Nanotechnology

&%, PURPOSE-LED
“w§# PUBLISHING™

TOPICAL REVIEW « OPEN ACCESS

Recent advances in nanofabrication strategies for
biosensors: from precision nanopatterning to
scalable, flexible, and Al-assisted manufacturing

To cite this article: Meryem Beyza Avci et al 2026 Nanotechnology 37 422003

View the article online for updates and enhancements.

You may also like

- Advanced Microfabricated Biosensing

Platforms for Healthcare and Research

Applications
Zonggi Liu and Kaiyu Fu

- Nanoimprint lithography-based replication

technigues for fabrication of metal and
polymer biomimetic nanostructures for
biosensor surface functionalization

Bharat Nowduri, Anette Britz-Grell, Monika
Saumer et al.

- Fully printed and flexible multi-material

electrochemical aptasensor platform
enabled by selective graphene
biofunctionalization

Shay Goff Wallace, Michael C Brothers,
Zachary E Brooks et al.

This content was downloaded from IP address 161.9.131.30 on 26/10/2026 at 21:10


https://doi.org/10.1088/1361-6528/aeb131
/article/10.1149/MA2025-02632930mtgabs
/article/10.1149/MA2025-02632930mtgabs
/article/10.1149/MA2025-02632930mtgabs
/article/10.1088/1361-6528/acb35b
/article/10.1088/1361-6528/acb35b
/article/10.1088/1361-6528/acb35b
/article/10.1088/1361-6528/acb35b
/article/10.1088/2631-8695/ac5e27
/article/10.1088/2631-8695/ac5e27
/article/10.1088/2631-8695/ac5e27
/article/10.1088/2631-8695/ac5e27

IOP Publishing

W) Check for updates

OPEN ACCESS

RECEIVED
23 August 2026

REVISED
22 September 2026

ACCEPTED FOR PUBLICATION
7 October 2026

PUBLISHED
21 October 2026

Original content from
this work may be used
under the terms of the
Creative Commons
Attribution 4.0 licence.

Any further distribution
of this work must
maintain attribution to
the author(s) and the title
of the work, journal
citation and DOL.

Nanotechnology 37 (2026) 422003 https://doi.org/10.1088/1361-6528/aeb131

Nanotechnology

TOPICAL REVIEW

Recent advances in nanofabrication strategies for biosensors:
from precision nanopatterning to scalable, flexible, and
Al-assisted manufacturing

+1,2,4,6

Meryem Beyza Avci
and Arif E Cetin">*>*
1
2
3

, Furkan Kocer'’, Seda Nur Topkaya'~, Konstantinos Papatryfonos’

Izmir Biomedicine and Genome Center, Balcova, Izmir 35340, Tiirkiye

Izmir International Biomedicine and Genome Institute, Dokuz Eylul University, Balcova, Izmir 35340, Ttirkiye

Institute of Electronics, Microelectronics and Nanotechnology (IEMN), UMR CNRS 8520, University of Lille, Avenue Poincare,
59650 Villeneuve d’Ascq, France

Department of Biophysics, Faculty of Medicine, Dokuz Eylul University, Balcova, Izmir 35340, Tiirkiye

Department of Electrical and Electronics Engineering, Istanbul Atlas University, Kagithane, Istanbul 34408, Ttirkiye

These authors contributed equally.

* Author to whom any correspondence should be addressed.

ST IS

E-mail: arifengin.cetin@ibg.edu.tr

Keywords: biosensors, nanofabrication, nanolithography, scalable manufacturing, self-assembly, Al-assisted manufacturing

Abstract

Nanofabrication has become central to the development of high-performance biosensors by
enabling precise control over sensing interfaces, enhanced signal transduction, and integration
across optical, electrochemical, microfluidic, and wearable platforms. This review examines the
evolution of biosensor nanofabrication from deterministic top-down patterning toward scalable
and integrated manufacturing strategies. Top-down approaches, including electron-beam lithogra-
phy, focused ion beam milling, nanoimprint lithography, reactive ion etching, and laser-based fab-
rication, are discussed alongside replication and transfer processes, soft lithography, lithography-
free plasmonic structuring, and additive three-dimensional fabrication. Bottom-up strategies
based on nanoparticle assembly, DNA nanotechnology, block-copolymer and nanoporous tem-
plating, and stimuli-responsive materials are further considered as routes to programmable
nanoscale organization and functional biointerfaces. Particular attention is given to flexible and
wearable biosensors, where substrate mechanics, conductive-interface fabrication, textile integra-
tion, epidermal microfluidics, packaging, power management, and wireless communication intro-
duce manufacturing requirements beyond conventional rigid devices. Across these approaches, the
review emphasizes that analytical sensitivity alone is insufficient for translation; nanoscale pre-
cision must be accompanied by reproducibility, scalable processing, stable biofunctionalization,
antifouling performance, packaging, storage stability, and device-level quality control. Emerging
Al-assisted fabrication and process optimization strategies are also discussed as tools for linking
manufacturing parameters with structural and analytical performance. Overall, the review pro-
vides a manufacturing-oriented perspective on how hybrid nanofabrication strategies can bridge
high-performance laboratory biosensors with reproducible, scalable, and application-ready sensing
systems.

1. Introduction

Biosensors have become indispensable analytical platforms for healthcare, environmental monitoring,
food safety, agriculture, and biodefense because they enable rapid, selective, and increasingly decen-
tralized detection of biological and chemical targets. Advances in molecular biology, materials science,
microelectronics, and nanotechnology have dramatically expanded the range of detectable biomarkers,
from nucleic acids, proteins, and metabolites to pathogens, extracellular vesicles, and whole cells. At the
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same time, the growing demand for point-of-care diagnostics, continuous health monitoring, wearable
sensing, and personalized medicine has shifted biosensor development beyond laboratory-based analyti-
cal devices toward portable, integrated, and manufacturable sensing systems. Nanofabrication has played
a central role in this transformation. By engineering structures with dimensions comparable to optical
wavelengths, electron transport lengths, and biomolecular interaction scales, nanofabrication enables
sensing mechanisms that are difficult or impossible to achieve using conventional microfabrication alone.
Precisely controlled nanostructures can manipulate localized electromagnetic fields, increase effective sur-
face area, regulate charge transport, control molecular transport, and create highly engineered biointer-
faces. Consequently, advances in nanofabrication have driven major improvements across a wide range
of biosensing technologies, including surface plasmon resonance (SPR), localized SPR (LSPR), surface-
enhanced Raman scattering (SERS), photonic crystal and metasurface biosensors, field-effect transis-

tor (FET) biosensors, electrochemical sensors, fluorescence-based platforms, and integrated optofluidic
systems.

Traditionally, progress in biosensor nanofabrication has been evaluated primarily in terms of fabrica-
tion resolution and analytical performance. Considerable effort has been devoted to producing increas-
ingly smaller feature sizes, narrower plasmonic gaps, higher-aspect-ratio nanostructures, denser nanopar-
ticle assemblies, and stronger electromagnetic hotspots to improve sensitivity and lower limits of detec-
tion. While these advances have substantially improved device performance under laboratory conditions,
they have also highlighted an important limitation: exceptional analytical performance does not necessar-
ily translate into practical biosensor technologies. Many proof-of-concept devices demonstrate remark-
able sensitivity but remain difficult to reproduce, expensive to manufacture, incompatible with scalable
production, or challenging to integrate with biofunctionalization, packaging, and real-world sample anal-
ysis. Accordingly, the field has gradually shifted from pursuing nanostructure precision alone toward
developing manufacturing-oriented fabrication strategies. Rather than considering nanofabrication as an
isolated patterning process, recent studies increasingly treat it as part of a complete manufacturing work-
flow that includes material synthesis, scalable pattern replication, process control, microfluidic integra-
tion, surface functionalization, quality assurance, packaging, and system-level validation. In this context,
manufacturing-related metrics, including process reproducibility, dimensional fidelity, fabrication toler-
ance, batch-to-batch consistency, yield, scalability, cost, and compatibility with downstream integration,
have become as important as analytical sensitivity itself. This evolution reflects the broader transition of
biosensors from academic demonstrations toward deployable diagnostic and monitoring technologies.

The rapid diversification of fabrication technologies during the last five years has further acceler-
ated this transition. Conventional deterministic top-down approaches such as electron-beam lithography
(EBL), focused ion beam (FIB) milling, photolithography, nanoimprint lithography (NIL), laser inter-
ference lithography (LIL), and plasma-based etching continue to provide precise control over nanoscale
architectures while increasingly supporting scalable replication through master-template strategies. In
parallel, hybrid manufacturing approaches have expanded to include transfer printing, roll-to-roll pro-
cessing, soft lithography, additive manufacturing, laser-written conductive architectures, and three-
dimensional microfabrication, enabling biosensors on flexible, wearable, and application-specific sub-
strates. Bottom-up self-assembly has likewise evolved from simple nanoparticle aggregation toward pro-
grammable molecular architectures based on colloidal assembly, DNA nanotechnology, block copoly-
mers, and bioinspired interfaces that complement deterministic fabrication with molecular-level orga-
nization. More recently, artificial intelligence has begun to influence fabrication through inverse design,
process optimization, defect prediction, quality control, autonomous materials synthesis, and data-driven
manufacturing workflows, providing new opportunities to improve reproducibility and manufacturing
efficiency. Despite these advances, the literature remains highly fragmented. Most reviews focus on indi-
vidual fabrication techniques, specific sensing mechanisms, or particular classes of biosensors. Reviews
dedicated to EBL, NIL, soft lithography, additive manufacturing, plasmonic nanostructures, wearable
biosensors, or self-assembled nanomaterials provide valuable technical insight but often discuss fab-
rication methods independently of their manufacturing implications. Conversely, reviews emphasizing
biosensor performance frequently prioritize sensitivity, limit of detection, or selectivity while giving com-
paratively limited attention to reproducibility, manufacturability, process integration, quality control, and
translational readiness. As a result, it remains difficult for readers to understand how different nanofab-
rication strategies compare within a common manufacturing framework or how individual fabrication
decisions influence the practical deployment of biosensor technologies.

This review addresses this gap by examining nanofabrication strategies from a manufacturing-
oriented perspective. Rather than ranking fabrication methods solely according to resolution or ana-
lytical performance, we discuss how each approach contributes to reproducibility, scalability, process
integration, device robustness, and translational potential. We first examine deterministic top-down
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nanofabrication and scalable lithographic techniques before discussing hybrid manufacturing routes,
bottom-up and self-assembled architectures, flexible and wearable fabrication strategies, and the emerg-
ing role of artificial intelligence in fabrication-aware design, process optimization, quality control, and
autonomous manufacturing. Finally, we consider the key translational challenges that continue to limit
the widespread adoption of nanofabricated biosensors, including reproducibility, manufacturing variabil-
ity, quality assurance, biofunctionalization, packaging, regulatory considerations, and real-world valida-
tion. The conceptual evolution of these fabrication strategies is summarized in figure 1(A), highlight-
ing the transition from conventional nanopatterning toward scalable, three-dimensional, and Al-assisted
manufacturing approaches for advanced biosensors. The growing commercial relevance of biochip tech-
nologies further reinforces the need for scalable and manufacturing-ready fabrication strategies. Based
on the reported forecast growth and compound annual growth rate (CAGR), the global biochips market
is estimated to increase from approximately USD 25.6 billion in 2023 to USD 97.9 billion by 2028, cor-
responding to an overall increase of USD 72.27 billion and a CAGR of 30.73% over the forecast period
(figure 1(B)) [1]. This substantial market expansion further emphasizes the need to translate laboratory-
scale biosensor concepts into reproducible, high-throughput, and economically viable manufacturing
processes. Accordingly, process scalability, device-to-device consistency, material compatibility, quality
control, and system integration are becoming increasingly important alongside conventional analytical
performance metrics.

Because nanofabrication encompasses both nanoscale transducer formation and the micro- to
macroscale processes required for device integration, packaging, and operation, this review adopts a
manufacturing-oriented perspective that extends beyond nanoscale patterning alone. Enabling fabrica-
tion studies are included when they provide clear and transferable insights into biosensor design, repro-
ducibility, integration, or scale-up, while direct biosensor demonstrations are distinguished from rele-
vant advances in adjacent fields such as photonics, semiconductor processing, flexible electronics, and
autonomous materials synthesis. The review focuses primarily on literature published between 2021 and
2026, supplemented by selected earlier studies where necessary to establish foundational fabrication prin-
ciples. To enable systematic comparison across the diverse approaches considered, each fabrication strat-
egy is evaluated in terms of feature control, achievable area and throughput, design freedom, material
and substrate compatibility, biofunctionalization compatibility, dominant sources of variability, metrol-
ogy and quality-control requirements, integration burden, typical manufacturing role, and readiness
for scale-up. These criteria are consolidated in table 1, which provides a comparative framework and
roadmap for the method-specific discussions that follow.

2. Application-driven device requirements and fabrication selection

Selection of a nanofabrication strategy should begin with the functional requirements of the intended
biosensing application rather than with fabrication resolution alone. Different sensing modalities impose
distinct constraints on geometry, material composition, surface architecture, mechanical properties, and
system integration. Accordingly, the intended application first defines the device-level requirements,
which subsequently guide the selection of appropriate structures and materials and, ultimately, the fab-
rication strategy. Within this framework, the optimal fabrication route is not necessarily the method

that provides the smallest feature size, but rather the one that can reproducibly realize the structural and
material characteristics required by the sensing mechanism while remaining compatible with sample han-
dling, biofunctionalization, readout, and the intended manufacturing scale.

