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The function of a biomaterial has been expected from simply providing a passive structural support to 
actively modulating biological responses covering many aspects including but not limited to treatments 
of neurodegenerative disorders. This article reviews the advances of various biomedical materials rele-
vant to treatments of neurodegenerative disorders such as Alzheimer’s disease, Parkinson’s disease, 
Huntington’s disease, and amyotrophic lateral sclerosis. These progressive diseases pose multifaceted 
challenges, including the limited regenerative capacity and the formidable blood–brain barrier (BBB). 
The review introduces the interdisciplinary progress of brain-targeted biomaterials, encompassing syn-
thetic polymers, biologically derived carriers, and inorganic nanoparticles, with particular attention to 
their roles in overcoming BBB penetration and enabling precise drug delivery. In parallel, we discuss neu-
roprotective and regenerative biomaterials that promote extracellular matrix (ECM) remodeling, enhance 
neuronal survival, and guide neural regeneration. In addition, biomaterials are being integral to the next
generation of brain–machine interfaces or brain–computer interfaces, where the materials are used to
improve device biocompatibility and long-term stability. The review also covers advances in deep brain
stimulation and implantable neuro-prostheses for functional restoration of neurodegenerative disorders.
Finally, we propose perspectives: ① integration of stimuli-responsive materials with biological carriers
for precise and targeted drug delivery; ② prioritization of material–tissue interactions to enhance the
safety and functionality of neuro-devices; ③ biomimetic design of ECM-inspired materials with neuro-
protective and regenerative capacities; ④ investigation of dynamic interfaces between brain tissue and
external implants to improve long-term performance of medical devices; and ⑤ convergence of artificial
intelligence, organ-on-chip platforms, and biomaterials to accelerate translational research.

© 2026 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and 
Higher Education Press Limited Company. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/). 
1. Neurodegenerative disorders and associated challenges

Neurodegenerative disorders comprise a group of progressive 
and debilitating illness with loss of structure and function of neu-
rons in central nervous system (CNS) including mainly Alzheimer’s 
disease (AD), Parkinson’s disease (PD), Huntington’s disease (HD),
and amyotrophic lateral sclerosis (ALS). These diseases affect mil-
lions of people worldwide and are becoming increasingly prevalent
due to global population aging [1]. Despite decades of research, 
effective treatments remain elusive. Current therapies are largely 
symptomatic, offering only modest benefits without halting dis-
ease progression [2]. The pathogenesis of any neurodegenerative 
disorder is multifactorial and heterogeneous, involving complex
interactions between genetic, environmental, and cellular mecha-
nisms, such as mitochondrial dysfunction, protein aggregation, 
oxidative stress, and neuroinflammation. This complexity affords 
significant challenges for drug developmen t, as it is difficult to
identify universally effective targets or deliver therapies precisely
to affected regions [1]. 

Clinical translation of promising therapeutics of neurodegener-
ative disorders is often hampered by limited efficacy in late-stage 
trials and a lack of disease-modifying outcomes. The urgent need 
for new strategies that can overcome these barriers highlights 
the importance of developing advanced biomaterials capable of
targeted, sustained, and responsive drug delivery, as well as pre-
cise advanced biomedical devices tailored to the dynamic and mul-
tifaceted nature of neurodegeneration [3]. 

Building upon the substantial progress witnessed in biomedical 
materials over recent decades [4–8], this review focuses on 
advanced biomaterials for the treatment of neurodegenerative dis-
orders, as schematically presented in Fig. 1. Notably, beyond appli-
cations strictly targeting explicit neurodegenerative disorders, this
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Fig. 1. Overview of neurodegenerative disorders.
review strategically incorporates biomaterial designs from closely 
related neurological contexts. Given the mechanistic overlap and 
shared microenvironmental challenges between these conditions, 
integrating these highly translatable strategies offers essential 
paradigmatic frameworks and rational design insights for neurode-
generative disorders therapeutics. Finally, alongside the progress
summarized in the subsequent sections, potential efforts and
future directions in this challenging field are discussed at the end
of this review.

2. Biomaterials for brain-targe ting delivery systems

Biomaterials are useful across the frontiers of biomedicine for 
regenerative medicine, immunomodulation, and targeted drug
delivery [9–11]. One particularly impactful area is brain-targeted 
delivery for the treatments of neurodegenerative disorders, where 
conventional therapies are often limited by the presence of the
blood–brain barrier (BBB), systemic toxicity, and poor localization
of therapeutic agents [12]. To address these challenges, 
biomaterial-based systems have been specifically engineered to 
facilitate the transport of drugs, genes, or biologics across the
BBB and enhance their accumulation and retention within CNS
[13–15]. These systems can be designed with tunable physico-
chemical properties, such as size, charge, hydrophobicity, and sur-
face ligands, to optimize pharmacokinetics and tissue targeting
2

[4,16]. In addition, advanced functionalization strategies, such as 
ligand–receptor targeting, stimuli-responsive release, and stealth 
coatings to evade immune detection, have been employed to
improve delivery specificity and therapeutic efficacy [3,16,17]. 
Material platforms range from nanoparticles, liposomes, and 
micelles to hydrogels and implantable scaffolds, each offering dis-
tinct advantages in terms of loading capacity, release kinetics, and
biocompatibility [18–21]. Emerging approaches also incorporate 
responsive elements that can adapt to the diseased microenviron-
ment or be externally triggered to release their cargo at precise
times and locations. In the field of biomaterials, much progress
has been made in bio-metals [22,23], bio-cerami cs [24], medical 
polymers [25,26], and their composites [27–30]. This section sum-
marizes the major categories, design principles, and functional 
modifications of biomaterials developed for brain-targeted appli-
cations with a focus on their potential to overcome delivery barri-
ers and improve outcomes in neurodegenerative disease therapy.
2.1. Strategies for p enetrating BBB

BBB is a highly selective interface formed by tightly connected 
brain microvascular endothelial cells, providing supporting by per-
icytes, astrocytes, and a basement membrane [16,31,32]. Its tight 
junctions, low transcytosis rate, and active efflux pumps effectively
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block most drugs from entering CNS, posing a major challenge for
pharmacological therapy of neurodegenerative diseases [33]. 

For brain-targeted drug delivery systems, it is critical to develop
effective ways to penetrate BBB [16,31]. Some typical strategies are 
schematically presented in Fig. 2(a). Receptor-mediated transcyto-
sis (RMT) is one of the well-known routines, employing ligands or 
antibodies targeting receptors such as transferrin or insulin recep-
tors. Adsorptive transcytosis leverages electrostatic interactions
between cationic carriers and endothelial surfaces [34]. Generally, 
drug delivery systems include biological derived carriers, polymer-
based drug delivery carriers, and inorganic carriers, and can be
functionalized with targeting ligands or peptides to promote BBB
penetration (Fig. 2(b)). On this basis, transient and localized BBB 
disruption can be achieved with strategies such as focused ultra-
sound and osmotic opening [35]. Together, these approaches 
enable more effective drug delivery to CNS and support the devel-
opment of targeted therapies for neurodegenerative diseases.

