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Highlights

What are the main findings?

e  The material-tissue interface integrates physicochemical material properties into neu-
ronal, astrocytic, and microglial responses, but direct material effects and glia-mediated
neuronal effects remain insufficiently distinguished in current studies.

e  Mechanical, architectural, chemical, electrical, and degradation-related cues engage
interconnected adhesion, mechanosensitive, and transcriptional signaling pathways,
including FAK/Src, Piezol/ Ca?t, RhoA/ROCK, and YAP/TAZ signaling.

What are the implications of the main findings?

e  Biomaterial design should be application-dependent. Regenerative systems require
permissive and remodelable interfaces, whereas chronic neural interfaces require stable
functional coupling while limiting adverse tissue responses.

e Progress toward predictive biomaterials requires multicellular models that resolve
neuron-astrocyte-microglia—ECM interactions across physiologically relevant timescales
rather than relying primarily on isolated cellular endpoints.

Abstract

Biomaterials for neural tissue engineering, cell delivery, and chronic neural interfaces are
conventionally characterized through physicochemical descriptors such as stiffness, topogra-
phy, surface chemistry, and degradation rate. However, their biological effects are mediated
by the material-tissue interface, which evolves through protein adsorption, extracellular
matrix ligand presentation, and progressive cellular remodeling and determines how these
design parameters are translated into neuronal and glial responses. This review synthesizes
current evidence on how neurons, astrocytes, and microglia sense the material-tissue inter-
face, how integrin-dependent adhesion complexes, mechanosensitive Piezol channels, and
downstream FAK/Src, RhoA/ROCK, and YAP/TAZ pathways transduce interfacial cues
into intracellular signaling, and how key design variables (mechanical properties, architec-
ture, surface chemistry, electrical conductivity, and degradation) can be tuned to direct these
processes in regenerative scaffolds and chronic neural interfaces. Particular attention is
given to studies distinguishing direct neuronal effects from glia-mediated modulation, since
concurrent changes in neuronal and glial markers are often reported without establishing
causal neuron—glia interaction. We further discuss methodological limitations that constrain
current interpretations of biomaterial-induced neuron-glia crosstalk, including discrepan-
cies between 2D, 3D, and in vivo models and insufficient durations of chronic observation.
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We argue that functional biomaterial design for neural applications should move from opti-
mizing isolated cellular readouts toward multicellular experimental frameworks capable of
resolving neuron-glia~ECM interactions over physiologically relevant timescales.

Keywords: biomaterials; neuron—glia interactions; neuron—glia crosstalk; material-tissue
interface; neural tissue engineering; neural regeneration; neural interfaces; neuroinflammation;
astrocytes; microglia

1. Introduction

Disorders affecting the nervous system impose a substantial global health and economic
burden. In 2021, these conditions affected an estimated 3.4 billion people and accounted for
443 million disability-adjusted life years worldwide, with stroke contributing the largest
share [1]. Traumatic brain injury affects more than 50 million people annually, with an
estimated global economic burden of US$400 billion per year [2]. Spinal cord injury affected
approximately 20.6 million people worldwide in 2019 [3], with reported lifetime costs rang-
ing from US$0.7 to 2.5 million per individual [4]. Biomaterial-based approaches to neural
tissue repair, cell delivery, and implantable neural interfaces are being developed to ad-
dress different aspects of these conditions [5,6]. Although economic evidence for emerging
regenerative approaches remains limited, clinically established implantable technologies
provide relevant examples. A systematic review of 14 economic evaluations of spinal cord
stimulation reported cost-effective or cost-saving outcomes in 10 studies [7]. While these
findings cannot be extrapolated to regenerative biomaterials, they illustrate the economic
considerations associated with the clinical implementation of neural technologies. In both
regenerative and implantable applications, the physicochemical and mechanical properties
of biomaterials influence their interactions with neural tissue, including neuronal and glial
responses that contribute to functional outcomes.

1.1. The Material-Tissue Interface as a Determinant of the Biological Response

Biomaterials for neural tissue repair, cell delivery, neuroprosthetics, and chronic neuro-
modulation have traditionally been described in terms of their physicochemical properties,
including chemical composition, stiffness, topography, porosity, degradation rate, electrical
conductivity, and other parameters [8]. However, the biological response to a material
cannot be predicted solely from these properties. Upon contact with a biological environ-
ment, the material surface rapidly changes through protein adsorption and subsequent
interactions with extracellular matrix (ECM) components. The composition, conformation,
and accessibility of adsorbed molecules depend on the chemical and physical proper-
ties of the material and determine which receptor-binding sites are available for cellular
recognition [9-12]. Therefore, the biological effects of a material are more appropriately
considered in the context of the resulting material-tissue interface, whose properties may
differ substantially from those of the original material surface [13,14].

This perspective is particularly important for neural tissue because biomaterials interact
with multiple cell populations. Neurons, astrocytes, and microglia differ in how they sense
their microenvironment and respond to changes within it; however, within tissue, these
responses are not independent. Microglia and astrocytes contribute to the regulation of
the inflammatory, trophic, and extracellular microenvironment of neural tissue, whereas
neuronal survival and neurite growth depend, among other factors, on trophic support,
interactions with the ECM, and electrical activity [15-17]. Intercellular communication can
propagate and amplify changes in cellular states across different cell populations. Current
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studies of neuron—glia crosstalk, including microglia—neuron and microglia—astrocyte sig-
naling axes, demonstrate that such intercellular regulation relies on specific ligand—receptor
mechanisms [18,19]. For example, activated microglia have been shown to induce a distinct
reactive astrocyte state through IL-1x, TNF, and C1q [20]. More recent evidence has also
revealed direct mechanisms of bidirectional communication between microglia and neurons.
A recently identified mechanism involves microglial secretion of B-hexosaminidase, which
is taken up by neurons and contributes to the degradation of ganglioside GM2. When this
process is disrupted, GM2 accumulates in neurons and, in turn, activates microglia via
MGL2, thereby establishing a bidirectional intercellular loop [21]. Although these studies
do not directly address biomaterials, they demonstrate a property of neural tissue that
is fundamentally important for biomaterial evaluation: a change in the state of one cell
population can secondarily alter the state of others.

This level of biological organization remains insufficiently represented in biomaterials
research. In many studies, neuronal and glial responses are characterized using separate
endpoint measures, such as cell viability, neurite growth, GFAP or Ibal expression, and
concentrations of inflammatory mediators. These measures can characterize the states of
individual cell populations but do not establish causal relationships between their changes.
Therefore, concurrent changes in neuronal and glial markers following contact with a
material do not, by themselves, provide evidence of regulated neuron—glia interactions.
A methodological gap thus remains between the well-established biology of neuron—glia
crosstalk and its direct investigation in the context of biomaterials.

In this review, the material-tissue interface is considered the link between engineered
material properties and the neural tissue response. We sequentially examine the formation
of the material-tissue interface, its recognition by cells, the intracellular mechanisms that
transduce interfacial signals, and the effects of material properties on neuronal, glial, and
tissue responses. In doing so, we distinguish between effects directly demonstrated in
individual cell types and evidence that provides insight into their intercellular interactions.
This framework is subsequently used to compare two functionally distinct applications:
neural tissue regeneration and long-term interactions with chronic neural interfaces.

Previous reviews have addressed biomaterial interactions with neural tissue, including
neurogenic signaling at material interfaces [22], reactive astrogliosis [15], glial responses
to implanted electrodes [23], and soft neural interfaces [6]. However, the extent to which
material-induced neuronal and glial responses reflect changes in intercellular communica-
tion remains insufficiently resolved. This review critically examines the evidence linking
biomaterial properties to neuron—glia interactions, distinguishing parallel cellular responses
from experimentally supported intercellular mechanisms. Particular attention is given to
how material-dependent changes in glial function may influence neuronal outcomes and to
the implications of these interactions for regenerative scaffolds and chronic neural interfaces.
By integrating mechanistic evidence with application-specific requirements, we identify
key considerations for biomaterial design and experimental evaluation.

1.2. Biomaterials for Regeneration and Implantation

Biomaterials that interact with neural tissue are used in systems designed to serve
fundamentally different functional purposes [22] (Figure 1).

In regenerative approaches, the material must provide an environment conducive to
the repair of damaged tissue. Depending on the specific strategy, this requires not only
biocompatibility and the absence of toxicity, but also support for cell adhesion, survival, and
differentiation, neurite growth, directed cell migration, ECM organization, and modulation
of the glial response in a manner favorable to the restoration of neuronal connections.
Contemporary regenerative systems combine these functions with the delivery of cells,
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neurotrophic factors, and other bioactive components, while scaffold properties are used to
guide the process of tissue repair [24,25].

Regenerative biomaterials Common design variables Chronic neural interfaces
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Figure 1. Application-dependent design of neural biomaterials: shared design variables and divergent
interface requirements.

Chronic neural interfaces serve a different functional purpose. An implant must main-
tain long-term mechanical and functional coupling with neural tissue, enabling stable
recording or stimulation while minimizing damage to surrounding structures. Mechanical
mismatch between the implant and soft neural tissue, micromotion, and chronic inflamma-
tion can disrupt this coupling and reduce the long-term performance of the device. The
potential to mitigate these effects through mechanically compliant materials was demon-
strated with the soft multimodal e-dura implant [26]. Contemporary bioelectronic systems
extend this approach through the use of soft and stretchable materials, bioactive coatings,
and hybrid architectures designed to promote more stable interactions between the device
and surrounding tissue [6].

Thus, materials for regeneration and cell therapy and those used in chronic neural
interfaces impose different requirements on the material-tissue interface. In the former
context, the material should support cell invasion, structural organization, and remodeling
of damaged tissue and, in some systems, gradually give way to the newly formed matrix. In
the latter, the artificial interface must persist over extended periods and maintain functional
interactions with neural tissue while minimizing processes that could compromise device
performance. These requirements, however, cannot be reduced to a simple opposition be-
tween “integration” and “isolation.” Chronic neural interfaces also require close functional
coupling with neurons, whereas excessive or nonselective cellular responses can lead to
unfavorable tissue remodeling and impaired device performance.

The regulation of adhesion clearly illustrates this context dependence. In regenerative
scaffolds, controlled cell attachment is generally required for cellular infiltration of the
material, migration, and subsequent tissue organization. In chronic implants, by contrast,
nonspecific protein adsorption and undesirable cellular overgrowth can contribute to an
unfavorable tissue response and reduce the stability of the functional interface. The design
objective is therefore neither to maximize nor to completely suppress adhesion, but rather to
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control its selectivity, spatial organization, and dynamics according to the intended function.
In this review, regenerative and chronic systems are considered not as opposite ends of
a universal adhesion axis, but as two distinct contexts in which the same fundamental
processes governing the formation and cellular recognition of the material-tissue interface
must lead to different functional outcomes.

2. Material-Tissue Interface: From Protein Adsorption to Cellular
Recognition
2.1. Protein Adsorption and Formation of the Interfacial Protein Layer

One of the earliest events following contact between a biomaterial and a biological
environment is protein adsorption onto its surface. Cells therefore interact not only with the
underlying material but also with a dynamically evolving layer of adsorbed biomolecules.
In nanoparticle research, this layer is commonly referred to as the protein or biomolecular
corona [12,27]. For consistency, we use the term interfacial protein layer when discussing
the implants, scaffolds, and coatings that are the primary focus of this review. In either
context, the properties of the adsorbed layer depend not only on protein abundance but also
on its molecular composition and the orientation and conformation of individual proteins.

The composition of the interfacial protein layer changes over time. In multicomponent
biological environments, proteins compete for available surface sites, and previously ad-
sorbed molecules can be displaced by others [28]. This process, known as the Vroman effect,
was originally described for blood plasma proteins and is relevant to materials exposed to
plasma, cerebrospinal fluid, or injured tissue, where albumin, fibrinogen, immunoglobulins,
and complement components may coexist [29]. Experimental studies have shown that
the composition of the interfacial layer depends on protein concentration, relative surface
affinity, molecular characteristics, and adsorbent properties [30]. More recent analyses
indicate that competitive protein exchange involves mechanisms more complex than the
sequential replacement of lower-affinity proteins by those with higher surface affinity [31].

Protein adsorption is strongly influenced by the physicochemical properties of the
surface. Hydrophobicity, surface energy, charge, and functional group chemistry affect
both the amount of protein adsorbed and its state following adsorption. For example,
systematic studies of surfaces with different wettabilities have demonstrated a pronounced
dependence of protein adsorption on surface energy [32]. However, the amount of adsorbed
protein alone is insufficient to predict the cellular response. Interactions with the surface
can alter protein conformation, thereby exposing or, conversely, masking sites available for
recognition by cellular receptors.

The functional significance of protein conformation has been demonstrated in studies
of fibronectin adsorption onto model surfaces bearing different terminal functional groups.
Surface chemistry altered the accessibility of the central cell-binding domain of adsorbed
fibronectin, resulting in differences in integrin binding and cell adhesion [33]. These
findings illustrate why comparable amounts of adsorbed protein may produce different
cellular responses: receptor recognition depends on the accessibility of specific binding sites
within the interfacial protein layer. Surface physicochemical properties can thereby influence
cellular signaling through changes in the molecular presentation of adsorbed proteins.

The dynamics of the material-tissue interface are particularly important in the central
nervous system (CNS), where the local microenvironment depends on the state of the tissue.
The foreign body response to implanted hydrogels is influenced by their physicochemical
properties and recapitulates multicellular responses characteristic of CNS injury. Both
the nature of the response and the functional properties of the hydrogels differed when
they were introduced into the intact brain versus the site of ischemic injury [34]. These
findings emphasize that biomaterial interactions with neural tissue depend not only on the
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intrinsic properties of the material but also on the state of the surrounding tissue. Surface
characteristics established under standard in vitro conditions therefore cannot be directly
equated with those encountered following in vivo implantation.

The next level of interaction is determined by how the molecular motifs presented at
this interface are recognized by cellular receptors and translated into adhesive signaling.

2.2. Cellular Recognition of ECM Ligands and Formation of Adhesion Complexes

Integrins are key receptors involved in the recognition of ECM components. These
heterodimeric transmembrane proteins mechanically and functionally link the ECM to the
actin cytoskeleton [35]. Different integrin heterodimers exhibit distinct ligand specificities
and interact with fibronectin, laminins, collagens, and other ECM components. Cellular
recognition of the interface therefore depends not only on the composition of the interfacial
protein layer, but also on the accessibility of specific receptor-binding sites and the repertoire
of integrins expressed by the cell (Figure 2).
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Figure 2. ECM ligand presentation and integrin-mediated adhesion complex formation at the
biomaterial—cell interface. (A) The presentation of ECM ligands is determined by the composi-
tion and organization of adsorbed proteins, including fibronectin, laminin, and collagen, as well as
by the incorporation of bioactive peptide motifs, such as RGD and IKVAYV, into biomaterial surfaces.
Ligand identity, surface density, and accessibility of recognition sites influence subsequent cellular
interactions. (B) Integrins recognize specific ECM ligands and undergo conformational changes
associated with receptor activation and clustering. Recruitment of intracellular adaptor proteins,
including talin, kindlin, paxillin, and vinculin, promotes the assembly of adhesion complexes and
their linkage to the actin cytoskeleton. These interactions contribute to mechanotransduction and
downstream signaling pathways involved in the regulation of cellular responses. The schematic
illustrates representative molecular interactions and does not imply that all ECM-derived peptide
motifs engage integrins through identical mechanisms.

