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ABSTRACT
Effective therapeutic delivery and diagnostic monitoring at cellular levels are constrained by biological barriers including stratum

corneum, extracellular matrix, and plasma membranes. Conventional approaches such as viral vectors and liposomes face lim-

itations including inadequate penetration, immunogenicity, and invasiveness. High-aspect-ratio nanostructures, including nano-

needles and microneedles, address these challenges through their unique geometries enabling direct, minimally invasive cellular

access. This review examines high-aspect-ratio nanostructure technologies from fabrication strategies to therapeutic and diag-

nostic applications. We discuss bottom-up synthesis, top-down lithographic methods, and integrative approaches enabling precise

control over geometry, mechanical properties, and surface functionalization. Mechanotransduction applications reveal how these

architectures modulate cellular behavior through mechanosensitive pathways and enable phenotypic control. Recent advances

have expanded applications to precision medicine through intracellular delivery of genetic engineering tools to challenging cell

populations including immune cells and neurons. Hollow, porous, and surface-functionalized architectures enable controlled

therapeutic release and targeted cellular reprogramming. Diagnostic applications demonstrate capabilities for intracellular sens-

ing and continuous physiological monitoring. Convergence with artificial intelligence promises adaptive, personalized therapeu-

tic protocols. However, challenges including scalable manufacturing, long-term biocompatibility, and regulatory translation must

be addressed to realize clinical potential. This review positions high-aspect-ratio nanostructures as foundational platforms for

next-generation precision medicine and personalized healthcare.

1 | Introduction

Effective therapeutic interventions and diagnostic monitoring at
the cellular and subcellular levels remain fundamental chal-
lenges in modern biomedicine. Biological barriers, including
the stratum corneum, extracellular matrix (ECM), and cellular
membranes, severely restrict the delivery of macromolecular
therapeutics and prevent direct access to intracellular compart-
ments for real-time molecular sensing [1, 2]. Conventional

drug-delivery approaches using agents such as viral vectors
and liposomes show critical limitations, including restricted
cargo capacity, inadequate control over intracellular trafficking,

potential immunogenicity, and limited ability to target specific
cell populations [3]. Similarly, traditional diagnostic methods

lack the spatiotemporal resolution necessary to monitor dynamic
intracellular processes, limiting their ability to characterize dis-

ease mechanisms and facilitate optimization of therapeutic
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responses at the single-cell level. These fundamental limitations
necessitate the development of alternative technologies than can
bypass biological barriers while maintaining cellular viability
and physiological functions.

To overcome these challenges, micro- and nanoneedle structures,
which are characterized by their high aspect ratios and precisely
engineered needle-like geometries, have emerged as transforma-
tive platforms for biointerface engineering over the past two dec-
ades. These geometries enable unique physical interactions with
biological systems at both cellular and subcellular levels, creating
opportunities for controlling fundamental biological processes.
The capacity of these structures to directly interface with living
cells while preserving cellular viability has positioned them at the
leading edge of diverse biomedical applications, ranging from
mechanotransduction studies [4, 5] to advanced therapeutic-
delivery systems. However, before examining how these capabil-
ities are realized through advanced fabrication techniques,
establishing a clear operational definition of a ‘high-aspect-ratio
nanostructure’ is essential.

In this review, high-aspect-ratio nanostructures are operationally
defined as vertical structures with aspect ratios (height/base
diameter) ≥10, a threshold that distinguishes these architectures
from low-aspect-ratio planar nanostructures (e.g., nanodots,
nanogrooves; aspect ratio <5) with fundamentally different cel-
lular interface behaviors. This geometric criterion encompasses
structures spanning both nanoscale (base diameter: 10 nm to
1 μm) and microscale (base diameter: 1–1000 μm) dimensions.
Nanoscale structures, including nanoneedles, nanopillars, and
nanowires, typically exhibit higher aspect ratios (AR= 50–100)
and allow single-cell interfacing with subcellular resolution,
whereas microscale structures, such as microneedles, generally
have moderate aspect ratios (AR= 10–50) optimized for tissue-
level applications, including transdermal delivery and biosens-
ing. The unifying feature across these dimensional regimes is
their vertical needle-like geometry, which creates localized
mechanical interactions with biological membranes through
similar biophysical mechanisms, such as membrane deforma-
tion, penetration, and transient permeabilization, regardless of

the absolute size. This review encompasses both scales to provide
a comprehensive coverage of high-aspect-ratio architectures for
biomedical applications, while explicitly noting dimensional dis-
tinctions that are relevant for specific applications.

To provide a systematic framework for understanding how struc-
tural dimensions determine biological accessibility and
therapeutic applicability, Table 1 presents a length-dependent
classification of vertically aligned micro- and nanoneedle plat-
forms. This length-based framework serves as a conceptual foun-
dation for the fabrication strategies (Section 2), cellular
applications (Section 3), therapeutic-delivery systems (Section 4),
and diagnostic platforms (Section 5) discussed in this review.

The realization of these unique capabilities has been enabled by
remarkable advances in nanofabrication techniques that provide
precise control over critical structural parameters, including mor-
phology [15], tip sharpness [16, 17], spatial arrangement [18],
and surface porosity [19]. This level of architectural control
allows researchers to tailor nanostructures for specific applica-
tions and create optimized structures for specific biological inter-
actions. Engineering these parameters with nanoscale precision
has unlocked capabilities that were previously inaccessible with
conventional biomedical devices, thereby establishing high-
aspect-ratio nanostructures as a unique class of biointerface
materials with tunable physical and chemical properties.

These advances in fabrication have enabled diverse biomedical
applications that leverage the unique interfacing capabilities of
high-aspect-ratio nanostructures. Their capacity to penetrate bio-
logical barriers, including the skin, ECM, and mucus layer, with
minimal tissue disruption addresses the fundamental limitations
of conventional drug-delivery methods, which often show poor
permeability and inadequate efficacy in transporting macromo-
lecular therapeutics across biological membranes [20]. By
enabling efficient intracellular delivery of therapeutic agents into
the cytosolic and nuclear compartments, high-aspect-ratio nano-
structures offer compelling alternatives to traditional delivery
systems. Moreover, the functionality of these nanostructures
can be further enhanced through physical and chemical

TABLE 1 | Length-dependent classification of nano- and microneedle systems and their biomedical applicability.

Categories
Length
(AR) Penetration depth

Primary biological
targets Ref

Nanoscale Intracellular delivery
(CRISPR, siRNA)

0.5–10 μm
(10–100)

<1 μm
(affecting membrane,
nuclear envelope)

Single cells, intracellular
compartments

(cytosols, nucleus)

[6, 7]

Mechanotransduction

Single cell biosensing

Low-microscale Localized delivery 10–100 μm
(10–50)

10–300 μm Viable epidermis,
superficial dermis, dense

connective tissues
(disc, cartilage)

[8–11]

Wound healing

Neural guidance

High-microscale Transdermal delivery 100–1000 μm
(2–20)

300–1500 μm Dermis, subcutaneous
tissue

[12–14]

Systemic microneedles
(contraceptions, vaccines)

Cancer immunotherapy
(CAR-T)

Continuous monitoring
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modifications, including targeted surface functionalization
[21, 22], synergistic electroporation [6], and vibration-assisted
membrane penetration [23], yielding multifunctional platforms
with precisely tunable properties.

In addition to their therapeutic-delivery applications, these struc-
tures have demonstrated great potential as advanced biosensing
platforms. Their high surface-area-to-volume ratios facilitate effi-
cient functionalization with biomolecular recognition elements,
enabling rapid, localized, and precise detection of intracellular
markers in real time [24]. In particular, recent advances have
highlighted the potential of these nanostructures to deliver
next-generation genetic engineering tools to challenging cell
types, including immune cells and neurons [7, 25]. Despite these
advances, however, comprehensive reviews encompassing the
full spectrum of high-aspect-ratio nanostructure applications,
particularly recent advancements in clinical translation,
advanced therapeutic-delivery mechanisms, and integrated diag-
nostic platforms, remain limited. Although previous reviews
have addressed specific aspects, such as fabrication methods
or mechanotransduction applications [26, 27], a holistic analysis
connecting fundamental cellular interactions to clinical transla-
tion pathways is lacking. This gap is particularly relevant given
the rapid evolution of precision medicine and the emergence of
artificial intelligence (AI)-integrated nanostructured platforms.

To address this gap, the present review provides an integrated
analysis of recent advancements in the nanostructure technology
landscape, with a specific focus on fabrication strategies, mecha-
nobiological applications, therapeutic-delivery systems, and diag-
nostic platforms. We examine how structural design principles
and material composition influence performance across diverse
applications while critically assessing existing technological chal-
lenges. We explore the transition from fundamental cellular stud-
ies to high-throughput, clinically applicable systems and discuss

emerging opportunities in AI-integrated platforms for personal-
ized medicine. Finally, we propose research priorities with quan-
tifiable milestones that can accelerate the translation from
laboratory innovations to clinical solutions, ultimately advancing
the field toward patient-specific therapeutic interventions.

2 | Fabrication Strategies for Vertically Aligned,
High-Aspect-Ratio Micro-/Nanoneedle Structures

Engineering of high-aspect-ratio nanostructures is a critical fron-
tier in the field of biomedical nanotechnology. The aspect ratio,
which is defined as the ratio of the structural length to the base
diameter, governs both mechanical integrity and biological func-
tionality. Unlike planar nanostructures, such as grooves or dots
[28, 29], high-aspect-ratio structures must achieve a delicate bal-
ance between extreme slenderness and sufficient robustness to
penetrate cellular membranes without mechanical failure.
Contemporary fabrication strategies can be categorized as
bottom-up and top-down strategies (Figure 1), each of which
offers distinct advantages for specific applications within
nanostructure-biosystem interfaces.

2.1 | Bottom-Up Fabrication

In bottom-up fabrication, high-aspect-ratio structures are con-
structed from atomic or molecular precursors, enabling precise
control over the nanoscale dimensions and composition. This
approach conceptually mirrors the natural growth processes
and builds complex structures through controlled assembly
rather than material removal.

CVD, particularly through the vapor–liquid–solid (VLS) mecha-
nism [30], represents one of the most widely adopted techniques

FIGURE 1 | Schematic representation of the bottom-up and top-down approaches for fabricating high-aspect-ratio nanostructures. (a) The bottom-

up approach, represented by chemical vapor deposition (CVD) with vapor–liquid–solid (VLS) growth, assembles structures from atoms or molecules

through three stages: metal catalyst clustering, gas-phase nucleation and epitaxial growth, and final nanowire formation, allowing precise nanoscale

control. (b) The top-down approach, represented by lithography combined with etching, shapes structures by removing material from bulk substrates

through patterning (using photomasks or electron beams) and subsequent etching processes. Detailed procedures for the lithographic methods (pho-

tolithography, electron-beam lithography, nanoimprint lithography) and etching technologies (wet and dry etching) are described in Section 2.2.
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in this category. In this process, catalytic nanoparticles (typically
gold [Au]) facilitate the nucleation and epitaxial growth of nano-
structures from gaseous precursors [31]. The metal catalyst forms
a liquid eutectic with the target material, allowing continuous
precipitation and crystallization of the precursor gases that dis-
solve in the liquid phase. This process offers remarkable control
over multiple structural parameters simultaneously; the nano-
wire diameter is governed by the catalyst particle size, length
by growth duration, and composition by precursor gas ratios.

Kwon et al.. demonstrated this precise control by systematically
modulating Au nanoparticle characteristics and growth condi-
tions to produce silicon nanowires with base diameters of several
hundred nanometers and heights approaching 2 μm [32]. Their
work exemplified the dimension control achievable through opti-
mized VLS growth processes.

Template-assisted synthesis is another powerful bottom-up strat-
egy, particularly for fabricating hollow nanostructures such as
nanostraws. This approach involves depositing materials onto
predefined nanoscale templates, such as porous anodic alumi-
num oxide (AAO) membranes or track-etched polycarbonate
(PC) membranes, which serve as scaffolds for material deposi-
tion. Deposition can occur through template-based CVD synthe-
sis [33] or atomic layer deposition (ALD), with the latter offering
unprecedented precision.

ALD achieves atomic-level control through a self-limiting surface
reaction mechanism, wherein precursors react only with the pre-
viously formed monolayer, enabling layer-by-layer growth with
subnanometer precision [34]. Liu et al.. leveraged this capability
to create alumina-based hollow nanoneedles by depositing pre-
cisely controlled alumina layers onto PC membranes, which was
followed by selective template removal [7]. The resulting nano-
straws exhibited uniform wall thickness and dimensional char-
acteristics, which are ideal for high cargo-loading capacity and
cellular-delivery applications.

Although bottom-up approaches provide exceptional control over
nanostructure morphology and scalability for complex architec-
tures, they show limitations in terms of spatial uniformity and
mechanical robustness. The stochastic nature of the nucleation pro-
cesses can lead to heterogeneity in nanostructure positioning and
dimensions across a substrate. Additionally, the crystalline nature
of such bottom-up synthesized structures can yield anisotropic
mechanical properties that may compromise resilience during cel-
lular insertion. These limitations have driven researchers toward
top-down fabrication methods for applications that require precise
spatial control and enhanced mechanical stability [7, 24, 34].