Selection of a brain-targeting delivery system is largely deter-
mined by the characteristics of the therapeutic cargo, the specific
pathology of the neurodegenerative disorder, and the precision
required for effective targeting [36]. Recent advances show great 
potential for improving delivery efficiency and therapeutic out-
comes. In the following subsections, these delivery strategies will
be discussed based on material category.

2.2. Polymer-based systems

Polymer-based drug delivery systems offer a superior way for 
enhancing therapeutic outcomes by providing customizable archi-
tectures to address the physiological barriers of the CNS, which are
typically classified into polymeric nanoparticles, micelles, den-
drimers, hydrogels, and polymer-drug conjugates [37–40]. The 
function of a polymer system is closely related to its structure
Fig. 2. Biomaterial-based drug delivery systems for penetrating BBB in pharmacologic
targeted drug delivery systems. (b) Classification of brain-targeting delivery systems.

3

[41]. Fundamental studies on polymer structure–activity relation-
ships have demonstrated that each subtype possesses unique
structural features that can be tailored for targeted delivery [42– 
45]. For example, polymeric nanoparticles are widely used to 
encapsulate neuroprotective agents and enhance their transport 
across BBB, while polymeric micelles can improve the solubility
and stability of hydrophobic neurotherapeutics [46,47]. Den-
drimers allow for multivalent interactions with both drugs and tar-
geting ligands, and hydrogels are explored for localized, 
intracerebral drug release in post-surgical settings or implantable
devices, providing a sustained therapeutic concentration that min-
imizes systemic side effects [31]. 

The underlying design of delivery systems for neurodegenera-
tive disorders using biocompatible polymers is to physically encap-
sulate or chemically bind drugs to prevent drug degradation and
achieve controlled or targeted release [4]. For instance, polymeric 
carriers are often functionalized with BBB-targeting ligands to 
overcome the restricted permeability that limits conventional drug
accumulation in the brain [31]. Moreover, to respond to the oxida-
tive stress and neuroinflammation characteristic of PD and AD, 
stimuli-responsive systems are being developed to trigger drug
release only upon encountering pathological levels of reactive oxy-
gen species (ROS) or specific enzyme markers [48]. These polymer-
based systems are particularly valuable in overcoming the chal-
lenges of drug delivery to CNS, offering a platform to enhance
the efficacy, safety, and targeting of therapeutic interventions for
neurodegenerative disorder.

2.3. Biologically d erived carriers

As an emerging class of therapeutic and drug delivery systems, 
biologically derived carriers harness natural materials for 
enhanced biocompatibility, reduced immunogenicity, and intrinsic
al therapy of neurodegenerative disorder. (a) Structure of BBB and typical brain-
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bio-functionality. For instance, exosomes, as well as proteins- or 
peptides-based nanocarriers, are increasingly utilized [49,50]. 
These systems exploit the structural complexity and functional 
motifs of biological materials to achieve targeted delivery and 
improved pharmacokinetics. Among these, exosome-based plat-
forms leverage their endogenous lipid bilayer, membrane proteins, 
and nucleic acid cargos to facilitate cell–cell communication and
achieve organ or cell-type-specific tropism, thereby offering
unique advantages over synthetic nanoparticles in targeted drug
delivery and regenerative applications [51–54]. Similarly, 
protein- and peptide-derived carriers can be rationally engineered 
to present bioactive sequences, self-assemble into nanostructures, 
and respond to physiological stimuli such as pH or enzymatic
activity, enabling spatiotemporal control over therapeutic release
[55,56]. Importantly, the biodegradability and metabolic compati-
bility of these biologically derived systems further reduce long-
term safety concerns, supporting their potential for repeated
administration in degenerative disease management.

The fundamental principle of biologically derived carriers lies in 
mimicking or repurposing naturally occurring biological compo-
nents. Li et al. [57] developed a biosensor based on a graphene 
electrolyte-gated transistor, which allows highly sensitive detec-
tion of neuron-derived exosome amyloid-b 42 (Ab42) in serum. 
This platform offers a non-invasive and precise approach for diag-
nosing and distinguishing different forms of AD. Wang et al. [58] 
developed modular engineered exosomes by coupling nitric oxide 
(NO)-driven nanomotors with natural exosomes to achieve cas-
Fig. 3. Biologically derived brain-targeting drug carriers. (a) Engineered exosomes design
Ref. [58] with permission of Wiley Publication. (b) Multifunctional engineered exosome-b
immune activation, leading to improved motor function in a PD model. Adapted from Re
Arg: L-arginine; M-Arg: arginine methacrylate; BAC: N,N′-bis (acryloyl)cysteamine; P
umbilicalcord mesenchymal stem cell; MSCEXO: HUMSCs-derived exosome; iNOS: nitric
acrylate) nanoparticle; siSNCA: small interfering RNA targeting synuclein a; C/ANP/S: C
ultrasound; REXO: rabies virus glycoprotein (RVG) peptide-modified exosome; EXO: exo
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caded functions and precise targeting, offering a multi-step, 
multi-target therapeutic strategy for PD (Fig. 3(a)). Liu et al. [59] 
designed a core-shell nano-scavenger combines rabies virus glyco-
protein (RVG)-peptide-modified exosomes with ROS-responsive 
gene-chem nanocomplexes, enabling targeted BBB crossing, 
neuron-specific a -synuclein clearance, and immunomodulation
via intact exosome coating, offering a multifaceted delivery plat-
form for PD therapy (Fig. 3(b)). These studies highlight the poten-
tial of biologically derived systems, such as exosomes, in crossing 
BBB, precisely delivering therapeutic agents to neuroprotective tar-
get, and modulating disease-associated inflammation. Compare d
to single synthetic or biologically derived systems, intelligently
designed biomaterials offer distinct advantages, including
enhanced cellular uptake, extended circulation time, and intrinsic
targeting capability [60,61]. 