Optical biosensors provide a clear example of this application-driven relationship. In SERS, fluores-
cence, LSPR/SPR, photonic, and metasurface-based sensing, the operating wavelength must be considered
together with the optical properties of the biological environment. Absorption, scattering, and autoflu-
orescence are wavelength dependent, making the spectral characteristics of biological samples important
constraints on excitation and emission wavelengths, particularly in bioimaging and in vivo applications
[52]. These spectral requirements subsequently influence material selection, resonance conditions, and
nanostructure geometry. In SERS, fabrication must additionally provide strong and reproducible electro-
magnetic hotspots, making nanogap dimensions, particle spacing, surface morphology, and hotspot uni-
formity critical manufacturing variables. Deterministic methods such as EBL and FIB are therefore valu-
able when precise nanoscale geometry is required, whereas NIL, LIL, and template-assisted approaches
become increasingly attractive when similar optical responses must be reproduced over larger areas and



Table 1. Comparison of representative nanofabrication strategies for biosensor manufacturing, including fabrication principles, representative biosensor architectures, major advantages, limitations, scalability, typical

manufacturing roles, and representative recent references.

Photolithography

Electron-beam
lithography (EBL)

Focused ion beam
processing (FIB)

Laser interference
lithography (LIL)

UV mask-based or maskless
exposure of photoresist
followed by development,
lift-off, or etch transfer.

Direct-write focused
electron beam exposure of
resist, followed by
development, metal lift-off,
or etch transfer.

Maskless, site-specific
ion-beam milling,
sputtering, trimming, or
direct nanostructure
modification.

Interference of coherent
laser beams creates periodic
exposure patterns over
large areas.

Microfluidic biochips;
SU-8 molds; PDMS
lab-on-chip devices;
patterned electrode
arrays; polymer-based
biochips; organ-on-chip
biosensors.

Plasmonic nanohole
arrays; nanogaps; SERS
metasurfaces; photonic
crystals; nanophotonic
biosensors;
SiNW-FET-related test
structures; NIL master
molds.

Plasmonic
nanoapertures;
nanogaps; nanopores;
SERS-active templates;
optical-fiber
nanostructures;
localized nanophotonic
prototypes.

Periodic plasmonic
arrays; gratings;
photonic crystals; SERS
substrates; metamaterial
absorbers; guided-mode
resonance or
objective-free optical
biosensors.

Mature, repeatable,
high-throughput, and
compatible with
semiconductor and
microfluidic
workflows.

Nanometer-scale
precision; arbitrary
geometry; excellent
control over pitch,
gap size, shape, and
alignment.

Resist-free direct
writing; site-specific
modification; suitable
for difficult or
nonplanar substrates;
useful for rapid
prototyping and local
trimming.

Parallel large-area
patterning; rapid
fabrication of
periodic
nanostructures; lower
cost than serial
direct-write methods.

Limited deep-nanoscale
resolution; multistep
processing; cleanroom
dependence; limited
flexibility for rapid
design iteration.

Serial writing; high cost;
low throughput; limited
large-area
manufacturability.

Ion implantation;
amorphization;
redeposition; surface
contamination; low
throughput; high cost.

Mainly limited to
periodic or
quasi-periodic
geometries; poor
suitability for arbitrary
layouts and complex
multiplexed designs.

High for
wafer-scale and
batch
microfabrication;
moderate for rapid

prototyping.

Low throughput;
best for
research-scale
devices, reference
structures, and
master molds.

Low throughput;
localized
prototyping and
template
fabrication rather
than mass
production.

High for periodic
large-area
strulctures.

Wafer-scale
microstructures;
electrode definition;
SU-8 master fabrication;
microfluidic channel
layouts; polymer biochip
workflows.
High-resolution plas-
monic/nanophotonic
patterning; mechanistic
studies; reference
devices; master
fabrication for
replication methods.

Precision prototyping;
localized modification;
plasmonic nanoaperture
fabrication; SERS
template fabrication;
optical-fiber integration.

Large-area periodic
templates; optical
biosensor surfaces;
plasmonic/SERS arrays;
photonic crystal
structures.

[11-14]

[15-17]

[18-21]

[13,22-24] .

(Continued.)
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Table 1. (Continued.)
Nanoimprint Mechanical, thermal, or Disposable plasmonic High-resolution Requires high-quality High after master Replication of [13,25-27]
lithography (NIL) UV-assisted replication of a chips; photonic crystal replication; high master mold, defect fabrication; suitable EBL/FIB-defined
nanostructured master into biosensors; metasurface throughput after control, stamp for replication and masters; disposable
imprint resist. sensors; large-area master fabrication; durability, and batch optical biosensor chips;
optical biosensor suitable for re-fabrication of the manufacturing. photonic and plasmonic
platforms; replicated disposable and mold for design nanostructure copying.
nanostructured large-area devices. changes.
biochips.
RIE/ICP- Plasma-based anisotropic SiNW-FETs; vertical Strong pattern Etch lag; scalloping; Moderate to high; Pattern transfer; [28-32]
RIE/DRIE dry etching transfers silicon nanowire arrays; transfer; sidewall tapering; compatible with etch-depth control;
lithographically defined photonic crystals; high-aspect-ratio microtrenching; mask wafer-scale sidewall definition;
patterns into silicon, waveguides; silicon structuring; erosion; plasma processing but Si/SiN photonic device
dielectric, or hard-material nitride resonators; semiconductor damage; roughness; process-dependent. fabrication; microfluidic
substrates. nanochannels; compatibility; process sensitivity. and nanofluidic channel
microfluidic channels; essential for silicon formation.
high-aspect-ratio vias. and photonic
biosensor fabrication.
Soft lithography Replica molding or casting, PDMS microfluidic Rapid prototyping; Master fabrication Moderate to high Fabrication of [33-35]
(replica molding) typically using PDMS on a biochips; lab-on-chip relatively low cost requirements; PDMS for prototyping and fluid-handling structures
micro/nanostructured devices; fluidic after master deformation and small-batch and polymer device
master, to form integration around fabrication; optical material limitations; fabrication. layers surrounding
microfluidic channels and optical/electrochemical transparency; curing incompatibility biosensing interfaces.
structured polymer devices. sensing interfaces. straightforward with some 3D-printed
integration with mold resins.
microfluidics.
Roll-to-roll (R2R) Continuous web-based Foil-based diagnostic Very high Registration and Very high; suitable Mass manufacturing of [36,37]
manufacturing imprinting, coating, chips; flexible sensor throughput; low unit alignment control; for industrial-scale flexible biochips,
printing, or substrates; large-area cost; continuous defect propagation; continuous replicated
functional-layer deposition printed or replicated large-area processing; layer uniformity; strong manufacturing. micro/nanostructures,

onto flexible substrates.

sensing layers.

compatibility with
flexible substrates.

dependence on in-line
metrology and process
control.

electrode layers, and
sensing substrates.

(Continued.)
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Table 1. (Continued.)

Additive
manufacturing
(3D printing)

Two-photon
polymerization/two-
photon

lithography

Colloidal
nanoparticle
self-assembly

DNA origami

Layer-by-layer digital
fabrication using
FFF/FDM, extrusion,

material jetting, SLA/DLP,

or related additive
processes.

Nonlinear localized
photopolymerization

enables direct writing of

high-resolution
three-dimensional
micro/nanostructures.

Spontaneous or directed

organization of
nanoparticles through
interfacial,
ligand-mediated,

electrostatic, capillary, or

DNA-programmed
interactions.

Watson-Crick base pairing
folds DNA scaffolds into
addressable nanostructures
that position nanoparticles,
reporters, and recognition
elements with nanoscale

precision.

3D electrochemical
biosensors; microfluidic
devices; customized
sensor bodies and
electrodes.

Bioelectronic 3D
microstructures;
high-resolution molds
and 3D architectures
relevant to biosensing.

Ordered
plasmonic/photonic
nanoparticle assemblies
and hotspot-rich sensing
interfaces.

LFIA
signal-amplification
systems; nanopore,
optical, and plasmonic
nanosensing
architectures.

High design freedom;
rapid and tool-free
iteration;
customizable 3D
geometries; potential
integration of
microfluidics and
electrodes.

High
three-dimensional
design freedom;
substantially finer
resolution than
conventional 3D
printing; fabrication
of complex freeform
structures.
Mask-free and
solution-processable;
programmable
nanoparticle spacing
and composition;
compatible with
multicomponent
assembly.

Extremely high
programmability and
addressability;
nanometer-scale
spatial control;
multivalent signal
amplification and
dynamic
functionality.

Lower resolution than
advanced lithography;
surface roughness;
material and
biocompatibility
constraints;
post-processing
requirements.

Serial writing; limited
throughput and build
volume;
photosensitive-material
and post-processing
constraints.

Assembly kinetics and
efficiency; domain
defects; particle
dispersity; limited
arbitrary pattern
placement and batch
reproducibility.

Oligonucleotide cost;
structural stability;
nuclease and
ionic-condition
sensitivity;
assembly-yield and
device-integration
challenges.

Moderate; best
suited to rapid
prototyping,
customized devices,
and low-volume
production.

Low to moderate;
specialized
high-resolution
prototyping rather
than
high-throughput
manufacturing.

Moderate;
potentially
large-area but
strongly
process-dependent.

Low to moderate;
solution-based
batch assembly and
primarily
research-scale
manufacturing.

Rapid prototyping, [35, 38]
personalized biosensor

fabrication, complex

microfluidic structures,

and low-volume

production.

Specialized [34, 39]
high-resolution

prototyping, 3D

biointerfaces, and

master/mold fabrication.

Bottom-up generation of [40, 41]
ordered nanoparticle

sensing interfaces and
plasmonic/photonic

architectures.

Molecular-scale [42, 43]
organization of receptors

and reporters; signal

amplification;

programmable

nanosensing

architectures.

(Continued.)
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Table 1. (Continued.)

Block copolymer
self-assembly

Template-assisted
nanostructuring
(AAO,
nanosphere/
colloidal, and
sacrificial
templates)

Microphase separation of
chemically distinct polymer
blocks creates periodic
nanoscale domains that can
serve as functional
interfaces or templates.

Preformed or
self-assembled templates
define nanoscale pores,
masks, or removable
scaffolds for deposition,
etching, or material growth

Nanobiosensor surfaces;
biomolecule-patterning
interfaces; periodic
nanoscale templates.

Nanowire/nanorod
arrays, nanoporous
electrodes,
nanohole/nanoring
arrays, SERS/LSPR
substrates, nanochannel
sensors

Parallel nanoscale
patterning;
potentially
sub-10-nm
dimensions; low-cost
large-area
organization; tunable
feature periodicity.
Low-cost nanoscale
patterning; high
surface area; tunable
pore/feature
geometry; compatible
with large-area
fabrication

Defect density; domain
orientation and
registration;
dependence on polymer
chemistry, solvent,
annealing, and
pattern-transfer
conditions.

Template defects and
transfer/removal steps;
AAO barrier-layer
processing;
self-assembly defects;
geometry dependent on
template quality

Moderate to high
for periodic
large-area
nanopatterning.

Moderate-High;
cm2-scale colloidal
patterning and
large-area AAO
possible

Creation of nanoscale
templates, high-density
biomolecular interfaces,
and directed
nanostructure
organization.

Scalable alternative to
serial lithography for
ordered, porous, and
high-surface-area
sensing interfaces

(44, 45]

[46-51]

Note: Scalability/throughput classifications represent qualitative assessments based on the fabrication characteristics and manufacturing considerations reported in the cited literature.
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Figure 1. Evolution of nanofabrication strategies for biosensor manufacturing. (A) The timeline summarizes major milestones
from photolithography, EBL, FIB, and LIL to self-assembly, NIL, block-copolymer patterning, multiphoton lithography, transfer-
based fabrication, and Al-assisted manufacturing. Rather than defining strict historical generations, it illustrates the expansion of
nanofabrication from precision patterning toward scalable replication, molecular and three-dimensional organization, flexible-
device integration, and data-driven manufacturing [2-10]. (B) Estimated global biochips market growth from 2023 to 2028, with
annual market-size values derived from the reported USD 72.27 billion increase and a compound annual growth rate (CAGR) of
30.73% over the forecast period [1].

at higher throughput. Recent optical nanobiosensor studies further emphasize that portability, integra-
tion with microfluidics, reproducibility, and scalable manufacturing become increasingly important when
optical sensing is translated toward point-of-care applications [53, 54].

Electrical biosensors impose a different set of requirements. In FET-based biosensors, device perfor-
mance is strongly influenced by channel geometry, transducing material, dielectric and interface prop-
erties, ionic screening, surface functionalization, and electrical noise. In particular, Debye screening in
physiological environments directly affects the coupling of biomolecular binding events to the transistor
channel and therefore becomes an important consideration in device and interface design. Consequently,
nanowire, nanosheet, and two-dimensional-material FET architectures require fabrication strategies capa-
ble of controlling channel dimensions and interfaces while maintaining compatibility with subsequent
biofunctionalization. Lithographic patterning combined with controlled plasma etching is particularly
suitable for such semiconductor-compatible architectures [55, 56]. In electrochemical biosensors, by con-
trast, high electrochemically active surface area and efficient analyte transport may be more important
than deterministic nanoscale placement. Porous, nanoparticle-modified, and three-dimensional electrodes
can therefore benefit from printing, electrodeposition, templating, or additive fabrication, provided that
conductivity, surface chemistry, and device-to-device reproducibility are maintained.
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For microfluidic and point-of-care biosensors, fabrication requirements increasingly extend beyond
the sensing interface to the complete sample-to-answer architecture. Sample volume, analyte transport,
assay time, reagent handling, multiplexing, sealing, alignment, disposability, and cost can influence prac-
tical performance as strongly as the nanoscale transducer itself. A handheld optofluidic SPR platform,
for example, combined a compact microfluidic architecture with cleanroom-free chamber fabrication
and high-throughput nanohole-array fabrication to address portability and scalability requirements [57].
Accordingly, photolithography and soft lithography remain useful for controlled microfluidic prototyp-
ing, whereas molding, thermoplastic replication, printing, and roll-to-roll-compatible processes become
increasingly relevant when low-cost disposable production is required. The fabrication strategy should
therefore be selected jointly for the sensing interface and the surrounding sample-handling architecture
rather than optimized independently.

