complex architecture of the spinal
cord, providing a more realistic environment for cell growth and
tissue repair. However, the molecular mechanisms underlying
how these topographical cues facilitate functional improvement
remain unclear.

The second generation of the 3D BHI nanoscaffolds further
utilized the topographical cues mediated by 2D nanomaterials to
assemble hiPSC-NSCs into injectable 3D stem cell spheroids.[?’?]
This advancement is particularly significant, as regulating 3D
nanotopographical cues within cell-encapsulating nanoscaffolds
has long posed a major challenge. Furthermore, compared to the
first-generation 3D-BHI nanoscaffolds, the second-generation
iteration was engineered in an injectable format, avoiding in-
vasive surgery and reducing secondary damage to spinal tissue.
Subsequently, third-generation 3D-BHI nanoscaffolds were de-
veloped as injectable stem cell spheroids, fabricated via the as-
sembly of fibronectin-functionalized 1D manganese dioxide nan-
otubes co-assembled with mesenchymal stem cells (MSCs).[273]
Moreover, 2D manganese dioxide nanosheets were incorpo-
rated into shear-thinning peptide hydrogels to enable con-
trolled therapeutic regeneration of non-neural tissues, such as
intervertebral disc degeneration.[?*] The ongoing evolution of
3D-BHI nanoscaffolds underscores the critical role of nanotopo-
graphical design in 3D injectable systems for spinal cord regen-
eration, particularly following injury SCI (Figure 13).1270]

In conclusion, topographical cues offered by materials like
nanofibers, conduits, and nanoscaffolds demonstrate signifi-
cant effectiveness in regulating cell behavior, improving the lo-
cal microenvironment, directing axonal growth, and facilitating
neural regeneration. These properties position them as highly
promising candidates for advancing spinal cord injury (SCI)
repair.

7. Navigating Challenges: Future Directions in
Topography-Based SCI Therapies

Neural regeneration and circuit reconstruction are essential for
functional recovery after spinal cord injury (SCI). Topograph-
ical cues have emerged as critical modulators of neural stem
cell (NSC) fate by influencing cell adhesion, alignment, neu-
rite extension, differentiation pathways, and immune responses,
thereby contributing to a more favorable regenerative microen-
vironment. However, the molecular and genetic mechanisms
underpinning these cell-topography interactions remain insuffi-
ciently understood. Unraveling these mechanisms could pave the
way for designing next-generation biomaterials capable of more
precisely orchestrating topographical cues.

Preclinical studies demonstrate that micro- and nano-scale to-
pographies can effectively guide axonal regrowth and cellular or-
ganization within SCI models. Incorporating such topographi-
cal cues into scaffolds offers considerable potential for advancing
in vitro and in vivo regeneration strategies.[?>277] Yet, bridging
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the gap between bench and bedside requires integrative design
principles grounded in clinical realities. Notably, existing FDA-
approved devices for peripheral nerve repair, such as NeuroMa-
trix, AxoGuard, Neurolac, and SaluTunnel, share key features, in-
cluding aligned or tubular architectures for physical guidance,
biocompatibility, and support for cellular infiltration and ECM
remodeling. Despite their clinical success in peripheral nerve re-
pair, these strategies have shown limited efficacy in spinal cord
applications, largely due to the spinal cord’s complex architec-
ture, absence of spontaneous regeneration, and heightened in-
flammatory sensitivity.

To address these challenges, future SCI biomaterial design
must integrate topographical cues with biochemical, mechanical,
and cellular components to better mimic native spinal cord ar-
chitecture. This “cocktail-like” approach should unify mechanical
support, directional guidance, nutrient exchange, and immune
modulation to enhance therapeutic outcomes.!?’2281] Transla-
tional strategies should also incorporate scalable fabrication tech-
niques, minimally invasive delivery systems, and designs that
promote vascularization. Furthermore, aligning preclinical as-
sessments with clinically relevant outcomes, such as motor and
sensory recovery and electrophysiological performance, will im-
prove predictive accuracy.