2.4. Inorganic carriers

Inorganic nanomaterials sometimes offer superior physico-
chemical robustness, precisely tunable morphology, and the capac-
ity to integrate multiple therapeutic and diagnostic functions 
within a single platform [62]. They typically serve as structural 
frameworks that are further integrated with biologically active 
components to construct drug delivery or diagnostic systems with 
defined functional capabilities [63]. This approach resembles a bio-
material design strategy to achieve specific biological functions 
through surface modification of materials or devices [64]. Lee
ed with independent modules and cascading functions for PD therapy. Adapted from
ased nano-scavenger (REXO-C/ANP/S) clears a-synuclein aggregates and modulates 
f. [59] with permission of American Association for the Advancement of Science. L-
MA: poly (meth-acrylate arginine); SMCC: cross-linking agent; HUMSC: human 

 oxide synthase; C/ANP: curcumin/phenylboronic acid-poly(2-(dimethylamino)ethyl
/ANP siSNCA; BAP: phenylboronic acid-poly(2-(dimethylamino)ethyl acrylate); US:
some; imDC: immature dendritic cell.
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et al. [65] developed a plasmonic nanoparticle amyloid corona
(PNAC) platform (Fig. 4(a)) that enables visual and quantitative 
assessment of Ab oligomer-degrading drug efficacy, addressing 
key challenges in AD drug discovery related to the purification of
Ab oligomers and the lack of efficient screening tools. Retout
et al. [66] presented a reversible silver nanoparticle aggregation 
system controlled by an arginine-ba sed peptide and sulfur-
capped polyethylene glycol (PEG) (Fig. 4(b)). The system maintains 
effective dissociation in complex biofluids and shows strong stabil-
ity under harsh conditions. By conjugating a peptide-cleavable 
substrate, a protease sensor linked to AD targeting porphyromonas 
gingivalis was created, offering a robust protease detection 
method. Some other inorganic nanoparticl es, including selenium
nanoparticles, gadolinium nanoparticles, and cerium oxide
(CeO2), have also been investigated for the treatments of neurode-
generative disorders, offered promising strategies to enhance drug
delivery, improve targeting precision, and reduce side effects [67]. 

3. Biomaterials for drug discovery in neurodegenerative
disorders

The growing complexity of neurodegenerative disorders has 
highlighted the limitations of conventi onal drug discovery models,
prompting increasing interest in biomaterial-based platforms
[68,69]. Engineered biomaterials can recapitulate key biochemical, 
structural, and mechanical features of the neural microenviron-
ment, enabling more physiologically relevant in vitro systems for
disease modeling and pharmacological testing [39,70]. Such plat-
forms facilitate the investigation of pathogenic mechanisms, target 
identification, and evaluation of therapeutic efficacy under condi-
tions that better reflect in vivo pathology [71]. In this section, we 
discuss how biomaterial-enabled models are advancing drug dis-
covery workflows and improving the predictive value of preclinical
studies in neurodegenerative disorders.

3.1. Biomaterial-based models for neurodegenerative disorders

Drug development for neurodegenerative disorders remains 
exceptionally challenging, with clinical translation rates substan-
tially lower than in most other therapeutic areas [72]. While 
roughly 13%–14% of drug candidates overall advance from first-
in-human trials to approval [73], success rates in neuroscience 
are typically below 10%, and therapeutic development in AD has 
been characterized by persistently and exceptionally high attrition
rates, underscoring the difficulty of achieving clinical efficacy in
Fig. 4. Inorganic systems in prohibition of neurodegenerative disorders. (a) PNAC platfo
with permission of Springer Nature. (b) Protease-responsive polymer/peptide conjug
porphyromona. Adapted from Ref. [66] with permission of ACS. AuNP: Au nanoparticles; 
thiolated polyethylene glycol methoxy capping.
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this field [74–76]. These discouraging outcomes reflect not only 
the biological complexity and slow progression of neurodegenera-
tive conditions but also persistent limitations in preclinical model-
ing of neurodegenerative disorders. Conventional in vitro systems, 
often based on monocultures or simplified cellular environments,
rarely capture the temporal progression, multicellular interactions,
and microenvironmental cues that shape disease evolution in the
human tissue [77]. Because early drug evaluation cannot proceed 
directly to human testing, improving the physiological relevance 
of preclinical models is widely regarded as an essential step toward
reducing development costs, minimizing late-stage attrition, and
ultimately increasing the probability of clinical success [78]. 

In this context, biomaterials are increasingly recognized not 
only as implantable substances or drug delivery carriers but also
as foundational elements for constructing advanced in vitro disease
models [79–81]. Through precise material fabrication and 
systems-level engineering design, biomaterial-based platforms 
make it possible to reconstruct key structural, biochemical, and 
signaling features of neural tissues that are difficult to reproduce 
in conventional culture. A critical requirement in such designs is
the selection of materials that can accurately simulate specific
pathological hallmarks. For example, Yu et al. [82] reported a 
biomaterial-integrated PD-on-a-chip system combining three 
human neural cell types within a compartmentalized microfluidic
architecture. As shown in Fig. 5, polydopamine (PDA) nanoparticles 
were strategically employed to mimic the chemical and biological 
properties of endogenous neuromelanin. This specific material 
application allowed for the targeted activation of microglia for 
the first time, while cytokines released from inflamed glial popula-
tions diffused across engineered barriers to induce neuronal
degeneration. By utilizing the biomimetic potential of PDA to trig-
ger these inflammation-associated features, the platform repro-
duced disease-specific pathological interactions, and proof-of-
concept drug screening demonstrated its utility for identifying can-
didate therapeutics targeting neuroinflammatory mechanisms.

Importantly, such strategies linking material functions to 
pathological simulation are not limited to PD. A widely cited 
three-dimensional (3D) microfluidic triculture model of AD suc-
cessfully reproduced amyloid accumulation, tau pathology, glial 
activation, and neuroinflammatory responses, illustrating how 
organ-on-a-chip technology can capture multicellular pathologi cal
interactions relevant to neurodegeneration [83]. Beyond classical 
neurodegenerative disorders, related biomaterial-engineered neu-
ral chips have incorporated vascular components to form neu-
rovascular unit models, enabling investigation of
rm for screening Ab oligomeric aggregate-degrading drugs. Adapted from Ref. [65] 
ates and reversible assembly of silver clusters for detecting enzyme activity of
t: time; t0: initial time; AgNP: silver nanoparticle; RRK: Arg–Arg–Lys; HS-PEG-Ome:

move_f0020
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Fig. 5. An in vitro model of a neurodegenerative disease. (a) A biomaterial–cell integrated microfluidic platform designed to simulate neuroinflammation-induced 
neurodegeneration. (b) Co-culture of neuron-like cells and astrocytes (green) with microglia (red) within a compartmentalized microfluidic chip recapitulates key
pathological features associated with PD progression. Adapted from Ref. [82] with permission of Cell Press.
neuroinflammation, BBB dysfunction, and host–pathog en interac-
tions [84]. Viewed together, these studies emphasize a broader 
trend: Biomaterial-based organ-on-a-chip approaches are increas-
ingly used to integrate additional physiological subsystems, such 
as vascular or immune elements, thereby progressively improving
the physiological fidelity and predictive value of in vitro neural dis-
ease models [85]. 

Collectively, these biomaterial-based in vitro models provide 
increasingly reliable experimental platforms for mechanistic inves-
tigation and preclinical drug evaluation, helping to address a criti-
cal bottleneck in the development of therapeutics for
neurodegenerative disorders [86–88]. 