2.2 | Top-Down Fabrication

In the top-down fabrication approach, defined nanostructures
are created through selective removal of materials from bulk sub-
strates. The general process flow consists of two fundamental
steps: (1) lithographic patterning to define the spatial arrange-
ment of structures and (2) etching to create 3D architectures
by removing unprotected material.

2.2.1 | Lithographic Approaches

Photolithography is a widely employed lithographic technique
that transfers patterns from photomasks to photosensitive resists

through controlled light exposure. Despite offering exceptional
throughput and established integration with semiconductor
manufacturing, conventional photolithography shows resolution
limitations imposed by optical diffraction. Even with deep-
ultraviolet (UV) light sources, feature sizes typically remain
above 100 nm, limiting applications to moderately sized, highly
aligned nanostructure arrays [35].

Electron-beam lithography (EBL) overcomes this resolution lim-
itation by employing a focused electron beam to directly write
nanoscale patterns onto electron-sensitive resists. The de
Broglie wavelength of the accelerated electrons (10–100 keV) falls
within the picometer range, allowing pattern definition below
10 nm under optimized conditions [36]. This exceptional resolu-
tion has made EBL invaluable for prototyping high-precision
nanostructure arrays [17, 37–40]. Despite its resolution advan-
tages, the serial writing processes in EBL, wherein patterns must
be traced sequentially rather than exposed simultaneously,
imposes substantial throughput limitations and high operational
costs. As a result, EBL primarily serves as a research tool or an
approach for creating master templates rather than a method for
high-volume production.

2.2.2 | Etching Technologies

After lithographic patterning, etching processes selectively
remove materials to create 3D high-aspect-ratio nanostructures.
Etching approaches for nanostructure fabrication can be catego-
rized as wet etching (using liquid etchants) or dry etching (using
reactive gas-phase species) [41], with each approach offering dis-
tinct advantages for specific applications.

The wet-etching method provides procedural simplicity, low
equipment costs, and high material selectivity. Electro-
chemical etching (ECE) is a sophisticated wet-etching technique
that uses controlled electrical currents to modulate metallic sur-
face dissolution with exceptional precision. Hussein et al.. used
this approach to fabricate silver (Ag) probes with precisely con-
trolled tip geometries by systematically adjusting the electro-
chemical parameters in perchloric acid (HClO4) solution [42].
By balancing the competing oxide formation and dissolution
kinetics, they achieved remarkable control over the tip profile
and surface smoothness.

Metal-assisted chemical etching (MACE) is another well-
established wet-etching method for fabricating silicon-based
porous nanostructures. This catalytic process employs noble
metal catalysts (e.g., Au or Ag) to locally accelerate silicon etch-
ing in the presence of hydrogen peroxide and hydrofluoric acid.
Metal nanoparticles function as nanoscale galvanic cells, creating
anisotropic etching pathways that follow the movement of the
catalyst. Wang et al. demonstrated the versatility of MACE by
precisely adjusting etching parameters to produce silicon nano-
needles with controlled dimensions and porosity gradients [43].
This makes MACE a valuable approach for creating biodegrad-
able nanostructure platforms [19, 20].

Although wet etching offers numerous advantages, it is fre-
quently limited in terms of anisotropy and spatial resolution.
The diffusion-limited nature of most wet-etching processes yields
isotropic profiles and results in undesirable lateral undercutting,
compromising high-aspect-ratio structures. To address this limi-
tation, dry-etching methodologies are preferred for high-
precision fabrication of nanostructures.
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Reactive ion etching (RIE) is the gold standard dry-etching tech-
nique for creating high-aspect-ratio nanostructures with excep-
tional anisotropy. RIE combines chemical etching by reactive
plasma species with physical bombardment by directional ions,
creating highly anisotropic profiles that maintain pattern fidelity
even at extreme aspect ratios [17, 23, 24, 43, 44]. For silicon-based
nanoneedles, deep reactive ion etching (DRIE) implemented
through the Bosch process, which alternates between etching
and sidewall passivation steps, yields aspect ratios exceeding
50:1, enabling extremely slender nanoneedles with sufficient
mechanical integrity for cellular applications [20].

Despite their remarkable capabilities, conventional lithography
and etching techniques show limitations in terms of surface dam-
age, equipment cost, and processing complexity. These con-
straints have motivated alternative fabrication strategies that
reduce process complexity while maintaining nanoscale
precision.

2.2.3 | Nanoimprint Lithography

Nanoimprint lithography (NIL) has emerged as a particularly
promising alternative that combines nanoscale resolution and
high-throughput processing. NIL employs prepatterned tem-
plates to physically deform soft resist materials, creating pattern
transfers with nanoscale fidelity. The deformed resist can be
cured using thermal or UV processes to create stable structures.
By utilizing soft and biocompatible materials such as polyure-
thane acrylate (PUA) [45], poly lactic acid (PLA) [46], SU-8 pho-
toresist [47], and polydimethylsiloxane (PDMS) [48], NIL allows
direct fabrication of polymeric high-aspect-ratio nanostructures
with tunable mechanical properties.

The principal advantage of NIL lies in the combination of
nanoscale resolution with parallel processing, which is suitable
for high-volume production [49, 50]. Unlike serial techniques
such as EBL, NIL simultaneously transfers entire pattern
fields across wafer-scale substrates, yielding throughput
improvements of several orders of magnitude while maintain-
ing feature definition below 10 nm under optimized condi-
tions [51]. This combination positions NIL as a transformative
approach for translational nanostructure development, bridg-
ing laboratory prototyping and clinical-scale manufactur-
ing [45, 52].

Beyond NIL, alternative fabrication strategies, including the
ice-templating method [12], direct/indirect 3D printing
[8, 53], and micro-molding techniques [9, 13, 54], which pri-
marily employ polymeric materials, have also been explored
to produce microneedles for in vivo applications. However,
these approaches are generally limited to the fabrication of
microscale structures and may lack the precision required
for true nanoscale features. Selection of an appropriate fabri-
cation method on the basis of the desired structural and func-
tional characteristics is crucial for optimizing the performance
and applicability of high-aspect-ratio platforms in various bio-
medical applications.

2.3 | Integrative Approaches

The continuing evolution of nanoneedle fabrication has increas-
ingly led researchers toward integrative approaches that

transcend the traditional dichotomy between bottom-up and
top-down methodologies. These hybrid strategies selectively
combine elements from multiple fabrication paradigms to over-
come the inherent limitations of individual techniques. One
promising hybrid approach combines lithographic patterning
with template-assisted synthesis by using deterministically
defined template structures as scaffolds for material deposition
through bottom-up processes [55]. This strategy maintains the
spatial precision of top-down approaches while incorporating
the atomic-scale compositional control offered by bottom-up
methods [56, 57].

Another emerging direction involves post-fabrication surface
modification of lithographically defined nanostructures through
bottom-up chemical processes to engineer the surface properties
without altering the underlying mechanical structure [58]. These
approaches include functional polymer grafting to enhance cel-
lular interactions [59]. nanoscale coating deposition to improve
biosensing properties [60], and the incorporation of nanocoating
for targeted delivery applications [21].

The selection of a fabrication methodology for high-aspect-ratio
nanostructure platforms ultimately requires careful consider-
ation of multiple factors, including the desired dimensions, mate-
rial requirements, mechanical-performance requirements,
surface-functionality requirements, production-volume expecta-
tions, and economic constraints. Each approach offers unique
advantages and limitations for specific applications within a
broader nanostructure landscape (Figure 2). As the field contin-
ues to mature, integrative approaches that selectively combine
the strengths of different fabrication paradigms are likely to
emerge as the dominant strategies for creating next-generation
nanoneedle platforms tailored for specific biomedical
applications.

2.4 | Material Selection Strategies

Material selection plays a pivotal role in determining the
mechanical performance, biological interactions, and transla-
tional feasibility of high-aspect-ratio nanostructures [63, 64].
Beyond geometric parameters, intrinsic material properties
govern the insertion efficiency, cellular response, degradation
behavior, and compatibility with specific biomedical applications
[65–67]. To date, silicon, metals, polymers, and hybrid systems
have been employed, each offering distinct advantages for partic-
ular applications.

Silicon-based platforms are the most extensively studied class,
offering exceptional mechanical stiffness (Young’s modulus:
130–180 GPa) [68, 69], and precise fabrication control through
established semiconductor processes [17, 18, 70]. Anisotropic
etching can yield atomically sharp tips (<10 nm) that ensure reli-
able membrane penetration while minimizing cellular damage
[16, 71]. A key advantage of this approach is the tunable biode-
gradability through controlled porosity engineering; porous
silicon structures degrade predictably in physiological
environments, and their degradation rates can be adjusted to
span from days to months by varying the porosity (10%–80%)
[72]. This combination of mechanical precision and controlled
degradation makes silicon particularly suitable for applications
requiring sustained structural integrity followed by complete
resorption. However, the brittleness and optical opacity of silicon
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as well as the cleanroom fabrication requirements for working
with silicon limit its applicability in flexible devices and constrain
manufacturing scalability.

Metallic structures, including gold, silver, and stainless steel,
offer complementary advantages for applications requiring high
electrical conductivity or extreme mechanical robustness
[73–80]. For instance, gold nanoneedles combine excellent

biocompatibility with superior electrical properties, making them
ideal for multielectrode arrays for electrophysiological recording
and neural interfacing [75, 76]. However, most metals lack bio-
degradability, raising concerns regarding long-term tissue accu-
mulation [73, 81]. This factor limits the clinical applicability of
metallic nanostructures primarily to research tools rather than
implantable therapeutics.

FIGURE 2 | Representative examples of vertical micro- and nanoneedle structures. (i–viii) Schematic depiction of various needle structures drawn to

the same scale; (i) Nanowire: 200 nm base diameter, 18 μm height, aspect ratio (AR)= 90. Reproduced with permission [22]. Copyright 2019, American

Chemical Society. (ii) Nanopillar: 500 nm base diameter, 5–6 μmheight, AR= 10–12. Reproduced with permission [61]. Copyright 2024, Wiley. (iii) Solid

needle: 800 nm base diameter, 5 μm height, AR= 6.25. Reproduced with permission [62]. Copyright 2018, The Authors, published by American

Association for the Advancement of Science. (iv) Polymeric needle: 539 nm base diameter, 3.8 μm height, AR= 7. Reproduced with permission

[45]. Copyright 2025, Nature Springer. (v) Porous needle: 600 nm base diameter, 5–7 μm height, AR= 8–12. Reproduced with permission [43].

Copyright 2024, The Authors, Published by American Chemical Society. (vi) Nanostraw: 200 nm base diameter, 2 μm height, AR= 10. Reproduced

with permission [7]. Copyright 2024, Wiley. (vii) Surface modified nanoneedle: 700–800 nm base diameter, 4.5 μm height, AR= 5–6. Reproduced with

permission [21]. Copyright 2022, Wiley. (viii) Selective area epitaxy nanowire: thick region 200 nm diameter/400 nm height, thin region 70–100 nm

diameter/800–1400 nm height, AR= 2–14. Reproduced with permission [56]. Copyright 2021, American Chemical Society. Note that structures (i), (ii),

and (vi) with AR ≥ 10 represent the high-aspect-ratio architectures that are the primary focus of this review, while the other structures are included for

comparative context to illustrate the broader landscape of vertical needle structures.
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Polymeric structures have emerged as the most clinically
advanced platforms, offering superior biocompatibility, tunable
biodegradability, and scalable manufacturing. The use of Food
and Drug Administration (FDA)-approved biodegradable poly-
mers (PLA and poly(lactic-co-glycolic) acid [PLGA]) can allow
complete resorption without surgical removal, thereby address-
ing the critical safety concerns associated with long-term
implantable devices [82, 83]. The degradation rates of these pol-
ymers can be precisely tuned by adjusting the copolymer compo-
sition (PLA:PGA ratio) and molecular weight, yielding
customized release profiles spanning from days to months.
Recent advancements have expanded the polymeric capabilities
through stimuli-responsive systems that respond to physiological
cues for intelligent drug release. For example, temperature-
responsive poly(N-isopropylacrylamide) (PNIPAm) undergoes
phase transitions at body temperature for thermally triggered
release, whereas pH-responsive formulations allow visual infec-
tion monitoring coupled with acidification-triggered antibiotic
release [84]. Self-healing polymers show enhanced in vivo dura-
bility while maintaining biocompatibility [85, 86], preventing
premature degradation and enabling precise temporal control.
These advances have led to commercial success in applications
such as transdermal vaccine delivery and wound healing,
where patient comfort, self-administration, and high-volume
manufacturing are paramount [87].

Since no single material optimally addresses all requirements,
hybrid and multifunctional systems that combine the comple-
mentary advantages of different material classes have also been
developed. For example, surface-modification strategies can cre-
ate ultrathin biodegradable polymer coatings on rigid silicon or
metallic nanostructures, incorporating stimuli-responsive ele-
ments while preserving the sharp geometry [21, 22]. More sophis-
ticated approaches include magnetoresponsive microneedles that
integrate polymeric matrices with embedded magnetic nanopar-
ticles, allowing remote actuation and spatiotemporal control of
both insertion depth and drug release [66]. These hybrid designs
exemplify how material integration can achieve functionalities
unattainable through single-material platforms.