In neurons, integrin-dependent recognition of the ECM is directly associated with
neurite growth. In adult sensory neurons, culture on laminin enhanced neurite outgrowth,
whereas pl-integrin blockade attenuated this effect. The addition of nerve growth factor
(NGF) further enhanced integrin-dependent growth, indicating functional interactions
between adhesive and neurotrophic signals [36]. These findings demonstrate that neuronal
interactions with the ECM are not limited to mechanical attachment but also contribute to
the regulation of cellular responses to other signals within the microenvironment.

The ability of cells to recognize specific ECM motifs is exploited in the functionaliza-
tion of biomaterials with short peptide sequences that mimic biologically active regions
of the native ECM. Rather than incorporating full-length ECM proteins, materials can be
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functionalized with short peptide sequences representing individual receptor-active sites.
Among the most widely used are RGD-containing sequences and laminin-derived pep-
tides, including IKVAV. This approach enables the biological activity of a synthetic matrix
to be modified without reproducing the full molecular composition of the native ECM.
The laminin-derived IKVAV motif is among the most extensively studied in neural tissue
engineering. An IKVAV-functionalized poly(lactide ethylene oxide fumarate) (PLEOF)
hydrogel supported the attachment, growth, proliferation, and differentiation of neural
stem cells (NSCs). The resulting NSC spheroids could also be encapsulated within the
three-dimensional hydrogel, followed by cell attachment and proliferation [37].

The biological effect, however, is determined not only by the presence of a particular
motif but also by its density and mode of presentation. This has been clearly demonstrated
using IKVAV-functionalized PEG hydrogels. Immobilization of a short IKVAV peptide
increased the attachment and proliferation of human neural stem/progenitor cells (hNSCs)
and promoted their migration into the hydrogel. Maximum migration was observed at
a peptide density of 10 uM, whereas higher concentrations had an inhibitory effect and
resulted in shorter migration distances. Differences in cellular responses among the IKVAV-
containing sequences examined were attributed to differences in motif accessibility to
cellular receptors. Importantly, the stiffness of the peptide-modified hydrogels remained
similar, at approximately 600 Pa, allowing the observed differences to be attributed primarily
to changes in ligand functionalization rather than to the mechanical properties of the
matrix. These findings demonstrate that increasing the amount of an adhesive ligand does
not necessarily result in a proportional enhancement of the cellular response [38]. For
biomaterials used in neuroscience, the effectiveness of such functionalization therefore
cannot be evaluated solely in terms of the overall ability of the material to support cell
adhesion. Ligand specificity, density, and motif accessibility determine which receptor
interactions can occur. Moreover, a single material interacts with multiple cell populations
that differ in both the repertoire and functional roles of their adhesion receptors. The same
molecular interface may therefore elicit different responses in neurons and glial cells.

Binding of ECM ligands is accompanied by integrin activation and the organization
of integrin-containing adhesion complexes. Talin and kindlin play key roles during the
early stages of this process by interacting with the cytoplasmic domains of integrins and
contributing to their activation and the assembly of nascent focal adhesions. The emerging
network of protein interactions involving vinculin, paxillin, and other components links
integrins to the actin cytoskeleton and supports the subsequent organization of focal adhe-
sions [39]. These complexes serve not only a structural function but also provide a platform
for transducing signals from the material-tissue interface into intracellular responses. The
mechanisms underlying subsequent signal transduction and mechanotransduction are
discussed in Section 4.

2.3. Dynamic Remodeling of the Material-Tissue Interface

Following cellular recognition, the material-tissue interface continues to evolve. This
is particularly evident in three-dimensional and biodegradable matrices, whose structure
can be remodeled directly by cells. In proteolytically remodelable hydrogels, cells locally
degrade the polymer network, altering the space available for cell spreading and the con-
ditions for intercellular interactions. Material degradation therefore represents not only
a determinant of material lifetime but also a parameter governing the ability of cells to
remodel their immediate microenvironment. In the context of neural cells, the role of such
remodeling was demonstrated in a series of experiments using neural progenitor cells
(NPCs) encapsulated within three-dimensional elastin-like protein hydrogels [40,41].
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In the first study, independent variation in hydrogel stiffness and proteolytic degradabil-
ity showed that, across an initial stiffness range of approximately 0.5-50 kPa, maintenance of
NPC stemness did not correlate with initial hydrogel stiffness but required the ability of the
cells to remodel the matrix [40]. In poorly degradable hydrogels, NPCs retained a rounded,
isolated morphology, whereas in highly degradable scaffolds, the cells remodeled the sur-
rounding network and established intercellular contacts. Blocking degradation through
protease inhibition or ADAM9 knockdown reduced proliferation. Mechanistically, this effect
was associated with the formation of cadherin-dependent cell-cell contacts and p-catenin
signaling rather than with differences in adhesive ligand presentation or initial hydrogel
stiffness [40]. Thus, in a three-dimensional neural system, the ability of cells to physically
remodel the material can determine the accessibility of subsequent intercellular signaling.

A subsequent study using the same experimental platform showed that remodeling was
required not only for the maintenance of NPCs but also for their subsequent differentiation.
Even in highly degradable hydrogels, induction of differentiation after only one day of
remodeling resulted in a substantially weaker response than induction after seven days of
prior remodeling. Following sufficient matrix remodeling, NPCs differentiated into both
astrocytes and neurons expressing BIII-tubulin, MAP2, doublecortin, and neurofilament;
the resulting neurons exhibited calcium transients in response to stimulation with GABA
and glutamate. This effect was linked to cadherin-dependent regulation of YAP expression.
Thus, for a 3D matrix, not only its initial composition but also the ability of cells to alter the
local material structure over time is important [41].

The importance of dynamic remodeling is also supported by in vivo studies, where host
tissue cells contribute to the restructuring of the interface. The thermosensitive imidazole-
poly (organophosphazene) hydrogel I-5 was investigated in a rat model of contusive spinal
cord injury [42]. Four weeks after hydrogel administration, the volume of cystic cavities
was reduced from 1.00 to 0.14 mm?, and the lesion area was filled with a fibronectin-rich
ECM. Macrophage involvement was critical to this process. Macrophages expressed MMP-9
within the remodeling fibrous tissue, whereas a control poly (organophosphazene) hydrogel
lacking the imidazole group required for interaction with macrophages through histamine
receptors induced ECM bridge formation to a substantially lesser extent. Thus, in this model,
the material did more than simply fill the lesion cavity: its interactions with inflammatory
cells altered the organization of the extracellular microenvironment at the implantation site.

A different form of interface dynamics has been demonstrated for ECM-derived materi-
als in the injured brain. In a post-stroke cavity model, hydrogels derived from decellularized
urinary bladder matrix exhibited concentration-dependent differences in biodegradation
and the associated tissue response [43]. By 90 days, the volumes of the 3 and 4 mg/mL
hydrogels had decreased by approximately 95%, whereas the more concentrated and stiffer 8
mg/mL hydrogel decreased in volume by approximately 32%. Hydrogels that underwent ex-
tensive degradation were characterized by cellular infiltration, the presence of macrophages
and endothelial cells, neovascularization, and replacement of the implantation site with
newly formed tissue. In contrast, the stiffer and more slowly degrading formulation did not
support a comparable degree of tissue restoration [43]. These findings demonstrate that
the properties of the material-tissue interface in vivo can diverge over time even among
materials of the same origin because of differences in their degradation and subsequent
cellular colonization.

Taken together, these findings refine the linear framework presented in the preceding
subsections. Protein adsorption and recognition of ECM ligands determine the early stages
of cell-material interactions, but the resulting interface subsequently becomes a target
of cellular remodeling itself. The nature of this feedback depends on the system. In
synthetic proteolytically responsive hydrogels, NPCs directly modify the surrounding

https://doi.org/10.3390/cells15212019


https://doi.org/10.3390/cells15212019

Cells 2026, 15, 2019

9 of 47

polymer network, affecting intercellular contacts and subsequent cell fate [40,41]. Following
implantation into the injured CNS, this process is further shaped by inflammatory and
vascular cells, proteolytic activity, material degradation, and ECM reorganization [42,43].
The material-tissue interface should therefore be regarded not as a fixed boundary with
properties predetermined during fabrication, but as a dynamic system whose state is
determined by both the material and cellular activity.

3. Cell-Specific Sensing of the Material
3.1. Cell-Specific Sensing and Biomaterial-Mediated Neuron—Glia Interactions

The material-tissue interface simultaneously interacts with cell populations that differ
in their receptor repertoire, cytoskeletal organization, mechanosensitivity, and functional
roles within neural tissue (Figure 3). In neurons, substrate properties are directly associated
with growth cone formation, neurite extension and branching, and the formation of neuronal
networks [44]. In astrocytes, these properties can alter morphology, reactivity, and functions
involved in maintaining the neuronal microenvironment [45-47]. Microglia, in turn, can
translate the mechanical and adhesive properties of their microenvironment into changes
in morphology, migration, and immune responses [48-50].

Trophic/metabolic signaling
4----- Neurotransmitterand =~ ec===- | 2
synaptic regulation

Material-tissue interface
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ECM | interfacial
Neuron wer cues Astrocyte
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Figure 3. Cell-specific responses of neurons, astrocytes, and microglia to the material-tissue interface
and potential routes of intercellular signaling among these cell populations.

Material nanotopography can differentially affect neuronal and astrocytic surface
coverage in mixed cultures. In primary neuron—glia co-cultures derived from the perinatal
rat neocortex, nanoporous gold (np-Au) reduced the surface area covered by GFAP-positive
astrocytes by 48-57% relative to planar gold, whereas neuronal coverage remained at
approximately 36% on both surfaces [51]. Experiments using Al,O3-coated substrates and
varying residual silver concentrations helped distinguish the effects of nanotopography
from those of surface chemistry and potential silver-related toxicity. Astrocyte density and
proliferation were not reduced, suggesting that the decrease in astrocytic surface coverage
reflected changes in cell spreading rather than cell loss. These findings demonstrate a
differential response of neuronal and astrocytic components to the material surface but do
not establish whether neuron—glia interactions were affected. In a subsequent study, the
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same group reported that np-Au-conditioned medium did not reproduce the reduction in
astrocyte coverage, although adhesion of astrocytes to np-Au itself was reduced [52]. These
observations are consistent with a direct effect of nanotopography on astrocyte adhesion,
although they do not exclude other mechanisms contributing to the cellular response.

At a more complex level of material organization, embryonic rat cortical neurons,
together with glia that developed in culture without antimitotic treatment, were grown on
multielectrode arrays coated with brain extracellular matrix derived from decellularized
tissue (bECM), MaxGel, a non-tissue-specific ECM, or poly-D-lysine. Both ECM coatings
accelerated the development of synchronized network activity relative to poly-D-lysine,
although their effects differed. At 23 days in vitro (DIV), bECM-coated arrays showed a
greater spatial extent of network activity, with at least half of the electrodes active compared
with approximately one quarter on the other coatings. MaxGel increased the network burst
rate and was associated with a nonsignificant trend toward higher synaptophysin expression.
Differences in the proportion of active electrodes were no longer detectable by approximately
30 DIV. No differences were detected in the neuron-to-glia ratio, glial proliferation, or the
assessed GFAP and nestin expression [53]. Thus, differences in network activity were
observed without corresponding changes in the measured cellular composition or glial
markers. However, the experimental design did not establish whether these differences
resulted from direct effects of the ECM coatings on neurons, changes in glial function,
or both.

Distinguishing between direct neuronal responses and glia-mediated effects becomes
particularly important when a material is considered a regulator of neuron—glia crosstalk.
Evidence for an astrocyte-mediated contribution to neuronal responses comes from experi-
ments in which primary rat astrocytes were exposed to graphene oxide (GO) flakes, inter-
nalized through the endolysosomal pathway, before subsequent co-culture with primary
neurons [54]. Prolonged GO exposure altered astrocyte morphology and was accompanied
by increased inward-rectifying K* channel activity and enhanced Na*-dependent glutamate
uptake. These changes were followed by increased neuronal excitability and GABAergic
synapse density in co-culture. Unlike studies reporting parallel neuronal and glial responses
to a material, this experimental design involved pretreatment of astrocytes before their
co-culture with neurons. However, GO was applied as dispersed flakes rather than as a
substrate, and the study did not identify the mediators responsible for the neuronal changes
or establish whether altered K* channel activity or glutamate uptake was necessary for
these effects.

The effects of matrix properties on astrocyte-mediated neuronal responses have also
been investigated using conditioned-medium experiments. Human iPSC-derived astrocyte
progenitors were cultured within hyaluronic acid scaffolds differing in stiffness and function-
alized with collagen IV and fibronectin (Coll-IV/Fn). Soft Coll-IV /Fn-functionalized scaf-
folds (<1.5 kPa) supported astrocyte progenitor growth and enhanced their neurotrophic
activity. Conditioned medium from these scaffolds increased average neurite length in
NSC-34 motor neuron-like cells by 3.4-fold relative to unconditioned controls, with sig-
nificantly greater neurite extension than that observed with conditioned medium from
stiffer or non-functionalized scaffolds. Similar effects on neurite extension were observed in
primary mouse spinal cord neurons [55]. The study included cell-free scaffold-conditioned
medium controls, supporting a contribution from factors released by the scaffold-associated
astrocyte progenitors rather than scaffold components alone. However, the molecular medi-
ators responsible for the enhanced neurite growth were not established through selective
inhibition or rescue experiments.

Material-induced changes in astrocytes can affect neurons not only through homeostatic
functions but also through alterations in glial morphology and phenotype. Astrocytes from
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the postnatal mouse cortex were cultured on poly (methyl methacrylate) (PMMA) substrates
patterned with microgrooves 2 or 10 pm in width. On the 2-um pattern, astrocytes acquired
an elongated morphology, showed increased expression of nestin and Pax6, proliferated, and
exhibited features resembling radial glial cells. Although astrocytes also aligned on wider
grooves, these phenotypic changes were observed on the 2-um pattern, whose dimensions
were comparable to those of radial glial processes. When embryonic cortical neurons
or cortical explants were subsequently seeded onto the patterned glial layer, oriented
axonal outgrowth and neuronal migration were observed, including in time-lapse imaging
experiments [56]. These findings demonstrate that material topography can influence
astrocyte morphology and phenotype in a culture system that supports directed neuronal
growth and migration. However, the experiments do not establish whether the neuronal
responses depended specifically on the altered glial phenotype, the organization of the glial
layer, direct contact guidance by the patterned substrate, or a combination of these factors.