3.2. Biomaterial-enabled platforms for drug screening and evaluation

The ultimate purpose of constructing physiologically relevant 
in vitro models is to improve the accuracy of drug screening and
thereby accelerate therapeutic development for neurodegenerative
disorders [89]. Because direct clinical testing remains impractical 
at early stages of drug discovery, the predictive validity of
6

preclinical platforms has been a central determinant of transla-
tional success [90,91]. Not only microfluidic organ-on-chip tech-
nologies, but also a diverse spectrum of biomaterial-enabled 
systems has therefore emerged to better recapitulate neural tissue
architecture, cellular heterogeneity, and disease-relevant microen-
vironmental cues [92]. 

Among these approaches, brain organoids generated within 
defined extracellular matrix (ECM) analogues have attracted 
considerable attention for their ability to reproduce aspects 
of human-specific neurodevelopmental trajectories, cytoarchi-
tectures, and multicellular interactions [90,93,94]. Matrix com-
position, stiffness, and ligand presentation strongly influence 
neuronal maturation, synaptogenesis, and glial activation 
states, allowing investigators to model pathological processes 
such as protein aggregation, neuroinflammation, and progres-
sive neuronal vulnerabil ity in a temporally resolved manner
[95]. These features make organoids particularly attractive for 
evaluating candidate therapeutics targeting early disease mech-
anisms that are difficult to capture in conventi onal monolayer
cultures [72].
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Complementary to organoid systems, 3D hydrogel-based cell 
cultures provide highly tunable experimental environments in 
which biochemical signals, mechanical stiffness, and matrix
degradability can be controlled [96,97]. Such platforms facilitate 
systematic investigation of how ECM mechanics and biochemical 
gradients influence neurodegeneration-associ ated pathways,
including oxidative stress responses, neuroimmune activation,
and synaptic dysfunction [98]. Importantly, hydrogel matrices are 
often compatible with high-content imaging, electrophysiological 
recording, and automated drug exposure protocols, enabling quan-
titative pharmacological screening under conditions that more clo-
sely approximate in vivo tissue mechanics [99,100]. 

Decellularized neural matrix scaffolds represent another strat-
egy for enhancing physiological relevance [101]. By preserving 
native ECM composition, ultrastructure, and bound signaling mole-
cules, these materials provide biologically instructive cues that are
difficult to replicate synthetically [102]. Neural cells cultured 
within such scaffolds frequently exhibit improved survival, differ-
entiation fidelity, and functional maturation, thereby supporting 
disease modeling scenarios in which ECM remodeling, neurovascu-
lar interactions, or chronic inflammatory signaling play prominent
roles [103,104]. 

More recently, advances in 3D bioprinting have enabled con-
trolled spatial positioning of multiple neural and non-neural cell
populations within biomaterial constructs [105,106]. This level of 
architectural control allows reconstruction of layered brain-like 
structures, vascular interfaces, or neuroimmune niches, facilitating
investigation of cell–cell communication pathways that influence
neurodegenerative progression [107,108]. Bioprinted constructs 
also show promise for scaling experimental throughput, as stan-
dardized geometries and automated fabrication can improve
reproducibility across drug screening campaigns [109,110]. 

Collectively, these biomaterial-enabled platforms provide 
experimentally tractable yet biologically informative environ-
ments that are increasingly compatible with standardized pharma-
cological assays, longitudinal functional monitoring, and
multiplexed molecular readouts [111,112]. By supporting more 
reproducible disease phenotypes and enabling systematic evalua-
tion of therapeutic efficacy, toxicity profiles, and mechanistic 
responses, they are progressively enhancing the predictive power
of preclinical screening strategies [113]. As these systems continue 
to incorporate additional physiological complexity, including vas-
cular, immune, and metabolic components, biomaterial-guided 
in vitro modeling is expected to play an increasingly central role
in bridging the translational gap in neurodegenerative drug devel-
opment, with potential applications extending well beyond neu-
rodegenerative diseases [85]. 
4. Biomaterials for neuroprote ction and regeneration

Efforts to protect and restore neural functions in neurodegener-
ative disorders have increasingly turned toward material-based
strategies [91]. Engineered systems that provide structural sup-
port, deliver therapeutic cues, and interact dynamically with the
neural microenvironment offer new opportunities for neuroprotec-
tion and regeneration [114]. These approaches aim not only to pre-
serve existing neuronal networks but also to promote repair and
functional recovery [91,115]. In this section, we outline the main 
classes of materials and design principles that underlie their appli-
cation in neural tissue restoration.

4.1. Neural regeneration in neurodegenerative disorders

Neural regeneration refers to the process by which stem cells or 
specific differentiated cells promote the repair or replacement of
7

damaged neural tissues through differentiation into neural 
lineages, secretion of neurotrop hic factors, or modulation of the
neural microenvironment [116,117]. In the context of neurodegen-
erative disorders, where progressive neuronal loss and disrupted 
neural networks are central pathological features, stem cell-
based therapies represent a promising regenerative approach. Neu-
ral regeneration involves harnessing the intrinsic capabilities of 
stem cells to repair damage or restore function within the nervous
system. Stem cells act as both progenitors and modulators: They
differentiate into neural lineages to replace lost neurons, and they
secrete neurotrophic factors that nourish surviving cells and sup-
port network repair [118], as schematically shown in Fig. 6(a).

Stem cells represent a foundational paradigm for regenerative 
repair depending on tissue context and disease state [119].  In
high-turnover organs such as the intestine, skin, and blood, 
endogenous tissue-resident stem cells, typically activated from a 
quiescent state, drive regeneration through proliferation and dif-
ferentiation, often supported by transient amplifying progenitors. 
In contrast, low-regenerative tissues such as the brain face limita-
tions in repair due to the scarcity or exhaustion of neural stem 
cells, which is a hallmark of neurodegenerative conditions like 
PD. To address this challenge, stem cell-based strategies have been 
developed, including the transplantation of neural stem cells or 
dopaminergic progenitors derived from induced pluripotent stem 
cells (iPSCs). These iPSCs, reprogrammed from patient-derived 
somatic cells using defined transcription factors, can be directed
to acquire region-specific neuronal identities suitable for targeted
replacement therapy. Direct reprogramming approaches also offer
promising alternatives by converting local glial cells, such as astro-
cytes, into functional neurons in situ, thereby avoiding the pluripo-
tent stage and potentially enabling site-specific neural repair. The
efficacy of these interventions increasingly depends on the support
of engineered biomaterial platforms. Materials such as injectable
hydrogels can modulate the neural microenvironment, enhance
cell survival and engraftment, and provide localized delivery of
instructive signals [120–122]. Furthermore, biomaterials can be 
designed to overcome inhibitory barriers in the diseased brain, 
including glial scarring and chronic inflammation, and to establish
a permissive environment for neuronal integration.

With the method of loading specific neural transcription factor 
into reactive glial cells, functional neurons can be obtained from
reprogramming of differentiated cells, like reactive glial cells
[123], represents an alternative pathway for neural regeneration 
that diverges from traditional stem cell-based strategies and a
novel solution independent of cellular transplantation. Ulteriorly,
Liu et al. [124] developed a biomaterial-based neural regeneration 
strategy for AD by using nanocarriers to co-deliver hydroxychloro-
quine and all-trans retinoic acid specifically to microglia and astro-
cytes. This approach metabolical ly reprogrammed microglia to
activate their immune-regulatory functions, thereby inducing the
trans-differentiation of reactive astrocytes into functional neurons
(Fig. 6(b)). 