Advanced micro-/nanoneedle concepts have also emerged to
address specialized biomedical challenges. Cryomicroneedles
employ cryoprotectant-loaded or ice-templated structures that
maintain subzero temperatures during insertion, thereby pro-
tecting temperature-sensitive biologics, including live cells, pro-
teins, and mRNA therapeutics [12, 65]. This approach has
proven to be particularly valuable for cell-based immunothera-
pies, where maintaining viability during delivery is critical.
Similarly, antioxidant microneedles incorporate radical scav-
engers directly into structural matrices, providing dual func-
tionality, i.e., mechanical delivery combined with inherent
therapeutic activity, which is particularly valuable for diabetic
wound healing, where oxidative stress impairs repair [88]. For
regenerative applications, bioactive materials, including natural
polymers, ceramics, and carbon-based nanomaterials, offer
enhanced osteoconductivity and tissue integration [64].
Meanwhile, conductive polymers can enable combined electri-
cal stimulation and drug delivery, thereby advancing neural tis-
sue engineering and cardiac applications [89].

The diversity of available materials and architectures has
necessitated application-specific selection, which balances

often-competing requirements. Thus, for intracellular delivery,
silicon or sharp metallic nanostructures (aspect ratio >50) with
biodegradable coatings ensure reliable membrane penetration
and controlled drug release. For transdermal delivery, biodegrad-
able polymers (PLA and PLGA) provide patient comfort and
safety with moderate aspect ratios (10–20) sufficient for stratum
corneum penetration. For biosensing, conductive materials (gold
and conductive polymers) enable signal transduction while
maintaining mechanical flexibility for chronic implantation.
The use of cryoprotective materials with an open architecture
for immunotherapy and cell-based therapies can facilitate cell
viability, migration, and retention [67]. Multifunctional hybrid
systems that strategically combine materials increasingly repre-
sent the most promising approach for translating nanostructure
technologies into clinical practice, since they overcome the lim-
itations of single-material platforms while being optimized for
specific biomedical applications. This trend toward material inte-
gration reflects the field’s maturation from proof-of-concept dem-
onstrations to clinically viable, application-tailored therapeutic
systems.

A comparative overview of the bottom-up, top-down, and inte-
grative fabrication approaches for vertically aligned micro- and
nanoneedles is provided in Table 2, which highlights their key
process characteristics and practical considerations.

3 | Classical Applications of High-Aspect-Ratio
Nanostructures: Cellular Applications

The vertical geometry of high-aspect-ratio nanostructures creates
a unique biophysical interface that fundamentally alters the
interactions between the cells and their environments. When
cells encounter these nanostructures, they experience localized
mechanical perturbations that trigger complex cellular responses
through mechanotransduction pathways, which are biological
processes by which mechanical stimuli are converted into bio-
chemical signals. This cell–nanostructure dialog is extremely sen-
sitive to geometric parameters, including structure shape
[16, 95, 96], density [15, 18], height [97], and material stiffness
[47, 98], allowing for precise modulation of cellular behavior
through purely physical cues. At this specialized interface, cells
respond to nanostructures through active membrane adaptation,
including bending [99, 100] and wrapping [37] around the verti-
cal tips, which creates localized regions of high membrane cur-
vature that serve as initiation sites for mechanosensitive
signaling cascades.

These nanoneedle-induced deformations represent more than a
passive cellular response; they constitute active mechanosensing
events that orchestrate changes in the cellular architecture and
function [101]. Through mechanotransduction, these physical
interactions activate diverse signaling networks that regulate
fundamental cellular processes, including proliferation
[45, 84], migration [37], alignment [32, 89], and differentiation
[28, 102–105]. This section explores the multifaceted interactions
between cells and nanostructures, examining how these struc-
tures both probe and modulate cellular mechanics (Section 3.1),
activate specific mechanotransduction pathways to regulate cel-
lular behavior (Section 3.2), and ultimately direct cell phenotype
determination through mechanical programming (Section 3.3).
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3.1 | Enhanced Cell-Chip Coupling and Probing
Cellular Mechanics

The interface between living cells and high-aspect-ratio nano-
structures represents a dynamic mechanical junction that funda-
mentally alters the cellular architecture while providing
unprecedented access to intracellular compartments. When cells
encounter high-aspect-ratio nanostructures, they undergo com-
plex mechanical adaptations involving coordinated plasmamem-
brane and nuclear deformation. These deformation modalities
manifest as direct membrane penetration [106, 107], transient
membrane permeabilization [108], or active endocytosis
[47, 109] (Figure 3). The predominant interaction mechanism
depends on a complex interplay between nanostructure geome-
try, material properties, and cell-specific characteristics, creating
a tunable system for investigating and manipulating cellular
mechanics.

Advanced imaging techniques have revealed the intricate nano-
scale architecture of these cell–nanostructure interfaces.
Correlative microscopic approaches combining scanning elec-
tron microscopy (SEM) [47, 72], focused ion beam scanning elec-
tron microscopy (FIB-SEM) [71, 114, 115], and fluorescence
imaging [116, 117] have revealed the 3D organization of these
interactions with unprecedented resolution. At the cell surface,
adherent cells cultured on vertical nanostructures exhibit distinct
morphological adaptations, including flattened and elongated
profiles with filopodial extensions actively anchored to the struc-
tures [115], creating mechanically linked structures that vary sig-
nificantly across different cell types [15, 47]. These surface
adaptations reflect deeper intracellular reorganization; for exam-
ple, Chen et al. used FIB-SEM to reveal that silicon nanowires
can simultaneously induce both direct membrane penetration
and active endocytic engulfment, with intracellular vesicle for-
mation around nanowires confirming sophisticated cellular
responses to these mechanical challenges [113].

The ability of vertical nanostructures to transiently permeabilize
cellular membranes has emerged as a particularly valuable char-
acteristic for biomedical applications. These structures, which
range from solid architectures to hollow conduits, generate
highly localized mechanical stress at the plasma membrane, cre-
ating nanoscale pores that enable bidirectional molecular trans-
port while preserving overall cellular viability. This form of
controlled disruption facilitates both targeted intracellular deliv-
ery of therapeutic cargoes and extraction of cellular contents for
analytical applications, while simultaneously enabling high-
resolution electrophysiological monitoring of multiple cells
[21, 118]. Remarkably, Sarikhani et al. demonstrated that even
vertical nanostructures that are simply engulfed by the cellular
membrane without direct penetration can induce transient
breaches in the nuclear envelope [119]. Their investigations
revealed that membrane curvature alone can trigger nuclear
poration events, with smaller nanopillars (height, 3.15 μm) prov-
ing more effective than larger nanopillars (height, 2.24 μm) at
inducing nuclear envelope disruptions due to their higher curva-
ture; this finding highlights the exquisite sensitivity of nuclear
mechanics to plasma membrane deformation.

Nanostructure-induced membrane perturbations offer even
greater precision and improved functionality when combined
with complementary physical stimuli, particularly electrical
forces. Xie et al. demonstrated this synergistic approach by
employing vertical nanopillar electrodes and electrical stimula-
tion to detect subtle action potential fluctuations in cardiomyo-
cytes with exceptional signal-to-noise ratios [108]. Their
assessments using time-resolved imaging revealed complete
nanopillar engulfment by the cell membrane followed by rapid
resealing within 10min, demonstrating the remarkable adapt-
ability of cellular membranes to these mechanical interventions
and establishing a stable bioelectronic interface for longitudinal
monitoring.

FIGURE 3 | Three representative modalities of cell-nanostructure interface: (a) Schematic of interaction mechanisms in the process of nanostruc-

tures’ intracellular access. Reproduced with permission [110]. Copyright 2020, Wiley. (b) Mechanical penetration. Reproduced with permission [111].

Copyright 2015, Wiley. (c) Membrane permeabilization. Reproduced with permission [112]. Copyright 2018, American Chemical Society.

(d) Endocytosis. Reproduced with permission [113]. Copyright 2020, American Chemical Society.
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Beyond the plasma membrane effects, vertical nanostructures
influence nuclear architecture, which is a critical determinant
of gene expression and the cellular phenotype. The nuclear enve-
lope, which consists of a double-lipid bilayer reinforced by a
nuclear lamina, receives mechanical signals from the cell periph-
ery through an intricate force transmission system involving
actin cap—specialized actomyosin filaments that connect focal
adhesions (FAs) at the cell surface to the nuclear membrane
[120, 121]. This mechanical coupling creates a direct pathway
for nanostructure-induced deformations to propagate to the
nucleus, with vertical structures actively pulling the nuclear
membrane into distinctive topographical conformations that
dynamically appear and disappear as the cells remodel their
cytoskeletons [122].

Pan et al. demonstrated precise control over nuclear morphology
using poly(lactide-co-glycolide) micropillars with systemically
varied heights (0–5 μm) [97]. By tailoring the micropillar patterns
to accommodate nuclear dimensions and mechanical properties,
they achieved programmable nuclear geometries, generating
defined shapes, including squares and triangles, when a suffi-
cient pillar height was present. This approach was extended to
modulate human osteosarcoma U2OS and human mesenchymal
stem cell (hMSC) morphologies on nanopillars and thereby cre-
ate diverse nuclear configurations with variable roundness char-
acteristics [123]. Quantitative analysis revealed significantly
enhanced endocytic activity on the nanopillars when the cells
were cultured on rectangular patterns exhibiting greater elonga-
tion, establishing a direct link between nuclear deformation and
membrane-trafficking processes.

3.2 | Modulating Cell Behavior through
Topography and Mechanotransduction Pathways

High-aspect-ratio nanostructures create unique mechanical
microenvironments that cells actively sense and respond to
through sophisticated mechanotransduction machinery. These
structures function not only as passive topographical elements
but also as active signaling hubs that convert mechanical
interactions at the cell–nanostructure interface into biochemi-
cal signals that orchestrate fundamental cellular behaviors,
including adhesion dynamics, migration patterns, and lin-
eage commitment. By elucidating the molecular mechanisms
through which vertical topographies influence signal transduc-
tion networks, researchers have established nanomechanical
control over cellular functions with unprecedented precision
(Figure 4).

At the molecular level, curvature-sensing proteins serve as the
primary mechanosensors that detect and respond to the nano-
scale membrane deformations induced by nanostructures.
Formin-binding protein 17 (FBP17), a member of the F-BAR
domain protein family, can detect membrane curvatures with
diameters below 400 nm and subsequently activate downstream
effectors, including neuronal Wiskott-Aldrich syndrome protein
(N-WASP), cortactin, and the actin-related protein 2/3 (Arp2/3)
complex to nucleate branched F-actin networks [124].
Remarkably, proteins without established curvature-sensitive
domains, including adaptor protein 2 (AP2), intersectin, cortac-
tin, and actin, also preferentially assemble at the highly curved
membrane regions generated by nanostructural interactions

[109]. These findings reveal how nanostructures initiate signal-
ing cascades through geometric perturbations, triggering com-
prehensive cellular responses, including cytoskeletal
reorganization [37, 124], nuclear envelope remodeling [16, 17],
and activation of transcriptional regulators that control gene
expression programs.

The specific dimensional characteristics of nanostructures criti-
cally influence the downstream cellular responses by creating
distinct patterns of membrane deformation. Seong et al. demon-
strated that sharp-tipped silicon nanoneedles (∼54 nm in
diameter) induce highly localized membrane indentation
and wrapping. In contrast, the blunter pillar nanostructures
(diameter, ∼750 nm) promote broader membrane bending with-
out complete engulfment [16]. These geometrically distinct
deformation patterns trigger divergent molecular responses, with
the sharp nanoneedles upregulating nuclear lamin A (LMNA)
expression while simultaneously reducing the nuclear transloca-
tion of yes-associated protein (YAP). This mechanosensitive tran-
scriptional coactivator regulates growth-promoting genes. These
findings directly link the high-aspect-ratio nanostructure geom-
etry, nuclear mechanics, and transcriptional regulation, demon-
strating how physical parameters can be manipulated to control
cell fate decisions.

Complementary studies by Li et al. revealed that U2OS cells cul-
tured on quartz nanopillars exhibited reduced YAP nuclear
localization and diminished formation of large FAs (>1 μm2)
[125]. In this regard, mechanistic investigations implicated
clathrin-mediated endocytosis in the removal of integrin β1
from the cell surface. This process leads to FA disassembly
and altered mechanotransduction signaling, highlighting the
intricate relationship between membrane-trafficking and
mechanical sensing.

The nuclear envelope functions as a critical mechanosensitive
structure that actively participates in vertically aligned
nanostructure-mediated signaling through specialized molecular
connectors. Lestrell et al.. demonstrated that nuclear deforma-
tion in response to vertical nanostructures is precisely regulated
by the linker of nucleoskeleton and cytoskeleton (LINC) com-
plex, a transmembrane protein assembly that physically bridges
the cytoskeleton and nucleoskeleton [15]. Their studies revealed
that the enhanced nuclear deformation mediated by the LINC
complex directly correlated with increased cell migration veloc-
ity, establishing nuclear mechanotransduction as a key regulator
of cellular motility.