Surface chemistry can also influence astrocytic responses to fibrous scaffolds. Poly-
caprolactone (PCL) nanofibers were functionalized with poly (L-lysine)-lactobionic acid
(PLL-LBA), introducing galactose moieties onto the material surface. In vitro, galactose
functionalization was associated with lower astrocytic levels of GFAP, AHNAK, F-actin, and
Gal-1 during long-term culture compared with unmodified PCL nanofibers and nanofibers
functionalized with heparin and PLL without galactose moieties [57]. These changes were
not accompanied by a reduction in astrocytic L-glutamate transporter activity. Following
implantation into the mouse striatum through a guide needle, producing a stab-type injury,
galactose-functionalized scaffolds were associated with greater numbers of NeuN-positive
neurons both near and farther from the implant at day 7, alongside greater numbers of
GFAP-positive astrocytes at the scaffold surface. These differences were no longer apparent
at day 21. Invivo, however, the galactose-functionalized scaffolds were compared only
with unmodified PCL, and three animals per group were analyzed at each time point.
Thus, this study demonstrates that chemical surface modification can simultaneously alter
astrocytic and neuronal responses to an implant, but does not establish a causal relationship
between them.

The contribution of microglia to neuronal responses within biomaterial-based systems
has also been examined through selective cell depletion. Three-dimensional engineered
neural tissues were generated from primary mixed cortical cells of embryonic day 16-18
rats using silk fibroin/collagen composite scaffolds. Microglia were depleted from the
initial cell population by magnetic separation using CD11b/c microbeads. Compared
with constructs containing microglia, microglia-depleted constructs showed lower MAP2
expression at day 7 and synaptophysin expression at day 14, along with reduced levels
of other neuronal and synaptic markers [58]. These findings support a contribution of
microglia to the expression of markers associated with neuronal maturation and synaptic
organization in this engineered tissue model. However, the scaffold properties were not
varied, and the study therefore does not establish whether specific material characteristics
regulate microglia—neuron interactions. Furthermore, neuronal function was not assessed
electrophysiologically, and the mechanisms underlying the observed effects of microglial
depletion were not identified.

The relationship between material architecture, microglial state, and the subsequent
response of neural cells was examined by comparing two-dimensional graphene films
with three-dimensional graphene foams in the BV2 microglial cell line [59]. In the ab-
sence of an inflammatory stimulus, neither graphene substrate induced a pronounced
pro-inflammatory microglial response compared with tissue culture polystyrene. Following
lipopolysaccharide (LPS) stimulation, the three-dimensional graphene foam, unlike 2D
graphene, attenuated the characteristic morphological transformation of microglia and
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reduced the release of TNF-x and IL-13 and the expression of iNOS. Conditioned medium
collected after culturing microglia on the different substrates was subsequently applied
for 24 h to neural stem cells from the postnatal mouse hippocampus; medium from mi-
croglia cultured on 3D graphene foam increased their viability, and this difference was more
pronounced after LPS stimulation [59]. The conditioned-medium experiments provide
evidence that changes in the microglial response to graphene substrates are associated with
altered neural stem cell viability. Although the study identified differences in TNF-« and
IL-1p release and iNOS expression, it did not establish whether these changes were respon-
sible for the observed effects on neural stem cells. Furthermore, the use of an immortalized
microglial cell line and the assessment of neural stem cell viability without additional func-
tional readouts limit the conclusions that can be drawn about microglia-mediated effects in
primary neural tissue.

These studies differ in the strength of the evidence they provide for biomaterial-
mediated neuron—glia interactions. Some report concurrent changes in neuronal and
glial readouts without establishing a causal relationship between them. Others provide
stronger evidence for glial contributions through sequential exposure and co-culture,
conditioned-medium experiments, or selective glial depletion. For example, experiments
involving GO-pretreated astrocytes [54], astrocyte progenitors cultured within Coll-IV/Fn-
functionalized hyaluronic acid scaffolds [55], and conditioned medium from microglia
cultured on graphene foam support the involvement of glial cells in subsequent neuronal
or neural precursor responses, although the causal contributions of individual molecular
mediators remain unresolved [59]. More direct mechanistic evidence was obtained in
the patterned-laminin system, where antibody-blocking experiments demonstrated the
contribution of astrocyte-associated fibronectin to neurite guidance [60]. In a different ex-
perimental context, astrocyte-specific Piezol deletion and ATP-mediated rescue established
a role for astrocytic Piezol-dependent ATP release in regulating adult neurogenesis [45].
This example illustrates the importance of testing specific intercellular signaling mecha-
nisms, for which comparable causal evidence remains limited in the biomaterial-based
studies discussed here.

Taken together, these studies demonstrate that cell-specific responses to the material—
tissue interface can extend beyond the cell population in direct contact with the material.
Evidence for glia-mediated contributions has been obtained in experimental systems using
sequential exposure, co-culture, or conditioned-medium approaches [54,59]. Among these
interactions, astrocytes occupy a particularly important position because of their direct
involvement in the regulation of ionic and neurotransmitter homeostasis, trophic support,
synaptic function, and ECM organization. The following section therefore examines which
properties of the material-tissue interface determine astrocytic responses and how these
responses should be interpreted in regenerative and chronic implant systems.

3.2. Astrocyte Sensing of the Material-Tissue Interface

Astrocytes are sensitive to several independently tunable properties of the material—-
tissue interface. Substrate stiffness can alter their adhesion, morphology, proliferation, GFAP
expression, and functional properties, including glutamate uptake [46,47,61], whereas
nanotopography regulates cell attachment, focal adhesion organization, and the extent
of GFAP immunoreactivity [51,62]. The spatial organization of ECM ligands, in turn,
can determine astrocyte orientation and the organization of the cell-matrix interface they
form [60]. These responses do not necessarily change in parallel; therefore, astrocyte sensing
of a material cannot be reduced to a single measure of reactivity.

The relationship between nanotopography and the astrocytic adhesion machin-
ery was examined using anodic aluminum oxide surfaces with nanopore diameters of
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20 and 90 nm [62]. Cortical astrocytes exhibited greater adhesion on surfaces with smaller
pores and formed more vinculin-associated focal adhesions, predominantly distributed at
the cell periphery, while simultaneously displaying lower GFAP immunoreactivity than
cells on nonporous control surfaces or surfaces with 90-nm pores. Thus, enhanced adhesion
is not necessarily accompanied by an increase in the GFAP-associated response.

Astrocyte sensitivity to the structural and physicochemical characteristics of a material
is also evident in more complex fibrous systems. Primary cortical neuron-glia cultures on
electrospun PLA /PCL scaffolds exhibited scaffold-dependent differences in the morphology
of GFAP+ astrocytes, including cell shape and process branching characteristics [63]. On
DCM/THF-derived scaffolds, astrocytes exhibited a less rounded morphology and more
complex process organization, whereas cell rounding and process retraction were observed
on several HFIP-derived matrices [63]. Unlike the nanoporous model surfaces described
above, these fibrous matrices differed simultaneously in several physicochemical and struc-
tural characteristics; therefore, the contribution of any individual interface parameter cannot
be isolated.

The spatial organization of adhesive cues can be transmitted through an astrocytic
layer and thereby alter the neuronal microenvironment. Patterned laminin presentation
aligned primary astrocytes, while dorsal root ganglion (DRG) neurons seeded onto the
resulting astrocytic layer preferentially extended their neurites along the same axis [60].
Astrocyte-derived fibronectin also exhibited pronounced spatial anisotropy, and blocking
fibronectin reduced the proportion of directionally extending neurites from more than 82%
to 46%. Moreover, fibronectin alignment was maintained in astrocyte tissue constructs.
Thus, the spatial organization of laminin on the material surface is transmitted through the
aligned astrocytic layer and astrocyte-derived fibronectin, generating a secondary biological
interface that guides neurite growth [60]. However, the signaling mechanisms underlying
astrocyte alignment and fibronectin anisotropy were not identified.

The astrocytic response to substrate stiffness depends substantially on cell type and
the surrounding cellular environment. The stiffness dependence of GFAP+ astroglial
adhesion to polyacrylamide substrates differed between pure astroglial cultures and mixed
neuron-astroglia cultures [46]. In mixed cultures, the greatest number of GFAP+ cells was
observed at intermediate stiffness, whereas in astroglial monocultures, adhesion increased
with increasing substrate stiffness. Moreover, on the soft 300-Pa substrate, where relatively
few astrocytes were present, neurons were more susceptible to glutamate-induced toxicity,
whereas this effect was attenuated on stiffer substrates. Thus, the response to the mechanical
properties of the interface depends not only on stiffness itself but also on the cellular
composition of the system, limiting the extent to which findings from astrocyte monocultures
can be extrapolated to multicellular neural tissue.

Comparison of mechanosensitivity studies reveals another important limitation: the
direction of the astrocytic response depends on the stiffness range examined and the experi-
mental model. Primary rat astrocytes cultured on 8000-Pa polydimethylsiloxane (PDMS)
substrates exhibited greater cell spreading and proliferation, GFAP expression, and ROS
production, together with reduced glutamate uptake, compared with cells cultured on
200-Pa substrates [47]. In contrast, within the considerably narrower stiffness range of
300-1000 Pa, the highest GFAP immunoreactivity, proliferation, and process complexity
were observed on the softest, 300-Pa substrate, whereas at 1 kPa astrocytes exhibited a
morphology more closely resembling the basal state. The stiffness dependence of ECM-
related markers followed a different pattern: the intermediate 800-Pa substrate increased
the proportion of Aggrecan+, Brevican+, and Neurocan+ astrocytes [61]. These findings
should not be regarded as directly contradictory, as the studies differed in the stiffness
ranges examined, substrate materials, and experimental protocols. Taken together, they
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indicate that the available evidence does not support a universal relationship between sub-
strate stiffness and astrocyte “reactivity”; rather, the structural, functional, and ECM-related
components of the astrocytic response should be evaluated separately.

This distinction is particularly important when considering the consequences of
material-induced astrocytic responses for neuronal function. Beyond changes in GFAP
expression and morphology, astrocytes contribute to the maintenance of the neuronal mi-
croenvironment through Na*-dependent glutamate uptake, regulation of extracellular K*
concentrations, metabolic interactions with neurons, and the synthesis and remodeling of
ECM components [64]. Such metabolic coupling may involve lactate transfer from astrocytes
to neurons, although the relative contribution of this pathway varies with physiological
conditions and remains under debate [65]. Astrocyte-associated ECM components, includ-
ing chondroitin sulfate proteoglycans, can also influence axonal growth, but their effects
depend on the molecular composition of the extracellular environment and the context of
tissue injury [66].

Some of these functions have been examined in biomaterial-based experimental sys-
tems. For example, exposure to graphene oxide increased astrocytic inward-rectifying K*
channel activity and Na*-dependent glutamate uptake [54], whereas astrocytes cultured
on stiffer PDMS substrates exhibited reduced glutamate uptake alongside increased GFAP
expression and ROS production [47]. The stiffness-dependent differences in aggrecan,
brevican, and neurocan expression described above [61] further indicate that ECM-related
changes cannot be inferred from GFAP expression or cell morphology alone. However,
changes in the expression of these proteoglycans do not necessarily establish alterations in
ECM deposition, remodeling, or its functional effects on axonal growth. Likewise, changes
in glutamate uptake or K* channel activity do not, by themselves, establish whether the
resulting astrocytic response is neuroprotective or neurotoxic. Astrocyte-neuron metabolic
coupling, including lactate-mediated metabolic support, also remains insufficiently charac-
terized in the biomaterial studies discussed here. A comprehensive assessment of astrocytic
responses to biomaterials requires complementary molecular, morphological, and func-
tional measurements, ideally accompanied by direct evaluation of neuronal outcomes.
This interpretation is in line with current consensus recommendations on the character-
ization of reactive astrocytes, which emphasize that astrocyte states are heterogeneous
and context-dependent and should not be defined by GFAP expression or morphological
changes alone [67].

3.3. Microglial Sensing of the Material-Tissue Interface

Microglia exhibit a distinct mode of sensing the material-tissue interface that is closely
linked to their immune functions. They rapidly respond to local neural tissue injury by
extending their processes toward the lesion and migrating to the injured area [48,68].
Following implantation, microglia respond both to tissue injury caused by the implanta-
tion procedure and to the presence of the material itself and the resulting material-tissue
interface [29,34]. Consequently, the microglial response observed in vivo cannot be un-
equivocally attributed to any single property of the implanted material.

Different measures of the microglial response to a material do not necessarily change
in parallel. Surface chemistry influenced both the attachment of primary microglia and
the secretion of IL-1p and TNF-«; however, the number of attached cells did not parallel
the levels of cytokine secretion [49]. In the same study, CD11b+ cells remained directly
associated with the surface of intracortical implants for up to 12 weeks after implantation.
Thus, the presence of microglia at the material surface and their functional state represent
distinct characteristics of the cellular response.
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Microglia also sense the mechanical properties of their environment. Substrate stiffness
altered cell spreading, actin cytoskeletal organization, and traction forces in primary mi-
croglia, while on stiffness-gradient substrates the cells preferentially migrated toward
stiffer regions [50]. LPS activation, in turn, altered cellular mechanics and enhanced
durotaxis, demonstrating that mechanical sensing depends on the functional state of the
microglia themselves. A subsequent study showed that mechanical cues can affect not
only microglial morphology and migration but also phagocytic activity and interactions
with neurons [69]. Microglial mechanosensitivity is therefore an integral component of
their functional response rather than an isolated reaction to the physical properties of the
surrounding environment.

This multidimensionality limits the assessment of microglia—material interactions
based on individual markers or a binary M1/M2 classification. Current nomenclature
recognizes microglia as highly dynamic cells that exhibit multidimensional states, which
should be characterized in terms of specific molecular and functional features [70]. In
biomaterials research, this means that morphology, migration, phagocytosis, and mediator
secretion should be evaluated as distinct and potentially discordant components of the
microglial response. This approach is particularly important when interpreting data on
materials capable of simultaneously affecting multiple microglial functions.

Functionally relevant aspects of microglial activity include the phagocytosis of cellular
debris and apoptotic cells, the remodeling of synaptic connectivity, and the release of in-
flammatory and trophic mediators. In experimental models of mechanical injury, stretch
applied to microglia increased their phagocytic activity and synaptic stripping in compart-
mentalized neuron-microglia co-cultures [69]. In three-dimensional engineered neural
tissue based on silk fibroin/collagen scaffolds, microglial depletion reduced the expression
of neuronal and synaptic maturation-associated markers, supporting a contribution of
microglia to neural tissue development, although the underlying molecular mechanisms
were not identified [58].

Microglial inflammatory signaling is also regulated by mechanosensitive pathways.
Pharmacological activation of Piezol suppressed LPS-induced TNF-« and IL-6 production
through a Ca**-dependent mechanism involving inhibition of NF-xB signaling [71]. In a
different experimental context, microglia-derived IL-1x, TNF, and Clq acted in combination
to induce a neurotoxic reactive astrocyte state [20]. Although these studies did not directly
address biomaterial-dependent neuron—glia signaling, they illustrate pathways through
which microglial responses can shape the surrounding neural environment. Consequently,
microglial density, morphology, or Ibal immunoreactivity alone cannot establish whether a
material-associated response is protective or detrimental to neural tissue.