Neural regeneration involved sufficient complementary strate-
gies aiming at restoring damaged neural structures a nd functions
[125]. While biological approaches alone can regulate neural 
regeneration at the mechanistic and molecular levels, they often 
suffer from limited efficiency and practical challeng es in clinical
application [5]. In this context, the integration of materials science 
introduces transformative advantages. By providing structural sup-
ports, controlled deliveries of bioactive agents, and microenviron-
mental cues, advanced biomaterials can significantly enhance the 
precision, efficacy, and translational potential of neural regenera-
tive therapies. This interdisciplinary synergy offers a more robust 
and versatile platform for addressing the complex demands of neu-
rodegenerative disease treatments [91]. The combination of stem 
cell or reprogramming-based therapies with functional biomateri-
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Fig. 6. Neuron reparation and regeneration in neurodegenerative disorders. (a) Mechanism of stem cell differentiation. Adapted from Ref. [118] with permission of American 
Association for the Advancement of Science. (b) Peptide–drug conjugate-based nanoplatform for immunometabolism activation and nerve regeneration in AD. Adapted from
Ref. [124] with permission of Wiley. Polymeric backbones D-PPA and A-PPH self-assemble onto the nanocore via electrostatic adsorption to form the drug-loaded DA-PPHA 
module. Introduction of a ROS-sensitive thioketal (TK) linker cross-links the assembly, yielding the final formulation, DA-PPHATK @PDA. NeuroD1: neurogenic differentiation
1; CTGF: connective tissue growth factor; RAGE: receptor for advanced glycation end-product; mTOR: mechanistic target of rapamycin; HIF-1a: hypoxia-inducible factor-1a.

 

als offers a promising direction for developing clinically effective
treatments for neurodegenerative disorders.

4.2. Microenvironment remodeling for neuron regeneration

ECM plays a pivotal role in regulating cells [126–129].  As  a
dynamic and bioactive scaffold, the ECM not only provides struc-
tural support but also orchestrates a range of biochemical signals 
that guide neural development and synaptic plasticity. However, 
in the context of neurodegenerative disorders, such as AD, PD, 
and multiple sclerosis, the native ECM undergoes profound alter-
ations. It highly probably becomes fibrotic, disorganized, or
enriched with inhibitory molecules like chondroitin sulfate proteo-
glycans, which collectively creates a non-permissive environment
for axonal regrowth and synaptic reconstruction [130]. These 
pathological changes in the ECM are closely associated with 
chronic inflammation, glial scarring, stem cell differentiation, cell
8

proliferation, and disrupted homeostasis within CNS, all of which 
exacerbate neuronal dysfunction and hinder the innate capacity
for tissue repair [131,132]. 

Remodeling ECM has emerged as a critical therapeutic strategy 
to re-establish a regenerative microenvironment [133–135]. Such 
remodeling can involve enzymatic degradation of inhibitory com-
ponents, supplementation with bioactive ECM analogs, or the 
incorporation of synthetic scaffolds that mimic the physical and 
biochemical properties of the native matrix. By reshaping the
extracellular landscape, ECM-targeted interventions aim to restore
tissue integrity, promote axonal sprouting, and facilitate the re-
establishment of functional neural circuits [136]. 

In strategies aimed at remodeling ECM to promote neural 
regeneration, it is essential to endow materials with multiple 
bioactive and physicochemical properties that mimic the native 
neural microenvironment. These typically include appropriate 
mechanical strength, biodegradability, and electrical conductivity,
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along with the ability to support cell adhesion, modulate immune 
responses, and deliver biochemical cues such as growth factors
[137–142]. Such multifunctional integration ensures a more sup-
portive niche for neuronal survival, different iation, axonal exten-
sion, and overall tissue repair. Xu et al. [142] developed a 
biodegradable conductive hydrogel incorporating SiP/@PDA 
nanosheets (NSs) into a GelMA/ECM, where SiP denotes 
polydopamine-modified silicon–phosphorus NSs that provide elec-
trical conductivity and sustained silicon release for angiogenesis, 
PDA denotes the polydopamine functionalization layer that 
enhances NS dispersion and biocompatibility, and GelMA denotes 
the methacryloyl gelatin-dece llularized ECM hydrogel matrix that
offers a biodegradable, cell-supportive scaffold for stem cell encap-
sulation and neural tissue regeneration. This hydrogel promotes
M2 macrophage polarization, enhances angiogenesis, and induces
stem cell differentiation into Schwann-like cells, thereby support-
ing myelination and axonal regrowth (Fig. 7(a)). 

Considering difficulty caused by the complex microenviron-
ment of nerve regeneration, in addition to providing electrical sig-
nal clues for nerve regeneration, the physiological relevance of
ECM is also an important focus [143,144]. Among them, a 
peptide-based hydrogel serves as a representative material in
Fig. 7. Microenvironment remodeling for neuron regeneration. (a) A biodegradable co
immune response, angiogenesis, Schwann-like differentiation, and axonal regeneration
Wiley. (b) Biopolymer-nanotube nerve guidance conduit drug delivery for peripheral ne
mesenchymal stem cell; iMSC: induced mesenchymal stem cell; NGC: nerve guidance c
trimethylbenzoylphosphinate; AP: aminopyridine; HNT: halloysite nanotubes.
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neural regeneration, providing a suitable microenvironment for 
neural cell culture. It promotes cell adhesion, infiltration, prolifer-
ation, migration, differentiation and synapse formation within
injured nerve regions, all without inducing cytotoxicity [145]. Adak 
et al. [146] designed a neuro-compatible peptide hydrogel named 
PA-NK, which can be enzymatically degraded to enable the con-
trolled release of the neuroprotective peptide NAPVS, known to 
promote neurite outgrowth. This hydrogel is expected to serve a
dual function as both a delivery vehicle for neuroprotective agents
and a scaffold for nerve regeneration in AD.