This mechanistic insight has enabled innovative applications.
For example, Zeng et al. developed quartz nanopillar arrays capa-
ble of distinguishing cancer cells from their benign counterparts
on the basis of lamin A-dependent variations in nuclear deforma-
tion and corresponding migration patterns [17]. Similarly, Tai
et al. demonstrated that engineered nanotopographies can effec-
tively recapitulate different stages of cancer progression and visu-
alize metastatic transformation processes [95]. These platforms
offer dual utility for screening potential therapeutic candidates
and elucidating the molecular mechanisms underlying drug
responses, potentially facilitating more targeted therapeutic
selection. Collectively, these studies illustrate how a mechanistic
understanding of cell–nanoneedle interactions can drive trans-
formative applications in both fundamental research and clinical
settings.
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3.3 | Controlling Cell Phenotypes through
Mechanical Programming

Different cell types exhibit distinct preferences for particular
mechanical microenvironments, reflecting their native tissue
contexts and evolved mechanosensing machineries. This phe-
nomenon, which is termed ‘mechanical memory,’ originates
from cells’ adaptation to the stiffness of their physiological tis-
sues: neurons reside in soft brain tissue (∼0.1–1 kPa), myocytes
in intermediate-stiffness muscle (∼8–17 kPa), and osteoblasts in
the rigid bone matrix (∼25–40 kPa) [126]. Consequently, these
cell types have evolved distinct mechanotransduction machiner-
ies, including integrin expression profiles, FA composition, and
cytoskeletal organization, that are optimized for sensing and
responding to their native mechanical environments [99, 100].

At the molecular level, these preferences are mediated by mecha-
nosensitive transcriptional regulators, particularly YAP and tran-
scriptional coactivator with PDZ-binding motif (TAZ). These

regulators translocate to the nucleus on stiff substrates to pro-
mote proliferative and osteogenic gene programs while remain-
ing in the cytoplasm on soft substrates to favor adipogenic or
neurogenic differentiation [127–129]. Complementary pathways
involve lamin A, a nuclear envelope protein whose expression
increases with substrate stiffness, reinforcing nuclear mechanics
and modulating chromatin accessibility for lineage-specific gene
expression [130, 131]. The FA size and maturation state further
dictate mechanical signal amplification, with large, mature FAs
(>1 μm2) forming preferentially on stiff substrates and transmit-
ting stronger contractile forces that activate osteogenic programs,
while small, transient FAs on soft substrates favor neural speci-
fication. These molecular insights have guided the rational
design of nanostructure platforms for directed differentiation.
Park et al. developed a flexible patch-type nanoneedle scaffold
capable of guiding the differentiation of dental pulp stem cells
(DPSCs) through precise spatial control of needle arrangements
(Figure 5a) [18]. Their mechanistic investigations revealed that

FIGURE 4 | Various mechanotransduction pathways induced by high-aspect-ratio nanostructures.
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the nanoneedle tips created localized mechanical stimuli that
enhanced the secretion of osteogenic growth factors through a
signaling cascade involving FA remodeling, cytoskeletal reorga-
nization, YAP nuclear translocation, and lamin A redistribution
[116]. This mechanotransduction pathway ultimately established
an osteogenic transcriptional program, demonstrating how
purely physical cues can initiate complex differentiation pro-
cesses. Similarly, hierarchical nanostructures combining nano-
pillars with microwrinkles and biomimetic architectures
designed to recapitulate the native ECM of cardiac tissues have
been shown to promote the maturation of cardiomyocytes with
improved functional characteristics [132].

Material stiffness is a critical parameter in nanostructure-
mediated differentiation, with different cell types exhibiting dis-
tinct preferences for specific mechanical microenvironments
[47]. Remarkably, cells cultured on nanostructured substrates
show an apparent reduction in stiffness in comparison with those
cultured on flat surfaces of identical material composition, with
measurements showing a 46% reduction in the perceived rigidity
to levels comparable to 1-kPa hydrogels [125]. This phenomenon
effectively creates mechanically ‘softer’ niches even when using
relatively rigid materials, significantly expanding the versatility
of vertical nanostructure platforms for cell types that preferen-
tially thrive in compliant environments, particularly cells of neu-
ral lineages.

Yang et al. exploited this principle by fabricating pillar arrays
using soft PUA to investigate neural differentiation dynamics
[102]. Their systematic analysis revealed that higher-density
nanopillars with reduced intercellular spacing significantly
enhanced both neuronal and glial differentiation, as evidenced
by the upregulation of lineage-specific markers, including the
neuronal marker beta-tubulin III (TUBB3) and the astrocytic
marker glial fibrillary acidic protein (GFAP). The neural-
promoting effects of soft nanotopographies were further con-
firmed by Jang et al., who demonstrated that neural progenitor
cells (NPCs) cultured on PUA nanoneedle arrays exhibited
enhanced neuronal differentiation and improved cell alignment,
as confirmed by the improved fluorescence intensity of TUBB3
and microtubule-associated protein 2 (MAP2) (Figure 5b) [45].
In comparative analyses, NPCs cultured on PUA nanoneedles
showed significantly higher expression of neuronal markers than
NPCs cultured on silicon counterparts with identical geometry
and a substantially higher Young’s modulus, highlighting the
critical importance of mechanical properties in determining dif-
ferentiation outcomes.

Beyond passive topographical guidance, emerging combinatorial
approaches that integrate vertical nanostructures with comple-
mentary stimuli have yielded synergistic platforms with
enhanced capabilities for directing cellular differentiation.
Among these approaches, electroactive engineering has

FIGURE 5 | Cell differentiation induced by vertically aligned high-aspect-ratio nanostructures from various studies. (a) The 500 nm-pitch hydrogel

nanospike array (hSPIKEs) enhances osteogenesis of DPSCs, as indicated by the increased fluorescence intensity of the osteogenic marker osteopontin

(OPN). Reproduced with permission [18]. Copyright 2019, American Chemical Society. (b) Neuronal maturation of NPCs is enhanced on PUA nano-

needles after 21 days of differentiation. Reproduced with permission [45]. Copyright 2025, Nature Springer. (c) Neuronal growth of primary neurons is

enhanced on photostimulated P3HT micropillars. Reproduced with permission [89]. Copyright 2021, American Chemical Society. (d) Differentiation of

human fetal neural stem cells (hfNSCs) to functional neuronal cells is promoted by intracellular stimulation on VNEA. Reproduced with permission

[32]. Copyright 2021, American Chemical Society.
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demonstrated promise for promoting neuronal differentiation
and functional network formation [133]. Milos et al.. developed
poly(3-hexylthiophene-2,5-diyl) (P3HT) micropillar arrays
with intrinsic optoelectronic properties, leveraging the struc-
tural characteristics of nanostructures to establish intimate
contact with neuronal membranes (Figure 5c) [89]. Upon
visible-light illumination, these photosensitive nanostructure
arrays generated localized electrical stimuli that enhanced neu-
rite extension and guided alignment along predefined topo-
graphical patterns.

Complementary work by Kwon et al. has demonstrated that
a vertical nanowire electrode array (VNEA) can facilitate
direct intracellular electrical stimulation by delivering a local-
ized electrical current through stable membrane-penetrating
interfaces (Figure 5d) [32]. These integrated approaches
effectively combine the topographical guidance provided by
the nanowire architecture with electromagnetic stimuli that
mimic physiological signaling, creating biomimetic microen-
vironments that promote enhanced neuronal maturation
and network formation. Such platforms offer unprecedented
opportunities for in vitro neural development and circuit
formation, yielding more physiologically relevant drug-
screening platforms and advanced neural tissue engineering
applications.

Although electrical stimulation has been extensively employed to
enhance nanostructure-mediated differentiation, similar inte-
grated approaches combining mechanical, electrical, and bio-
chemical cues have also been developed for advanced
intracellular delivery systems [7, 34, 134]. These multifunctional
platforms represent the next frontier in nanoneedle technology,
wherein the fundamental understanding gained from classical
mechanotransduction studies is being translated into advanced
therapeutics and diagnostics. The following chapter explores
these emerging frontiers, focusing on recent advances in
nanostructure-based delivery systems and their integration with
complementary stimuli to enhance therapeutic outcomes across
diverse biomedical applications.

4 | High-Aspect-Ratio Nanostructures for
Precision Medicine

The translation of high-aspect-ratio nanostructure platforms
from fundamental research tools to clinical therapeutics is one
of the most promising developments in nanomedicine [135].
These sophisticated structures can address critical challenges
in drug delivery and targeted therapy by providing direct access
to intracellular compartments and enabling precise tissue-level
interventions. This section explores the evolution of nanostruc-
ture technologies across two complementary domains: cellular-
level delivery systems that overcome membrane barriers for
intracellular targeting (Section 4.1) and in vivo applications that
enable localized therapeutic interventions in complex tissues
(Section 4.2). To facilitate comparisons across different
therapeutic-delivery approaches, Table 3 summarizes the key
characteristics of representative delivery methods, including con-
ventional systemic routes and micro-/nanoneedle-based strate-
gies, with respect to targeting capability, invasiveness, and
translational potential. T
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4.1 | Intracellular Access: Vertical Nanostructure-
Mediated Delivery Systems

The plasma membrane is a formidable barrier to therapeutic
delivery, particularly for macromolecular biologics and nucleic
acid-based medicines. In this regard, high-aspect-ratio nano-
structure platforms have emerged as revolutionary tools for over-
coming delivery challenges by providing direct physical access to
the cell interior while preserving cellular viability. Their struc-
tural adaptability, customizable surface properties, and precisely
tunable mechanical characteristics enable controlled penetration
into cells while minimizing cellular damage, facilitating localized
delivery of diverse therapeutic payloads. Upon cellular engage-
ment, therapeutic agents can be delivered through multiple
mechanisms: encapsulation within the structure [71], adsorption
onto functionalized surfaces [21, 22, 24], or active fusion through
engineered channels [7, 34, 70, 140].

The design of nanostructure delivery systems has evolved in par-
allel with the increasing complexity of therapeutic cargoes from
small molecules (e.g., drugs [20, 141], fluorescent dyes [34, 62],
quantum dots [72], and nanoparticles [142]) to large biomole-
cules (e.g., proteins [71, 143], enzymes [7, 23], and nucleic acids
[6, 21, 43, 134]). This evolution has driven the development of
diverse structural architectures and material compositions that
are tailored to specific delivery requirements. The following sec-
tions examine key innovations in nanostructure design for intra-
cellular delivery, highlighting structural variations, advanced
functionalization strategies, and synergistic approaches that
can enhance therapeutic efficacy.

4.1.1 | Architectural Diversity in High-Aspect Ratio
Nanostructure Design

4.1.1.1 | Solid Nanostructure Platforms: Leveraging
Mechanical Penetration and Endocytosis. Solid high-
aspect-ratio structures, which utilize mechanical penetration
to bypass the plasma membrane and initiate localized endocyto-
sis at the cell–structure interface, are widely employed for intra-
cellular delivery. When these structures engage with cellular
membranes, they induce curvature-dependent deformation

and FA formation, activating endocytic pathways that facilitate
cargo internalization (Figure 6a) [47]. Various materials have
been explored for fabricating solid nanostructures, including
stainless steel [144], nickel [145], silicon [6, 22, 23], quartz
[17, 125], and polymers [8, 9, 47], with each offering distinct
advantages for specific applications.

Metallic nanostructures provide exceptional mechanical
strength, enabling reliable penetration of dense tissues [73].
However, their clinical translation has been constrained by
potential biocompatibility concerns, particularly for nickel-based
structures [74], along with their relatively high production costs
and fabrication complexity. Among the metallic materials, Au
has gained particular interest owing to its excellent biocompati-
bility and established use in microelectrode arrays (MEAs) for
electrophysiological applications [75, 76]. In addition to their
sensing capabilities, vertical Au nanostructures have demon-
strated substantial potential for controlled therapeutic delivery,
as exemplified by Kavaldzhiev et al., who developed Au micro-
needles capable of localized heating for controlled drug release
[77]. More recently, silicon [78–80] and polymer-based [47] ver-
tical needle arrays have been engineered to enhance intracellular
transport while providing improved mechanical compliance and
biocompatibility for sensitive cellular applications.

4.1.1.2 | Hollow Nanostructure Systems: Enabling Direct
Fluidic Delivery. Although solid nanostructures can effec-
tively facilitate endocytosis-mediated cargo uptake, hollow archi-
tectures offer complementary advantages by functioning as direct
conduits for fluidic cargo delivery. These sophisticated structures
feature an internal channel that enables precise infusion of ther-
apeutic agents directly into the intracellular environment
(Figure 6b) [38]. The hollow core serves as a protective pathway
for therapeutic solutions, which can be delivered through various
mechanisms, including passive diffusion [53], capillary action
[146], or pressure-driven flow [147]. This architectural design
can enable unprecedented control over dosage and release kinet-
ics, making hollow nanostructures particularly valuable for
applications requiring sustained therapeutic effects or precise
temporal control of delivery [148].