Flexible and wearable biosensors introduce additional mechanical and biointerface constraints.
Devices intended for skin-interfaced or continuous monitoring must maintain sensing performance
during bending, stretching, repeated motion, biofluid exposure, and prolonged contact with biological
surfaces. Conformability, elastic modulus, stretchability, fatigue resistance, adhesion, encapsulation, and
integration with electronics therefore become explicit device-level requirements. Recent analyses empha-
size that wearable biosensor development requires the coupled consideration of mechanics, structural
design, biointerface engineering, and fabrication rather than optimization of the sensing material in
isolation [58]. These requirements favor compliant polymeric or textile substrates, stretchable intercon-
nects, printed or transferred functional materials, and laser-based fabrication strategies. Recent literature
similarly links wearable sensing requirements to material flexibility, biofluid collection, scalable fabrica-
tion, and standardized device validation [59, 60].

Taken together, these examples demonstrate that nanofabrication strategies should be evaluated
according to their ability to satisfy application-specific device requirements, rather than through reso-
lution or throughput alone. The same fabrication method may therefore serve different roles across sens-
ing modalities, while similar analytical targets may require different manufacturing routes depending on
the biological matrix, transduction mechanism, production volume, and operating environment. Table 2
summarizes this application-driven selection framework and provides a practical link between biosensor
requirements and the fabrication strategies discussed in the following sections.

3. Top-down nanofabrication for high-performance biosensors

Top-down methods remain essential when biosensor performance depends on deterministic control

of geometry, alignment, and material interfaces. While earlier studies primarily emphasized achieving
the smallest possible feature sizes, recent developments increasingly prioritize manufacturing-oriented
metrics, including pattern-transfer fidelity, process reproducibility, scalable replication, semiconductor
compatibility, and integration with biofunctionalization and readout systems. This evolution reflects a
broader shift in biosensor engineering from demonstrating isolated high-performance devices toward
developing robust, manufacturable sensing platforms. Fabrication quality directly influences biosensor
performance because variations in nanoscale geometry and material interfaces can alter optical, electrical,
and fluidic responses. This sensitivity makes dimensional fidelity and process uniformity central consid-
erations in top-down biosensor fabrication. This section examines these complementary top-down routes
from the perspective of fabrication precision, scalability, process integration, and biosensor manufactura-
bility (figure 2).

3.1. Deterministic high-resolution patterning: EBL, FIB, and silicon-compatible nanostructures

EBL and FIB milling remain the benchmark techniques for deterministic nanofabrication when biosen-
sor performance depends on precise control of nanoscale geometry, alignment, and electromagnetic field
confinement. Their direct-write capability enables the fabrication of plasmonic nanohole arrays, engi-
neered nanogaps, photonic crystals, metasurfaces, nanodot antennas, and silicon nanowire field-effect
transistor (SINW-FET) biosensors with feature dimensions and spatial arrangements that directly gov-
ern resonance wavelength, hotspot localization, linewidth, optical coupling, and refractive-index sen-
sitivity. For nanophotonic biosensors, deterministic patterning has enabled systematic investigation of
plasmonic, dielectric, and hybrid nanostructures for label-free sensing, fluorescence enhancement, SERS,
SPR/LSPR, and metasurface-based detection. Because these sensing mechanisms rely on highly localized
light—matter interactions, structural reproducibility across the sensing surface is essential for quantita-
tive measurements [15]. Consequently, EBL and FIB increasingly function as upstream fabrication tools
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Table 2. Application-driven framework for selecting nanofabrication strategies for biosensors.
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Primary device Structure/material Critical fabrication
Application requirement implication requirement Suitable strategies References
SERS High Au/Ag nanogaps, Nanogap and EBL, FIB, NIL, [52,61]
electromagnetic nanoarrays, hotspot-rich morphology template-assisted
enhancement; surfaces control; hotspot nanostructuring
reproducible uniformity and
hotspots; operation reproducibility
in complex samples
Fluorescence/Bioimaging Spectral Plasmonic antennas, Resonance and EBL, NIL, LIL, [53, 54]
compatibility; low metasurfaces, photonic  dimensional control; template-assisted
background; structures; optical/material fabrication
efficient wavelength-compatible  compatibility
excitation/emission; materials
appropriate optical
penetration
FET High surface Nanowire/nanosheet/2D  Channel and Lithography, [55, 56]
sensitivity; low channels; controlled interface control; RIE/ICP-RIE,
noise; operation dielectric and process uniformity;  semiconductor
under ionic biointerface biofunctionalization processing
screening compatibility
Electrochemical High active area; Porous, Surface/material Printing, [62,63]
conductivity; nanoparticle-modified,  reproducibility; electrodeposition,
efficient mass or 3D electrodes electrical continuity templating,
transport additive
fabrication
POC/microfluidic Low sample volume; Integrated channels, Bonding, alignment, Photolithography, [53, 57, 63]
rapid transport; chambers, and sensing  sealing, scalable soft lithography,
multiplexing; interfaces replication and molding, printing,
disposability; low transducer R2R
cost integration
Wearable Conformability; Compliant substrates, Mechanical Transfer printing,  [58—60]
stretchability; stretchable conductors  reliability; screen/inkjet
adhesion; and interconnects encapsulation; printing, laser
mechanical substrate/process fabrication, textile
durability; biofluid compatibility processing
compatibility

for producing reference devices, validating nanoscale design rules, and generating master templates for
subsequent large-area replication rather than as standalone manufacturing technologies (figure 3).
A recent example of this fabrication logic is the resonant quantum-tunneling plasmonic biosen-

sor reported by Lee et al, in which lithographically defined Au nanowires with widths of approximately
92 nm and a period of 400 nm were integrated on a metal-insulator-metal tunneling structure contain-
ing an approximately 5 nm Al O3 barrier [64]. The device architecture combined nanoscale plasmonic
patterning with a precisely controlled tunneling junction, allowing the metasurface itself to serve as both
the electrically driven light-emitting structure and the biosensing interface. The corresponding device
geometry and cross-sectional nanoscale characterization are shown in figure 3(A), illustrating how deter-
ministic lithography can be used not only to define resonant nanostructures, but also to integrate optical
excitation, transduction, and sensing within a single nanofabricated platform. For SINW-FET biosensors,
the principal advantage of top-down fabrication lies in its compatibility with established semiconduc-
tor manufacturing processes. Precise control of nanowire dimensions, doping profiles, oxide thickness,
and array architecture enables reproducible electrical characteristics and facilitates large-scale integra-
tion. However, recent studies indicate that the major challenge has shifted from nanowire fabrication
itself to controlling process variability across large sensor arrays. Variations in nanowire width, line-edge
roughness, oxide quality, and surface functionalization can alter threshold voltage, transconductance,
electrical noise, and biosensing performance, making process uniformity a key limitation for practical
implementation [28].

FIB complements EBL by enabling direct maskless milling, trimming, and modification of nanos-
tructures without resist processing. Its localized fabrication capability makes it particularly valuable for
rapid prototyping, optical-fiber integration, post-fabrication optimization, and site-specific fabrication
of plasmonic and SERS-active nanostructures. For example, Yang et al fabricated arrays containing more
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Figure 2. Top-down nanofabrication strategies for high-performance biosensors. The schematic summarizes deterministic
nanopatterning by electron-beam lithography (EBL) and focused ion beam (FIB), scalable patterning by photolithography, laser
interference lithography (LIL), and nanoimprint lithography (NIL), and plasma-based pattern transfer by reactive-ion etching
(RIE) and deep reactive-ion etching (DRIE). Together, these approaches support silicon nanowire FETs, plasmonic and SERS
substrates, photonic and metasurface biosensors, and microfluidic electrochemical platforms.

than 64 inverted-bowtie plasmonic nanoapertures with gap sizes of 10-20 nm and single-nanometer fab-
rication variation using FIB milling [20]. The resulting nanoapertures enabled label-free trapping and
interrogation of individual proteins for observation times on the order of minutes, demonstrating the
capability of deterministic FIB fabrication for single-molecule biosensing (figure 3(B)). FIB-defined tem-
plates have also been used for controlled assembly of SERS-active nanoparticle dimers [21]. Nevertheless,
beam-induced damage, including ion implantation, amorphization, redeposition, and surface contam-
ination, together with inherently low throughput remains a significant limitation. Accordingly, recent
roadmaps emphasize that future advances will depend on improved automation, contamination con-
trol, damage mitigation, and integration with complementary nanofabrication processes [19]. Despite
their unmatched precision, EBL and FIB remain primarily valuable for prototype fabrication and master-
template generation because their serial nature limits direct high-volume manufacturing.

3.2. Scalable lithography: photolithography, LIL, NIL, and high-throughput patterning

Scalable fabrication has become a central requirement for translating nanofabricated biosensors from
laboratory prototypes to practical devices. Many optical biosensors, including plasmonic chips, photonic
crystals, guided-mode resonance sensors, metasurfaces, SERS substrates, and SPR/LSPR arrays, require
uniform nanostructures over centimeter- or wafer-scale areas to ensure consistent performance under
macroscopic illumination, multiplexed readout, or low-cost imaging systems. Consequently, the key
challenge has shifted from achieving the smallest possible feature size to reproducibly replicating func-
tional nanostructures over large sensing areas. Conventional photolithography remains one of the most
mature manufacturing technologies because of its high throughput, precise alignment capability, and
seamless compatibility with semiconductor processing and microfluidic integration. Rather than com-
peting with direct-write nanolithography, it increasingly serves as the manufacturing backbone for elec-
trodes, SU-8 molds, microfluidic components, patterned biointerfaces, and hybrid biochip architectures,
where reproducibility and multilayer integration are generally more important than ultimate nanoscale
resolution [13, 14, 59, 65]. Recent work has further expanded conventional photolithography to wearable
biosensors. Wang et al combined polymer-assisted metal deposition with double-sided photolithogra-
phy to fabricate permeable textile electronics with sub-100 ym patterning resolution, 10 000-cycle bend-
ing stability, and 20-cycle washing durability while preserving fabric breathability. The platform enabled
integrated multiplexed sweat biosensing, illustrating how photolithography can be extended beyond rigid
substrates toward scalable wearable biosensor manufacturing (figure 3(C)) [66].
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Figure 3. Representative lithographic patterning strategies for biosensor-oriented micro- and nanofabrication. (A) Resonant
quantum-tunneling plasmonic metasurface integrating a metal-insulator-metal tunneling junction with optical and electron-
microscopy characterization for biosensing. Adapted from [64], Copyright© 2025 Springer Nature. (B) FIB-milled inverted-
bowtie nanoapertures fabricated in a 100 nm Au film on a freestanding SiN membrane for label-free single-protein trapping,
with SEM/TEM characterization and simulated optical transmission. Adapted from [20]. Copyright© 2021 Elsevier. (C) In-
textile photolithography of Cu, Ag, and Ni circuits on polyester, glass-fiber, and non-woven PP substrates, demonstrating litho-
graphic integration with wearable electronics. Adapted from [66], Copyright© 2024 Springer Nature. (D) Laser interference
lithography for large-area periodic metamaterial biosensors, including interference exposure, pattern transfer, metallization,
lift-off, and SEM characterization. Adapted from [23], Copyright© 2024 American Chemical Society. (E) UV-NIL replication of
C-shaped plasmonic SERS nanopatterns from a Si master to Au-coated imprinted substrates. Adapted from [69], Copyright©
2023, MDPI.

LIL addresses large-area nanopatterning through the parallel exposure of periodic structures using
coherent laser interference. Because exposure time is largely independent of patterned area, LIL is partic-
ularly attractive for photonic crystals, diffraction gratings, plasmonic arrays, and metasurface biosensors.
Recent demonstrations include centimeter-scale metamaterial absorber arrays fabricated within min-
utes for label-free protein detection and reusable optical sensing, together with deep-UV LIL platforms
capable of producing 75 nm half-pitch periodic nanostructures over large areas [23, 24]. For exam-
ple, Kog et al fabricated 4 cm? plasmonic metamaterial surfaces exhibiting a refractive-index sensitiv-
ity of 685 nm RIU™!, radius variation of only &6 nm, and resonance wavelength deviations below 1%
across the sensing area, demonstrating that LIL can achieve centimeter-scale structural and optical uni-
formity while maintaining optical performance comparable to EBL-fabricated structures (figure 3(D))
[23]. However, LIL remains largely restricted to periodic architectures and offers limited flexibility for
arbitrary nanostructure layouts.

NIL provides a complementary solution by replicating nanoscale patterns from a high-resolution
master mold into polymer resists. This master-replica strategy converts the cost of serial nanofabrica-
tion into an efficient high-throughput manufacturing process and enables reproducible optical and inter-
facial nanostructures over useful device areas, making NIL particularly attractive for plasmonic chips,
photonic crystal biosensors, metasurfaces, SERS substrates, biomimetic interfaces, and disposable opti-
cal sensors [67, 68]. A representative example was reported by Milenko et al, who developed UV-NIL-
fabricated C-shaped plasmonic nanopatterns optimized for 785 nm excitation [69]. By directly coating
gold onto the replicated resist structures, the process eliminated silicon etching, reducing process com-
plexity and manufacturing cost while supporting reproducible, high-throughput fabrication of SERS sub-
strates (figure 3(E)). Recent studies demonstrate that NIL-fabricated photonic crystal slabs can support
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quasi-bound-state-in-the-continuum resonances suitable for label-free biosensing, highlighting that large-
area replication can preserve high optical performance while significantly improving manufacturability
[26]. Each scalable lithographic technique offers distinct advantages. Photolithography provides excellent
alignment accuracy and compatibility with semiconductor manufacturing, but is limited in nanoscale
resolution. LIL enables rapid, low-cost fabrication of periodic nanostructures over large areas but offers
limited design flexibility. NIL combines high resolution with large-area replication but remains depen-
dent on master-mold quality, stamp durability, residual-layer control, and defect accumulation during
repeated imprinting. Method selection therefore depends on the required architecture, area, and process
compatibility.