In addition to the hydrogel system, nerve guidance conduits 
(NGCs) get to be another class of tubular tissue engineering scaf-
folds, compatible both in neuron al repair and drug delivery
[147–149]. For NGC-based drug delivery, Carvalho et al. [150] pre-
pared a silk fibroin-based nerve conduit capable of controlled neu-
rotrophic factor release, significantly enhancing retrograde 
neuroprotection and motor nerve regeneration in a rat sciatic 
nerve injury model. The topological structure and physicochemical 
properties of the nerve conduit also contribute to th e nerve regen-
eration effect. Manoukian et al. [151] prepared a chitosan-derived 
NGC using unidirectional freeze-drying technology, enabling the 
sustained release of the neuroactive compound 4-aminopyridine
nductive hydrogel that modulates the regenerative microenvironment to enhance
for effective peripheral nerve repair. Adapted from Ref. [142] with permission of 
rve regeneration. Adapted from Ref. [151] with permission of Elsevier. MSC: bone 
onduit; GFP: green fluorescent protein; UV: ultraviolet; LAP: lithium phenyl-2,4,6-
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(4-AP). This design achieved functional and histological outcomes 
comparable to autografts, offering a clinically viable strategy for
repairing critical-size peripheral nerve injuries (Fig. 7(b)). Collec-
tively, the dual role of NGCs as both structural templates guiding 
axonal regrowth and multifunctional platforms for therapeutic 
delivery is quite considerable. By integrating bioactive factor 
release with tailored mechanical and topographical cues, NGC-
based systems demonstrate the potential to bridge long-gap nerve
injuries and approximate the regenerative efficacy of autografts.
Ongoing advances in material design, fabrication strategies, and
controlled release mechanisms are expected to further optimize
their clinical translation.

Notably, Japan has recently approved two landmark therapies 
derived from iPSCs, marking the first commercial regenerative 
products based on this technology. One therapy targets motor 
function improvement in PD, demonstrating the translational 
potential of stem cell interventions. This progress builds on Taka-
hashi and Yamanaka’s pioneering work at Kyoto University, which
shows that a small set of transcription factors can reprogram
somatic cells into pluripotent stem cells [152], a discovery recog-
nized with the 2012 Nobel Prize. Beyond bypassing ethical con-
cerns of embryonic stem cells, it established a new paradigm for 
personalized regenerative medicine. With safety and functional
potential increasingly validated, stem cell-mediated enabled bio-
materials are emerging as a promising strategy for CNS repair.

For example, decellularized spinal cord-derived hydrogels can 
recreate pro-regenerative microenvironments while delivering 
neurotrophic factors and anti-inflammatory agents, promoting
neural stem cell proliferation and neuronal differentiation [153]. 
Similarly, chitosan-based matrices provide sustained release of 
neurotrophic factors, supporting axonal regrowth and the forma-
tion of organized nerve bundles [154]. Advances in in vivo cellular 
reprogramming also reveal molecular barriers that limit glial-to-
neuron conversion, offering new targets to enhance endogenous
repair [155]. 

4.3. Functionalized biomaterials for neuroprotection

Functionalizing biomaterials represent a promising strategy for 
neuroprotection in treatments of neurodegenerative disorders 
which are characterized by progressive neuronal loss, chronic neu-
roinflammation, oxidative stress, and an overall hostile microenvi-
ronment that impedes regeneration [156–158]. Unlike inert 
passive devices, functionalized biomaterials are chemically or bio-
logically modified to exert therapeutic effects by actively interact-
ing with diseased neural tissue [71]. A key application lies in their 
ability to locally deliver neuroprotective agents, such as anti-
inflammatory drugs, antioxidants, or neurotrophic factors, in a sus-
tained and controllable manner. This targeted delivery can miti-
gate glial overactivation, reduce oxidative damage, and promote
neuronal survival, ultimately slowing disease progression [159]. 

To address the inflammatory components of neurodegenerative 
disorders, biomaterials may be modified with agents like cur-
cumin, dexamethasone, or interleukin-10 (IL-10) to downregulate
pro-inflammatory signaling and shift microglia toward a neuropro-
tective phenotype [132,160,161]. Simultaneously, the incorpora-
tion of antioxidant components, including CeO2 nanoparticles or 
melatonin, helps neutralize ROS that contribute to neuronal dys-
function and death [162]. ROS levels, altered pH and disease-
associated enzymes that work as hallmarks of neurodegenerative 
disorders, enabled on-demand release of therapeutic compounds
at the site of degeneration [163,164]. In parallel, functionalization 
with neurotrophic factors is convinced to support neuronal main-
tenance and axonal repair. This is particularly relevant in PD,
where localized delivery of neurotrophic factors from hydrogel
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systems has shown potential in preserving dopaminergic neurons
[165]. 

Another crucial aspect of functionalized biomaterials is their 
ability to enhance cellular interactions through surface modifica-
tions [166–169]. By introducing ECM-derived peptides like Arg– 
Gly–Asp (RGD), biomaterials can better support neuronal adhesion,
differentiation, and synaptic integration [170–172]. In more 
advanced systems, conductive or bioactive coatings such as PDA 
or graphene derivatives are used to further mimic neural microen-
vironments, providing both structural support and bioelectrical
compatibility [173]. Researchers also tried to incorporate and con-
trol the release of therapeutic exosomes, which naturally carry sig-
naling molecules that modulate inflammation and promote
regeneration [174]. 

Altogether, functionalized biomaterials offer a versatile and 
adaptable platform for addressing the multifactorial pathology of
neurodegenerative diseases [71]. By delivering therapeutic cues 
in a controlled manner, modulating local inflammation and oxida-
tive stress, and supporting endogenous repair processes, these
engineered systems hold great promise for future translation into
effective neuroprotective therapies [175,176]. 

5. Brain–machine interface (BMI) in neurodegenerative
disorder

In recent years, increasing attention has been directed toward 
the integration of biomaterial design strategies with disease-
related therapeutic devices and technologies [177–179]. Building 
upon conventional tissue engineering scaffolds, devices, and drug 
delivery platforms, the integration aims to enhance therapeutic
efficacy and improve treatment efficiency [180,181].  BMI  or
brain–computer interface (BCI) is a transformative technology at 
the intersection of neuroscience and engineering, offering new 
possibilities for restoring lost function and enhancing neural com-
munication in patients with neurodegenerative disorders
[182,183]. By establishing direct communication pathways 
between the brain and external devices, BMIs aim to bypass dam-
aged neural circuits and support residual brain function [184,185]. 
In parallel with academic advances, industrial initiatives repre-
sented by efforts from technology entrepreneurs such as Elon 
Musk and research groups including Neuralink have further
brought BCI technologies into the spotlight [186]. Significant 
advances in neural sensing, signal decoding, and interface design
have broadened the therapeutic potential of BMIs [187]. This sec-
tion provides an overview of the conceptual frameworks and tech-
nological strategies that underpin BMI applications in the context
of neurodegenerative disease.

5.1. Biomaterial strategies to enhance the performance of BMI

Biomaterial strategies play a pivotal role in enhancing the per-
formance of BMI by improving the long-term biocompatibility, sig-
nal fidelity, and integration of neural devices with brain tissue
[182,188]. Traditional BMI electrodes, working as foreign implants 
around brain, often lead to signal degradation over time due to for-
eign body responses, including glial scarring and neuron al loss
around the implant site [189]. To address these challenges, 
advanced biomaterials have been engineered to modulate the neu-
ral interface microenvironment. Conductive polymers such as poly 
(3,4-ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS), 
graphene-based composites, and bioinspired hydrogels offer 
improved electrical conductivity while simultaneously providing 
a softer, tissue-matched modulus that red uces mechanical
mismatch-induced inflammation [190]. Surface modifications with 
bioactive coatings such as neurotrophic factors, ECM proteins, or
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anti-inflammatory agents can further promote neuronal adhesion
and suppress immune activation [191,192]. 