These considerations are particularly important when reduced glial reactivity is inter-
preted as evidence of improved biocompatibility. Following CNS injury, certain astrocytic
and microglial responses contribute to the formation of tissue boundaries and the contain-
ment of damage. Astrocyte-specific deletion of STAT3 disrupted astroglial scar formation
and was associated with increased inflammatory cell infiltration and tissue damage after
spinal cord injury [72]. Preventing astrocytic scar formation did not promote spontaneous
axon regrowth and reduced the axonal regrowth elicited by specific growth-promoting in-
terventions [73]. Similarly, microglial depletion following spinal cord injury disrupted glial
scar formation, increased immune cell infiltration, reduced neuronal and oligodendrocyte
survival, and impaired locomotor recovery [74].

These findings indicate that suppressing glial responses is not necessarily beneficial.
However, evidence obtained in spinal cord injury (SCI) models cannot be extrapolated
directly to chronically implanted neural devices, where persistent glial encapsulation and
associated tissue changes may compromise electrode performance [23]. Accordingly, reduc-
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tions in GFAP or Ibal immunoreactivity around an implant should be interpreted alongside
measures of tissue integrity, neuronal survival, and, where possible, functional outcomes.
The desired glial response therefore depends on the biological context, the intended function
of the biomaterial, and the time elapsed after injury or implantation.

3.4. Neuronal Sensing of the Material-Tissue Interface

Neurons sense the properties of the material-tissue interface through adhesion com-
plexes, mechanosensitive systems, the cytoskeleton, and growth cones. In contrast to astro-
cytes and microglia, whose responses to materials are primarily associated with changes in
homeostatic, reactive, or immune functions, neuronal responses manifest in polarization,
neurite growth dynamics, and the selection of axonal growth direction. Thus, the properties
of the interface can influence not only neuronal attachment and survival but also the spatial
organization of neurites.

The influence of topography is evident from the early stages of neuronal polarization.
Micropillar topography oriented N-cadherin and the Golgi—centrosome complex toward the
topographical contacts, with the first neurite preferentially emerging in the same direction
and the subsequent axon extending along the pillars [75]. These findings demonstrate that
surface topography can determine the direction of neuronal development even before the
formation of a mature axon.

At the level of the growing axon, the physical and biochemical properties of the
interface are sensed by the growth cone through dynamic adhesion complexes. Interactions
with a permissive ECM were accompanied by the formation of integrin-associated point
contacts containing focal adhesion kinase (FAK). Local FAK signaling regulated protrusion
stabilization and growth cone turning in response to the spatial distribution of the ECM,
whereas disruption of FAK-dependent signaling altered axon guidance [76]. Thus, the
adhesion machinery of the growth cone enables local properties of the extracellular interface
to be translated into directed axonal movement.

The mechanical state of the substrate can also directly regulate the dynamics of neu-
ronal processes. Axons of Xenopus retinal ganglion cells responded to spatial variations
in the mechanical properties of their environment, preferentially growing toward softer
regions. This response was associated with mechanosensitive ion channels and changes in
intracellular Ca?*, while pharmacological disruption of mechanosensitive signaling sup-
pressed mechanically guided axonal growth [77]. These findings demonstrate that the
mechanical properties of the interface can themselves serve as a signal that is transduced
by neurons into changes in growth cone behavior.

4. Intracellular Transduction of Material-Tissue Interface Signals

Following recognition of the material-tissue interface, information about its adhesive,
mechanical, and molecular properties is converted into intracellular signals that regu-
late cytoskeletal organization, migration, process growth, cell survival, and functional
state (Figure 4). This process is mediated by several interconnected systems, including
integrin-associated adhesion complexes, mechanosensitive ion channels, and signaling
cascades that regulate transcription and cellular metabolism. The relationship between
interface properties and cellular responses should therefore not be viewed as a sequence
of independent linear pathways. The same components, including FAK, Ca?*-dependent
signaling, and the cytoskeleton, can integrate signals received through different mechanisms
of cellular sensing.
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Figure 4. Overview of intracellular signaling pathways integrating material-tissue interface signals
in neural cells. Material-tissue interface cues are sensed through ECM-engaged integrin-associated
adhesion complexes and mechanosensitive ion channels such as Piezol. Integrin-associated signal-
ing involves FAK/Src and Rho-family GTPases (RhoA, Racl, and Cdc42), whereas Piezol couples
mechanical stimuli to Ca?*-dependent signaling. These sensing systems interact with cytoskeletal
and transcriptional regulators, including YAP/TAZ, and with interconnected PI3K/Akt, MAPK/ERK,
and Wnt/pB-catenin signaling pathways that regulate cell survival, differentiation, and structural
remodeling. In parallel, an injury-associated microenvironment comprising DAMPs, extracellular
ATP, ROS, and inflammatory mediators engages inflammatory and reactive signaling involving NF-xB,
inflammasome activation, and JAK/STAT3. Dashed arrows indicate context-dependent or indirect
regulatory relationships, including modulation of inflammatory signaling by Piezol-dependent Ca**
influx, whereas double-headed dashed arrows represent potential bidirectional interactions between
signaling systems, such as FAK/Src and Ca**-dependent signaling. Together, these interconnected
pathways regulate cytoskeletal remodeling, transcriptional programs, and cell-type-dependent func-
tional outcomes. Solid arrows indicate the direction of signaling or downstream cellular responses,
whereas red arrows highlight signaling associated with the injury microenvironment. Box colors
group functionally related components and do not encode additional information.

4.1. Integrin-Dependent Mechanotransduction: FAK/Src, RhoA /ROCK, and YAP /TAZ

Integrins link the ECM to the cytoskeleton and provide one of the major pathways
through which material properties are translated into intracellular responses. Following
ligand binding, integrins assemble complexes containing talin, kindlin, paxillin, vinculin,
FAK, and other adhesome proteins, through which actin cytoskeletal organization and
intracellular signaling are regulated [35,39,78,79]. FAK occupies a central position within
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this system. Its autophosphorylation at Tyr397 creates a binding site for Src-family kinases
and promotes the formation of the FAK-Src signaling complex, linking integrin engagement
to multiple downstream pathways [79]. The organization of these complexes, however, is
cell-type dependent. Neurons are characterized by dynamic integrin-associated adhesions
within the growth cone rather than the typical mature focal adhesions described in many
other adherent cell types [80].

Functional specialization among individual components of this complex has been
directly demonstrated in neurons. Integrins, talin, and FAK were required for neuronal
process outgrowth, whereas vinculin was dispensable for neurite outgrowth but specifically
required for neuronal mechanosensing: following vinculin depletion, growth cones lost their
ability to distinguish between soft and stiff substrates [80]. Growth cones generated dynamic
stresses of approximately 10-12 Pa, while integrin-associated point contacts were localized
predominantly at the base of filopodia. Thus, individual components of the adhesion
complex can perform distinct functions in supporting neurite growth and mechanosensing.

Mechanical signal transduction from adhesion complexes is closely coupled to remod-
eling of the actin cytoskeleton. Rho-family GTPases regulate the spatial organization of
this process: RhoA /ROCK contributes to the control of actomyosin contractility, whereas
Racl and Cdc42 regulate lamellipodia and filopodia formation and growth cone dynam-
ics [81,82]. The cytoskeleton therefore acts both as an effector of mechanical signaling and
as part of a mechanical feedback loop: forces generated by the actomyosin network alter
the mechanical load on integrin-associated complexes and thereby influence the state of the
adhesion machinery itself.

One mechanism by which mechanical signals are translated into changes in gene
expression is YAP/TAZ-dependent signaling. YAP and TAZ respond to the state of the
actin cytoskeleton, cellular tension, and the organization of adhesion complexes and, fol-
lowing translocation to the nucleus, regulate transcriptional programs primarily through
TEAD-family transcription factors [83,84]. The relationship between focal adhesions and
YAP was further resolved by perturbing FAK, talin, and vinculin function, which reduced
mechanosensitive YAP nuclear localization through distinct mechanisms [85].

The relevance of this pathway has also been demonstrated in neural cells. A polyacry-
lamide matrix with dynamically tunable stiffness revealed a restricted temporal window
during which the mechanical properties of the ECM determined the neurogenic differentia-
tion of adult neural stem cells. Increasing YAP expression during this period suppressed
neurogenesis, whereas YAP knockdown enhanced it, with this effect being linked to the
interaction between YAP and p-catenin [86]. Thus, mechanical signals from the ECM can
influence not only immediate cell morphology but also subsequent cell fate decisions.

Integrin-associated mechanotransduction, however, does not operate in isolation
from other mechanosensing systems. In DRG neurons, stiffness-dependent axon re-
growth was regulated by Piezol through the Ca?*-CaMKII-FAK-actin signaling cascade.
Piezol was localized to the growth cone, and modulation of its activity affected actin
retrograde flow and the neuronal response to substrate stiffness. Piezol knockdown
in adult DRG neurons enhanced axon regeneration following sciatic nerve injury [87].
These findings indicate that FAK can participate not only in signal transduction down-
stream of integrin-associated complexes but also in the integration of mechanical signals
transmitted through mechanosensitive ion channels, linking adhesion-dependent and ion
channel-mediated mechanotransduction.

4.2. Mechanosensitive lon Channels and Ca®>* Signaling

Mechanosensitive ion channels provide another route through which mechanical prop-
erties of the cellular microenvironment are converted into intracellular signals. Among these
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channels, Piezol is one of the best-characterized mediators of mechanotransduction and
functions as a mechanically activated nonselective cation channel that couples mechanical
stimuli to ion flux and Ca?*-dependent signaling [88,89]. In human neural stem/progenitor
cells, Piezol mediated mechanically induced ionic currents, while cell-generated traction
forces elicited channel-dependent Ca* transients whose frequency increased with substrate
stiffness. Pharmacological inhibition of the channel or siRNA-mediated Piezol knockdown
suppressed neurogenesis and enhanced astrogenesis, while Piezol knockdown also reduced
YAP nuclear localization [90].

In astrocytes, Piezol was detected in cellular processes and mediated mechanically
evoked Ca** responses and subsequent ATP release [45]. Astrocytic Piezol deletion abol-
ished ATP-dependent potentiation of neural stem cell proliferation in vitro and impaired
adult hippocampal neurogenesis in vivo, whereas exogenous ATP partially rescued this
effect [45]. These findings establish a functional connection between astrocytic mechanosens-
ing and the regulation of neighboring cell populations through a soluble mediator. Unlike
studies limited to intracellular Ca?* responses, this work provides evidence that mechanical
signals detected by astrocytes can influence neurogenic processes beyond the mechanically
stimulated cell.

Piezol1 also participates in Ca?*-dependent regulation of inflammatory signaling in
microglia. In BV2 cells and primary microglia, channel activation increased intracellular
Ca?* while suppressing LPS-induced NF-kB signaling and the production of TNF-x and
IL-6 [71]. This response illustrates that activation of a mechanosensitive channel does not
necessarily correspond to an increase in inflammatory activity. The interaction between
mechanotransduction and inflammatory signaling is examined further in Section 4.4.

Mechanosensitive ion channels operate alongside adhesion-dependent signaling sys-
tems, providing interconnected routes for translating mechanical cues into cellular responses.
Piezol-dependent Ca** signaling can interact with downstream regulatory networks involv-
ing YAP and other effectors, while integrin-associated pathways contribute to cytoskeletal
remodeling and mechanosensitive transcriptional regulation. Their combined activity links
the mechanical state of the extracellular environment to processes governing cell survival,
differentiation, and structural remodeling, discussed in the following section.

4.3. Survival, Differentiation, and Remodeling Pathways

Initial recognition of the material-tissue interface through adhesion complexes and
mechanosensitive channels is subsequently coupled to signaling pathways that regulate
cell survival, differentiation, and structural remodeling. These processes do not constitute
independent linear cascades. FAK/Src, Rho-associated cytoskeletal signaling, and Ca?*-
dependent pathways interact with PI3K/Akt, MAPK/ERK, YAP/TAZ, and Wnt/B-catenin
signaling; consequently, a single physical or biochemical material cue can simultaneously
alter multiple components of the cellular response [78,79,83,90,91].

Mechanotransduction influences cell fate through interactions between YAP/TAZ and
other fate-regulating pathways. In neural stem cells, Angiomotin (AMOT) participates in
coupling ROCK-dependent cytoskeletal signaling to YAP and B-catenin during mechanosen-
sitive differentiation [92]. Modulation of the AMOT-YAP interaction affected p-catenin
activity and neuronal differentiation, demonstrating that mechanical signals are transduced
through interactions among multiple intracellular regulatory systems rather than through
isolated activation of YAP/TAZ [92].

This interconnection is also evident in biomaterial systems in which the properties
of the material itself change over time. Culture of human neural stem cells on an alginate
hydrogel promoted astrocytic differentiation and was accompanied by F-actin reorganiza-
tion, Piezol-dependent Ca** signaling, and YAP nuclear translocation [93]. Inhibition of
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Piezol or YAP/TEAD-dependent transcription reduced astrocytic differentiation. In this
system, changes in the mechanical properties of the hydrogel were therefore associated
with sequential engagement of Piezol-dependent Ca?* signaling, the cytoskeleton, and
YAP-dependent transcription in the regulation of cell fate [93].

Another level of regulation involves PI3K/Akt signaling, which integrates signals
from growth factor receptors, integrins, and other membrane-associated systems and con-
tributes to the regulation of cell survival and differentiation. In a recent neural biomaterial
model, lithium—calcium-silicate (LCS) microspheres were incorporated into bioprinted
GelMA-based constructs containing neural stem cells [94]. The material promoted neuronal
differentiation and maturation and was accompanied by increased levels of p-PI3K and
p-Akt. PI3K inhibition with LY294002 attenuated both the downstream signaling changes
and the increase in BlII-tubulin, supporting an association between PI3K/Akt signaling and
the observed pro-neurogenic effect of the material [94].

Signaling systems that regulate cell fate can also be deliberately engaged through
material functionalization. A composite hydrogel for spinal cord injury combined acellular-
ized spinal cord matrix, aligned PCL microfibers, and WAY-316606, an indirect activator of
canonical Wnt/p-catenin signaling [95]. In neural stem cell cultures, the system promoted
neuronal differentiation and was accompanied by increased p-catenin and downstream
TCF4/LEF1 signaling, while following implantation it promoted endogenous NSC recruit-
ment and neural regeneration [95]. However, because ECM composition, architecture, and
biochemical signaling were modified simultaneously, the overall effect cannot be attributed
exclusively to the Wnt/B-catenin pathway. This example illustrates both the opportu-
nities and the limitations of attempts to link complex biomaterial designs to individual
intracellular mechanisms.

In astrocytes and microglia, these signaling pathways also interact with regulatory
networks that control inflammatory and reactive responses, particularly under conditions
of tissue injury and implantation.

4.4. Inflammatory and Reactive Signaling

Recognition of the material-tissue interface is coupled to signaling pathways that
regulate inflammatory and reactive states in glial cells. Following implantation, these
processes occur in the context of tissue injury and are shaped by a combination of DAMPs,
extracellular ATP, ROS, and other local signals [23,96]. NF-«B is one of the central regulators
of the inflammatory response, linking the activation of pattern-recognition and cytokine
receptors to the expression of pro-inflammatory mediators and components of the NLRP3
inflammasome [97]. Its activation at the implantation site reflects the combined influence
of material-associated cues and the surrounding injury-related microenvironment.