Several additional lithographic techniques, including deep-UV, EUV, immersion, and x-ray lithog-
raphy, together with scanning probe, edge, and near-field lithography, extend the capabilities of con-
ventional patterning but remain largely confined to specialized research or semiconductor manufactur-
ing because of their cost, infrastructure requirements, or limited throughput [27, 70, 71]. Other meth-
ods such as soft lithography, stereolithography, two-photon lithography, block copolymer lithography,
nanosphere lithography, electrohydrodynamic lithography, capillary force lithography, magnetolithogra-
phy, magnetorheological drawing lithography, and nanotransfer printing are discussed in later sections
where flexible substrates, additive manufacturing, hybrid fabrication, or self-assembly become the pri-
mary focus [71-73]. These patterned structures must subsequently be transferred into functional device
architectures through controlled etching processes.

3.3. Plasma-based pattern transfer: RIE/DRIE for silicon, photonic, and microfluidic biosensors
Reactive-ion etching (RIE), inductively coupled plasma RIE (ICP-RIE), cryogenic RIE, and deep RIE
(DRIE) transform lithographically defined patterns into functional silicon, dielectric, photonic, and
microfluidic structures. Beyond simple material removal, these processes determine etch depth, sidewall
angle, surface roughness, aspect ratio, and dimensional fidelity, directly influencing electrical, optical,
and fluidic performance. For resonant sensing structures, fabrication roughness can impose a perfor-
mance ceiling rather than merely introduce a small perturbation [74]. Modeling of optical and nanoa-
coustic DBR cavities has shown that nanometer-scale top-layer roughness or material inhomogeneities
can broaden resonances, limit the maximum achievable quality factor, and reduce the ability of open
resonators to resolve stimulus-induced frequency shifts; the same analysis highlights polishing and pla-
narization as possible mitigation strategies [75]. Topological interface-state designs may provide an addi-
tional route toward fabrication-tolerant resonators, as they have demonstrated enhanced robustness to
layer-thickness disorder compared with conventional Fabry—Perot cavities, [76, 77] whether this robust-
ness extends to surface-roughness-induced degradation in sensing architectures remains to be established.
Related sensing-oriented semiconductor-photonic work illustrates how e-beam pattern definition, RIE
chemistry, etch depth, duty cycle, sidewall quality, and grating-to-waveguide spacing jointly determine
optical coupling and loss [74]. In a regrowth-free laterally-coupled DFB laser platform developed for
absorption-spectroscopy applications, optimization of high-duty-cycle etched gratings produced strong
feedback while avoiding the additional loss associated with metallic gratings [74, 78]. Plasma-based etch-
ing should therefore be regarded as a performance-defining stage of biosensor fabrication rather than
merely a post-lithography processing step. In silicon nanowire field-effect transistor (SINW-FET) biosen-
sors, RIE defines nanowire geometry and substantially influences threshold voltage, transconductance,
electrical noise, and surface-charge sensitivity. Process-induced variations in nanowire width, line-edge
roughness, oxide quality, and interface chemistry remain major sources of device-to-device variability
[28]. Wafer-scale fabrication of ultrasmall silicon nanowires for cystatin C detection further illustrates
how precise etch control directly contributes to clinically relevant sensing performance [79].

Cryogenic DRIE extends these capabilities by producing vertical silicon nanowire arrays and other
high-aspect-ratio structures with tunable morphology and smooth sidewalls [29]. Although primarily
demonstrated as a fabrication study, this work is directly relevant because nanowire geometry determines
sensing surface area, analyte accessibility, electric-field distribution, and measurement reproducibility in
many biosensor platforms. In integrated photonic biosensors, plasma etching critically determines waveg-
uide dimensions, sidewall roughness, and resonance quality. CMOS-compatible photonic biosensors
rely on highly controlled etching to maintain low optical loss and stable resonance characteristics [80].
Representative examples include inverse-designed silicon-on-insulator waveguide biosensors fabricated
using EBL followed by plasma etching, [32] ICP-RIE optimization of tantalum oxide photonic crystal
waveguides, [81] and silicon nitride photonic crystal-assisted microring resonators, where nanoscale fab-
rication precision directly governs Fano resonance behavior [82].
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Plasma etching also underpins the fabrication of microfluidic and nanofluidic biosensors by pro-
ducing anisotropic channels, chambers, vias, and other high-aspect-ratio structures that regulate ana-
lyte transport, residence time, mixing efficiency, and hydraulic resistance [30, 83]. Accordingly, DRIE
contributes not only to nanoscale sensing elements but also to the sample-handling architectures essen-
tial for practical biosensor operation. For plasmonic, SERS, and metasurface biosensors, the importance
of RIE depends on device architecture. While metallic nanostructures are often fabricated by lift-off or
direct lithography, plasma etching becomes indispensable whenever nanoholes, nanopillars, dielectric res-
onators, or photonic slabs must be transferred into semiconductor or dielectric substrates. These exam-
ples collectively demonstrate that reproducible nanoscale geometry is fundamental to achieving reliable
optical performance [17, 84]. Despite its versatility, plasma etching remains highly process-sensitive. Etch
lag, aspect-ratio dependence, sidewall tapering, microtrenching, scalloping, plasma-induced damage, and
surface roughness can degrade electrical characteristics, broaden optical resonances, increase leakage, or
alter fluidic performance. Future advances will therefore depend on improved etch uniformity, sidewall
control, damage mitigation, and integration with scalable lithography, in-line metrology, and Al-assisted
process monitoring. Plasma-based pattern transfer thus represents a critical link between lithographic
pattern definition and manufacturable biosensor performance.

4. Scalable, hybrid, and three-dimensional nanofabrication approaches

While deterministic top-down nanofabrication provides the precision required for high-performance
biosensors, practical sensing platforms also demand scalability, cost efficiency, substrate compatibility,
and integration with large-area or three-dimensional device architectures. These requirements become
particularly important for disposable diagnostics, point-of-care testing, wearable monitoring, microflu-
idic systems, and multiplexed arrays, where fabrication must reproduce functional sensing structures over
technologically useful areas and on application-compatible substrates. Recent manufacturing strategies
increasingly combine scalable replication, substrate transfer, polymer processing, self-assembly, and addi-
tive fabrication to translate nanoscale sensing functionality into application-compatible device formats
(figure 4).

4.1. Replication and transfer-based manufacturing: NIL, roll-to-roll, and nanotransfer printing
Roll-to-roll NIL extends this concept from batch replication to continuous manufacturing. Khumwan

et al translated a COVID-19 serology assay from injection-molded microfluidic chips to foil-based
lateral-flow devices fabricated using UV-NIL and extrusion coating, illustrating the potential of web-
compatible imprinting for scalable point-of-care production, as shown in figure 4(A) [36]. Continuous
patterning on flexible polymer webs is particularly attractive for disposable, wearable, and large-area
optical biosensors, although practical implementation depends on web registration, mold durability, sub-
strate deformation, and repeated pattern fidelity [60, 85, 86]. Nanotransfer printing addresses a comple-
mentary challenge by decoupling nanostructure fabrication from the final substrate. Metallic, dielectric,
semiconductor, or plasmonic features can first be prepared on a donor and subsequently transferred to
flexible, textile, elastomeric, or polymeric receivers using adhesion-controlled printing or stamping. This
enables high-resolution structures to be integrated onto substrates that cannot tolerate aggressive lithog-
raphy, solvents, vacuum processing, or etching [87]. Together, NIL, roll-to-roll processing, and nan-
otransfer printing shift nanofabrication from one-time pattern definition toward repeated and substrate-
flexible device production. Their translational limitations arise primarily from master degradation, defect
propagation, residual-layer control, stamp deformation, adhesion, overlay accuracy, and loss of nanoscale
fidelity during repeated replication or transfer [71, 88-90]. Successful replication ultimately depends on
yield, structural fidelity, and device-level stability.

4.2, Lithography-free and template-assisted plasmonic nanostructures

Lithography-free and template-assisted approaches provide cost-effective alternatives to serial EBL or FIB
for producing plasmonic biosensor surfaces over relatively large areas. The manufacturing routes consid-
ered here include evaporation-driven colloidal deposition, nanoparticle aggregation, thin-film dewetting,
nanosphere lithography, and template-guided formation of ordered plasmonic structures. Their principal
trade-off is reduced dependence on direct nanoscale pattern writing versus less deterministic control over
feature size, interparticle gaps, long-range order, and hotspot distribution. This distinction is particularly
important for SERS and LSPR sensing, where morphology directly determines field enhancement and
quantitative reproducibility [25]. The molecular mechanisms underlying colloidal and block-copolymer
self-assembly are discussed separately in sections 4.1 and 4.3.
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Figure 4. Representative scalable, hybrid, and three-dimensional nanofabrication approaches for biosensor-oriented platforms.
(A) Roll-to-roll-compatible UV-NIL and extrusion-coating manufacture of foil-based lateral-flow chips for COVID-19 serology,
illustrating scalable polymer diagnostic-chip production. Adapted from [36], Copyright© 2025 MDPL. (B) Lithography-free plas-
monic coffee-ring biosensing combining evaporation-driven biomarker preconcentration, gold-nanoshell assembly, smartphone
imaging, and deep-learning-assisted analysis. Adapted from [91], Copyright© 2025, Springer Nature. (C) PET microfluidic
sample-preparation chip incorporating biporous silica nanofilms for pathogen enrichment, nucleic-acid extraction, and PCR-
free detection. Adapted from [115], Copyright© 2024 Springer Nature. (D) Aerosol-jet-printed three-dimensional Ag micropillar
electrodes coated with reduced graphene oxide and integrated into a PDMS microfluidic dopamine sensor. Adapted from [117],
Copyright© 2021 Springer Nature. (E) Capillary-collapse lithography for ordered sub-10 nm plasmonic bowtie gaps relevant to
SERS and nanosensing. Adapted from [131], Copyright© 2020 Springer Nature.

Evaporation-driven colloidal deposition provides a particularly simple lithography-free route for
simultaneously concentrating analytes and forming plasmonically active particle assemblies. Behrouzi
et al, for example, developed a lithography-free coffee-ring biosensor in which evaporation-driven assem-
bly concentrated protein biomarkers into asymmetric gold-nanoshell patterns that were quantified using
smartphone imaging and deep learning, as shown in figure 4(B) [91]. Such approaches are highly attrac-
tive for inexpensive disposable sensing, although random hotspot distributions remain a major source of
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particle-to-particle and batch-to-batch variability [92]. Dewetting provides a more substrate-integrated
lithography-free route. Thin Au, Ag, or bimetallic films reorganize into nanoislands or particles through
thermal, laser-induced, or solid-state processing, with morphology controlled by film thickness, anneal-
ing conditions, substrate properties, and multilayer design. Dewetted Au nanoislands have supported
self-referenced LSPR detection of protein adsorption, while solid-state dewetting on tapered optical fibers
has been used to tune nanoisland morphology for SERS sensing [93, 94]. Hybrid multilayer strategies
can further improve hotspot engineering, as demonstrated by Au/Al,O3/Au nanoarchitectures and Ag-
dewetted Au nanoparticle arrays [95, 96].

Template assistance provides greater spatial control than random colloidal assembly or dewetting
while avoiding serial nanoscale writing. Nanosphere lithography uses self-assembled colloidal masks to
produce large-area nanoprisms, nanoholes, and related periodic plasmonic structures, providing greater
optical uniformity than random films [97]. Other template systems enable more complex architectures,
e.g. anodic-aluminum-oxide-derived templates have produced three-dimensional bimetallic plasmonic
nanopillars for serum biomarker profiling, while nanocup-array metasurface sensors have been combined
with catalytic signal amplification for portable cancer-biomarker detection [98, 99]. Block-copolymer
templating provides an additional route to nanoscale particle and pore organization and is discussed in
section 4.3, where the emphasis is on the underlying self-assembly mechanism and its biosensor appli-
cations. Random films and dewetted structures offer low-cost hotspot generation but generally lower
spatial uniformity, whereas template-assisted arrays improve reproducibility at the cost of additional pro-
cessing and defect-control requirements. For practical biosensing, either route must ultimately combine
controlled morphology with reproducible biofunctionalization, antifouling behavior, and quantitative
calibration.

4.3. Soft lithography and polymer-based micro/nanofabrication for biochips
Soft lithography occupies a different role from high-resolution nanopatterning because its primary value
lies in integrating nanostructured transducers with fluid handling and biological samples. polydimethyl-
siloxane (PDMS) replica molding remains widely used for fabricating microchannels, chambers, valves,
mixers, droplet generators, and cell-culture compartments because PDMS combines optical transparency,
elasticity, gas permeability, and straightforward bonding to glass, silicon, or polymer substrates [14, 34,
100]. Microfluidic integration can directly determine biosensor performance by controlling sample vol-
ume, analyte transport, incubation, washing, and multiplexing. Patterned plasmonic arrays integrated
with microfluidics have been used for SPR, LSPR, SPR imaging, and SERS analysis, while microfluidic
electrochemical platforms provide controlled transport over modified electrodes with reduced reagent
consumption [101, 102]. Channel geometry itself influences mass transport: decreasing channel height
can enhance molecular recruitment, while stopped-flow and diffusion-controlled formats provide spa-
tiotemporal control over BioFET and multiplexed assays [103, 104]. Soft-lithographic integration also
supports portable biosensing. A print-and-stick microfluidic SPR platform coupled to smartphone imag-
ing enabled point-of-care 32-microglobulin detection, illustrating how simplified polymer assembly
can reduce the cost and complexity of conventional optofluidic devices [105]. More broadly, microflu-
idics can combine sample preparation, reaction control, and signal readout within compact diagnostic
platforms [106].

Elastomeric microfluidics is similarly important for flexible and wearable devices because chan-
nels can conform to skin or tissue and route sweat, interstitial fluid, or reagents toward sensing zones.
PDMS-based and related soft systems are widely used in wearable and implantable biointerfaces, while
liquid-metal microfluidic architectures demonstrate how mechanically compliant channels can support
stretchable sensing, including glucose detection [107, 108]. Organ-on-chip and cell-based biosensors
exploit the same properties of PDMS for gas exchange, cell culture, optical observation, and integration
with electrical or optical sensors [14]. However, PDMS also introduces well-known limitations, includ-
ing small-molecule absorption, nonspecific adsorption, solvent swelling, evaporation, oligomer leach-
ing, and hydrophobic recovery after plasma treatment, all of which can affect quantitative assays and
drug-screening applications [109, 110]. These limitations motivate a transition toward thermoplastics
such as COC, COP, PMMA, PC, and polyethylene terephthalate (PET), which offer better solvent resis-
tance, lower small-molecule absorption, improved storage stability, and greater compatibility with scal-
able manufacturing. COC biochips have already been demonstrated for DNA hybridization assays, while
reviews of thermoplastic microfluidics emphasize that molding, bonding, optical properties, and surface
functionalization must be co-optimized for reproducible device manufacture [111-113].