FIGURE 6 | Structural variations of high-aspect ratio nanostructure arrays utilized in drug delivery. (a) Solid-type polystyrene nanoneedles induce

membrane deformation in GPE86 cells, which activates endocytosis. Reproduced with permission [47]. Copyright 2021, Wiley. (b) Hollow silicon nano-

tubes effectively deliver Cy3-tagged chimeric antigen receptor (CAR) constructs to T cells. Reproduced with permission [38]. Copyright 2023, Elsevier

Ltd. (c) Porous silicon nanoneedles allow rapid cytosolic delivery and preserve HeLa cell morphology following nanoinjection. Reproduced with per-

mission [72]. Copyright 2015, American Chemical Society.
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4.1.1.3 | Porous Nanostructures: Maximizing Cargo
Capacity and Release Kinetics. Porous nanostructure
designs represent a sophisticated approach that leverages high
surface areas and interconnected void spaces to enhance both
the cargo-loading capacity and delivery efficiency. Chiappini
et al. demonstrated the remarkable potential of porous silicon
nanoneedles with precisely controlled 10–15 nm diameter pores,
which allowed efficient intracellular delivery of 6 nm quantum
dots (Figure 6c) [72]. Their systematic investigation compared
two distinct delivery configurations: nanoneedles-on-bottom
(nN-B) versus nanoneedles-on-top (nN-T). Notably, the nN-T
configuration significantly accelerated the delivery rate, achiev-
ing deeper interfacial penetration within 1min, which was com-
parable to the profile observed with the nN-B configuration after
8 h. These findings highlight the extraordinary potential of
porous nanoneedles for rapid and efficient therapeutic delivery,
with implications for clinical applications that require precise
temporal control of drug release.

4.1.2 | Advanced Strategies for Enhanced Therapeutic
Delivery

Although passive diffusion and simple mechanical penetration
can effectively deliver small molecules, delivery of macromolec-
ular therapeutics often requires additional strategies to overcome
the size- and charge-related barriers to intracellular transport. To
address this challenge, researchers have developed various col-
laborative approaches that combine vertical nanostructure plat-
forms with complementary technologies, including
electroporation [6, 7, 140], mechanical stimulation [23, 149],
and surface functionalization [21, 22, 24]. These strategies can
significantly enhance the delivery efficiency of complex thera-
peutics while maintaining high cell viability, making them
highly promising for clinical translation.

4.1.2.1 | Electroporation-Enhanced Nanostructure Systems:
Synergistic Membrane Disruption. Electroporation is a
well-established technique that employs electrical pulses to tem-
porarily disrupt membrane integrity and thereby enhance intra-
cellular drug delivery. When integrated with nanostructured
platforms, this approach uses highly localized electrical fields
that create transient membrane openings with minimal cell
damage. Importantly, vertically aligned nanostructures perform
dual functions in this context: they physically stabilize cells dur-
ing electroporation and extend the membrane resealing time,
allowing enhanced cargo entry while reducing the voltage
requirements in comparison with conventional electroporation
methods.

Liu et al. developed an integrated silicon-nanoneedle electropo-
ration system powered by a triboelectric nanogenerator (TENG)
[6]. In this platform, nanoneedles served as both electrodes and
physical stabilizers, ensuring precisely controlled membrane dis-
ruption and enhanced therapeutic entry. This system achieved
remarkable outcomes, showing 82% siRNA delivery efficiency
while maintaining 94% cell viability and performance metrics
that substantially exceeded those of conventional transfection
methods. In a complementary investigation, Liu et al.. engi-
neered a hollow nanoneedle array (HNA)-electroporation plat-
form designed for delivery of Cas9/sgRNA ribonucleoprotein
(RNP) complexes directly in the nucleus (Figure 7a) [7]. The stra-
tegic positioning of nanoneedles, which bridged the plasma

membrane and nuclear envelope, enabled highly efficient gene
editing with minimal electrical input, demonstrating the poten-
tial of this method for precisely targeted genomic modifications.

The integration of electroporation with nanostructured platforms
offers major advantages over conventional electroporation
approaches, most notably the substantial reduction in the
required voltage [138]. This reduction minimizes cellular damage
and facilitates the intracellular transport of macromolecular pro-
teins [25, 139], establishing nanoneedle-based electroporation as
a promising platform for transferring complex biologics with
high precision and reduced cytotoxicity.

4.1.2.2 | Vibration-Assisted Delivery: Mechanical
Enhancement of Membrane Permeability. In addition to
electroporation, mechanical stimulation strategies have also been
developed to enhance vertical nanostructure-mediated delivery
without chemical or electrical intervention [149]. Li et al.. intro-
duced a vibration-assisted nanoneedle/microfluidic system that
achieved efficient delivery of Cas9/RNP complexes solely
through controlled mechanical forces (Figure 7b) [23]. This strat-
egy minimized cellular stress while creating optimally sized
membrane pores for macromolecular transport, offering a mini-
mally invasive alternative to conventional transfection methods
for sensitive cell types and clinical applications.

4.1.2.3 | Surface-Engineered Nanostructures: Stimuli-
Responsive Therapeutic Release. Surface functionalization
is a strategy for enhancing the loading capacity, targeting speci-
ficity, and controlled release of therapeutics from nanostructured
platforms. By incorporating stimuli-responsive elements,
researchers have developed ‘smart’ vertical nanostructures that
respond to the intracellular environment, ensuring precise tem-
poral and spatial control over therapeutic release while minimiz-
ing off-target effects.

Redox-responsive surface modifications are another promising
approach for controlled intracellular delivery. Liu et al. function-
alized silicon nanowires with polyethylenimine (PEI) linked to
N, N 0-cystamine-bis-acrylamide (CBA), a biodegradable cationic
polymer containing disulfide bonds [22]. After cellular internali-
zation, elevated cytoplasmic glutathione (GSH) levels trigger
disulfide bond cleavage, leading to the controlled release of
DNA cargo. This environment-specific release mechanism signif-
icantly enhanced intracellular gene delivery while reducing the
cytotoxicity typically associated with conventional PEI delivery
systems [150, 151]. Expanding on this concept, Hachim et al.
employed layer-by-layer (LbL) self-assembly to create ultrathin
polymer coatings on nanoneedles (Figure 7c) [21]. Their compar-
ative analysis revealed that surface-modified nanostructures sig-
nificantly outperformed their unmodified counterparts in terms
of plasmid DNA and delivery efficiency.

pH-responsive systems take advantage of the intrinsic pH gra-
dients across the extracellular space, endo/lysosomal compart-
ments, and pathological tissues such as tumors or inflamed
regions [152]. For example, porous polymer–coated microneedles
incorporating acid-sensitive components have been shown to
remain stable under physiological pH conditions while undergo-
ing rapid structural disruption and drug release in acidic micro-
environments [153]. This selective activation enhances the
therapeutic index by concentrating drug release at disease sites
while minimizing systemic exposure.
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Enzyme-responsive nanoneedle platforms can further refine bio-
logical selectivity by exploiting disease- or tissue-associated enzy-
matic activities. Functionalization with enzyme-cleavable
peptides or prodrug motifs can enable nanostructures to undergo
controlled activation or degradation in response to local enzy-
matic cues, allowing site-specific therapeutic release while

minimizing off-target effects. For example, enzyme-responsive
peptide–prodrug–integrated microneedle patches have been
developed to achieve efficient transdermal delivery, wherein
esterase-mediated cleavage selectively activates the therapeutic
payload and significantly enhances in vivo efficacy in compari-
son with conventional oral administration [154].

FIGURE 7 | Various approaches combining nanostructure platforms with complementary technologies. (a) (i) Schematic illustration of intranuclear

molecular delivery via the HNA combined with electrical poration (EP). (ii) Electric potential and electric field distribution in the presence of HNA

revealed strong electric field aggregation at the HNA tips interacting with cells. (iii) Live/dead staining of bone marrow-derived dendritic cells (BMDCs)

showed >98% viability. (iv) Significant Programmed death ligand 1 (PD-L1) downregulation was observed only in Cas9/sgRNA-delivered groups, con-

firming effective knockout. Reproduced with permission [7]. Copyright 2024, Wiley. (b) (i) Photograph and schematic design of vibration-assisted nano-

needle/microfluidic platform for intracellular delivery. (ii) Bright field (BF) and dark field (DF) images of NK-92 cells before and after intracellular

delivery of Cas9/GFP RNPs. Reproduced with permission [23]. Copyright 2022, American Chemical Society. (c) (i) Schematic of the polysaccharide-

polyplex nanofilm coating procedure on silicon nanoneedles using an LbL assembly. (ii) Polyplex formation between pDNA and pABOL in a mass ratio

1:45. (iii) Quantification of GFP expression based on image analysis, indicating enhanced transfection efficiency in the nanoneedle group coated with

4-polyplex nanofilms compared to the control group. Reproduced with permission [21]. Copyright 2022, Wiley.
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In contrast to endogenous stimuli, light-responsive nanoneedle-
based delivery strategies enable externally programmable control
over therapeutic activation with high spatial and temporal pre-
cision. By integrating photoresponsive or photothermal compo-
nents, these systems allow on-demand drug release upon light
irradiation. Hybrid hydrogel-based transdermal patches incorpo-
rating photothermal nanoparticles have demonstrated visible-
light-triggered volume changes that enable localized and on-
demand drug release, illustrating the potential of optical control
for precise transdermal delivery [155]. Milos et al. developed
poly(3-hexylthiophene) (P3HT) micropillar arrays with intrinsic
photosensitivity, and visible-light illumination generated local-
ized electrical stimuli that enhanced neurite extension and
guided neuronal alignment [89].

Collectively, these diverse stimulus-responsive strategies allow
environment-specific or on-demand therapeutic activation,
thereby expanding the functional versatility of nanoneedle-based
delivery systems across diverse biomedical applications. The
selection of an appropriate triggering mechanism depends on
disease-specific characteristics (pH, enzyme expression, and tem-
perature), accessibility to external stimuli (light and magnetic
fields), and desired release kinetics (sustained vs. pulsatile). In
this regard, combinations of multiple stimuli, such as pH-respon-
sive polymers with redox-sensitive linkers, are being increasingly
explored to achieve sequential, multistage release profiles that
mimic complex biological processes and optimize therapeutic
outcomes.

4.2 | Translating High-Aspect-Ratio
Nanostructure Technologies to In Vivo
Applications

Although in vitro delivery systems have established the funda-
mental capabilities of nanostructured platforms, translation of
these platforms to in vivo applications represents a critical mile-
stone in clinical implementation. As discussed in Section 2.4,
material selection for in vivo applications depends critically on
balancing mechanical performance, biocompatibility, degrada-
tion behavior, and manufacturing scalability. Silicon and biode-
gradable polymers have emerged as the two most clinically
advanced platforms—silicon offers nanoscale precision and con-
trolled degradation and polymers provide FDA-approved
biocompatibility and scalable manufacturing—making them
the primary focus of current translational efforts.

This section examines the recent advances in translating nano-
structure technologies into in vivo applications. These advances
are organized by disease categories to highlight their clinical
potential across diverse medical contexts. Each subsection inte-
grates examples from both silicon and polymeric platforms,
explicitly noting how material selection responds to application-
specific requirements.

Beyond structural and material design, nanostructure-mediated
delivery fundamentally alters drug pharmacokinetics and bio-
availability in comparison with conventional routes. By bypass-
ing biological barriers, including the stratum corneum for
transdermal delivery and first-pass hepatic metabolism for sys-
temic therapeutics, these platforms can achieve superior bioavail-
ability with reduced interpatient variability [156]. The controlled
degradation kinetics and matrix-mediated diffusion afforded by

these systems can enable sustained therapeutic release, extend-
ing dosing intervals from hours to weeks or months while main-
taining plasma concentrations within therapeutic windows. For
tissue-targeted applications, localized delivery can achieve high
local drug concentrations while minimizing systemic exposure
and off-target toxicity and is particularly valuable for therapeu-
tics with narrow therapeutic indices. These pharmacokinetic
advantages—enhanced bioavailability, sustained release,
reduced variability, and localized delivery—translate directly
into improved patient compliance, predictable therapeutic
responses, and enhanced safety profiles, as demonstrated in
the disease-specific applications discussed below.

4.2.1 | Ocular Diseases and Vision-Threatening
Conditions

Ocular drug delivery presents unique challenges owing to ana-
tomical barriers, including the cornea, the blood-retinal barrier,
and rapid tear turnover, which limit therapeutic bioavailability.
High-aspect-ratio nanostructures have emerged as promising
platforms for sustained intraocular drug delivery with minimal
invasiveness.