As discussed in Section 4.2, Piezol-dependent signaling can modulate microglial
inflammatory responses [71], illustrating the interaction between mechanotransduction
and inflammatory regulatory pathways.

In astrocytes, JAK/STAT3 signaling is one of the key regulators of the reactive response.
Selective disruption of STAT3 signaling in GFAP+ astrocytes following spinal cord injury
reduced astrocyte hypertrophy and impaired astroglial scar organization, while increasing
the spread of inflammatory cells and the extent of tissue damage [72]. Astrocyte reactivity
should therefore not be regarded as an unequivocally pathological process; rather, its func-
tional consequences depend on the nature and spatiotemporal organization of the response.

Inflammasome signaling has also been investigated at the microelectrode-tissue in-
terface following implantation of a Utah electrode array into the rat somatosensory cor-
tex [98]. Elevated expression of several inflammasome sensors, including NLRP1, NLRP3,
NLRC4, and AIM2, as well as ASC and caspase-1, persisted at the implantation site. These
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changes were accompanied by increased IL-1B and IL-18 levels and evidence of gasdermin
D-associated pyroptosis throughout the observation period, encompassing both acute and
chronic phases [98]. This study provides evidence of sustained innate immune signaling at
an implanted neural interface.

Changes in inflammatory and reactive signaling can alter the functional state of glial
cells and the mediators they release into the surrounding tissue. Whether these changes sub-
sequently affect neighboring neural cells requires evidence of intercellular communication
beyond the activation of intracellular pathways.

4.5. From Intracellular Mechanotransduction to Intercellular Signaling

The signaling pathways discussed above have been studied primarily as intracellular
responses to material properties. Whether they are relevant to neuron—glia interactions
depends on whether such responses are transmitted to neighboring cells. Three principal
routes can be distinguished: (i) the release of soluble mediators, including ATP, cytokines,
and trophic factors; (ii) changes in glial homeostatic functions, such as glutamate uptake and
extracellular K* regulation; and (iii) ECM deposition and remodeling or extracellular vesicle
secretion. These processes provide potential links between material-induced intracellular
signaling and changes in the neural microenvironment.

Several studies have shown that biomaterial properties influence these cellular func-
tions. Substrate stiffness affected astrocytic glutamate uptake and ROS production [47],
and substrates of different stiffnesses altered the proportion of astrocytes expressing ECM-
associated proteoglycans, including aggrecan, brevican, and neurocan [61]. Increased
stiffness also enhanced inflammatory responses in astrocytes and microglia, with stiffer
regions of implanted composites eliciting more pronounced foreign body reactions in the
rat brain [99]. Microgrooved substrates increased astrocytic Ca®* signaling and ATP re-
lease, linking a topographical cue directly to the secretion of an extracellular signaling
molecule [100]. These observations, however, do not in themselves establish how the
resulting changes affect neighboring neurons or glial cells.

Other biomaterial-based studies have examined responses in neighboring neural
cells. Graphene oxide enhanced astrocytic inward-rectifying K* channel activity and glu-
tamate uptake, while subsequent co-culture experiments revealed changes in neuronal
excitability and inhibitory synaptic transmission [54]. On patterned laminin substrates,
astrocyte-associated fibronectin contributed to neurite guidance, providing evidence for
an ECM-mediated interaction [60]. Similarly, three-dimensional graphene foam reduced
LPS-induced TNF-a and IL-1B release from microglia, and conditioned medium from these
cultures increased neural stem cell viability [59]. An IGF-1-bioactive hydrogel also modified
the miRNA cargo of extracellular vesicles released by neural stem cells and their progeny,
with the resulting vesicles exhibiting biological activity in experimental models [101]. Al-
though these studies demonstrate material-associated changes in cellular communication or
its potential mediators, the intracellular pathways responsible and the causal contribution
of individual extracellular signals were not consistently established.

Distinguishing intracellular responses from intercellular signaling is essential when
interpreting mechanotransduction studies. Studies of neural stem cells cultured on alginate
hydrogels have implicated mechanosensitive ion channels and YAP signaling in astrocytic
differentiation [93], while substrate stress relaxation has been linked to myosin II- and
FAK-dependent regulation of neural stem cell fate [102]. These findings establish roles
for intracellular mechanotransduction in cell-intrinsic responses but do not demonstrate
that the same pathways mediate material-induced signaling between neurons and glia.
Additional mechanistic evidence from non-biomaterial experimental systems helps identify
potential links between mechanotransduction, glial responses, and intercellular signaling.
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Astrocytic Piezol regulates hippocampal neurogenesis through mechanically induced Ca**
signaling and ATP release [45], and pharmacological activation of astrocytic Piezol has
been associated with suppressed LPS-induced release of inflammatory mediators [103]. In
microglia, Piezol activation suppresses LPS-induced TNF-a and IL-6 production through
Ca**-dependent regulation of NF-kB signaling [71]. Separately, microglia-derived IL-1«,
TNF, and Clq can jointly induce a reactive astrocyte state associated with neurotoxic activ-
ity [20]. Together, these findings identify plausible routes through which mechanosensitive
signaling could influence neuron—glia interactions, although their involvement in responses
to specific biomaterial properties remains to be demonstrated.

Opverall, the available evidence supports distinct components of the proposed sequence
linking material properties, intracellular signaling, glial functional states, and responses in
neighboring neural cells, but it rarely captures the entire sequence within a single experi-
mental system. Establishing such causal links will require pathway-specific interventions
combined with measurements of extracellular mediators, glial homeostatic functions, and
neuronal outcomes. Blocking or restoring candidate mediators would help distinguish
direct material effects from glia-mediated signaling and determine whether the identified
intracellular pathways are required for the observed intercellular responses.

5. Material Properties as Design Variables

Material properties define the physical and chemical conditions under which the
material-tissue interface is formed. The preceding sections addressed the interfacial protein
layer, cellular recognition, and intracellular signaling pathways. Here, the focus shifts to
material design parameters, including stiffness, architecture, surface chemistry, electrical
conductivity, and degradation. These parameters are important not in isolation, but because
their modulation provides a means of directing cellular responses.

5.1. Mechanical Properties—Stiffness, Viscoelasticity, Stress Relaxation, and Nonlinear Mechanics

Neural tissue is an ultrasoft, mechanically heterogeneous, and viscoelastic environ-
ment, and its mechanical properties therefore cannot be adequately described by a single
elastic modulus. Measured parameters depend substantially on anatomical region, spatial
scale, deformation mode and rate, and measurement method [104,105]. The spinal cord
likewise exhibits region-dependent heterogeneity in its mechanical response. Dynamic
mechanical analysis of the cervical, thoracic, and lumbar regions showed that the complex
modulus increased nonlinearly with loading frequency, with the thoracic region exhibit-
ing greater stiffness than the cervical and lumbar regions [106]. In a 2025 indentation
study, the apparent moduli of porcine spinal cord white and gray matter were 128.7 and
403.8 Pa, respectively; the mechanical response was loading-rate dependent and exhibited
pronounced stress relaxation [107]. However, absolute values of mechanical parameters
vary considerably among studies. A systematic review of spinal cord mechanics identified
substantial heterogeneity in experimental protocols, animal species, and measurement
conditions, which currently precludes the establishment of a single reference range for the
human spinal cord [108].

For biomaterial design, this means that mechanical matching should not be reduced
to reproducing a single stiffness value. Regional differences in the mechanical properties
of the brain and spinal cord, together with anisotropy in the cervical spinal cord, were
used to guide the tuning of collagen-, fibrin-, and alginate-based hydrogels toward the
dynamic mechanical characteristics of different CNS regions [109]. Current data on brain
mechanics likewise demonstrate a pronounced dependence of the mechanical response
on loading timescale and deformation regime, including nonlinear behavior and stress
relaxation [104,105,110]. Relevant material parameters therefore extend beyond the elastic
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modulus to include viscoelasticity, stress-relaxation rate, nonlinearity, anisotropy, and
spatial heterogeneity of mechanical properties.

The biological relevance of these parameters has been directly demonstrated in neural
cell models. Stiffness-dependent changes in neural stem cell differentiation have been re-
ported [111,112]. Cells, however, respond not only to absolute stiffness but also to its spatial
distribution. In collagen hydrogels with stiffness gradients ranging from approximately
1.5 to 7 kPa, the orientation of NG108-15 neural cells depended on the combination of local
stiffness and gradient magnitude [113]. In hyaluronic acid scaffolds with an aligned porous
architecture and stiffnesses ranging from 0.8 to 3 kPa, softer Coll-IV/Fn-functionalized
scaffolds enhanced axonal outgrowth ex vivo and altered primary astrocyte responses,
including stiffness-dependent IL-10 production [114]. This latter example also illustrates
that the observed cellular response cannot be unequivocally attributed to stiffness alone,
because material composition and architecture varied simultaneously.

Viscoelasticity represents an independent regulator of cellular responses. In poly-
acrylamide substrates with comparable initial stiffness, Qiao et al. independently varied
stress relaxation by introducing reversible DNA-based crosslinks, obtaining characteristic
relaxation times of approximately 60-175 s. Greater stress relaxation shifted neural stem cell
fate commitment toward astrocytic differentiation and altered intracellular RhoA dynamics.
Notably, the average period of RhoA activity oscillations decreased from approximately
17 min on non-relaxing substrates to 5 min on stress-relaxing substrates. Pharmacological
inhibition of myosin II or FAK attenuated the relaxation-dependent increase in astrocytic
differentiation, implicating actomyosin contractility and focal adhesion signaling in the cel-
lular response [102]. In a 3D system, hydrogels with stress-relaxation half-times spanning
approximately 102-10° s were used to investigate neural progenitor cell responses. Rapidly
relaxing hydrogels (approximately 10°-10° s) with low network connectivity supported
NPC spreading and proliferation while preserving stemness and subsequent differentiation
potential, whereas slowly relaxing networks restricted cell spreading and reduced prolif-
eration and differentiation capacity [115]. Thus, identical initial substrate stiffness does
not necessarily result in an equivalent cellular response when the temporal mechanical
behavior and capacity for local matrix remodeling differ.

A separate direction in mechanical design involves architecturally programmable
bottlebrush polymer networks that enable independent control over initial softness and
nonlinear strain stiffening [116]. Building on this approach, injectable bottlebrush hydrogels
have been developed that combine a low Young’s modulus, pronounced strain stiffening,
and thermally induced gelation at physiological temperature; in preclinical testing, these
materials exhibited low cytotoxicity and a moderate tissue response in vivo [117]. More
recent bottlebrush networks maintain a modulus below 1 kPa at high swelling ratios and can
withstand substantial deformation [118]. These systems expand the range of independently
tunable mechanical parameters; however, direct evidence of their effects on neuron—glia
interactions and integration with neural tissue remains limited.

Mechanical matching of biomaterials extends beyond stiffness alone and requires
consideration of viscoelasticity, stress relaxation, nonlinearity, anisotropy, and spatial het-
erogeneity in relation to the mechanics of the target neural tissue. Given the lack of a
universal mechanical reference and the sensitivity of cellular responses to time-dependent
mechanics, a single “optimal” stiffness value is unlikely to provide an adequate design
criterion for neural interfaces.
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5.2. Architecture and Topography—Fiber Alignment, Anisotropy, Pore Organization, and
Surface Porosity

Material architecture defines the spatial conditions under which cells interact with the
interface through several parameters, including the nanotopography of individual fiber sur-
faces, fiber orientation, packing density, pore connectivity, and the organization of channels
within the scaffold. Anisotropy is particularly relevant to neural tissue. The white matter of
the spinal cord is organized into longitudinally oriented axonal tracts; accordingly, aligned
fibers, longitudinal channels, and oriented pores are used to reproduce the directional
architecture of the tissue and guide the trajectories of regenerating processes [119]. How-
ever, implant architecture cannot be considered independently of interface chemistry and
mechanics, because changes in geometry simultaneously alter the contact area, accessibility
of adhesive sites, and the mechanical conditions of cell-material interactions.

The influence of fibrous architecture has been directly demonstrated in neural pro-
genitor cells and neurons. On electrospun collagen nanofibers, proliferation of spinal
cord-derived NPCs was higher than on collagen-coated planar surfaces, and this effect
was dependent on B1-integrin and MEK/ERK signaling [120]. Fiber diameter also altered
cellular responses in DRG explants cultured on aligned poly-L-lactic acid (PLLA) fibers.
On fibers with a diameter of 293 + 65 nm, neurite length was 42% and 36% lower than on
fibers with diameters of 759 + 179 and 1325 + 383 nm, respectively, whereas the pattern of
Schwann cell migration did not fully parallel the changes in neurite outgrowth [121]. Even
when fiber orientation is held constant, fiber diameter can therefore differentially affect
distinct cell populations.

Fiber alignment alone, however, does not determine the direction of neurite growth. In
DRG explants cultured on uniaxially aligned electrospun nanofibers, neurites could extend
either parallel or perpendicular to the fiber direction. The pattern of contact guidance
depended on fiber density, laminin coating, and the properties of the underlying substrate.
At low fiber density, neurite growth occurred predominantly along the fiber direction,
whereas increasing fiber density under certain conditions resulted in perpendicular neurite
orientation. Laminin coating could shift the direction of growth back toward parallel
alignment [122]. Topographical guidance therefore emerges from the combination of
geometric and adhesive cues rather than being determined by fiber alignment alone.

In 3D scaffolds, bulk porosity becomes an additional important architectural parameter.
Pore size, connectivity, and orientation determine the space available for cell infiltration and
migration, process extension, and the transport of oxygen, nutrients, and soluble factors.
In porous GelMA hydrogels with a mean pore size of 168 = 71 ym and a porosity of
77.1%, an interconnected architecture enhanced neural stem cell migration and neuronal
differentiation compared with nonporous GelMA [123]. Directionally organized pores
and channels are particularly relevant to SCI. Anisotropic scaffolds containing longitudinal
fibers, channels, or pores can provide spatial guidance for axonal growth across the lesion;
however, the architecture must simultaneously permit cellular infiltration while maintaining
the required structural organization of the scaffold [119].

The surface architecture of individual fibers represents another important design
parameter because it alters the effective surface area and influences not only direct cell-
material interactions but also the organization of the adsorbed protein layer. In electrospun
poly(D,L-lactide) fibers, the formation of surface nanopores increased the calculated surface
area by 62% and was accompanied by an 80% increase in protein adsorption from fetal
bovine serum compared with nonporous fibers, as well as greater initial cell adhesion [124].
In neural cell models, both the presence and geometry of surface nanoporosity are relevant.
On aligned PLLA fibers, larger nanopores promoted neural stem cell proliferation and
differentiation, whereas smaller nanopores were more favorable for migration. However,
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changes in nanopore size were accompanied by changes in surface roughness, wettability,
and crystallinity, precluding the isolation of nanoporosity as the sole cause of the cellular
effects [125]. In electrospun PLA/PCL scaffolds, the use of DCM/THEF resulted in the
formation of surface-localized pores, with a surface porosity of 27% and a mean pore
depth of 270 &+ 50 nm. In primary cortical neuron—-glia cultures, these scaffolds maintained
approximately 80% cell viability over 10 days and increased neuronal density compared
with smooth fibers and the control, while astrocytes exhibited a more highly branched and
less rounded morphology than on HFIP-derived scaffolds [63]. Surface nanoporosity can
therefore be considered a distinct architectural parameter of the interface that can alter
protein adsorption and cellular responses, although its effects depend on accompanying
changes in surface chemistry and physical properties.