Other polymer platforms, e.g. including UV-curable materials, polyacrylates, hydrogels, elastomers,
and 3D-printed molds, further expand the design space. Polyacrylate microfluidics integrated with
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nanostructured optical aptasensors have improved protein detection relative to PDMS-based configura-
tions, while PET-based microfluidic sample-preparation chips containing biporous silica nanofilms have
combined pathogen enrichment, nucleic-acid isolation, and PCR-free detection, as shown in figure 4(C)
[114, 115]. Soft lithography and polymer processing therefore provide the integration layer that converts
nanostructured transducers into practical biochips. PDMS remains highly effective for rapid prototyping,
whereas thermoplastics and alternative polymers are increasingly important for scalable, disposable, and
application-ready devices.

4.4. Three-dimensional fabrication and vertically integrated biosensor architectures
Three-dimensionality enters biosensor manufacturing in two distinct ways. First, additive and direct-
write fabrication methods, including aerosol-jet printing, multiphoton lithography, stereolithography,
and digital light processing, can directly produce non-planar structures that are difficult to realize using
conventional planar processing. Second, established micro- and nanofabrication processes can be used
to construct vertically integrated or high-aspect-ratio device architectures, [116] such as micropillar
electrodes and stacked nanosheet FETs. These approaches should be distinguished because the former
are primarily evaluated by resolution, material compatibility, throughput, and post-processing require-
ments, whereas the latter are justified by whether three-dimensional geometry provides a measurable
sensing advantage, such as increased active area, improved analyte access, enhanced optical interaction,
or greater sensing functionality within a limited footprint. Aerosol-jet printing illustrates how a three-
dimensional fabrication process can directly improve electrochemical sensor architecture. Ali et al fabri-
cated Ag micropillar electrodes coated with reduced graphene oxide (rGO) and integrated them into a
PDMS microfluidic device for dopamine sensing (figure 4(D)) [117]. The vertically extended electrode
geometry increases the electrochemically active surface area without a proportional increase in device
footprint, illustrating a direct fabrication-enabled advantage of three-dimensional electrode design. More
broadly, porous and high-aspect-ratio electrodes can increase receptor loading and analyte-accessible sur-
face area, although these benefits must be balanced against reproducibility of morphology, functionaliza-
tion, and mass transport [118]. Notably, flexible nanotube-array microelectrodes have enabled real-time
H,0, monitoring from living cells and human specimens [119].

For semiconductor biosensors, vertically stacked and gate-all-around architectures can increase effec-
tive sensing area and channel width within a compact lateral footprint. TCAD analysis of a vertically
stacked nanosheet gate-all-around FET predicted higher biosensing sensitivity than nanowire and verti-
cally stacked nanowire FET architectures, primarily owing to its larger channel width and multiple sens-
ing channels [120]. More recently, a fabricated three-dimensional stacked silicon nanosheet FET with
8 nm interlayer cavities was specifically designed to mitigate Debye shielding through complementary
sensing from opposing surfaces. The device demonstrated DNA detection in 1x PBS and approximately
tenfold higher sensitivity than a planar device at high DNA concentration, providing experimental evi-
dence that three-dimensional device architecture can improve FET sensing under high-ionic-strength
conditions [121]. Such architectures, however, demand precise multilayer fabrication, dielectric control,
surface functionalization, alignment, and process uniformity. Three-dimensional optical and plasmonic
architectures provide a related geometry-driven advantage, with vertically extended or porous SERS sub-
strates increasing analyte-accessible surface area and distributing electromagnetic hotspots throughout
the sensing volume relative to planar substrates;[122] the template-assisted and self-assembly routes used
to fabricate many such structures are discussed in sections 3.2 and 4.

Multiphoton lithography, or two-photon polymerization, enables freeform three-dimensional
microstructures inaccessible to planar processing. Organic semiconductor composites have been pat-
terned into functional 3D architectures for flexible electronics and biosensing, while two-photon-written
structures followed by metallization or PEDOT:PSS electrodeposition have produced conductive bioelec-
tronic microarchitectures [39, 123]. The main advantage is simultaneous control of geometry and bioint-
erface architecture, although throughput and printable material choices remain limited. Stereolithography
and digital light processing occupy a complementary manufacturing regime, sacrificing the resolution of
multiphoton lithography in exchange for larger build volumes, faster fabrication, and lower infrastruc-
ture requirements. This trade-off is particularly useful when three-dimensional fabrication is required
primarily for fluid handling or system integration rather than for defining the nanoscale transducer
itself. For example, cleanroom-free stereolithography combined with hot embossing has enabled multi-
plexed miRNA biosensing platforms, illustrating how additive manufacturing can simplify the production
of integrated diagnostic architectures [124—126]. Resin biocompatibility, post-curing, surface roughness,
dimensional accuracy, and reliable fabrication of enclosed channels remain important manufacturing
constraints.
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Three-dimensional architectures are also attractive for tissue-interfacing and implantable bioelec-
tronics because flat devices couple imperfectly to curved and heterogeneous biological surfaces. Vertical
arrays, porous scaffolds, and tissue-conformal structures can improve contact area, reduce interfacial
impedance, and enhance signal quality. Consequently, three-dimensional morphology, surface chem-
istry, and mechanical integration must be considered as a single nano-biointerface design problem [127].
The manufacturing challenges associated with 3D biosensors depend on whether complexity arises from
the fabrication method or from the device architecture. Multiphoton lithography is limited primarily
by serial writing speed and material choice, whereas SLA and DLP require control of resin biocompat-
ibility, post-curing, surface quality, and enclosed-channel fidelity. Vertically integrated semiconductor
architectures instead impose stringent requirements on multilayer alignment, dielectric control, dimen-
sional uniformity, and surface functionalization. Across all approaches, additional three-dimensional sur-
face area is beneficial only when it remains accessible to analytes and can be functionalized, calibrated,
and reproduced across devices and batches. Three-dimensional complexity is therefore justified when it
provides a measurable sensing or integration advantage that outweighs the additional fabrication and
quality-control burden.

4.5. Emerging hybrid routes: capillary, electrohydrodynamic, edge, and magnetically assisted patterning
Several emerging methods use capillary, electric, magnetic, or edge-defined forces to create micro/-
nanostructures that are difficult to obtain using conventional lithography. These techniques remain

less standardized than NIL or soft lithography and should therefore be viewed primarily as special-

ized enabling routes. Capillary-force-based patterning exploits liquid filling, evaporation, mold con-
finement, or surface-tension-driven deformation. Applications include structured biomaterial sur-

faces, colloidal assembly, and low-cost polymer patterning [71, 128]. Biosensor-related demonstrations
include colloidal crystal assembly for SPR sensing, nanoporous Au patches for wearable glucose detec-
tion, and capillary-collapse lithography producing ordered sub-10 nm plasmonic bowtie gaps, as shown
in figure 4(E) [129-131]. Electrohydrodynamic lithography and printing use electric fields to deform
polymer films or deposit functional inks and nanomaterial suspensions. Their contactless and digi-
tally tunable nature is attractive for hierarchical micro/nanostructures, printed electronics, and flex-
ible sensors, although uniformity, dielectric breakdown, material compatibility, and process stability
remain important limitations [132]. Direct biosensor examples include electrohydrodynamically pat-
terned SERS micropillars and MXene FET biosensors for aflatoxin Bl detection,[133, 134] making this
the most immediately biosensor-relevant method within this group. Edge-defined lithography gen-
erates nanoscale features from the boundaries of larger pre-patterned structures, enabling nanogaps,
nanowires, nanochannels, and edge electrodes without serially defining the entire device. Such methods
remain specialized but are relevant to flow-through electroanalysis, nanofluidics, and selected biosensor
architectures [13, 135, 136]. Magnetically assisted lithography and magnetorheological drawing are even
less mature for biosensor manufacturing. Magnetic fields can align particles, ferrofluids, composites, or
responsive polymers into anisotropic structures, offering remote control and soft-material compatibility.
Current demonstrations are stronger in smart materials, soft robotics, microneedles, and cell manipu-
lation than in biosensing, although magnetically patterned piezoresistive composites and spatially mag-
netized soft machines illustrate potential future routes for biointerfaces and fluidic control [137-139].
These emerging routes currently serve specialized rather than general-purpose manufacturing roles, with
broader adoption dependent on improved reproducibility, uniformity, and biosensor-level validation.

5. Bottom-up and self-assembled biosensor architectures

Bottom-up and self-assembled nanofabrication provides a complementary route to lithographic,
replication-based, and polymer-processing methods by exploiting programmed or spontaneous inter-
actions among nanoparticles, polymers, biomolecules, and supramolecular building blocks. Colloidal
assembly, DNA base pairing, block-copolymer phase separation, peptide/protein self-assembly, and
responsive molecular interactions can generate hierarchical architectures that are difficult or costly to
reproduce using purely top-down fabrication. For biosensors, their main value lies in chemical pro-
grammability, solution processability, molecular-scale organization, and compatibility with biological
recognition. Colloidal assemblies generate plasmonic hotspots; DNA nanostructures position functional
components with molecular precision; block copolymers provide nanopatterned or nanoporous tem-
plates; and responsive biointerfaces can couple molecular recognition directly to structural change. Their
principal limitations are correspondingly different from those of deterministic lithography, including
batch variability, structural heterogeneity, stability, defect control, and device integration. This section
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Figure 5. Bottom-up and self-assembled biosensor architectures. The schematic summarizes colloidal nanoparticle assemblies,
DNA origami, block-copolymer-derived nanoporous templates, and responsive biointerfaces as chemically programmable
routes to plasmonic hotspots, molecular-scale component positioning, controlled nanoporous transport, and dynamic sensing
interfaces.

therefore treats bottom-up fabrication as a complementary strategy for introducing molecular precision
and biological adaptability into manufacturable biosensor architectures, as summarized in figure 5.

5.1. Colloidal assembly and plasmonic nanoparticle superstructures

Colloidal assembly is one of the most established bottom-up routes for plasmonic biosensing. Au,

Ag, and hybrid nanoparticles organize through ligand-mediated, electrostatic, capillary, interfacial, or
biomolecular interactions into films, clusters, arrays, and higher-order superstructures. Because the
nanoparticles simultaneously provide optical transduction and chemically addressable surfaces, they

can be functionalized with antibodies, aptamers, nucleic acids, peptides, enzymes, or antifouling ligands
while being assembled into structures with collective plasmonic behavior [140, 141]. A representative
example was reported by Qi et al, who developed a template-assisted colloidal assembly strategy using
elastomeric PDMS molds patterned with hexagonal triskelion cavities to organize Au and Ag nanopar-
ticles into highly ordered plasmonic superlattices (figure 6(A)). The triskelion geometry was first opti-
mized by FDTD simulations, using a lattice parameter of 500 nm, an arm width of 75 nm, and a vertex
spacing of 400 nm, and subsequently transferred to patterned PDMS molds. During fabrication, 1.5 pul
of PEG-SH-functionalized Au or Ag colloidal suspension stabilized with CTAC was confined between the
PDMS stamp and a glass substrate over a 16 mm?2 patterned area and allowed to self-assemble through
solvent evaporation for 4-6 h. This approach enabled the formation of large-area triskelion arrays from
Au nanospheres with diameters of 27, 45, and 54 nm, Ag nanospheres with diameters of 20, 27, 32, and
36 nm, and Au nanorods measuring 60 x 15 nm, demonstrating the versatility of template-assisted
assembly across different colloidal compositions, sizes, and morphologies. The resulting superlattices
exhibited strong collective plasmonic coupling and tunable chiroptical behavior, with g-factors reach-
ing 0.40 for Ag nanoparticle arrays and 0.18 for Au nanoparticle arrays under normal incidence, while
changes in nanoparticle size and morphology enabled systematic tuning of the optical response across
the visible and near-infrared spectral regions [142].

Their sensing performance arises primarily from interparticle plasmonic coupling. Nanoscale gaps
concentrate electromagnetic fields and enhance SERS, LSPR, fluorescence, and colorimetric responses,
with performance governed by nanoparticle geometry, composition, spacing, ligand thickness, assembly
order, and dielectric environment. Water-oil interfacial assembly has produced densely packed nanoparti-
cle monolayers with accessible enhancing surfaces for quantitative SERS, while ordered cluster arrays and
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Figure 6. Representative bottom-up and self-assembled nanofabrication strategies for biosensor architectures. (A) Template-
assisted colloidal self-assembly of Ag nanospheres, Au nanospheres, and Au nanorods into ordered triskelion plasmonic superlat-
tices using patterned PDMS molds. Adapted from [142], Copyright© 2025 Springer Nature. (B) DNA-origami-assisted lateral-
flow signal amplification using a programmable six-helix bundle scaffold for spatial organization of antibodies, Au nanoparti-
cles, and fluorescent reporters. Adapted from [43], Copyright© 2025 Springer Nature. (C) Block-copolymer-directed fabrica-
tion of an ordered nanoporous electrochemical sensing interface using PI-b-PEO templating, sol-gel co-assembly, spin coating,
and calcination, with SEM/FIB characterization of the pore network. Adapted from [164], Copyright© 2025 The Royal Society
of Chemistry. (D) Responsive peptide-conjugated liquid-crystal interfaces that translate anti-RGD binding into a measurable
molecular-ordering transition. Adapted from [174], Copyright© 2023 American Chemical Society.

superlattices enable tuning of both near- and far-field coupling [143, 144]. Target-responsive assembly
adds a further sensing mechanism because analyte recognition can actively alter nanoparticle organiza-
tion. DNA hybridization, aptamer folding, antibody-antigen binding, enzymatic reactions, or competi-
tive interactions can trigger aggregation, dispersion, or structural reconfiguration, producing measurable
changes in color, extinction, LSPR, fluorescence, or SERS. DNA-directed protein anchoring on func-
tionalized Au nanoparticles illustrates how biomolecular programmability can control both recognition
and plasmonic signal generation [145]. Such formats are particularly attractive for low-cost point-of-care
detection because molecular recognition can be converted directly into an optical response.