A primary concern regarding the use of silicon-based high-
aspect-ratio nanostructures is their long-term biocompatibility
with living tissues. To address this challenge, researchers have
developed biodegradable silicon nanostructures with high
aspect ratios using precisely engineered porous architectures
[72]. These nanoneedles facilitate efficient nanoparticle deliv-
ery and undergo controlled degradation in physiological envi-
ronments, thereby eliminating the need for surgical retrieval
and reducing the risk of chronic foreign body reactions [19].
Despite these advances, the inherent rigidity and brittleness
of silicon nanostructures present ongoing challenges for
in vivo applications, particularly in terms of the risk of mechan-
ical failure during tissue penetration. In addition, the optical
opacity of silicon limits its utility in applications that require
real-time imaging or light-controlled therapeutic release. To
overcome these limitations, researchers have developed alterna-
tive strategies that can enhance the adaptability of these nano-
structures to biological tissues while maintaining their
controlled release profiles.

Various transfer techniques have been developed to seamlessly
integrate silicon-based vertical nanostructures onto soft, bio-
compatible substrates, enhancing their mechanical compli-
ance, optical transparency, and conformability to complex
tissue geometries. Kim et al. pioneered this approach by fabri-
cating silicon nanoneedles on PDMS substrates and leveraging
the controlled swelling properties of this elastomer [62]. By
introducing strategic undercuts through potassium hydroxide
etching, they successfully transferred nanostructure arrays
onto flexible substrates. This method enabled the uniform dis-
tribution of nanoneedles across curved PDMS surfaces, signifi-
cantly enhancing the efficacy for transdermal therapeutic
delivery.

Park et al. further expanded this concept by integrating silicon
nanoneedles into polyvinyl alcohol (PVA) contact lenses for sus-
tained ocular drug delivery over several months [20]. The biode-
gradability of the substrate and nanoneedles eliminated the need
for surgical removal, whereas the biphasic release profile (initial
burst followed by sustained diffusion over 55 days) provided
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continuous therapeutic levels without the plasma concentration
fluctuations associated with repeated intravitreal injections.

Wang et al. proposed the integration of silicon nanoneedles into
diverse medical devices, including hydrogels, catheter tubes, and
contact lenses, for efficient nucleic acid delivery to cells and tis-
sues (Figure 8) [43]. Their investigation employed three distinct
etching methods, MACE, RIE, and ECE, to precisely control the
nanostructure dimensions and surface porosity. Notably, by
reducing the thickness of the support layers to nearly 0 nm after
transfer, these nanoneedles achieved a significantly higher trans-
fection efficiency than conventional lipofectamine-mediated
delivery systems. When incorporated into a commercial bandage,
these nanoneedles adhered securely to the skin and adapted to its
dynamic movements. This facilitated uniform nucleic acid deliv-
ery across curved skin regions in a live mouse model.

These platforms address critical unmet needs in ophthalmology,
where patient compliance with frequent intravitreal injections
(often monthly) remains challenging. By extending dosing inter-
vals to 3–6 months through sustained-release kinetics and
achieving bioavailability comparable to that of direct injection
while eliminating the administration burden, sustained-release
nanostructure systems could potentially extend dosing intervals

to 3–6 months, dramatically improving treatment adherence and
patient quality of life.

4.2.2 | Wound Healing and Tissue Regeneration

Chronic wounds, particularly in patients with diabetes, represent
a major healthcare burden affecting >6.5 million patients in the
US alone. Polymeric high-aspect-ratio microstructures have
shown promise in addressing complex wound-healing challenges
through multifunctional therapeutic delivery. Polymeric struc-
tures offer tunable mechanical properties, enhanced biocompati-
bility, and controlled biodegradability, enabling minimally
invasive and precise regulation of drug administration [157].
Although typically limited to microscale dimensions, the care-
fully engineered designs of these structures ensure minimal dis-
comfort and tissue disruption while maintaining effective
therapeutic delivery.

The mechanical properties of polymeric microstructures repre-
sent a critical design consideration, since these structures must
possess sufficient strength to penetrate biological barriers while
maintaining their biodegradability and flexibility. For successful
skin penetration without structural failure, high-aspect-ratio
polymeric microstructures generally require a minimum

FIGURE 8 | Various silicon nanostructure platforms integrated into flexible and transparent substrates for in vivo applications. (a) Schematic of the

porous silicon (pSi) nanoneedle fabrication process. (b) SEM images showing the process of nanoneedle transfer on PDMS. (c) Various silicon nano-

needles are integrated with medical devices, such as biodegradable gelatin, hydrogel contact lenses, wound bandages, sharp, convex structures, and PLA

film (from left to right). (d) Images of a nanoneedle-integrated bandage conforming to mouse skin for in vivo nanoinjection, in contrast to a rigid chip

detaching under skin motion. (e) Near-infrared live imaging revealed uniform and enhanced delivery of fluorescently labeled plasmid through nano-

needles integrated in a flexible patch. Reproduced with permission [43]. Copyright 2024, American Chemical Society.
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mechanical strength of approximately 0.1 N per structure [11], a
threshold that guides material selection and structural
engineering.

Zhang et al. developed core–shell microneedles featuring a PVA
outer shell loaded with verteporfin (VP) and an inner core of
cross-linked heparin (Figure 9) [9]. When applied to wound sites,
these multifunctional structures simultaneously inhibited bacte-
rial biofilm formation while releasing VP to block Engrailed-1
(En1) activation. Additionally, the cytokines released from infil-
trating macrophages interacted with the exposed heparin core,
neutralizing inflammatory mediators and facilitating the transi-
tion from the inflammatory phase to the proliferative healing
phase. In vivo studies using bacteria-infected diabetic mouse
models demonstrated significantly accelerated wound healing,
confirming the therapeutic efficacy of these bioresponsive micro-
needle systems.

Nature-inspired designs have increasingly shaped the development
of advanced microstructures. Zhu et al.. created a microneedle
patch inspired by the blue-ringed octopus, which was specifically
designed to adhere to target tissues, penetrate biological barriers,
and deliver therapeutic agents with temporal precision [8]. This
patch incorporated thermosensitive PNIPAm for temperature-
responsive drug release, which was surrounded by tannic acid-
functionalized suction cups that provided robust adhesion to the
mucosal surfaces. Evaluation of this patch in a mouse melanoma
model demonstrated sustained tumor suppression through local-
ized drug administration, highlighting the potential of biomimetic
approaches to enhance therapeutic outcomes.

Using a similar biomimetic strategy, researchers developed
heparin-based hydrogel-embedded polycaprolactone (PCL) verti-
cal microstructures inspired by coral reef architectures [53].
Upon insertion into the wound site, the hydrogel matrix selectively
adsorbed inflammatory proteins while undergoing pH-responsive
color changes owing to the incorporated phenol red indicator,
transitioning from red in alkaline environments to yellow in acidic

conditions. This visual indicator allowed real-time infection mon-
itoring while simultaneously modulating antibiotic-release kinet-
ics, enhancing local drug concentrations in infected (acidic)
regions, minimizing systemic absorption, and reducing off-target
antibiotic exposure, which is a critical advantage for preventing
systemic side effects and antibiotic resistance.

4.2.3 | Cancer Therapy and Tumor Targeting

Conventional cancer therapies face several challenges, including
poor tumor penetration, systemic toxicity, and inadequate
immune responses. High-aspect-ratio nanostructures enable
localized, sustained delivery of therapeutics with reduced sys-
temic exposure. Zhou et al. engineered ice-templated polystyrene
microneedles with multiple open grooves to facilitate cellular
transport and retention [12]. These microneedles were incorpo-
rated into adoptive T cell therapy (ACT) protocols, an immuno-
therapeutic approach involving the transplantation of T cells
engineered to express tumor-specific receptors, including the T
cell receptor (TCR) or chimeric antigen receptor (CAR). To fur-
ther enhance therapeutic efficacy, the microneedles were func-
tionalized with the chemokine CCL22, which selectively
recruits regulatory T cells (Tregs), an immunosuppressive cell
population, away from the tumor microenvironment. This stra-
tegic immunomodulation significantly enhanced antitumor
responses in a mouse melanoma model, dramatically extending
survival time. Thus, while untreated control animals succumbed
to tumor progression within 3 weeks, those receiving
microneedle-based immunotherapy survived for up to 7 weeks,
demonstrating the remarkable potential of the integrated micro-
needle platform for advanced cancer treatment. This localized
cellular-delivery approach achieved therapeutic cell densities
at tumor sites that are unattainable through intravenous infu-
sion, while minimizing the systemic immunosuppression and
cytokine release syndrome associated with systemic CAR-T
administration.

FIGURE 9 | Polymeric microstructures for in vivo applications. (a) Schematic of the programmed-function microneedle (PF-MN) designed for step-

wise action: (1) bacterial inhibition, (2) En1 inactivation, (3) immunoregulation, (4) tissue recovery. (b) Representative photographs of wound sites on

rabbit ears after various treatments at designated time points. Both blank PF-MN (bPF-MN) and PF-MN-treated groups exhibited enhanced wound

closure. Reproduced with permission [9]. Copyright 2023, Springer Nature.
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The convergence of high-aspect-ratio nanostructures and micro-
structural technologies with advanced therapeutic modalities
continues to expand the frontiers of precision medicine. By
enabling targeted delivery of diverse therapeutic agents ranging
from small molecules and biologics to cellular therapies, these
platforms address the fundamental challenges in medical inter-
ventions while minimizing off-target effects. As these technolo-
gies advance toward clinical implementation, they promise to
transform therapeutic approaches across multiple disease
domains, offering new possibilities for personalized and mini-
mally invasive treatment strategies.

4.2.4 | Metabolic Disorders and Contraception

Long-acting drug delivery for chronic disease management
represents a major opportunity for high-aspect-ratio micro-
structural platforms, particularly for conditions requiring
sustained therapeutic levels. Li et al.. demonstrated the clinical
potential of this approach by developing biodegradable micro-
needles based on PLA and PLGA for transdermal contraceptive
delivery [13]. Their design incorporated air-bubble structures
that facilitated controlled needle fracture upon insertion,
thereby ensuring sustained drug release. These engineered
microneedles demonstrated compressive strength exceeding
0.15 N per needle, confirming their capacity for reliable skin
penetration. Clinical evaluations showed that 90% of the
human participants preferred monthly microneedle patches
over daily oral contraceptive pills, highlighting their transla-
tional potential for improving patient compliance and self-
administration [14].

4.2.5 | Musculoskeletal Disorders

Delivery to mechanically demanding tissues such as interver-
tebral discs presents unique challenges that require careful
matching of material properties. Thread-structured micronee-
dles have been developed for intervertebral disc repair [158]
and are designed to adhere to the mechanically robust surface
of the annulus fibrosus (AF) and enhance localized therapeutic
delivery. By carefully matching the mechanical properties of
the AF surface, these microneedles achieved superior adhesion
and expanded the effective drug-release area, significantly
improving therapeutic outcomes. In vivo evaluations using a
rat model of intervertebral disc degeneration demonstrated
that exosome-loaded thread-structured microneedles promoted
AF repair by restoring mitophagy balance and maintaining
extracellular matrix homeostasis. Furthermore, the micronee-
dle system prevented nuclear pulposus extrusion, significantly
reducing the risk of progressive disc degeneration. This dem-
onstrated the pharmacokinetic advantages of direct tissue-
targeted delivery for orthopedic applications.

The diverse in vivo applications discussed above highlight
how structural dimensions, particularly needle length,
critically determine the penetration depth, accessible biological
targets, and suitable therapeutic contexts. To provide a system-
atic framework for matching device design to clinical require-
ments, Table 4 summarizes the relationship between the
nano- and microneedle length scales and their biomedical
applicability. T
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5 | High-Aspect-Ratio Nanostructures for
Advanced Diagnostics

The exceptional capabilities of high-aspect-ratio nanostructure
technologies extend beyond therapeutic applications to the rap-
idly evolving field of biomedical diagnostics. These sophisticated
structures can establish precise, minimally invasive interfaces
with biological systems, enabling access to cellular- and tissue-
level biomarkers [159]. Their unique nanoscale geometry can
facilitate enhanced biomolecular interactions, efficient sample
acquisition, and high-fidelity signal transduction, collectively
transforming their diagnostic capabilities [160]. This section
reviews the recent advances in nanostructure-based diagnostic
platforms across two complementary domains: intracellular sens-
ing systems that provide direct access to the cytoplasmic environ-
ment (Section 5.1) and tissue-integrated or wearable sensing
platforms that enable continuous monitoring in dynamic physi-
ological settings (Section 5.2).

5.1 | Intracellular Sensing: Precision Bioanalysis
in Living Cells

High-aspect-ratio nanostructure platforms offer unparalleled
access to the intracellular environment, enabling direct and min-
imally invasive monitoring of biomolecules within living cells.
This unique capability allows dynamic measurement of intracel-
lular ions, metabolites, and proteins with single-cell resolution
[161]. Vertically aligned nanostructure arrays can penetrate cell
membranes while preserving cellular viability, making them par-
ticularly valuable for longitudinal studies of cellular processes
[5, 45, 61].