Table 4 provides an overview of current clinical trials regis-
tered on ClinicalTrials.gov, highlighting both ongoing efforts and
remaining gaps. Compared with current clinical strategies, typ-
ically involving neuroprotective agents, cell transplantation, or
general scaffold systems, topography-engineered materials offer
unique advantages in spatially guiding axonal growth and mod-
ulating immune responses. However, topographical sophistica-
tion such as anisotropic nanostructures and hierarchical designs
remains largely absent from clinical trials. Bridging this gap be-
tween fundamental discoveries and scalable translational plat-
forms remains a key objective for the field.

The integration of topographical cues with biochemical, cel-
lular, and physical stimuli further enhances regenerative po-
tential. Scaffold systems incorporating ECM components, neu-
rotrophic factors, or therapeutic cells have shown promise in pro-
moting neural differentiation and tissue remodeling.[2>58291-2%3]
Additionally, electromagnetic stimulation, an established physi-
cal approach, can modify scaffold microenvironments to boost
neuronal differentiation and mitigate glial scarring.[2**?7] More-
over, magnetically responsive self-assembling peptide hydrogels
offer tunable topographical cues that support axon growth and
reduce inflammation, although clinical translation remains a
challengel?98:301

Recent advances in nanotechnology have enabled bioactive
nanotopographical systems to exhibit stimuli-responsive behav-
ior. These systems can be engineered to respond to endoge-
nous signals (e.g., pH, ROS, enzymes) or exogenous stimuli
(e.g., NIR light, ultrasound, magnetic fields) to dynamically con-
trol material properties and biological responses.[>1-3%] Intelli-
gent nanomaterials—including synthetic polymers, biomateri-
als, and metal-based systems—have demonstrated utility in pre-
cision diagnostics®313) and targeted drug delivery,?'*318 and
these functionalities are closely tied to their topographical de-
sign. Given the spinal cord’s inherently aligned structure, inte-
grating such intelligent materials with directional cues presents
a promising strategy for SCI repair.
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One of the key hurdles in clinical translation is the mul-
tifactorial complexity of SCI pathology. Effective topographical
strategies must address both shared and cell-type-specific be-
haviors among NSCs, neurons, glia, and immune cells. A com-
prehensive understanding of both the universal (‘common’) and
cell-specific (‘individual’) responses to these cues is essential
for tailoring scaffolds to direct repair processes across differ-
ent cell types. Moreover, combining topography with stem cells,
ECM-mimicking materials, and cytokine delivery may syner-
gistically enhance cellular integration and endogenous repair
mechanisms. Despite these advancements, the path toward clin-
ical translation is obstructed by several key challenges. For in-
stance, reproducibility and scalability of fabrication methods re-
main a significant concern, as topographical cues must be pre-
cisely manufactured to ensure consistency across large-scale
clinical applications. Additionally, achieving effective vascular-
ization and minimizing immune rejection in spinal cord scaf-
folds are critical barriers that need to be addressed. Further-
more, the lack of spontaneous regeneration in the central ner-
vous system, along with the complexity of the spinal cord’s neu-
ral architecture, adds to the difficulty of achieving functional
recovery.

To overcome these barriers, multimodal approaches that in-
corporate topographical cues into multifunctional platforms
will be essential. “Cocktail” therapies that integrate topogra-
phy with stem cells, biochemical factors, and physical stimu-
lation are showing promise. For instance, co-delivery of topo-
graphical scaffolds with electromagnetic stimulation has been
shown to enhance axonal regeneration while dampening in-
flammation in animal models. Likewise, biodegradable scaf-
folds incorporating aligned nanostructures and NSC transplanta-
tion have demonstrated improved cellular infiltration and tissue
integration.[299:301:304]

Ultimately, successful clinical translation will require itera-
tive biomaterial optimization, rigorous testing in large animal
models, and development of scalable, clinically compliant man-
ufacturing methods. Through this integrative and multidisci-
plinary approach, patient-specific strategies that emulate the
spinal cord’s native architecture may finally realize the goal of
functional SCI repair.

In conclusion, advancing our understanding of how topograph-
ical cues influence cellular behavior, along with the development
of intelligent, multifactorial, and integrative approaches, holds
great promise for transforming the clinical landscape of SCI
treatment. These strategies offer an exciting path toward clini-
cally translatable therapies that can significantly improve patient
outcomes and quality of life.
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