Moreover, the development of dynamic, stimuli-responsive 
materials enables adaptive interactions with neural tissue, enhanc-
ing recording stability and functional outcomes for monitoring,
diagnosis, and auxiliary treatment of brain electrophysiological
indicators of patients with neurodegenerative diseases, as shown
in Fig. 8(a) [193]. By pairing signals detected via wireless multi-
channel brain recordings in natural settings with wearable sensor
data, researchers decoded personalized motor states and identified
neurophysiological biomarkers [194]. This represents a major step 
toward long-term, individualized, and home-based neuromodula-
tion for treating neurological disorders, and also provides a new
approach to the treatment and long-termmanagement of neurode-
generative diseases with the help of smart devices.

5.2. Deep brain stimulation (DBS) treatmen ts in neurodegeneration
disorders

DBS has emerged as a transformative neuromodulation therapy 
for a neurodegenerative disorder, particularly PD, and is increas-
ingly being explored for other conditions such as dystonia, essen-
tial tremor, and AD [195,196]. By delivering controlled electrical 
impulses to specific brain regions, most commonly the subthala-
mic nucleus or globus pallidus internus, DBS modulates abnormal
neuronal activity, alleviating motor symptoms such as tremor,
rigidity, and bradykinesia [197]. Unlike pharmacological treat-
ments, which often lose efficacy over time or cause systemic side 
effects, DBS offers a targeted, adjustable, and reversible interven-
tion. Recent advances focus on exploring less invasive modalities
that retain therapeutic efficacy while minimizing surgical risks
[198]. For example, Kim et al. [199] developed a novel, minimally 
invasive DBS approach utilizes systemically delivered piezoelectric
nanoparticles activated by focused ultrasound (Fig. 8(b)). The 
nanoplatform consists of a piezoelectric BaTiO3 nanoparticle core 
that generates electrical stimulation under focused ultrasound, a 
PDA coating that ensures stability and provides functional groups, 
and a surface-loaded C14H22N4O2 (BNN6) layer that releases NO to 
transiently open the BBB. These nanoparticles generate NO to tran-
siently open BBB and accumulate in brain tissue, where
ultrasound-induced currents trigger dopamine release. In a PD
mouse model, this method effectively alleviated symptoms with-
out apparent toxicity, offering a promising alternative to tradi-
tional electrode-based stimulation.
Fig. 8. BMI-assisted strategies for neurodegenerative disorder therapy. (a) Long-term wir
deep brain stimulation (DBS) in individuals with PD. Adapted from Ref. [193] with perm
penetrating piezoelectric nanoparticles, which generate localized electric currents and NO
Nature. RF: radiofrequency; HIFU: high-intensity focused ultrasound.
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Moreover, the evolution of DBS technologies, particularly their 
integration with wearable sensors and implantable neural record-
ing systems, has enabled real-time monitoring of disease-related
neural activity, paving the way for closed-loop and individualized
neuromodulation [200]. In the field of DBS, biomaterials employed 
for electrode fabrication and neural interfaces can be categorized
into rigid and flexible systems, each offering distinct advantages
and limitations [196]. Rigid materials, such as medical-grade stain-
less steel, platinum-iridium alloys, and tungsten, have long been 
the clinical standard owing to their mechanical robustness, elec-
trochemical stability, and established safety profiles. Their high
stiffness compared to brain tissue results in mechanical mismatch,
leading to gliosis and long-term tissue responses [201]. In contrast, 
flexible materials, including conductive polymers, carbon-based 
nanomaterials, and emerging soft composites, are designed to
reduce modulus mismatch with neural tissue, thereby enhancing
biocompatibility and signal fidelity [202,203]. Flexible systems 
also enable the development of miniaturized and conformable 
electrode s that can better integrate with the delicate neural
microenvironment [204]. Despite these advantages, challenges 
remain in ensuring long-term stability, consistent conductivity,
and reliable surgical handling [205]. Together, these two classes 
of biomaterials highlight the ongoing transition in DBS technology 
from conventional rigid electrodes toward next-generation flexible 
and tissue-conformal neural interfaces and hold great promise for
neurodegenerative diseases, where symptomatology extends
beyond motor dysfunction to include cognitive decline, mood dis-
orders, and other non-motor manifestations [201]. As the neural 
circuitry underlying these complex symptoms becomes better 
understood, DBS is increasingly positioned as a versatile therapeu-
tic strategy for addressing both motor and non-motor deficits in
conditions such as PD and AD.

5.3. Implantable p rostheses

Implantable prostheses are promising therapeutic tools for mit-
igating the functional deficits caused by neurodegenerative disor-
ders. These devices are engineered to restore or support lost 
neural functions by interfacing directly with the nervous system, 
offering both symptomatic relief and potential neurorestorative 
effects. One pr ominent example is DBS, widely used in advanced
PD [206]. By delivering high-frequency electrical pulses to specific 
brain regions such as the subthalamic nucleus or globus pallidus 
internus, DBS can alleviate tremors, rigidity, and bradykinesia,
eless streaming of neural activity enables circuit mapping and closed-loop adaptive
ission of Springer Nature. (b) Focused ultrasound-triggered DBS mediated by BBB-
to modulate neuronal activity. Adapted from Ref. [199] with permission of Springer 
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Fig. 9. Perspective key issues regarding the development of biomaterials using for 
solving neurodegeneration disorders. A part of graphical elements of this figure 
were generated with the assistance of generative artificial intelligence tools
ChatGPT, and the design of integration of the whole figure was made by the authors.
and is increasingly being explored for non-motor symptoms and 
other conditions like AD and dystonia [205]. Beyond symptomatic 
control, implantable systems offer the capacity to re-establish dis-
rupted signaling pathways, normalize aberrant network activity,
and promote adaptive neural plasticity via electrical, chemical, or
optoelectronic mechanisms [207]. Continued progress in device 
miniaturization, material biocompatibility, and closed-loop feed-
back control has significantly advanced their precision and person-
alization [208,209]. As insights into disease-specific neural 
dynamics deepen, biomaterial strategies are expected to play an 
increasingly vital role in the neuromodulator treatment landscape, 
such as the improvement of biocompatibility, promotion of bio-
sealing, and prevention of corrosion, with expanding therapeutic
indications across diverse stages and subtypes of neurodegenera-
tive diseases [210]. 