Recent studies have significantly expanded the capabilities of
nanostructure-based intracellular sensing platforms. In one com-
pelling example, Chiappini et al. developed porous silicon-
nanoneedle biosensors to map the activity of intracellular cathep-
sin B (CTSB), a protease frequently overexpressed in malignant
tumors. This system utilized TAMRA-labeled peptide substrates
that are specifically cleaved by CTSB, allowing direct cytosolic
sensing through fluorescence signal generation upon enzymatic
cleavage (Figure 10a) [162]. When deployed in cultured cell mod-
els and human esophageal tissue samples, these nanoneedles
demonstrated a remarkable capability to discriminate cancerous
(CTSB-positive) cells from their noncancerous counterparts with
a spatial resolution approaching single-cell precision. Thus, this
platform enabled spatially resolved fluorescence detection with
exceptional cellular specificity, highlighting its potential to dis-
tinguish malignant and nonmalignant cells in both research
and clinical contexts.

Another advancement was demonstrated by Park et al., who
introduced a transparent intracellular sensing platform combin-
ing vertically aligned silicon nanoneedles with a percolated Au–
Ag nanowire network on an elastomeric substrate (Figure 10b)
[163]. This device enabled simultaneous intracellular electrical
recording and live-cell imaging using conventional inverted
and confocal microscopy, which was previously unachievable.
The platform demonstrated exceptional stability and maintained
low-impedance performance for over 28 days, preserving cell via-
bility with optical transparency. In proof-of-concept studies, this
technology could successfully monitor action potentials and cal-
cium flux in cardiomyocytes and 3D engineered cardiovascular

tissues under pharmacological treatment conditions, highlight-
ing its substantial potential for real-time physiological and phar-
macological monitoring at the intracellular level.

A significant breakthrough in intracellular sensing was achieved
by integrating nanoneedles with the clustered regularly inter-
spaced short palindromic repeat (CRISPR) system and its associ-
ated proteins (Cas). Kim et al. developed nanoCRISPR, a
CRISPR/Cas-assisted nanoneedle sensor that enables precise
intracellular detection of adenosine triphosphate (ATP)
(Figure 10c) [24]. This platform employs a two-stage detection
process: initially, an aptamer-locked Cas12a activator is delivered
intracellularly via nanoneedles; upon ATP binding, the activator
undergoes a conformational change and becomes unlocked.
Subsequently, the nanoneedles are extracted and exposed to a
Cas12a detection system, which generates a fluorescence signal
through collateral single-stranded DNA cleavage, enabling pre-
cise quantification of intracellular ATP. The nanoCRISPR system
demonstrated high specificity with a detection limit of 246 nM
while maintaining cellular viability and successfully discrimi-
nated among live, stressed, and dead cells in culture. This tech-
nology offers a way to combine the unique intracellular access
provided by nanoneedles with the powerful signal-amplification
capabilities of CRISPR/Cas systems to create minimally invasive
yet highly sensitive approaches for intracellular molecular
sensing.

In addition to these optical and molecular approaches, Abbott
et al.. successfully integrated nanoneedles with complementary
metal–oxide–semiconductor (CMOS) technology to develop
nanoelectrode arrays for all-electrical intracellular electrophysi-
ological imaging [164]. This platform can perform simultaneous
intracellular recording across thousands of cells with high tem-
poral and spatial resolutions. Moreover, the integration of nano-
scale vertical electrodes into a CMOS architecture enhances
signal sensitivity. This combination can facilitate scalable
manufacturing of large-area diagnostic platforms, potentially
transforming high-throughput cellular analysis for research
and clinical applications.

These advancements highlight the remarkable potential of nano-
needle platforms for intracellular sensing beyond conventional
static, single-point measurements. Their compatibility with mul-
tiple optical, electrochemical, and molecular signal transduction
modalities, combined with minimal invasiveness, makes nano-
needles suitable for long-term, high-resolution monitoring of
dynamic cellular processes across diverse biological contexts.

5.2 | Tissue-Integrated and Wearable Sensing
Platforms

Beyond cellular diagnostics, high-aspect-ratio nanostructure-
based systems have also been engineered into conformable, wear-
able, and implantable devices for real-time physiological
monitoring of tissues and whole organisms. These platforms
exploit the capacity of nanostructures to access the interstitial
fluid or tissue microenvironments with minimal discomfort,
allowing continuous biosensing in dynamic settings for extended
periods. The integration of nanostructure technologies with flex-
ible electronics, microfluidics, and wireless communication sys-
tems has opened new possibilities for decentralized healthcare
monitoring and personalized diagnostics.
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Conformable micro- and nanostructured sensor platforms have
demonstrated excellent performance in localized sensing of
pathophysiological signals [165, 166]. Lee et al. presented a rep-
resentative example employing siloxane-based conformable
microneedles functionalized with polyaniline to enable electro-
chemical pH sensing for mapping peripheral artery disease
(Figure 11a) [167]. The integration of dual siloxane polymers pro-
vided intimate skin adhesion and mechanical flexibility, enhanc-

ing the fidelity of signal transduction at the skin–sensor interface.
This system measured the open-circuit potential between the
conductive polymer-modified working electrode and a solid-state
Ag/AgCl reference electrode, allowing highly sensitive detection
of local acidosis. Polyaniline, which is known for its high proton
sensitivity and redox activity, served as a built-in signal amplifier
that translated minute pH fluctuations into measurable voltage
shifts to reflect the underlying pathophysiological changes.

FIGURE 10 | Intracellular diagnostic applications of high-aspect-ratio nanostructures. (a) Porous silicon nanoneedles functionalized for intracellular

CTSB sensing, which allow spatially resolved cancer diagnostics in human esophageal tissue. Reproduced with permission [162]. Copyright 2015, Wiley.

(b) Transparent vertical silicon nanoneedles coupled with gold–silver nanowire networks for simultaneous live-cell imaging and intracellular potential

recording. Reproduced with permission [163]. Copyright 2023, American Chemical Society. (c) A nanoCRISPR platform utilizing Cas12a-assisted nano-

needles for quantitative detection of ATP in living cells with high specificity. Reproduced with permission [24]. Copyright 2023, American Chemical Society.
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Another emerging development is a wearable microneedle sen-
sor platform for continuous monitoring of levodopa (L-Dopa),
the primary therapeutic agent for Parkinson disease, as dem-
onstrated by Goud et al. (Figure 11b) [168]. This dual-mode
microneedle array incorporates enzymatic and nonenzymatic
detection modalities into separate microneedles within a single
patch, allowing orthogonal electrochemical analysis through
square-wave voltammetry and chronoamperometry. This
built-in redundancy improves the specificity and robustness
for detecting L-Dopa concentrations in the interstitial fluid.
The device has demonstrated high sensitivity and stability over
prolonged use and maintained selectivity even in the presence
of biological interferents. Its functionality has been validated in
skin-mimicking phantom gels and ex vivo mouse skin. This
supports its translational potential for real-time, on-body
pharmacokinetic monitoring to optimize Parkinson’s treat-
ment regimens.

The diagnostic capabilities of needle-based technologies were
further enhanced by Yu et al., who developed an ultrathin pie-
zoelectric microsystem that guides tissue targeting during biopsy
by measuring local tissue stiffness [170]. This device integrated
lead zirconate titanate (PZT) actuators and sensors onto a flexible
polyimide substrate or conventional biopsy needles. The
mechanical deformation induced by an applied voltage generates
strain-dependent sensor voltages that quantitatively correlate
with the tissue modulus upon insertion into the tissue. With a

high spatial resolution, this modulus-based sensing allows pre-
cise discrimination between healthy and diseased tissues, includ-
ing cancerous lesions. This approach offers real-time, mechanical
property-based biopsy guidance that could substantially improve
diagnostic accuracy while reducing the need for repeat
procedures.

Microfluidic integration with microneedles is another major
advancement in diagnostic capabilities. Xiao et al. developed a
novel microfluidic-based plasmonic biosensor for ultrasensitive
monitoring of uric acid in interstitial fluid (Figure 11c) [169].
This system integrated three key components: a hollow micro-
needle patch for fluid extraction, a flexible microfluidic chip
for sample transport, and a 3D nanogold surface-enhanced
Raman scattering (SERS) substrate for molecular detection.
The sensor extracts subcutaneous fluid using capillary action
and a manually operated suction mechanism. It routes this fluid
to the sensing chamber, where uric acid is detected label-free
with a remarkable detection limit of 0.51 μM. The SERS-based
sensing approach exhibited exceptional selectivity and stability
against a wide range of interfering biomolecules and environ-
mental conditions. Moreover, the sensor showed reproducible
uric acid detection in various skin models, including ex vivo por-
cine skin, and excellent agreement with commercial uric acid
assay kits. These results highlight the clinical potential of such
systems for personalized health monitoring and early screening
for conditions such as gout and kidney dysfunction.

FIGURE 11 | Wearable nanostructure diagnostics for continuous health monitoring. (a) Conformable microneedle pH sensors fabricated with dual

siloxane polymers for skin-adhesive, high-resolution mapping of ischemic tissues. Reproduced with permission [167]. Copyright 2021, Published by

American Association for the Advancement of Science. (b) A dual-mode microneedle patch combining enzymatic and nonenzymatic electrochemical

sensing for real-time L-Dopa monitoring in patients with Parkinson disease. Reproduced with permission [168]. Copyright 2019, American Chemical

Society. (c) Needle-shaped ultrathin piezoelectric microsystem for real-time mechanical sensing during tissue insertion and precise discrimination

between soft and stiff tissue regions. Reproduced with permission [169]. Copyright 2023, Elsevier B.V.
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These examples illustrate the evolution of nanoneedle-based
diagnostic platforms into multifunctional interfaces that effec-
tively bridge the gap between soft, dynamic biological systems
and high-resolution, real-time analytical technologies. Their con-
tinued integration with advanced materials, flexible electronics,
microfluidics, and wireless communication networks offers the
potential for personalized and decentralized healthcare monitor-
ing across diverse clinical applications.

6 | Future Challenges and Prospects

The remarkable evolution of high-aspect-ratio nanostructure
technologies over the past two decades represents a paradigm
shift in biomedical device design, transforming these architec-
tures from proof-of-concept platforms into sophisticated tools
with direct applications in cell biology, therapeutic delivery,
and precision diagnostics. Through advances in bottom-up,
top-down, and integrative fabrication strategies, researchers have
achieved unprecedented control over nanostructure geometry,
mechanical properties, and surface functionalization, establish-
ing a technological foundation for diverse applications ranging
from cell mechanotransduction studies to real-time continuous
biosensing.

6.1 | Emerging Opportunities and Clinical
Potentials

High-aspect-ratio nanostructure technologies are rapidly advanc-
ing toward the development of next-generation biomedical
devices, particularly for diagnostic [171, 172] and therapeutic-
delivery applications [13, 14, 173]. Their distinctive structural
characteristics, namely, micro- to nanoscale ultra-sharp tips and
high aspect ratios, enable localized and minimally invasive tissue
interactions that fundamentally differ from conventional milli-
meter-scale hypodermic needles. This difference offers a virtually
pain-free alternative that supports patient self-administration
and improves treatment compliance, thereby addressing one of
the most important barriers to effective healthcare delivery.

The scope for continuous, noninvasive monitoring is perhaps the
most noteworthy aspect of high-aspect-ratio nanostructured
platforms. These devices can detect a wide range of physiological
biomarkers, including pH fluctuations [72], nucleotide concen-
trations [24], and glucose levels [165, 174], allowing real-time
health monitoring with high temporal resolution. In many
implementations, mechanically robust substrates such as silicon
provide the structural integrity necessary for reliable signal
acquisition under physical stress, facilitating dependable sensing
even under dynamic conditions or manual application. These
features can expand the utility of these platforms across both
clinical and self-monitoring contexts.

The development of biodegradable silicon nanostructures with
porous architectures [20, 43] and microstructures fabricated from
soft, biodegradable polymers [8, 9] has opened new pathways for
therapeutic applications. These advanced materials enable tran-
sient tissue interfacing followed by complete biological degrada-
tion over weeks to months, eliminating the need for device
retrieval and mitigating the risks associated with permanent for-
eign body implantation. By precisely modulating the chemical

composition of the materials and incorporating customized
therapeutic payloads, these platforms can be engineered for
controlled, patient-specific release profiles that advance person-
alized medicine strategies.

6.2 | Challenges and Technological Barriers

Despite their remarkable potential, several challenges have to be
addressed to fully realize the clinical transformation promised by
nanostructured technologies. This section examines the critical
barriers across manufacturing, regulatory approval, clinical
translation, and commercial implementation that must be over-
come for widespread clinical adoption.

6.2.1 | Scalable Manufacturing and Production
Challenges

For economic viability and widespread clinical adoption, nano-
structure technologies must be produced on an industrial scale
with exceptional reliability, uniformity, and cost-effectiveness.
Silicon-based platforms, while offering precise dimensional con-
trol through established semiconductor fabrication methods,
show substantial cost barriers owing to their cleanroom require-
ments and multistep lithographic processes. To achieve commer-
cial competitiveness with the existing delivery systems,
production costs must be reduced to <$1 per device for single-
use applications [175, 176].