Architectural features of a material may also be sensed differently by distinct cell
populations. On anodized alumina surfaces, changes in nanopore diameter and spacing
were associated with differences in primary astrocyte adhesion and GFAP immunoreac-
tivity [62]. Together with findings in neurons, NPCs, and Schwann cells, this indicates
that biomaterial architecture cannot be optimized on the basis of a single cell type. Fiber
size and orientation, bulk porosity, and surface nanoporosity form an interconnected set of
topographical cues whose effects are cell-type dependent and are further modulated by the
chemical and mechanical properties of the interface.

5.3. Surface Chemistry and Ligand Presentation—From Cell Adhesion to Antifouling Interfaces

Surface chemistry defines the molecular-level interactions of a material with pro-
teins and cellular receptors. Hydrophilicity, surface charge, and the chemical structure
of functional groups influence protein adsorption and conformation, whereas immobi-
lization of ECM-derived ligands enables direct modulation of receptor-mediated adhe-
sion [33,35,37,38]. Cellular responses depend not only on the chemical identity of a lig-
and but also on its density, spatial organization, and physical accessibility. Chemical
design of biomaterials spans a continuum from bioadhesive surfaces that promote specific
cell-material interactions to antifouling interfaces that limit nonspecific protein adsorption
and cell attachment.

The importance of the physical presentation of adhesive ligands has been demon-
strated using supported lipid bilayers with tunable lateral mobility of surface molecules. At
comparable chemical composition, restricting ligand mobility enhanced integrin cluster-
ing, focal adhesion formation, FAK-MEK/ERK signaling, and neuronal differentiation of
neural stem cells, whereas high ligand mobility was associated with reduced adhesion and
preferential astrocytic differentiation [126]. Cellular responses thus depend not only on the
presence of an adhesive motif but also on the physical context in which it is presented at the
substrate surface. The density of bioactive epitopes represents an additional design variable.
In self-assembling peptide amphiphile nanofibers, a high density of the laminin-derived
IKVAV epitope enhanced neuronal differentiation of neural progenitor cells while reducing
astrocytic differentiation [127]. The response also depends on the combination of ECM
components. Combined collagen IV and fibronectin promoted neurite outgrowth more
strongly than either component alone [114]. Biofunctionalization is therefore better under-
stood not simply as a means of increasing overall surface adhesiveness, but as a strategy for
controlling the identity, density, and mode of presentation of molecular cues.

For chronic neural interfaces, the design objective may instead be to limit nonspecific
interactions between the surface and the biological environment. One approach involves
zwitterionic polymer coatings, whose highly hydrated character limits nonspecific protein
adsorption and subsequent cell attachment. Silicon neural probes were modified with
a poly(sulfobetaine methacrylate) /polydopamine coating. The coating reduced protein
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adsorption by 89% and fibroblast adhesion by 86% relative to uncoated silicon. One week
after intracortical implantation, coated probes exhibited reduced GFAP-associated astro-
cytic responses, Ibal/lectin-associated microglial responses, and IgG leakage around the
implant [128]. Antifouling surface modification can affect both the initial interaction with
proteins and the early tissue response to a neural implant.

In a subsequent study, poly(sulfobetaine methacrylate) (PSBMA) was covalently
grafted directly onto silicon neural probes, providing coating stability and antifouling
properties for at least four weeks in vitro. The coating reduced protein adsorption and the
attachment of fibroblasts and microglia. Two-photon imaging performed in vivoat2 and 6 h
after intracortical implantation showed that PSBMA-coated probes had an approximately
threefold reduction in the surface area covered by microglial processes compared with
control probes. This effect was primarily associated with reductions in the area and volume
of microglial end-feet contacting the surface, whereas their number per unit area did not
change substantially [129]. The antifouling interface therefore did not prevent the directed
microglial response to implantation-associated injury, but limited the subsequent spreading
of microglial processes directly along the material surface.

Regenerative scaffolds require controlled cell-material interactions that support adhe-
sion, migration, and process growth, whereas chronic neural interfaces may benefit from
reduced nonspecific protein adsorption and glial attachment. A promising strategy is to
combine a low-fouling background with the selective presentation of bioactive ligands. The
balance between adhesion and antifouling can thus be treated as a tunable property of the
material-tissue interface, with the appropriate balance depending on material function, the
target cell population, and the duration of interaction with neural tissue.

5.4. Electrical Conductivity and Electroactive Properties

The electrical properties of a material provide an additional level of regulation at
the material-tissue interface because neural tissue function depends on cellular electrical
activity and the propagation of bioelectrical signals. In biomaterials, a distinction should be
made between electrical conductivity, which enables charge transport through the material,
and electroactivity, whereby an electrical stimulus is generated or transmitted in response
to an external input. Conductivity alone, however, is not sufficient to establish a biological
effect. Incorporation of conductive components can simultaneously alter mechanics, topog-
raphy, surface charge, and other interfacial properties. The causal contribution of electrical
properties can therefore be assessed most convincingly in systems in which a conductive
scaffold is investigated in combination with controlled electrical stimulation.

This approach was implemented using three-dimensional PEDOT /chitosan/gelatin
scaffolds containing neural stem cells [130]. Electrical stimulation at 50 mV for 4 h/day
enhanced neuronal differentiation of NSCs, whereas pharmacological inhibition of voltage-
gated Ca®" channels attenuated this effect. In this system, the conductive scaffold served as
a medium for transmitting the electrical stimulus, while the cellular response was associated
with Ca?*-dependent signaling.

Beyond their electrical properties, PEDOT-based materials are also of interest because
of their potential cytocompatibility and influence on cellular responses to electrical stimula-
tion. Microstructured PEDOT:PSS electrodes have demonstrated cytocompatibility in vitro,
supporting their use as interfaces for cell culture and bioelectronic applications [131]. More-
over, PEDOT:PSS-coated electrodes have been shown to reduce mitochondrial superoxide
generation and associated cellular damage during pulsed electric field exposure [132].
These findings suggest that PEDOT-based interfaces may contribute to the modulation of
electrically induced oxidative stress in addition to facilitating charge transfer. However,
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these effects are dependent on the material formulation and stimulation conditions, and
their relevance to long-term neuron-glia interactions requires further investigation.

The combination of electrical conductivity with directional architecture was imple-
mented using aligned CNT/GelMA hydrogel fibers. The material simultaneously repro-
duced a fibrous architecture and enabled transmission of an electrical stimulus. Aligned
CNT/GelMA fibers supported oriented adhesion of PC12 cells, while their combination
with electrical stimulation enhanced neuronal differentiation of NSCs. In a rat model of SCI,
the combination of a conductive aligned scaffold and electrical stimulation was associated
with enhanced axonal regeneration and remyelination, as well as improved electrophysio-
logical and motor outcomes [133]. This system illustrates how electrical and architectural
cues can act in combination, while also precluding attribution of the observed effects to
conductivity alone because fiber alignment is itself a biologically active design parameter.

A different class of electroactive biomaterials can locally generate, rather than merely
conduct, an electrical signal. A biodegradable 3D piezoelectric scaffold was developed to
convert ultrasound into local electrical stimulation [134]. In a rat model of complete spinal
cord transection, ultrasound-driven wireless stimulation through the implanted scaffold
was associated with enhanced axonal regeneration and remyelination and improved motor
recovery. This approach differs fundamentally from passive conductive materials because
the piezoelectric scaffold simultaneously provides structural support and converts the
mechanical energy of an external stimulus into a local electrical signal.

In a subsequent study, this principle was implemented in an injectable electrogenic
hydrogel containing black phosphorus nanoplates. When exposed to a rotating magnetic
field, the material generated electrical signals, while wireless electrical stimulation enhanced
neuronal differentiation of NSCs and was associated with activation of PI3K/Akt signaling.
In a mouse model of complete spinal cord transection, treatment with this system attenuated
the inflammatory response and was accompanied by increased neurogenesis and synapse
formation, as well as functional recovery [135]. Importantly, the material combined mechan-
ical, conductive, electrogenic, and immunomodulatory properties, precluding attribution
of the observed in vivo effects exclusively to electrical stimulation.

Electrical conductivity and electroactivity are functional material properties that enable
electrical signals to be transmitted or locally generated at the material-tissue interface. The
strongest available evidence indicates that such signals can influence neuronal differentia-
tion, axonal growth, and other components of the cellular response. However, electrical
properties are almost invariably coupled to changes in material mechanics, architecture,
and chemistry, making experimental isolation of their biological contribution essential.
For chronic neural interfaces, additional considerations include electrochemical stability,
impedance, long-term recording and stimulation stability, and sustained tissue integration.

5.5. Degradation and Temporal Evolution of Material Properties

For degradable biomaterials, degradation represents a dynamic parameter of the in-
terface because material breakdown is accompanied by concurrent changes in mechanical
properties, architecture, surface area, and the chemical environment of surrounding cells.
The relevant consideration is therefore not simply whether a material is ultimately resorbed,
but whether its degradation rate is matched to the timescales of cellular infiltration, pro-
cess growth, and new tissue formation. Excessively rapid loss of structural integrity may
eliminate the scaffold’s guidance and mechanical functions before regeneration is complete.
For example, in multilumen alginate scaffolds developed for spinal cord repair, the shear
modulus in vitro decreased from 155 to 5 kPa within 2 days, despite preservation of the
external scaffold geometry for more than 28 days. Following implantation in a complete
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spinal cord transection model, the scaffolds degraded faster than axons could grow across
the 2-mm lesion, thereby limiting their guidance function [136].

Conversely, prolonged structural persistence is not necessarily advantageous. As
discussed above, urinary bladder matrix-derived ECM hydrogels with slower degradation
showed less extensive replacement by newly formed tissue than more rapidly degrading
formulations in the post-stroke brain [43]. Thus, for a regenerative interface, degradation
should provide a sufficient temporal window for the material to perform its intended
function, followed by progressive clearance that permits tissue ingrowth and remodeling.

The relationship between degradation rate and regeneration is not linear. In an SCI
model, injectable spinal cord- and urinary bladder-derived ECM hydrogels supported
cellular infiltration and axonal and vascular ingrowth but rapidly lost structural integrity
after implantation while the cystic cavity continued to develop [137]. Degradation in a
regenerative interface must be coordinated with the rates of tissue ingrowth and remodeling
rather than simply maximized or minimized.

For synthetic polymers, the chemistry of degradation products represents an additional
consideration. Hydrolytic degradation of PLA, PGA, and PLGA generates low-molecular-
weight products, including lactic and glycolic acids, whose accumulation can alter local pH.
This effect has been particularly well characterized for PLGA. Pronounced pH gradients
have been experimentally detected within degrading PLGA microspheres, with local values
as low as pH 1.5 [138]. The rate at which acidic degradation products are generated and
accumulate depends not only on degradation time but also on molecular weight, copolymer
composition, crystallinity, monomer sequence, geometry, and the transport of water and
hydrolysis products within the material [138,139].

Degradation kinetics are determined not only by polymer chemistry but also by material
composition, architecture, and the local microenvironment. Polymer composition, fiber
morphology, and environmental conditions can jointly shape degradation behavior. For
example, PLA/PCL electrospun scaffolds containing porous DCM/THF-derived fibers
exhibited more pronounced signs of degradation than scaffolds containing smooth HFIP-
derived fibers, with these differences becoming more pronounced under oxidative Fenton
conditions [63]. These surface changes were not accompanied by a proportional loss of
mass. Degradation behavior should therefore be characterized at multiple levels, including
mass loss, architectural changes, and surface chemistry, and assessed under conditions that
account for the pathological microenvironment of injured tissue.

Degradation products should also not be considered solely in terms of their potential
cytotoxicity. PLA hydrolysis ultimately generates lactic acid, which at physiological pH
is present predominantly as lactate [140]. Lactate is a physiological metabolite in neural
tissue, and in vivo studies have demonstrated a concentration gradient between astrocytes
and neurons that is consistent with intercellular lactate transfer [141,142]. However, there is
currently insufficient direct evidence that lactate generated by the degradation of PLA-based
neural scaffolds participates in these metabolic interactions or exerts beneficial effects on
neuron—glia crosstalk.

The effects of biomaterial degradation on neural cells extend beyond the potential
biological activity of individual degradation products. Degradation simultaneously alters
multiple features of the interface, including the local concentration of hydrolysis prod-
ucts, pH, surface integrity, the size and abundance of material fragments, and mechanical
properties. Each of these factors can potentially modify cellular responses, but a direct
link between the degradation of a specific neural scaffold and a particular intracellular
inflammatory pathway must be established experimentally.
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6. Biomaterial Strategies for Neural Tissue Regeneration and Integration
6.1. Cell Delivery and Formation of a Regenerative Niche

Cell transplantation following neural tissue injury is limited not only by the retention
of transplanted cells at the lesion site but also by their survival and functional integration
within the adverse post-injury microenvironment. In such systems, biomaterials establish
a local niche that simultaneously provides spatial localization of the graft and regulates
cellular state. The relevance of this approach is supported by a systematic review and
network meta-analysis of preclinical SCI models. Overall, combining neural stem/pro-
genitor cells (NSPCs) with biomaterial scaffolds or hydrogels resulted in greater motor
and histological recovery than cell therapy without a biomaterial, although the outcomes
were characterized by substantial heterogeneity related to cell source, biomaterial type, SCI
model, and experimental protocol [143].

The presence of a biomaterial alone, however, does not ensure graft survival; the out-
come depends on the specific properties of the niche it creates. Increasing the concentration
of an engineered hydrogel from 10% to 16%, corresponding to an approximately fivefold
increase in stiffness, significantly improved the survival of transplanted NSCs in the injured
spinal cord. In vitro, stiffer substrates enhanced NSC adhesion, spreading, and viability.
Pharmacological inhibition or siRNA-mediated suppression of Piezol reduced adhesion
predominantly on the stiffer substrates, whereas CRISPR/Cas9-mediated disruption of
Piezol decreased the survival of NSCs transplanted with the 16% hydrogel in vivo. These
findings demonstrate that the mechanical properties of the transplantation niche can directly
influence graft survival through Piezol-dependent mechanotransduction [144].

Molecular functionalization of the material provides another level of control. An
IGF-1-bioactive supramolecular nanofiber hydrogel activated downstream IGF-1 signaling,
reduced NSC apoptosis, enhanced proliferation, and promoted differentiation toward
neuronal and oligodendroglial lineages. Following transplantation of NSCs with the IGF-1
hydrogel into the SCI lesion, enhanced neurite outgrowth and myelin sheath regeneration
were observed. The material also altered the cargo of extracellular vesicles (EVs) secreted by
NSCs and their differentiated progeny, enriching them in miRNAs associated with axonal
regeneration and remyelination. These EVs were taken up by endogenous NSCs and altered
their differentiation, demonstrating that a biomaterial can influence not only transplanted
cells themselves but also their paracrine communication with host cells [101].