The main limitation is reproducibility. Random aggregation can produce intense hotspots but poor
spatial uniformity, whereas ordered assemblies require strict control of particle concentration, ligand
chemistry, solvent conditions, drying dynamics, and substrate interactions. Colloidal instability, non-
specific adsorption, hotspot heterogeneity, and storage degradation further complicate quantitative use.
Accordingly, current strategies increasingly favor ordered or confined assemblies that jointly control
nanoscale spacing, surface chemistry, and collective optical response.

5.2. DNA Origami and Biomolecular Nanofabrication

DNA origami and related DNA nanostructures provide exceptionally programmable bottom-up fabri-
cation because sequence-specific base pairing can encode geometry, addressability, and molecular posi-
tioning. DNA origami scaffolds, tiles, tetrahedra, branched structures, and dynamic devices can organize
nanoparticles, fluorophores, enzymes, aptamers, antibodies, peptides, and other recognition elements
with nanometer-scale control over spacing and orientation [42, 146, 147]. A representative example of
this programmable nanofabrication strategy was reported by [jis et al, who developed a DNA origami-
enabled signal amplification platform for lateral flow immunoassays (figure 6(B)). Their approach
employed a 490 nm-long six-helix bundle DNA origami scaffold incorporating two antibody-binding
domains and a central amplification domain containing 180 programmable DNA overhangs for the
attachment of fluorescent dyes or DNA-functionalized Au nanoparticles. Detection antibodies were con-
jugated to the terminal binding domains, whereas multiple signal labels were assembled onto the ampli-
fication domain through sequence-specific DNA hybridization, enabling precise control over both label
stoichiometry and nanoscale spatial organization. The resulting DNA origami nanostructure was subse-
quently integrated into a conventional LFIA platform, where multivalent label recruitment significantly
enhanced signal generation while preserving the standard assay workflow. This work demonstrates how
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DNA origami can function simultaneously as a programmable structural scaffold, a molecular assembly
platform, and a signal amplification architecture for highly sensitive biosensing [43].

This precision is particularly valuable in optical and plasmonic biosensors. DNA origami can orga-
nize metallic nanoparticles into dimers, trimers, nanoantennas, chiral assemblies, and plasmonic cavities
while positioning fluorophores, Raman reporters, or targets within regions of strong field enhancement.
DNA-origami nanoantennas have enabled single-antibody detection through plasmon-enhanced fluo-
rescence, while gold nanobipyramid assemblies have been used for selective recognition of thioflavin
T [148, 149]. DNA-guided Au nanoparticle organization has also been integrated with fiber-optic SPR
sensing, demonstrating compatibility with device-level optical readout [150]. Unlike static templates,
DNA nanostructures can also participate directly in signal transduction. Target binding can induce open-
ing, closing, strand displacement, fluorophore—quencher separation, or plasmonic reconfiguration. A
DNA-origami ‘book’ biosensor converted nucleic-acid recognition into structural and fluorescent signals,
while reconfigurable DNA systems have been adapted to visual and smartphone-compatible detection
[151-153].

DNA nanostructures also improve electrochemical interfaces by controlling probe density, accessi-
bility, and reporter distance from electrodes. Target-capturing DNA origami tiles have enhanced DNA
biosensor signals without enzymatic amplification, while modular origami-based electrochemical archi-
tectures have been adapted to both nucleic-acid and protein targets [154, 155]. Related DNA-origami—
protein nanopores and DNA-defined plasmonic nanogaps further extend the approach toward pro-
grammable single-molecule sensing [156, 157]. Translation remains limited by structural stability, nucle-
ase degradation, ionic-strength and Mg2+ dependence, purification complexity, oligonucleotide cost, and
batch reproducibility. Integration with solid-state chips, microfluidics, portable readers, and physiological
samples remains equally important [158-160]. DNA origami is therefore best positioned for biosensors
in which molecular-scale spatial control or dynamic reconfiguration provides functionality that conven-
tional lithography cannot readily reproduce.

5.3. Block copolymer, nanosphere, and nanoporous templates

Block-copolymer (BCP) self-assembly generates periodic nanostructures through microphase separa-
tion, producing lamellae, cylinders, spheres, gyroids, nanopores, nanodots, and nanowire-like domains.
Compared with deterministic lithography, BCPs provide parallel nanoscale organization over larger areas,
with feature dimensions controlled by polymer composition, molecular weight, volume fraction, and
processing conditions [44,45]. In plasmonic biosensors, BCP domains can control nanoparticle den-

sity and aggregation. A PS-b-P4VP-templated fiber-optic LSPR biosensor used chemically distinct poly-
mer domains to organize a dense Au nanoparticle monolayer, reducing aggregation while improving
refractive-index sensitivity and DNA hybridization detection [161]. Aligned lamellar BCPs have also been
converted into sub-10 nm-half-pitch Au nanowires, while nanoimprint-assisted BCP assembly demon-
strates how top-down registration and molecular-scale ordering can be combined when device-level
alignment is required [162, 163].

A representative example of block-copolymer-directed biosensor nanofabrication was reported by
Fornerod et al, who developed an inorganic nanoporous electrochemical sensing interface through the
co-assembly of PI-b-PEO micelles with an aluminosilicate sol-gel precursor (figure 6(C)). Following spin
coating onto fluorine-doped tin oxide (FTO) electrodes and a two-step calcination process to remove
the polymer template, the resulting approximately 150 nm-thick film exhibited 65 vol% accessible poros-
ity and an average pore diameter of 44 £+ 12 nm. GISAXS, SEM, and FIB characterization confirmed a
highly ordered, interconnected inverse-opal-like nanopore architecture that provided a large accessible
surface for probe immobilization while supporting molecular transport through the porous network.
When integrated into an electrochemical nanopore-blockage platform for E. coli 16 S rRNA-derived
DNA detection, target-induced modulation of nanopore transport enabled label-free detection within
20 min, with a limit of detection of 30 fM and a limit of quantification of 500 fM [164]. This example
illustrates the broader value of BCP-derived nanoporous and mesoporous films for biosensing, in which
controllable pore size, connectivity, and surface chemistry can be used to regulate molecular transport
and probe loading; more generally, self-assembled mesoporous architectures offer high internal sur-
face area, size-selective transport, and tunable chemical functionality for DNA-, enzyme-, and ionic-
transport-based sensing [165, 166].

Related nanoporous templates, including anodic aluminum oxide, porous silicon, nanoporous gold,
mesoporous silica, and porous polymer networks, extend the same concept of high surface area and con-
trolled transport, although their fabrication and integration requirements differ [167, 168]. The principal
challenge is that nanoscale periodicity does not guarantee deterministic device-level organization. Grain
boundaries, orientation, long-range order, defect density, and registration remain important limitations,
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while practical biosensor use additionally requires reproducible functionalization, antifouling behav-
ior, and microfluidic integration. BCP and nanoporous templates are therefore most useful when high-
density molecular organization and transport control can be coupled to robust device-level fabrication.

5.4. Responsive, bioinspired, and hierarchical self-assembled interfaces
Responsive and bioinspired interfaces extend bottom-up fabrication beyond static templates by allowing
the material itself to participate in molecular recognition or signal generation. Peptides, proteins, small
molecules, hydrogels, vesicles, liquid crystals, porous networks, and hybrid organic—inorganic systems can
self-organize into hydrated and biologically active interfaces supporting optical, electrochemical, fluores-
cence, colorimetric, and field-effect sensing [169, 170]. Peptide- and protein-based assemblies are attrac-
tive because sequence programmability and biocompatibility can be combined with receptor presenta-
tion and surface functionalization. Nanofibers, nanotubes, amphiphiles, coiled-coil structures, and related
scaffolds can immobilize enzymes, antibodies, aptamers, nanoparticles, or electroactive components. Self-
assembled GA-repeat peptides, for example, have been used as scaffolds on MoS, electrochemical transis-
tors while preserving transistor performance and enabling femtomolar streptavidin detection [171, 172].

Responsive assemblies provide a further advantage by converting biochemical recognition into struc-
tural change. Swelling, shrinking, aggregation, disassembly, conformational rearrangement, cleavage, or
interfacial ordering can be triggered by pH, temperature, ions, enzymes, redox conditions, light, or target
binding [173]. At liquid-crystal interfaces, peptide-conjugated mesogens have translated biomolecular
binding into optical ordering transitions, illustrating how self-assembly can act as both fabrication mech-
anism and transduction principle [174]. A representative example was reported by Uchida et al, who
developed peptide-conjugated forklike mesogens that spontaneously self-assembled at aqueous/liquid-
crystal interfaces to create biomolecule-responsive sensing platforms (figure 6(D)). The authors designed
amphiphilic mesogens incorporating an RGD peptide recognition motif together with multiple rigid
mesogenic cores to control interfacial organization. The self-assembled interface induced homeotropic
alignment of the liquid crystal, whereas specific binding of anti-RGD antibodies triggered an ordering
transition from homeotropic to tilted alignment, producing a distinct optical response observable by
polarized optical microscopy. In contrast, a single-mesogen analogue formed densely packed interfaces
that prevented effective biomolecular recognition and therefore generated no measurable optical tran-
sition. This work demonstrates how molecular self-assembly can simultaneously determine interfacial
architecture, recognition accessibility, and signal transduction, highlighting responsive biointerfaces as an
effective bottom-up strategy for optical biosensing. [159].

Hierarchical hybrid assemblies combine biological recognition with conductivity, catalytic activ-
ity, transport, or signal amplification by incorporating metals, graphene, MXenes, metal oxides, MOFs,
COFs, or other functional nanomaterials. A hierarchical porous MOF biocatalytic microreactor, for
example, improved enzyme organization and enabled amplified miRNA-21 detection in cancer cells and
patient serum [175]. Biomodified two-dimensional materials similarly illustrate how engineered bioint-
erfaces can support optical, electrochemical, fluorescence, and photoelectrochemical sensing [176, 177].
Bioinspired surface engineering is particularly relevant in complex biological matrices, where hydrated
coatings, membrane-inspired layers, peptide-functionalized interfaces, and biomimetic polymers can
improve recognition while reducing nonspecific adsorption. Multiscale biohybrid interface design increas-
ingly aims to combine biological function with engineered mechanical and physicochemical properties
[178]. The main barriers are stability and reproducibility. Biomolecular assemblies may undergo mor-
phology drift, degradation, or loss of activity, whereas responsive materials can become difficult to cal-
ibrate when swelling or structural transitions are affected by matrix composition. Hybrid systems add
further complexity in sterilization, storage, material compatibility, and scale-up. Their translational
value therefore depends on coupling dynamic biological function with stable immobilization, antifoul-
ing chemistry, reproducible fabrication, and practical device integration.

6. Flexible and wearable biosensor fabrication

Flexible and wearable biosensors represent an important direction in nanofabricated sensing because they
extend biosensor operation from rigid laboratory platforms to mechanically compliant, skin-conformal,
and continuously operating systems. Unlike conventional chip-based biosensors, wearable devices must
function under bending, stretching, sweat exposure, body motion, and prolonged contact with bio-
logical surfaces. Their performance is therefore governed not only by the nanoscale sensing interface,

but also by substrate mechanics, interfacial adhesion, biofluid handling, signal stability, packaging,

and device-level integration. Recent progress has been driven by the convergence of flexible substrates,
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Figure 7. Overview of flexible and wearable biosensor fabrication strategies. The schematic summarizes flexible substrates,
transfer- and laser-based conductive interfaces, printed nanomaterials, textile and fiber architectures, epidermal microfluidics,
and multilayer integration of sensing modules with packaging, power, electronics, and wireless communication.

transfer-based patterning, laser-written conductive architectures, printed nanomaterial interfaces, textile-
integrated sensing, and epidermal microfluidics. Materials such as PDMS, PET, polyimide (PI), Ecoflex,
and hydrogels provide different levels of flexibility, stretchability, transparency, process compatibility,

and biological compliance. At the same time, transfer printing, laser-induced graphene, screen and inkjet
printing, solution-processed nanomaterial coatings, fiber-level functionalization, and stretchable inter-
connect design have enabled conductive, optical, and electrochemical sensing layers to be integrated onto
deformable supports. These developments have expanded wearable biosensors beyond simple epidermal
electrodes toward multifunctional systems capable of biochemical monitoring, controlled biofluid sam-
pling, wireless communication, and prolonged skin-interfaced operation. However, flexible and wear-
able biosensor fabrication introduces challenges that are less prominent in rigid devices. Mechanical
deformation can cause cracking, delamination, signal drift, or loss of electrical continuity, while biofluid
sampling depends on secretion rate, evaporation, microfluidic routing, and stable skin contact. Scalable
manufacturing additionally requires reproducible ink formulation, pattern fidelity, substrate compati-
bility, wash durability, encapsulation stability, biofunctionalization, and device-to-device uniformity. As
summarized in figure 7, wearable biosensor fabrication extends beyond the sensing interface itself and
requires the integration of compliant substrates, conductive interface fabrication, textile platforms, epi-
dermal microfluidics, multilayer device integration, and application-specific wearable formats within a
unified manufacturing framework.

6.1. Flexible and stretchable substrates

Among the substrate materials investigated in recent wearable biosensor fabrication, PDMS, PET, PI,
Ecoflex, and hydrogels remain particularly important because they address different mechanical, opti-
cal, and biological requirements. PDMS provides optical transparency, elasticity, gas permeability, and
compatibility with soft microfluidics. PET and PI offer mechanically robust, dimensionally stable, and
process-compatible platforms for flexible electronics, printed biosensors, and wearable electrode arrays.
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Ecoflex provides high stretchability for deformable skin-contact devices, whereas hydrogels offer hydrated
and tissue-like interfaces that can improve biological compatibility. These materials should therefore be
viewed as complementary substrate platforms rather than competing alternatives, with selection depend-
ing on the sensing mechanism, target biofluid or tissue, expected deformation range, fabrication process,
and intended use environment.