Polymeric platforms offer more promising pathways for high-
volume manufacturing through techniques such as roll-to-roll
nanoimprinting and injection molding, with a demonstrated
throughput exceeding 10 000 units/h [159]. However, maintaining
dimensional uniformity across large substrate areas remains chal-
lenging, with typical variations of 5%–15% in needle height and
diameter potentially affecting the penetration efficiency and dos-
ing accuracy [177]. In this regard, integration of real-time quality
control systems and advanced process monitoring is essential for
ensuring consistent product performance at the industrial scale.

Device miniaturization and integration represent some of the
most important challenges. Although recent studies have demon-
strated nanostructure-integrated biosensors and drug-delivery
systems in compact formats, such as smartphone-interfacing
diagnostic patches and wearable monitoring devices [178], many
implementations remain bulky or depend on external hardware.
These limitations substantially constrain the portability and
seamless integration of these platforms into daily life, hindering
the transition from laboratory demonstrations to widespread
clinical adoption.

6.2.2 | Regulatory Framework and Approval Pathways

The regulatory landscape for high-aspect-ratio nanostructure
devices presents unique challenges owing to their combination
of drug-delivery, medical-device, and potential combination-
product characteristics. In the United States, microneedle-based
products may fall under FDA jurisdiction as either Class II med-
ical devices (requiring 510(k) premarket notifications) or Class
III devices (requiring premarket approval), depending on their
intended use and risk profile [179].

For drug-device combination products, regulatory approval
requires a comprehensive demonstration of both device
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performance and drug stability, bioavailability, and pharmacoki-
netics. Key regulatory considerations include (1) biocompatibility
testing according to ISO 10993 standards, (2) demonstration of
sterility and stability over product shelf life, (3) validation of con-
sistent drug-release profiles across manufacturing lots, and (4)
establishment of appropriate clinical endpoints [180]. The
extended approval timeline—typically 3–7 years for novel
devices—necessitates early engagement with regulatory agencies
to establish appropriate testing frameworks and expediate devel-
opment pathways [181].

6.2.3 | Clinical Translation Barriers

The translation from preclinical studies to human clinical trials
faces several critical barriers. First, most of the published studies
focused on in vitro demonstrations or acute animal studies, with
limited data on long-term biocompatibility, chronic tissue
responses, and clinical outcomes in humans. Second, scaling
from small animal models to human applications often reveals
unexpected challenges due to differences in skin thickness
(human vs. mouse stratum corneum: 10–20 vs. 5–10 μm) and
mechanical properties, which affect penetration efficiency and
drug-delivery kinetics [182].

Long-term biocompatibility and in vivo stability present funda-
mental design trade-offs. Biodegradable silicon nanostructures,
while engineered to degrade through controlled porosity, lack
comprehensive long-term safety data on the degradation prod-
ucts, which are required for regulatory approval in many appli-
cations. Conversely, polymer-based platforms offer superior
biocompatibility and predictable degradation pathways through
FDA-approved materials (PLA and PLGA) [82, 83], but may
show inadequate mechanical stability during extended implanta-
tion periods. This creates a critical consideration: biodegradable
platforms may be inappropriate for long-term monitoring appli-
cations (>3 months), whereas nondegradable alternatives raise
concerns regarding chronic tissue responses and require surgical
removal.

The clinical trial design process presents additional challenges.
Standardized application protocols must account for patient-
to-patient anatomical variations. Appropriate control groups
must be selected for comparison with the current standard of
care, and validated biomarker endpoints must be established.
Variable insertion depths, site-to-site differences in tissue prop-
erties, and difficulties in achieving reproducible dosing have lim-
ited the progress of several platforms [183]. In this regard,
successful clinical translation will require the development of
standardized application devices with integrated sensors for
real-time monitoring and feedback control.

6.2.4 | Commercial Viability and Market
Considerations

Commercial success requires not only technical performance but
also favorable health economics and market positioning. Cost-
effectiveness analyses must demonstrate that nanostructure-
based delivery offers meaningful advantages over existing alter-
natives, such as improved efficacy, reduced side effects, enhanced
patient compliance, and lower overall treatment costs [184].

Market adoption faces additional hurdles, including physician
training requirements, establishment of reimbursement coding,

and integration into clinical workflows. Self-administration
applications may offer advantages in patient acceptance and
healthcare cost reduction, but require intuitive device design
and comprehensive patient education. Strategic partnerships
among academic developers, device manufacturers, and pharma-
ceutical companies are essential for navigating the complex path
from research innovation to commercial products, as exemplified
by successful collaborations for approved microneedle vaccine-
delivery systems.

6.3 | Convergent Technologies and Therapeutic
Frontiers

The future of high-aspect-ratio nanostructure technologies extends
far beyond current diagnostic applications, with promising oppor-
tunities in advanced therapeutic inventions and precision cellular
engineering. The most powerful potential lies in the manipulation
of previously challenging cell populations, particularly immune
cells and neurons, which are difficult to transfect using conven-
tional methods [7, 25, 107]. High-aspect-ratio nanostructure inter-
faces offer unique advantages for delivering next-generation
genetic engineering tools, including advanced CRISPR systems,
base editors, prime editors, and epigenome modifiers, to these sen-
sitive cell types with minimal disruption. These approaches may
also unlock new therapeutic strategies for cancer immunotherapy,
neurological disorders, and regenerative medicine (Figure 12).

The evolution from fundamental mechanotransduction studies
toward clinically meaningful genetic interventions represents a
critical transition in the field. While early nanostructure research
primarily focused on understanding the cellular responses to
mechanical stimuli, future platforms should prioritize the deliv-
ery of therapeutically relevant genetic constructs to treat specific
diseases. The paradigm shifts toward high-throughput, clinically
applicable precision medicine could enable personalized cellular
reprogramming strategies tailored to individual patient needs,
moving beyond proof-of-concept demonstrations to achieve
meaningful therapeutic outcomes.

Furthermore, AI-integrated nanostructure systems could enable
truly personalized cellular therapies by analyzing individual
patient genomics, proteomics, and cellular phenotypes to design
customized genetic interventions. These sophisticated systems
could potentially revolutionize the treatment of complex diseases
such as cancer, where heterogeneous cellular populations require
precisely tailored therapeutic approaches. The integration of
nanostructure technologies with Internet of Things (IoT) archi-
tectures and cloud-based healthcare systems promises distributed
therapeutic monitoring networks that can fundamentally trans-
form treatment delivery and optimization, provide real-time
feedback on therapeutic efficacy, and enable dynamic adjustment
of treatment protocols.

7 | Conclusion and Future Roadmap

7.1 | Current State and Achievements

High-aspect-ratio nanostructure technologies have evolved from
fundamental research tools to sophisticated platforms with direct
clinical applications. This field has achieved remarkable mile-
stones: fabrication methods enabling sub-10-nm resolution
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through e-beam lithography [36], intracellular delivery efficien-
cies exceeding 90% [61], and diagnostic platforms capable of
single-cell resolution [24, 162–164]. Applications spanning
mechanotransduction studies, genetic engineering delivery,
and continuous biosensing have demonstrated the technical fea-
sibility of these platforms and established proof-of-concept for
clinical translation. Despite these achievements, substantial gaps
remain between laboratory demonstrations and widespread clin-
ical adoption, particularly in terms of scalable manufacturing,
regulatory approval, and long-term clinical validation.

7.2 | Research Priorities

Accelerating clinical translation requires addressing the inter-
connected challenges across technology development, regulatory
approval, and commercial implementation. We propose the
following research priorities organized according to realistic
timelines.

7.2.1 | Immediate Priorities (1–2 Years)

• Development of standardized characterization protocols for
comparing nanostructure performance across platforms,
including quantitative benchmarks for penetration effi-
ciency, delivery kinetics, and cellular responses

• Comprehensive biocompatibility studies in accordance with
ISO 10993 standards, with standardized endpoints for acute
toxicity, chronic tissue response, and degradation product
clearance

• Cost-reduction strategies targeting costs <$5 per device
through process optimization and alternative fabrication
approaches

• Establishment of multiinstitutional collaborations for pool-
ing clinical data and testing protocols

7.2.2 | Short-Term Goals (2–3 Years)

• Completion of long-term stability studies (>6 months) for
biodegradable platforms under physiologically relevant

conditions, establishing degradation kinetics and mechani-
cal integrity timelines

• Integration of sensing capabilities for real-time monitoring
of drug release, tissue response, and therapeutic efficacy,
thereby enabling closed-loop feedback systems.

• Initiation of phase I clinical trials for lead applications,
including transdermal delivery, ocular therapeutics, and
vaccine administration

• Development of applicator devices with integrated quality
control (depth sensors and force feedback) to ensure repro-
ducible clinical administration.

7.2.3 | Medium-Term Targets (3–5 Years)

• FDA approval of first-generation nanostructure-based drug-
delivery products

• Demonstration of clinical superiority through phase II/III
trials showing improved patient outcomes in comparison
with current standards of care (reduced dosing frequency,
enhanced efficacy, and fewer adverse events)

• Establishment of large-scale manufacturing with >90% yield
efficiency and minimized dimensional variation to meet the
regulatory requirements for commercial production.

• Integration with digital healthcare platforms for remote
patient management and telemedicine applications

7.2.4 | Long-Term Vision (5–10 Years)

• Development of AI-integrated personalized therapeutic plat-
forms that customize the nanostructure design, drug load-
ing, and release kinetics on the basis of individual patient
genomics, cellular phenotypes, and real-time physiological
feedback

• Widespread clinical adoption across multiple therapeutic
domains, including cancer immunotherapy (CAR-T deliv-
ery), neurological disorders (neural interface devices), and
chronic disease management (continuous monitoring and
on-demand delivery)

FIGURE 12 | The integration of high-aspect-ratio nanostructure technologies with AI and genome editing can offer a transformative platform for

next-generation precision medicine through individualized, adaptive therapeutic interventions.
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• Expansion to advanced applications combining gene editing
(CRISPR/base editors) and nanostructure delivery for previ-
ously intractable genetic diseases

• Market maturation with multiple FDA-approved products
achieving significant clinical penetration in target
indications

7.3 | Future Opportunities

Realizing the roadmap outlined above requires convergence with
several emerging technologies that will amplify nanostructure
capabilities.

7.3.1 | AI and Machine Learning Integration

Coupling nanostructure platforms with AI algorithms promises
advances in treatment optimization. Machine learning models
trained on cellular-response data can predict the optimal struc-
tural parameters (geometry, surface chemistry, and drug loading)
for specific cell types and therapeutic cargoes, reducing the
empirical optimization time from months to days. Real-time
adaptive systems can continuously adjust drug-release rates on
the basis of biosensor feedback, thereby maintaining therapeutic
levels while minimizing side effects, which will be particularly
valuable for cancer therapy and chronic disease management.

7.3.2 | Advanced Genetic Engineering Tools

The most significant opportunities lie in harnessing next-
generation cellular engineering using nanostructure platforms,
particularly for previously inaccessible cell populations such as
immune cells and neurons. By enabling precise delivery of
advanced genetic tools, including CRISPR systems and epige-
nome editors, these platforms could unlock novel therapeutic
paradigms for treating cancer, neurological disorders, and
immune-related diseases with unprecedented specificity and effi-
cacy. Particularly promising targets are as follows:

• CAR-T cell engineering: Direct delivery of genetic circuits
for enhanced tumor targeting and reduced exhaustion

• Neural repair: Delivery of regenerative factors and guidance
molecules for treating neurodegenerative diseases

• In vivo gene therapy: Tissue-specific delivery avoiding viral
vector limitations

7.3.3 | Internet of Medical Things

The integration of nanostructure-based sensors with wireless
communication and cloud analytics can enable the development
of distributed health-monitoring networks. Continuous trans-
mission of biosensor data to cloud platforms can provide predic-
tive diagnostics, identify pathological changes before symptom
onset, and enable proactive intervention rather than reactive
treatment. This paradigm shift from episodic to continuous care
represents a fundamental transformation in healthcare delivery.

7.4 | Concluding Remarks

The roadmap and timeline presented in Figure 13 provide a real-
istic pathway for translating high-aspect-ratio nanostructure
technologies from current achievements to transformative clini-
cal impact. The success of these attempts will depend on sus-
tained interdisciplinary collaboration among materials
scientists, biomedical engineers, clinicians, regulatory specialists,
and industry partners, each contributing essential expertise to
navigate the complex journey from bench to bedside.

The field of high-aspect-ratio nanostructure technology research
is at a critical juncture. Technical capabilities have matured suf-
ficiently to address real clinical needs, yet systematic barriers to
manufacturing, regulation, and clinical validation remain. By
pursuing the concrete milestones outlined here, the community
can systematically overcome these barriers while focusing on
patient benefit as the ultimate measure of success.

As we advance along this path, high-aspect-ratio nanostructures
have the potential to establish new paradigms in precision medi-
cine, enabling earlier disease detection, more effective targeted
therapies, and truly personalized treatment strategies that funda-
mentally improve the diagnosis, monitoring, and treatment of

FIGURE 13 | Roadmap for clinical translation of high-aspect-ratio nanostructures.
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diseases. The next decade will be critical for determining whether
these promising technologies can fulfill their potential to trans-
form healthcare delivery and patient outcomes.
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