Biomaterial-assisted cell transplantation can therefore be viewed as the formation of a
local regenerative niche whose properties influence not only graft retention and survival
but also its differentiation and interactions with host tissue cells. Graft survival is necessary
but insufficient as a criterion of therapeutic efficacy. Evaluation of the resulting interface
should also consider graft cell fate, process outgrowth, remyelination, paracrine signaling,
and subsequent integration with host tissue.

6.2. 3D Scaffolds for Tissue Bridging and Guided Regeneration

In volumetric neural tissue injuries, a three-dimensional scaffold must support cellular
infiltration, axonal and vascular ingrowth, and integration with host tissue. Its architecture
should therefore provide the spatial organization required to guide regeneration across
the lesion.

One approach is to create interconnected free space within an injectable material.
PEG-based granular hydrogels were composed of microgels containing RGD cell-adhesive
and MMP-degradable peptides and were assembled in situ after injection. In a mouse
model of SCI, the material alone did not increase astrogliosis or the recruitment of innate
immune cells, while co-transplantation with NPCs supported graft survival, neuronal
and astrocytic differentiation, and extension of axonal projections from the transplanted
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cells into host tissue. The granular architecture thus supported transplanted cells while
providing space for cell migration, matrix remodeling, and integration with the surrounding
host tissue [145].

A different strategy involves spatially programming the direction of regeneration. Core—
shell hydrogel microfibers were fabricated by coaxial extrusion using oxidized hyaluronic
acid, carboxymethyl chitosan, and Matrigel, with a high density of NSCs encapsulated
within the inner compartment [146]. In vitro, the encapsulated NSCs differentiated into
neurons and astrocytes more efficiently than cells cultured on a conventional surface. For
transplantation, the microfibers were further reinforced with PLA nanosheets. In a com-
plete spinal cord transection model, the construct filled the lesion and was associated with
increased numbers of neuron- and oligodendrocyte-like cells at the lesion epicenter, while
regenerating axons were observed across the entire lesion along the microfibers. These find-
ings demonstrate the functional importance of spatially organized constructs as guidance
scaffolds for axonal bridging across a large tissue defect.

However, restoration of neural connectivity requires reconstruction not only of the
neuronal component but also of the vascular and immune components of the injured tissue.
A multicomponent system based on a hyaluronic acid hydrogel and decellularized brain
matrix incorporated human embryonic stem cell-derived NPCs, PDRN, and extracellular
vesicles derived from TNF-«/IFN-y-primed mesenchymal stem cells. In a spinal cord tran-
section model, the combined scaffold simultaneously enhanced measures of angiogenesis
and neural differentiation while reducing inflammatory and apoptotic responses [147].
Repair of a volumetric defect may therefore require coordination of multiple processes
within a single construct, as the maintenance and integration of regenerating neural tissue
depend on the establishment of a supportive vascular and cellular microenvironment.

These studies position the three-dimensional regenerative scaffold as a spatial bridge
between the margins of injured tissue. Its effectiveness depends on its ability to simulta-
neously provide space for cellular infiltration and remodeling, guide axonal growth, and
support the establishment of a tissue microenvironment within the defect. The relevant
criterion for architectural design is therefore not any single structural parameter of the
material, but the ability of the construct to support the transition from defect filling to the
formation of an integrated tissue bridge.

6.3. Modulation of the Neuron—-Glin—ECM Microenvironment During Regeneration

The regenerative interface interacts not only with transplanted cells but also with glial
populations at the injury site. Its effectiveness therefore depends on whether the resulting
microenvironment supports coordinated neuronal and glial responses. This is particularly
important in SCI, where microglia and astrocytes reciprocally regulate inflammation, ECM
organization, and the accessibility of the lesion to regenerating axons.

Astrocyte-derived ECM illustrates how matrix composition can influence several com-
ponents of this response. For example, decellularized ECM derived from mESC-derived
protoplasmic or fibrous astrocytes was incorporated into hyaluronic acid hydrogels. Both
ECM types promoted motoneuron neurite extension at specific concentrations, but proto-
plasmic astrocyte-derived ECM was effective at a lower ECM content and supported greater
neurite outgrowth than fibrous astrocyte-derived ECM at the same ECM-to-HA ratio. Fol-
lowing implantation after SCI in rats, hydrogels containing protoplasmic astrocyte-derived
ECM reduced the GFAP-associated glial scar area and macrophage/microglia staining while
increasing axonal penetration into the lesion; comparable effects were not observed with fi-
brous astrocyte-derived ECM [148]. The response to an ECM-containing material therefore
depends not simply on the presence of matrix components but also on their cellular source,
which can influence neuronal and glial responses simultaneously.

https://doi.org/10.3390/cells15212019


https://doi.org/10.3390/cells15212019

Cells 2026, 15, 2019

31 of 47

A more targeted strategy is to disrupt pathological feedback between glial cells
and the ECM. A recent SCI study identified CSPGs as regulators of a self-reinforcing
microglia—astrocyte axis in which CSPG accumulation promoted a pro-inflammatory mi-
croglial state and subsequent development of scar-forming astrocytes. To disrupt this
pathological feedback loop, a ROS-responsive fusogenic lipopolyplex decorated with
the connective tissue growth factor-binding peptide DAG was used to deliver the chon-
droitinase ABC gene to reactive astrocytes. CSPG degradation altered both microglial
and astrocytic responses, reduced glial scarring, and improved structural and functional
measures of recovery [149]. Here, the therapeutic target is not an isolated cell popula-
tion but an interconnected microglia—astrocyte-ECM system that sustains the adverse
post-injury microenvironment.

The regenerative state of transplanted neural cells can likewise be coupled to modu-
lation of the immune microenvironment. This dual objective was addressed by combin-
ing coaxially printed NSC-laden hydrogel microfibers with extracellular vesicles derived
from human umbilical cord mesenchymal stem cells. Addition of the EVs attenuated the
pro-inflammatory microglial response while enhancing NSC proliferation and neuronal
differentiation in culture. After complete spinal cord transection, the combined treatment
reduced pro-inflammatory cytokine levels at the lesion site, increased neuronal cell numbers
and angiogenesis, and improved recovery compared with NSC-containing microfibers with-
out EVs [150]. This design therefore couples direct support of neural cells with modulation
of the surrounding glial environment.

These studies provide a rationale for designing regenerative interfaces around the
interdependence of neural cells, glia, and the ECM. Changes in matrix composition, glial
state, or intercellular signaling can simultaneously reshape several components of the
regenerative microenvironment. Material efficacy therefore cannot be adequately captured
by neurite outgrowth or individual markers of glial activation alone.

6.4. Dynamic and Microenvironment-Responsive Regenerative Interfaces

The post-injury microenvironment evolves over time, creating an opportunity to coor-
dinate material function with successive stages of injury and repair. This temporal coordi-
nation was implemented in a ROS- and MMP-responsive hydrogel designed for sequential
release of therapeutic components. Elevated ROS levels triggered an early antioxidant
and anti-inflammatory response, whereas subsequent MMP-dependent release of VEGF
promoted angiogenesis and neural stem cell differentiation. Across models of severe SCI,
hydrogel treatment reduced inflammation, fibrosis, and lesion cavity formation while en-
hancing vascularization and neural regeneration and improving functional recovery [151].

The timing of therapeutic release is also relevant to modulation of the immune re-
sponse. In a hyaluronic acid-based hydrogel, sequential delivery of minocycline and
IL-4 was designed to suppress the early pro-inflammatory microglia/macrophage re-
sponse and subsequently support an anti-inflammatory state, respectively. Compared
with simultaneous delivery, the sequential regimen more effectively reduced inflammation
and glial scar formation and was accompanied by enhanced neuronal regeneration and
locomotor recovery [152].

An alternative strategy is to couple therapeutic activity directly to pathological signals
within the injury microenvironment. In a ROS-responsive system based on a zinc-citrate
metal-organic framework, elevated ROS triggered the release of H,S. In SCI, this system
attenuated oxidative stress and inflammation, altered the macrophage state, and supported
neuroprotection and angiogenesis [153]. Dynamic material design can therefore operate
through two complementary principles: programmed intervention at successive stages of
regeneration and adaptive activation in response to the local pathological microenvironment.
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7. Chronic Neural Interfaces
7.1. Mechanical and Structural Integration with Neural Tissue

In chronic neural interfaces, mechanical compatibility influences not only the tissue
response but also the stability of functional contact between the active regions of the device
and neural tissue. Unlike regenerative materials, an implanted neural interface remains
within the tissue over extended periods, and relative micromotion between the device and
surrounding tissue arising from respiration, vascular pulsation, and movement can generate
repetitive deformation at the interface. For rigid intracortical probes, such micromotion is
considered one of the factors contributing to chronic blood-brain barrier (BBB) disruption,
microglial and astrocytic activation, and neuronal loss in the vicinity of the implant [23,154].
The resulting mechanical interaction is determined not only by the material properties
discussed above but also by device geometry, thickness, fixation, and the dimensions of the
region in direct contact with the tissue.

This principle is exemplified by e-dura, a soft epidural neural interface integrating
stretchable interconnects, electrodes, and microfluidic chemotrodes [26]. The device was
designed to match the shape and deformability of the dura mater and retained functionality
through millions of mechanical stretch cycles, electrical stimulation pulses, and chemical
injections. Following epidural implantation in rats, e-dura established a mechanically
compliant interface with the spinal cord, whereas a stiffer implant produced marked tissue
deformation and neuroinflammation. The device also enabled the extraction of cortical
states and the delivery of electrochemical spinal neuromodulation. In this system, long-term
integration was achieved not by minimizing a single mechanical parameter, but by matching
the deformability of the device as a whole to the dynamics of the surrounding tissue.

For intracortical interfaces, another strategy is to reduce both bending stiffness and
the cross-sectional dimensions of the implant. Nanoelectronic thread (NET) probes with
subcellular dimensions and ultraflexible mechanics maintained stable impedance, noise
levels, single-unit recording yield, and signal amplitude during chronic implantation, with
recordings obtained for four months. Longitudinal in vivo two-photon imaging and sub-
sequent histological analysis revealed recovery of the local vasculature and BBB, together
with an absence of chronic neuronal loss and glial scar formation around the probes [155].
Reducing the mechanical and spatial footprint of an intracortical device can therefore limit
chronic disruption of the local cellular and vascular microenvironment while preserving
electrical access to neurons.

The same reduction in bending stiffness that improves mechanical compatibility after
implantation, however, also makes insertion more difficult because an ultraflexible probe
can buckle or deform before entering the tissue. Temporary insertion shuttles, dissolvable
or detachable supports, and related delivery strategies are therefore used to separate the
mechanical requirements of implantation from those of the chronic interface [154]. Such
approaches allow a device to be mechanically supported during insertion while retaining
high flexibility after deployment. Mechanical integration of a chronic neural interface is
consequently a problem of optimizing the device as a whole rather than simply selecting a
material with a low Young’s modulus. Current strategies combine reductions in bending
stiffness, device dimensions, and mechanical loading of the tissue with sufficient structural
stability for implantation and stable positioning of active sites relative to neural tissue.

7.2. Controlling the Biological Boundary—From Antifouling to Selective Biointegration

In chronic neural interfaces, surface interactions influence not only the foreign body
response but also the maintenance of functional proximity between neurons and the neural
interface. The formation of protein and cellular layers, microglial and astrocytic responses,
and remodeling of the local ECM can increase the spatial and functional separation between
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electrodes and neurons [23]. Surface engineering should therefore aim not to eliminate
tissue interactions altogether, but to limit nonspecific biofouling while preserving favorable
neuronal contact.

The feasibility of this approach was demonstrated with an ultrathin polymer coat-
ing deposited on flexible multifunctional neural probes by photoinitiated chemical vapor
deposition. The coating markedly reduced albumin and fibrinogen adsorption without
increasing electrical impedance. During chronic implantation in the mouse brain, coated
probes maintained high-quality electrophysiological recordings for 13 weeks and exhibited
a 66.6% reduction in glial scarring and an 84.6% increase in neuronal preservation compared
with uncoated probes [156]. Suppressing nonspecific interfacial interactions can therefore
reduce the glial response while preserving the functional performance of a neural interface.

An alternative approach is to selectively enhance neuronal interactions with the device
surface. The neuronal cell adhesion molecule L1 was covalently immobilized on intracortical
silicon electrode arrays. Over 16 weeks, L1-coated probes exhibited higher visually evoked
single-unit yield, single-unit signal amplitude, and signal-to-noise ratio than uncoated
arrays. Histological analysis at 16 weeks further revealed greater neuronal and axonal
density together with reduced microglial activation around L1-coated probes [157]. Rather
than broadly suppressing cell adhesion, the surface of a neural interface can therefore be
functionalized to favor neuronal contact while limiting undesirable glial interactions.

Together, these approaches suggest that the optimal surface of a chronic neural in-
terface does not lie at either extreme of the adhesion—antifouling continuum. Antifouling
coatings limit nonspecific protein adsorption and glial encapsulation, whereas neuroad-
hesive functionalization can help maintain neurons in close functional proximity to the
electrode. A more relevant design objective is selective biointegration, in which undesirable
protein and glial interactions are minimized without compromising favorable interactions
with the target neuronal population.

7.3. From Bioinert Electrodes to Biomimetic Electronic Tissues

The next stage in the development of chronic neural interfaces extends beyond mini-
mizing material-tissue interactions toward interfaces that reproduce selected properties of
the ECM. Within this concept, the electronic component retains its recording or stimulation
functions, while the tissue-facing interface becomes highly hydrated, mechanically compli-
ant, and capable of interacting with bioactive molecules. In the electronic tissue concept
proposed by Minev, conductive polymer networks are integrated within hydrated matrices,
combining electronic and ionic charge transport with tissue-like mechanical properties [ 158].
Rather than focusing primarily on reducing mechanical mismatch, such materials could
potentially reproduce selected ECM functions, including the binding, local sequestration,
and controlled release of signaling molecules.

An ECM-like matrix can be integrated directly with electrode surfaces by assembling
PEG-heparin hydrogels on ITO, gold, and Ptlr electrodes through electrochemically con-
trolled click chemistry [159]. The method enabled spatially localized hydrogel coatings and
patterns with different cell-adhesive properties. A hydrated, bioactive layer can therefore
be formed directly on an electronic surface, creating an intermediate environment between
the electrode and surrounding cells.

Extending this concept to an electronically conductive matrix, a PEDOT:sGAG hydrogel
combines a conducting PEDOT network with sulfated glycosaminoglycans. At a PEDOT
content of approximately 1 wt.%, the material retained high water content and tissue-like
softness, while the sGAG component provided affinity for bioactive proteins, including
growth factors. Low-voltage stimulation modulated their retention and release, allowing
an electrical input to alter the local availability of biochemical signals [160]. The material
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therefore functions not only as an electrical conductor but also as an electrically addressable
matrix capable of regulating molecular cues.