PDMS remains one of the most widely used elastomeric substrates for soft microfluidic and epider-
mal biosensors. Its low elastic modulus enables conformal contact with irregular skin surfaces, while its
optical transparency supports colorimetric, fluorescence, imaging-based, and optofluidic sensing formats.
In wearable biosensors, PDMS-based structures are particularly useful for sweat collection channels, flex-
ible reservoirs, encapsulation layers, and epidermal patches. However, PDMS also has important limita-
tions. Hydrophobic recovery after plasma treatment can reduce long-term wettability, while its intrinsic
hydrophobicity can hinder efficient fluid transport in sweat microfluidics [179]. Weak adhesion between
PDMS and metallic thin films can further promote cracking or delamination during repeated deforma-
tion. Consequently, recent devices increasingly combine PDMS with surface modification, adhesion lay-
ers, hydrophilic channel treatments, composites, or multilayer encapsulation to preserve softness while
improving analytical stability and durability [179-181].

PET and PI represent a different class of flexible substrates: they are less stretchable than elastomers
but more suitable for mechanically stable electronic integration. PET offers optical transparency, low
cost, chemical resistance, and compatibility with scalable film processing, making it useful for dispos-
able biosensors, optical sensing patches, and printed electrochemical devices. Its limited stretchability,
however, means that conductive coatings or patterned electrodes may crack under large tensile strain
unless serpentine traces, island-bridge layouts, or elastomeric encapsulation are introduced. PI provides
higher thermal stability, chemical resistance, and mechanical durability than PET, making it one of the
most important substrates for flexible electronics and integrated biosensing systems [182]. Because PI
can tolerate relatively high processing temperatures, it is compatible with thin-film metallization, flexi-
ble circuits, laser-induced graphene formation, and multifunctional bioelectronic platforms [183, 184].
PI is nevertheless not intrinsically stretchable, so PI-based wearable systems typically rely on serpentine
conductors, kirigami-inspired geometries, island-bridge layouts, or elastomeric encapsulation to accom-
modate large body motion without mechanical failure [182, 185].

Ecoflex is particularly attractive when high stretchability and skin-like mechanical compliance are
required. Its low modulus and high elongation at break allow devices to maintain conformal contact
with highly deformable body regions during motion. This makes Ecoflex useful for electronic skin, soft
strain sensors, motion-monitoring systems, rehabilitation devices, and stretchable biochemical sensing
patches. In biochemical wearable devices, the low stiffness of Ecoflex can reduce interfacial stress between
the device and skin and maintain stable contact during repeated stretching. However, its softness also
complicates processing. Precise electrode patterning can be difficult because the substrate deforms dur-
ing fabrication, and conductive layers often require adhesion promoters, embedded architectures, surface
treatments, or composite formulations to prevent delamination under cyclic strain. Ecoflex is therefore
frequently combined with conductive composites, liquid metals, hydrogels, stretchable nanomaterials, or
multilayer elastomeric structures. Hybrid systems can also use relatively rigid PI islands to protect fragile
components while elastomeric regions absorb strain, improving reliability under repeated deformation
[185-187].

A representative example was reported by Kim et al, who developed a photo-patternable Ecoflex
(PPE)-based strategy for fabricating intrinsically stretchable, multi-biochemical wearable sensors
(figure 8(A)) [188]. In their process, conventional Ecoflex was modified with benzophenone-based
photo-inhibition chemistry to enable direct UV patterning of the elastomeric encapsulation layer, thereby
avoiding the alignment and lamination limitations associated with conventional soft-lithographic or
mechanical patterning approaches. PPE was spin-coated at 700 rpm for 60 s, exposed to 365 nm UV
light at 1.2 mW cm~2for 10 min, annealed at 85 °C for 1 min, developed for 1 min, and finally cured
at 100 °C for 1 h. The photo-patterned Ecoflex could be formed into openings down to approximately
200 pwm resolution and remained mechanically intact when stretched to 200% strain. The complete
wearable architecture combined an Ecoflex substrate, screen-printed Ag/Ecoflex stretchable conductors,
PPE encapsulation, Au nanoparticle-modified electrodes, and distinct functional layers for glucose, lac-
tate, pH, and humidity sensing. The encapsulated conductor maintained stable electrical characteris-
tics up to 250% strain, retained performance after 1000 deformation cycles at 100% strain, and showed
approximately 60% higher conductivity than a comparable PDMS-based electrode at 50% strain. At the
device level, the biochemical sensors preserved stable operation under deformation up to 50% strain and
after 1000 cycles at 20% strain, while the final patch was conformally mounted on the wrist for real-time
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Figure 8. Representative fabrication and integration strategies for flexible and wearable biosensors. (A) Photo-patternable
Ecoflex-based stretchable sweat sensor integrating Ag conductors, Au-nanoparticle-modified electrodes, selective encapsula-
tion, and multiplexed detection of glucose, lactate, pH, and humidity. Adapted from [188], Copyright© 2023 Springer Nature.
(B) Laser-induced graphene electrodes transferred to a flexible polyurethane platform and integrated with microfluidics, adhe-
sive layers, iontophoretic sweat stimulation, and wearable electrochemical sensing. Adapted from [197], Copyright© 2025 The
Royal Society of Chemistry. (C) Textile-integrated rGO sensing yarn combining pH and lactate electrodes, multilayer patch con-
struction, wireless readout, and continuous on-body sweat monitoring. Adapted from [222], Copyright© 2024 Springer Nature.
(D) DLP-printed three-dimensional epidermal ‘sweatainer’ incorporating sequential reservoirs, ventilation structures, capil-
lary burst valves, and a conformal skin interface for passive sweat management. Adapted from [230], Copyright© 2023 AAAS.
(E) Fully integrated wearable biosensor combining microfluidic sweat sensing, photovoltaic energy harvesting, rechargeable
batteries, adaptive power management, flexible electronics, BLE communication, and soft encapsulation. Adapted from [240],
Copyright© 2025 Springer Nature.

sweat monitoring. These results demonstrate how elastomer chemistry, direct photopatterning, stretch-
able conductive composites, and multilayer integration can be co-designed to improve mechanical relia-
bility without sacrificing multiplexed biosensing functionality.

Hydrogels provide a distinct substrate class because their hydrated polymer networks can resem-
ble the mechanical and physiological properties of biological tissues. Unlike dry polymer films, hydro-
gels form water-rich interfaces that can reduce mechanical mismatch with skin, wounds, or implanted
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tissues while supporting analyte diffusion and biomolecular activity. Hydrogel-based biosensors have
therefore been investigated for wound monitoring, implantable sensing, tissue-interfacing devices, and
long-term physiological monitoring. Conductive hydrogels containing graphene, MXenes, CNTs, metal-
lic nanoparticles, or conducting polymers further expand their use in electrochemical, strain-sensitive,
and bioelectronic devices [189]. Hydrogel-based wearable patches have also enabled non-invasive glucose
sensing from natural sweat, illustrating their potential as soft biochemical sensing interfaces [190]. Their
main limitations are dehydration, swelling, relatively low mechanical strength, and long-term packaging
requirements. Changes in hydration can alter both ionic conductivity and device dimensions, thereby
affecting calibration and analytical reproducibility [191].

No single substrate satisfies all requirements for wearable biosensing. PDMS is well suited to soft
microfluidics, epidermal patches, and optically accessible devices; PET and PI are preferred when flexi-
ble electronics, printed electrodes, dimensional stability, and process compatibility are required; Ecoflex
is advantageous for highly stretchable systems; and hydrogels are uniquely suited to hydrated and tissue-
like biointerfaces. Consequently, wearable biosensor fabrication is increasingly moving toward hybrid
substrate architectures rather than single-material platforms. Elastomeric supports can be combined
with hydrogel sensing layers, PI-based island-bridge circuits with stretchable substrates, PET-supported
printed electrodes with compliant encapsulation, and PDMS microfluidics with nanostructured elec-
trochemical or optical sensing surfaces. Such hybrid designs aim to combine mechanical compliance,
fabrication compatibility, biointerface stability, and analytical performance within the same device
(60, 181, 183].

6.2. Transfer, laser-written, and printed conductive interfaces

The fabrication of conductive interfaces on flexible and wearable substrates requires processes that pre-
serve electrical and electrochemical performance while accommodating bending, stretching, skin contact,
and repeated mechanical deformation. Unlike rigid chip-based biosensors, wearable platforms cannot
rely exclusively on conventional wafer-level metallization or direct lithographic processing because poly-
meric, elastomeric, textile, and hydrogel-based substrates may deform, swell, absorb solvents, or exhibit
heterogeneous surface morphology during fabrication. Consequently, recent wearable biosensor manufac-
turing increasingly relies on three complementary strategies: transfer-based integration of pre-fabricated
structures, direct laser writing of conductive architectures, and additive deposition of functional nano-
material inks. Although these approaches differ in how conductive structures are generated, they share
the objective of integrating high-performance sensing interfaces onto mechanically compliant substrates
while maintaining adhesion, pattern fidelity, and device reproducibility.

Transfer-based fabrication provides a bridge between high-resolution pattern definition and flexible
substrate integration. Conductive films, nanowire networks, electrode arrays, or nanostructured sens-
ing interfaces can first be fabricated on rigid donor substrates under optimized processing conditions
and subsequently transferred to flexible receivers through conformal lamination, dry transfer, sacrifi-
cial release, peel-off, or adhesion-controlled printing. This strategy is particularly useful when the final
substrate cannot tolerate photoresist processing, aggressive solvents, vacuum deposition, elevated tem-
peratures, or plasma exposure. By separating pattern formation from final device assembly, transfer-
based approaches preserve the precision of wafer-compatible fabrication while extending it to soft and
unconventional wearable substrates [13, 192]. Dry-transfer photolithography illustrates how conven-
tional lithographic precision can be adapted to mechanically compliant platforms. Instead of perform-
ing the complete resist-processing sequence directly on the final soft substrate, transferable resist lay-
ers can be formed separately and brought into conformal contact with the receiver. Chen ef al demon-
strated dry-transferable photoresist-enabled patterning for ultrathin flexible electronics, enabling high-
resolution multiscale electrode architectures while maintaining pattern fidelity and mechanical reliability
[193]. Although the platform is broader than biochemical biosensing alone, the fabrication principle is
directly relevant to wearable biosensors requiring fine electrodes and interconnects on substrates that are
incompatible with conventional wet lithography. Transfer printing provides a related route for integrat-
ing metallic films, nanowire networks, and conductive micro/nanostructures onto curved or compliant
surfaces. High-resolution intaglio transfer printing of silver nanowire networks, for example, has pro-
duced flexible electrophysiological electrodes with high conductivity and stable electrical performance
during repeated bending [194]. The same principle can be applied to biochemical biosensors because
low-resistance interconnects and mechanically stable electrode interfaces are required regardless of the
recognition mechanism.

Laser-induced graphene (LIG) and related laser-written architectures represent a second major fabri-
cation route. In contrast to transfer processes, laser-based methods generate conductive patterns directly
on or within the substrate through localized photothermal or photochemical conversion. The most
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widely established example is LIG formation on polyimide, where laser irradiation converts the poly-
mer surface into porous graphitic carbon. The process is mask-free, digitally programmable, compatible
with ambient fabrication, and capable of generating electrodes with high electroactive surface area, mak-
ing it particularly attractive for wearable electrochemical biosensing [195, 196]. A representative example
was reported by Pinheiro et al, who developed a laser-written flexible biosensing platform by integrat-
ing transferred LIG electrodes into a multilayer wearable epidermal device (figure 8(B)). The fabrica-
tion strategy combined CO, laser-generated porous graphene electrodes with a water-assisted transfer
process onto a polyurethane substrate, followed by assembly of hydrophilic, adhesive, and microflu-

idic layers to create a skin-conformal sensing platform. The integrated architecture incorporated ion-
tophoretic sweat stimulation, epidermal microfluidic sampling, and electrochemical sensing within a sin-
gle wearable system. Using a 10 min iontophoresis protocol, sweat generation was successfully induced at
applied currents of 100, 250, and 450 pA, yielding approximately 31, 40, and 65 ul of sweat, respectively,
while maintaining stable sweat transport through the integrated microfluidic network. The transferred
LIG electrodes preserved excellent electrical performance after transfer, exhibiting a sheet resistance of
5.0 & 0.6 Q sq~!, an apparent conductivity of 25.5 + 2.6 S cm™!, and a 100% transfer yield, demon-
strating that laser-written conductive architectures can be efficiently combined with multilayer wearable
integration without compromising electrical properties. This work illustrates how laser-generated porous
conductive interfaces can be transformed into fully integrated wearable biosensors through transfer-based
fabrication, multilayer assembly, and epidermal device engineering [197].

A key advantage of LIG is the ability to tune both geometry and material properties through laser
parameters. Wavelength, power, scanning speed, pulse duration, and line spacing can influence graphi-
tization, porosity, wettability, conductivity, and electrochemical active area. PI is especially attractive
because the substrate itself serves as the carbon precursor, eliminating separate conductive-film deposi-
tion or transfer. However, this direct conversion also makes device properties highly sensitive to process-
ing conditions, so reproducible manufacturing requires control of laser fluence, substrate composition,
ambient atmosphere, thermal history, and subsequent surface functionalization [198-200]. Wearable
sweat sensing provides several representative demonstrations. Liao et al developed a PI-based LIG epi-
dermal ion-selective platform for simultaneous monitoring of pH, Na™, and K with smartphone-
connected wireless readout during physical activity [201]. Vivaldi et al similarly reported a largely laser-
fabricated wearable platform combining LIG electrodes with a paper-based sweat collector for simultane-
ous measurement of uric acid, tyrosine, pH, and ionic impedance [202].