Another notable example is the cochlear implant, which 
restores auditory perception in individuals with 
neurodegeneration-related sensorineural hearing loss, including 
those affected by mitochondrial disorders or age-associated audi-
tory neuropathies. Unexpected foreign body reactions in cochlear
implants may be improved through design and modification of bio-
materials [211], to avoid the development of cochlear fibrosis and 
the gradual decline of residual hearing. These implants bypass 
damaged hair cells in the cochlea and directly stimulate the audi-
tory nerve, enabling users to perceive sound and, with rehabilita-
tion, understand speech. While not a cure, cochlear implants
significantly enhance communication abilities and social engage-
ment, improving quality of life, particularly in older adults at risk
for cognitive decline due to sensory deprivation.

More experimental approaches include cortical visual prosthe-
ses and spinal cord stimulators aimed at restoring motor or sen-
sory functions in disorders like ALS or multiple system atrophy
[212]. Collectively, these technologies not only exemplify how 
neurotechnology can restore function in neurodegeneration but 
also lay the groundwork for closed-loop, adaptive systems that
may dynamically respond to disease progression.

6. Perspective 

Over the past decades, biomaterials have evolved from passive
scaffolds or drug carriers [162,213–216] into multifunctional sys-
tems integrated with neuromodulation platforms, diagnostic tools, 
and BCIs. While this transition enables dynamic and intelligent 
modulation of the complex neural microenvironment, the clinical 
translation of such advanced platforms still faces several critical 
challenges and controversies. First, the long-term biosafety and 
exact in vivo clearance mechanisms of complex biomaterials 
within the delicate CNS remain heavily debated, as incomplete 
degradation may trigger chronic secondary inflammation. Second, 
although multi-functional composite systems are essential to 
address the multifactorial pathology of neurodegenerative disor-
ders, their inherent complexity introduces severe bottlenecks in
standardized manufacturing, reproducibility, and quality control.
Furthermore, profound physiological and immunological dispari-
ties between rodent models and the human brain continue to
cause high failure rates in clinical trials. To overcome these trans-
lational hurdles, continuous interdisciplinary convergence among
material science, neuro-engineering, and systems biology is criti-
cal. Based on these evolving paradigms and existing bottlenecks,
the future directions of biomaterial designs for the treatment of
neurodegenerative disorders are schematically presented in Fig. 9 
and detailed as follows:

(1) Integration of stimuli-responsive materials with biological 
carriers for precise and targeted drug delivery. The next gen-
eration of drug delivery systems for neurodegeneration
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disorders will, to a large extent, emerge from the integration 
of stimuli-responsive materials with biological carriers, uti-
lizing biomaterial-based approaches. These systems are 
expected to enhance BBB penetration and enable precise, 
targeted drug release. By combining the responsiveness of 
materials to specific physiological triggers with the targeting
capabilities of biological carriers, these advanced delivery
systems will aim to improve drug efficacy while minimizing
side effects, offering a promising strategy for more effective
treatments of neurodegeneration disorders in the future.

(2) Prioritization of material–tissue interactions to enhance the 
safety and functionality of neuro-devices. Tuning material– 
tissue interactions is critical for research and development 
(R&D) of next generation neuronal devices. To enhance the 
performance and biocompatibility of neuro-devices, future 
research should prioritize the interactions between material 
and tissue. This includes optimizing the mechanical proper-
ties of materials to reduce tissue damage, implementing
anti-fibrotic surface modifications to prevent scar formation,
and integrating bioelectronics that enable real-time feed-
back and adaptive stimulation. By focusing on these critical
aspects, it will be possible to improve the long-term func-
tionality and safety of neuro-devices, fostering their broader
application in clinical settings.

(3) Biomimetic design of ECM-inspired materials with neuro-
protective and regenerative capacities. Innovative biomate-
rials for neuroprotection and neural regeneration should 
emphasize the mimetic of the natural ECM. Successful 
strategies of remodeling dynamic, bio-interactive properties 
of ECM contribute a lot to improve the performance of bio-
materials for adaptation and improvement of cell microenvi-
ronment. Advanced designs, such as modified surface with 
nanostructured topologies, provide promising environments 
to support stem cell differentiation and promote neuron pro-
tection. Incorporating neuroprotective features, such as 
antioxidant and immunomodulatory capabilities, into these 
biomaterials represents a compelling strategy to mitigate 
the progression of neurodegeneration disorders. This
integrative approach has the potential to enhance both the
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therapeutic efficacy and long-term durability of biomaterial-
based interventions in neural repair and regeneration.

(4) Investigation of dynamic interfaces between brain tissue 
and external implants to improve long-term performance 
of medical devices. Current research lacks attention to 
the dynamic evolution of the brain tissue–implant inter-
face, which limits the overall effectiveness of neural 
implants. For neuro-devices targeting neurodegeneration 
disorders, particularly implantable devices, research
should focus on understanding and optimizing biological
interactions at the interfaces between the devices and
surrounding tissue, and their time dependence after
implanting. Addressing these interface dynamics is critical
for improving device biocompatibility, functionality, and
overall clinical outcomes.

(5) Artificial intelligence (AI) for neurodegeneration disorder. 
The future has come! The integration of biomaterials with 
organ-on-chip platforms and AI holds great promise for 
advancing preclinical research, particularly in the context 
of neurodegeneration disorders. Microfluidic devices com-
bined with biomaterials can replicate disease-specific 
microenvironments, providing more accurate models for 
studying neurodegeneration disorders. AI-driven analytics 
further enhance drug screening, biomarker discovery, and 
data interpretation. Future research should focus on devel-
oping scalable, high-throughput systems with predictive 
capabilities, thereby accelerating the translation of therapies
from the laboratory to clinical applications. Furthermore, AI,
in particular machine learning (ML), can significantly expe-
dite drug development by streamlining the identification
of promising therapeutic candidates and optimizing screen-
ing processes. These advancements are expected to address
the critical shortage of effective clinical therapies for neu-
rodegeneration disorders, ultimately improving patient out-
comes and transforming the therapeutic scape of
neurodegeneration disorders.

In summary, biomaterials have emerged as transformative 
tools in the fight against neurodegenerative disorders, evolving 
from passive carriers to multifunctional platforms capable of 
navigating the complexities of CNS. By enhancing drug delivery
across BBB, modulating the neural microenvironment, and
enabling neuroprotective and regenerative functions, these
materials are reshaping therapeutic possibilities [217]. More-
over, biomaterials for medical devices about BMI and neuro-
modulation technologies undersco re the expanding roles of
new materials in next-generation neurotherapies [218]. Future 
pertinent R&D should prioritize the design of intelligent, 
dynamic biomaterials that can adapt to disease progression 
and interact seamlessly with biological systems. Innovations in 
degradability, immune modulation, and real-time responsiveness 
will be critical for improving long-term safety and efficacy in 
treatments of neurodegenerative disorders. Furthermore, the 
convergence of biomaterials with AI, organ-on-chip models,
and closed-loop neuronal-systems offers promising frontiers for
precision medicine in neurodegeneration. With interdisciplinary
collaboration and translational focus, biomaterials are poised
to unlock novel therapeutic strategies and improve outcomes
for patients affected by these devastating disorders.
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