These systems broaden the functional role of a neural interface from that of an electrode
toward an active boundary between electronics and the cellular microenvironment. This
principle is particularly relevant to the regulation of neuron—glia crosstalk because it could
eventually enable spatial and temporal control over the availability of signals to different
cell populations. Direct evidence that such materials can regulate neuron-glia interactions
over extended periods in vivo, however, is still lacking. Electronic tissues should therefore
be regarded as a promising but still emerging direction in biointegrative neural interfaces.

8. Critical Gaps and Unresolved Questions

Despite the substantial body of evidence on interactions between neural tissue and
biomaterials, the transferability and causal interpretation of findings across experimental
systems remain limited. These limitations arise from differences between 2D and 3D
in vitro models and in vivo systems, insufficient observation periods, interdependence
among material properties, and the difficulty of distinguishing direct material effects from
secondary multicellular responses.

8.1. Model Mismatch Across 2D, 3D, and In Vivo Systems

Relationships identified in 2D systems cannot be directly extrapolated to 3D or
in vivo models because each captures different components of the material-tissue interface.
Two-dimensional systems allow individual parameters such as stiffness, ligand density,
or surface chemistry to be examined under comparatively controlled conditions and are
therefore particularly useful for dissecting cellular mechanisms. However, cells interact
with the substrate in a geometry fundamentally different from that of a three-dimensional
matrix, where mechanical and biochemical cues are experienced in the context of spatial
confinement, matrix remodeling, and cell-cell interactions. Three-dimensional models
reproduce selected features of the ECM and multicellular organization more closely, but
this increased complexity also makes experimental variables more difficult to control and
cellular responses more difficult to resolve [161].

Moving to in vivo models introduces additional components that remain difficult to
reproduce fully even in sophisticated 3D systems, including the vasculature, systemic and
local immune responses, the BBB, mechanical loading, and dynamic tissue remodeling.
Increasing model complexity should therefore not be viewed simply as a linear progression
toward a more faithful representation of the native response. In vitro, organoid, ex vivo,
xenograft, and in vivo systems retain distinct strengths and limitations and address different
experimental questions [162].

This mismatch becomes particularly apparent when biomaterial performance is com-
pared across experimental settings. A comparison of five 3D-printable biomaterials across
physicomechanical, cell-material interaction, and early in vivo biocompatibility assess-
ments illustrates this discrepancy. GeIMA exhibited the highest cell viability index at 7 DIV,
yet after implantation all materials became surrounded by connective tissue capsules ac-
companied by inflammatory cells, with the magnitude of the response differing among
materials [163]. In vitro cytocompatibility therefore does not directly predict the tissue
response in vivo.

8.2. Temporal Mismatch and Insufficient Chronic Observation

A second limitation arises from the mismatch between experimental duration and
the dynamics of the material-tissue interface. Protein adsorption occurs within minutes
to hours, early cellular responses develop over days, whereas tissue remodeling, material
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degradation, and chronic responses to implanted devices can continue for weeks, months,
and potentially years. Measurements obtained at a single time point therefore capture only
one phase of the evolving interaction between the material and tissue.

For regenerative systems, a favorable early cellular response does not necessarily
predict successful long-term integration. A material may initially support cell survival
and adhesion but subsequently restrict migration, axonal ingrowth, or tissue remodeling
if its structure persists longer than required. Conversely, overly rapid degradation may
cause the material to lose its guidance or mechanical function before new tissue has formed.
Measurements of cell survival, inflammatory markers, or residual material volume therefore
characterize particular stages of regeneration and should not be interpreted in isolation as
measures of overall material efficacy.

For chronic neural interfaces, observation periods are often short relative to the in-
tended operational lifetime of the device. Early reductions in protein adsorption, GFAP,
or Ibal do not guarantee persistence of these effects because the state of the surrounding
tissue, coating integrity, electrochemical properties, and mechanical interactions between
the device and tissue can all change over time. Moreover, the foreign body response evolves
through overlapping inflammatory, glial, and tissue-remodeling processes, making short-
term observations insufficient for extrapolation to the chronic phase [164]. This distinction
is particularly important for implantable neural interfaces, where functional performance
depends not on minimizing the tissue response at an isolated time point but on maintaining
stable recording or stimulation throughout the implantation period.

8.3. Cellular Scope and Tissue- and Model-Specific Responses

This review focuses primarily on neurons, astrocytes, and microglia, reflecting the cellu-
lar populations most directly addressed in the studies of biomaterial-mediated neuron-glia
interactions discussed here. Neural tissue responses to injury and biomaterial implantation,
however, involve additional cell populations that may influence regenerative outcomes,
inflammation, and the long-term integration of implanted materials.

Oligodendrocytes and oligodendrocyte precursor cells (OPCs) are important for myeli-
nation and remyelination. In regenerative biomaterial studies, an IGF-1-functionalized
hydrogel influenced neural stem cell differentiation toward neuronal and oligodendroglial
lineages and modified the biological activity of extracellular vesicles released by these
cells [101]. In another study, transplantation of neural stem cells within hydrogel mi-
crofibers was associated with an increased number of oligodendrocyte-like cells at the
spinal cord lesion site [146]. These findings suggest the involvement of oligodendroglial
populations in biomaterial-associated regenerative responses, although the identification of
oligodendrocyte-like cells or the expression of lineage markers does not, by itself, estab-
lish functional remyelination. Oligodendroglial cells are also mechanosensitive: increased
substrate stiffness inhibited oligodendrocyte branching and differentiation [165], while
age-associated stiffening of the CNS niche impaired OPC proliferation and differentia-
tion through Piezol-dependent mechanotransduction [166]. These observations suggest
that biomaterial properties may influence oligodendroglial responses independently of, or
alongside, astrocyte- and microglia-mediated effects.

Infiltrating monocyte-derived macrophages represent another important component
of the tissue response, particularly when injury or implantation compromises the BBB
or blood-spinal cord barrier. These cells cannot be reliably distinguished from resident
microglia using Ibal or CD11b immunoreactivity alone. TMEM119 has been proposed as a
marker that discriminates microglia from other macrophage populations, although marker-
based identification should be interpreted in the context of experimental models [167].
Following spinal cord injury, resident microglia and infiltrating macrophages show distinct
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phagocytic responses [168], and a population of infiltrating blood-derived macrophages
contributes to inflammation resolution and recovery [169]. Macrophage-associated MMP-9
activity has also been implicated in fibronectin-rich ECM remodeling following implantation
of an injectable hydrogel into injured spinal cord tissue [42]. These findings underscore that
inflammatory and regenerative responses observed in biomaterial studies cannot always be
attributed exclusively to resident microglia.

Vascular-associated cells, including pericytes and perivascular fibroblasts, also con-
tribute to tissue remodeling following CNS injury. Experimental studies have identi-
fied perivascular cell populations involved in fibrotic scar formation after spinal cord
injury [170,171]. In particular, reducing scar formation by a specific pericyte population
promoted axonal regeneration and functional recovery in a mouse model of spinal cord
injury [172]. The involvement of non-neural cells is also relevant to biomaterial integration:
implantation of degradable ECM hydrogels into ischemic brain lesions has been associated
with cellular infiltration, material degradation, and formation of new tissue within the lesion
cavity [43]. Oligodendroglial, infiltrating immune, and vascular-associated populations can
therefore influence outcomes commonly evaluated in biomaterial studies, although their
interactions with neurons, astrocytes, and microglia are beyond the scope of this review.

The interpretation of biomaterial-induced responses is further complicated by differ-
ences between neural tissues and experimental injury models. The brain and spinal cord
differ in their anatomical organization and mechanical environment, and the response to a
material may also depend on the pathological state of the surrounding tissue. For example,
studies comparing hydrogel implantation in intact brain tissue and ischemic lesions have
demonstrated that the local tissue environment influences foreign body responses and
biomaterial performance [34]. Spinal cord injury models introduce additional variability.
Contusion, hemisection, and complete transection differ in lesion geometry, the extent
of spared tissue, and the continuity of neural pathways, creating distinct requirements
for scaffold integration and regeneration [42,136,137]. Consequently, regenerative effects
observed in one injury model cannot be assumed to occur under different anatomical or
pathological conditions.

Similar considerations apply to chronic neural interfaces and neuronal culture mod-
els. Many studies of electrode-tissue interactions have focused on intracortical implanta-
tion, whereas spinal interfaces operate under different anatomical and mechanical condi-
tions [23,26]. Neuronal responses to mechanical cues may also differ between CNS and
PNS populations. For example, substrate stiffness affected neurite growth differently in
hippocampal neurons and DRG neurons [44]. Experimental modulation of Piezol signaling
influenced stiffness-dependent axonal growth in DRG neurons and regeneration following
peripheral nerve injury [87], but these findings do not establish equivalent effects in injured
CNS axons. The biological effects of a biomaterial should therefore be interpreted in relation
to the specific cellular composition, neural tissue, injury model, and implantation conditions
rather than generalized across experimental systems.

8.4. Methodological Approaches to Resolving Current Limitations

Addressing these limitations requires experimental approaches capable of distinguish-
ing direct material-induced cellular responses from secondary effects mediated by intercel-
lular communication. Compartmentalized microfluidic co-culture systems provide spatial
control over neuronal and glial populations and allow localized experimental manipulation.
Such platforms have been used to isolate neuronal axons from cell bodies and to investi-
gate interactions between CNS axons and oligodendrocytes [173,174]. Their adaptation to
biomaterial-based co-culture models could help distinguish direct material effects from
indirect responses mediated by neuron-glia interactions.
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Cell-type-specific optogenetic stimulation offers a complementary approach for in-
vestigating the functional consequences of intercellular signaling. Selective optogenetic
activation of astrocytes has been shown to modulate neuronal synaptic transmission and
activity in vivo [175]. Combined with calcium imaging, electrophysiological recordings, or
measurements of extracellular mediators, similar approaches could help determine whether
material-induced changes in the activity of one cell population contribute to functional
responses in neighboring cells.

Single-cell transcriptomic approaches provide another means of resolving cellular
heterogeneity. Single-cell RNA sequencing has revealed molecularly distinct neuronal and
non-neuronal populations in the mammalian brain [176], while integrative computational
approaches enable the combined analysis of transcriptomic and chromatin accessibility
data [177]. Applied to biomaterial-based neural models, these methods could help identify
cell-type-specific molecular responses and regulatory changes that remain obscured in bulk
analyses. However, molecular profiles alone cannot establish functional intercellular com-
munication and should therefore be interpreted alongside spatially resolved measurements
and functional assays.

Together, these complementary approaches may improve the mechanistic interpre-
tation of biomaterial-induced cellular responses by combining spatial control, selective
perturbation, and cell-type-resolved molecular characterization. Their integration with
longitudinal measurements and appropriately controlled material comparisons could help
establish more direct links between material properties, neuron-glia communication, and
functional outcomes.

9. Conclusions

Biomaterials research is progressively moving beyond assessments of cytocompatibility
toward understanding how materials influence the organization and function of neural
tissue. Yet neuronal, astrocytic, and microglial responses are still frequently examined in
isolation. Although this approach can establish how a material affects neuronal viability,
neurite growth, or glial reactivity, it does not adequately capture the interactions among
cell populations that contribute to neural tissue regeneration and long-term integration of
neural interfaces.

The studies discussed in this review also show that biomaterial effects cannot be at-
tributed to a single isolated property. Mechanics, architecture, surface chemistry, electrical
conductivity, and degradation collectively shape cell-material interactions and may differen-
tially affect the neuronal and glial components of neural tissue. Optimal material properties
therefore depend on the intended function. In regenerative systems, materials should
provide temporary cellular support, guide neural process growth, and permit subsequent
tissue remodeling. Chronic neural interfaces, by contrast, require sustained functional
proximity to neurons while limiting undesirable protein adsorption and glial responses.

Importantly, concurrent improvement in neuronal outcomes and attenuation of as-
trocytic or microglial reactivity does not by itself demonstrate that a material directly
modulates neuron—glia crosstalk. Establishing such a relationship requires studies that
combine controlled variation in material properties with analysis of intercellular signaling
and experimental perturbation of the proposed mechanisms of cell-cell interaction. Models
incorporating multiple cell populations and enabling their states and interactions to be
followed over time will be particularly important for this purpose.

The next step in the development of biomaterials for neuroscience is therefore to move
beyond the independent optimization of individual cellular responses toward control of
interactions among neurons, glia, and the ECM. This framework should make it possible to
determine more precisely which material properties contribute to neural tissue regeneration
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or the long-term performance of neural interfaces and to establish more mechanistically
grounded principles for their design.
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DAMPs  Damage-associated molecular patterns

DCM Dichloromethane

DIV Days in vitro

DRG Dorsal root ganglion

ECM Extracellular matrix

ERK Extracellular signal-regulated kinase
EVs Extracellular vesicles

FAK Focal adhesion kinase

GABA Gamma-aminobutyric acid

GelMA Gelatin methacryloyl
GFAP Glial fibrillary acidic protein

GO Graphene oxide

HA Hyaluronic acid

HFIP 1,1,1,3,3,3-Hexafluoro-2-propanol

IFN Interferon

IGF Insulin-like growth factor

IeG Immunoglobulin G

IKVAV Isoleucine-lysine-valine-alanine-valine
IL Interleukin

ITO Indium tin oxide

JAK Janus kinase

L1 Neuronal cell adhesion molecule L1
LBA Lactobionic acid

LCS Lithium—calcium-silicate

LPS Lipopolysaccharide

MAP2 Microtubule-associated protein 2
MEK Mitogen-activated protein kinase kinase
MMP Matrix metalloproteinase

NET Nanoelectronic thread
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NF-xB Nuclear factor kappa B

NPC Neural progenitor cell

NSC Neural stem cell

NSPC Neural stem/progenitor cell
PCL Poly (e-caprolactone)

PDMS Polydimethylsiloxane
PDRN Polydeoxyribonucleotide
PEDOT Poly (3,4-ethylenedioxythiophene)

PEG Poly (ethylene glycol)

PGA Poly (glycolic acid)

PIBK Phosphoinositide 3-kinase

PLA Poly (lactic acid)

PLGA Poly (lactic-co-glycolic acid)
PLL Poly (L-lysine)

PLLA Poly(L-lactic acid)

PSBMA  Poly(sulfobetaine methacrylate)
PSS Poly (styrene sulfonate)

RGD Arginine-glycine-aspartate
RhoA Ras homolog family member A
ROCK Rho-associated coiled-coil kinase
ROS Reactive oxygen species

SCI Spinal cord injury

sGAG Sulfated glycosaminoglycan
siRNA Small interfering RNA

STAT3 Signal transducer and activator of transcription 3
TAZ Transcriptional coactivator with PDZ-binding motif
TCEF/LEF  T-cell factor/lymphoid enhancer factor

TEAD TEA domain transcription factor

THF Tetrahydrofuran

TNF Tumor necrosis factor

VEGF Vascular endothelial growth factor

YAP Yes-associated protein
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