Laser-written interfaces have also been extended to glucose sensing through both enzymatic and non-
enzymatic approaches. Metallic catalyst-modified LIG electrodes integrated with soft sweat microflu-
idics have enabled non-enzymatic glucose detection, whereas laser-induced interdigital graphene elec-
trodes functionalized with rGO and glucose oxidase have supported flexible chemiresistive monitoring
[203, 204]. These examples illustrate the evolution of LIG from a conductive support toward a mul-
tifunctional scaffold capable of incorporating catalytic materials, enzymes, microfluidic sampling, and
on-body readout. Hybrid nanocomposite engineering further expands this functionality. Porous laser-
written carbon can be combined with metallic nanoparticles, MXenes, conductive polymers, or metal—
organic-framework-derived materials to improve catalytic activity, charge transfer, conductivity, or sens-
ing stability. UV laser-written flexible electrodes containing MOF-derived Co/Co30,/carbon composites,
for example, exhibited lower impedance and improved electrochemical performance relative to bare LIG
[205]. In situ formation of Ag nanoparticles within three-dimensional LIG architectures has also enabled
self-powered glucose-sensing systems, demonstrating how direct laser writing can provide both structural
patterning and a scaffold for functional nanocomposite formation [206].

Despite its processing simplicity, laser writing has important manufacturing limitations. Feature size
is constrained by laser spot diameter, thermal diffusion, heat-affected zones, and substrate response.
Stencil-assisted CO,-laser processing has been explored to reduce minimum feature dimensions and
improve higher-density sensor fabrication [207]. More generally, achieving uniform graphitization, con-
ductivity, porosity, and surface chemistry over large areas remains challenging, particularly when mov-
ing from individual prototypes to high-throughput production. Mechanical fatigue, environmental sta-
bility, compatibility with substrates other than PI, and batch-to-batch reproducibility therefore remain
central issues [200]. Printed, coated, and solution-processed nanomaterial interfaces provide a third fab-
rication strategy by depositing pre-synthesized conductive or catalytic materials onto flexible supports.
Inkjet printing, screen printing, aerosol-jet printing, spray coating, blade coating, drop casting, and elec-
trophoretic deposition can be used to form sensing layers under relatively mild processing conditions.
Their manufacturing behavior depends not only on the intrinsic properties of graphene, MXenes, CNTs,
metallic nanoparticles, or conducting polymers, but also on ink rheology, dispersion stability, wetting,
drying, coating thickness, substrate adhesion, and post-processing [208-210].
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Inkjet printing is particularly attractive for mask-free and material-efficient patterning because indi-
vidual droplets can be digitally positioned to control electrode geometry and local film thickness. A fully
inkjet-printed graphene-Prussian Blue platform on flexible PI demonstrated electrochemical peroxide
and lactate sensing, illustrating how additive deposition can combine conductive and catalytic mate-
rials within a common manufacturing workflow [211]. Reliable printing nevertheless requires careful
control of viscosity, surface tension, droplet formation, substrate wetting, coffee-ring effects, and cur-
ing conditions, especially when biological recognition elements or redox mediators are incorporated
into the ink formulation. Screen printing offers lower spatial resolution but greater compatibility with
high-throughput and low-cost manufacturing, particularly on textile, paper, and polymer substrates.
Screen-printed textile electrodes have been demonstrated for non-invasive sweat glucose monitoring,
while paper-based ionic-liquid/graphene electrodes modified with Prussian Blue/MXene composites have
enabled enzymatic glucose sensing [212, 213]. Such platforms illustrate the manufacturing advantage of
printing entire electrode layouts directly from functional inks, although film thickness, mesh resolution,
ink formulation, curing, and substrate roughness can introduce device-to-device variability.

Graphene and its derivatives remain common components of printed wearable biosensors because
they combine high surface area, electrical conductivity, chemical functionalizability, and solution pro-
cessability. Graphene oxide, rGO, and hybrid graphene inks can promote electron transfer and provide
sites for enzyme or receptor immobilization, but their performance depends strongly on dispersion qual-
ity, binder chemistry, functionalization, and substrate adhesion [210, 214]. Functionalized graphene
oxide has, for example, been integrated into continuous capillary-flow platforms for wearable glucose
and lactate monitoring [215]. MXenes provide another important class of printable conductive nanoma-
terials because of their metallic conductivity, layered morphology, hydrophilicity, and compatibility with
aqueous formulations. MXene-based interfaces have been incorporated into paper patches, hydrogels,
stretchable electrodes, and textile platforms for glucose and multiparameter sweat sensing [216, 217].

A Ga@MZXene wearable biosensor combined conductive MXene networks with a stretchable hydrogel
matrix for sweat glucose monitoring, illustrating the compatibility of two-dimensional nanomaterials
with hydrated and mechanically compliant sensing platforms [218]. Their major manufacturing limi-
tation is chemical stability: oxidation and prolonged electrolyte exposure can degrade conductivity and
sensing performance. Embedding MXenes within hydrogels or composite matrices, combining them with
conductive polymers or metallic nanoparticles, and improving encapsulation are therefore important sta-
bilization strategies [218, 219].

CNTs and metallic nanostructures further broaden the composition of printed wearable interfaces.
CNTs are frequently incorporated into hybrid inks to improve electrical percolation, film integrity, flex-
ibility, and strain tolerance, whereas Prussian Blue nanoparticles, Au nanoparticles, Ag nanowires, metal
oxides, and liquid metals can provide elecftrocatalytic activity, optical functionality, or enhanced electri-
cal conductivity. Prussian Blue-modified graphene and MXene electrodes, for example, have been used
to improve peroxide-mediated enzymatic detection, while printed metal-oxide structures have supported
flexible electrochemical sensing [213, 220]. These hybrid interfaces nevertheless introduce additional
manufacturing variables, including particle aggregation, oxidation, phase separation, binder compatibil-
ity, adhesion loss, and fatigue during repeated deformation. Transfer-based integration, laser writing, and
additive printing therefore represent complementary rather than competing routes for wearable biosensor
fabrication. Transfer processes are particularly useful when high-resolution structures must be integrated
onto substrates that cannot be patterned directly; laser writing provides mask-free formation of porous
conductive interfaces; and printing enables scalable deposition of nanomaterial-based sensing layers over
large and unconventional surfaces.

6.3. Textile and fiber-based wearable biosensors

Textile- and fiber-based biosensors extend wearable sensing beyond planar polymer films by integrating
sensing functionality directly into fibers, yarns, woven fabrics, knitted structures, and garments. Their
main manufacturing advantage is that mechanical compliance, air permeability, large-area coverage, and
established textile-processing infrastructure can be combined with biochemical, electrochemical, opti-
cal, or electrophysiological sensing. Conductive functionality can be introduced through fiber spinning,
wet spinning, electrospinning, weaving, embroidery, screen or inkjet printing, dip or spray coating, and
deposition of graphene, carbon nanotubes (CNTs), MXenes, conductive polymers, or metallic nanos-
tructures. Fiber-level manufacturing provides a route to highly integrated wearable sensing architectures.
Rather than depositing separate electrodes onto a finished textile, functional materials can be incorpo-
rated during fiber formation or assembled directly around a fiber core. Zhang et al demonstrated this
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approach using functionalized CNT strips helically arranged around a pre-stretched polymer fiber to cre-
ate an all-in-one electrochemical sensing fiber. The device simultaneously measured pH, K*, Na*, glu-
cose, lactate, and uric acid using approximately 1 pl of sweat and retained operation under strains of up
to 300% [221]. This architecture illustrates an important advantage of fiber-based manufacturing: sens-
ing, mechanical compliance, and multianalyte functionality can be embedded into the fiber itself rather
than assembled as separate planar layers.

A representative example of textile-integrated biosensor fabrication was reported by Napier et al, who
developed a multifunctional electrochemical sensing yarn by braiding rGO-based functional fibers into
a single wearable textile platform (figure 8(C)) [222]. The rGO fibers were fabricated by dry spinning
graphene oxide followed by chemical reduction, producing conductive fibers with electrical conductiv-
ity of approximately 18 kS m™!, tensile strength exceeding 200 MPa, Young’s modulus above 6 GPa, and
elongation at break greater than 9%. Four functional fibers, e.g. a Pt nanoparticle-modified lactate work-
ing electrode, PtNP-rGO counter electrode, Ag/AgCl reference electrode, and ferrocene-functionalized
pH sensing fiber, were braided into a single electrochemical yarn before integration into a multilayer
textile patch consisting of linen fabric, patterned gauze, filter paper, PET/adhesive encapsulation, and
wireless readout electronics. The fabricated lactate sensor achieved a limit of detection of 0.7 mM, a sen-
sitivity of 3.8 pA mM ™! cm™?, and retained approximately 97% of its initial response after more than
2 h of continuous operation. Wireless on-body validation during cycling demonstrated continuous real-
time monitoring of sweat lactate and pH with good agreement to commercial analytical measurements,
highlighting how fiber fabrication, textile integration, multilayer packaging, wireless electronics, and
physiological validation can be combined into a single wearable manufacturing strategy. Core—shell and
nanofiber-based structures provide another strategy for improving the electrical and mechanical prop-
erties of wearable fibers. Aramid-nanofiber/MXene coaxial fibers, for example, have achieved conduc-
tivities of approximately 3.0 x 10° S m™! together with high tensile strength and toughness, while the
aramid shell improves resistance to chemical and environmental degradation [223]. Although such fibers
are not exclusively biochemical biosensors, they illustrate how conductive 2D materials can be struc-
turally protected within mechanically robust fiber architectures. Electrospinning offers a related route to
high-surface-area and highly oriented fibrous structures. High-strength PAN nanofiber yarns with tensile
strengths exceeding 700 MPa have been fabricated by combining electrospinning with controlled align-
ment, while Ag-nanowire coating can subsequently impart conductivity [224]. These fabrication concepts
are directly relevant to wearable biosensors because high surface area, mechanical durability, and stable
electrical pathways are critical for maintaining signal integrity in deformable textile environments.

Coating and printing provide a simpler route when conventional textiles are used as the structural
substrate. Commercial conductive fabrics can be converted into biochemical sensing electrodes with-
out custom fiber synthesis. Chowdhury et al functionalized commercially available conductive textiles
with glucose oxidase or glucose dehydrogenase and demonstrated sweat glucose sensing, with the best-
performing configuration reaching a detection limit of 41.3 yM [225]. This approach is manufacturing-
relevant because it avoids complex fiber production and instead uses readily available e-textiles as stan-
dardized electrode supports. However, the analytical performance remains dependent on enzyme immo-
bilization, local conductivity, fabric porosity, and reproducibility of the textile surface. Solution-based
functionalization also enables conductive or catalytic nanomaterials to be immobilized onto natural
fibers. Du et al used a modified cyanotype process to deposit Prussian Blue nanoparticles of approx-
imately 18 nm onto silk fibers for electrochemical H,O, sensing [226]. The process preserved the
mechanical properties of silk while providing stable electrochemical functionality, and the resulting fiber
retained electrical performance after 100 home-laundry cycles. This is a particularly important result
from a manufacturing perspective because washability remains one of the least consistently demonstrated
properties in textile biosensors. It also illustrates that low-cost chemical functionalization can provide an
alternative to vacuum deposition or lithographic processing when large-area or garment-integrated sens-
ing is required.

Screen printing and related additive methods are also attractive because they are already compatible
with high-throughput textile processing. Metallic or carbon-based inks can be patterned directly onto
woven or knitted fabrics, followed by deposition of catalytic nanoparticles or biorecognition layers. Lim
et al screen-printed Ag-based electrodes on PET/cotton fabrics and subsequently electrodeposited Au
nanoparticles to improve surface properties and biocompatibility [227]. The resulting textile electrodes
achieved an initial signal-to-noise ratio of approximately 12.5 for electrophysiological measurements and
retained functionality over 15 washing cycles, although the signal-to-noise ratio decreased to approxi-
mately 7.2 after repeated laundering. While this platform is electrophysiological rather than molecular,
the durability data are highly relevant to biochemical textile sensors because the same conductive net-
works and interconnects must withstand laundering and mechanical wear. Washability and mechanical
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durability remain central challenges in textile biosensor fabrication. Conductive coatings that remain sta-
ble during bending can still fail during washing due to abrasion, detergent exposure, swelling, oxidation,
or delamination. Electrospun PVDF coatings on CNT yarns provide an example of how interfacial engi-
neering can improve long-term robustness. Such yarns retained functionality after 10 washing cycles,
approximately 1200 rubbing cycles, and up to 200 000 mechanical fatigue cycles [228]. These results
indicate that coating adhesion and fiber-material interfacial strength may be as important as initial elec-
trical conductivity when textile devices are intended for repeated wear. However, laundering protocols
vary substantially across studies, preventing direct comparison of durability metrics and highlighting the
need for more standardized testing.

6.4. Epidermal microfluidics and biofluid management

Rather than functioning as isolated sensing electrodes, modern wearable devices integrate flexible sub-
strates, microfluidic channels, biochemical recognition layers, wireless electronics, and sometimes active
sampling mechanisms into unified epidermal biointerfaces. From a manufacturing perspective, the ana-
lytical performance of these systems depends as much on reliable biofluid handling as on the sensitivity
of the sensing material itself [229]. Sweat remains the most extensively investigated biofluid for wear-
able biosensing because it can be collected non-invasively and contains a wide range of physiologically
relevant biomarkers, including electrolytes, metabolites, amino acids, hormones, vitamins, drugs, and
inflammatory mediators. However, sweat collection presents several engineering challenges. Sweat secre-
tion varies considerably with body location, hydration level, temperature, physical activity, and individ-
ual physiology. Under resting conditions, secretion rates may be insufficient for continuous monitoring,
whereas high perspiration during exercise can dilute analytes, accelerate evaporation, and promote mix-
ing between newly secreted and previously accumulated sweat. Epidermal microfluidic systems there-
fore perform several essential functions simultaneously, including controlled sweat collection, directional
transport, separation of fresh and aged sweat, regulation of sample residence time, and minimization of
evaporation and external contamination.

The fabrication of epidermal microfluidics has evolved considerably during the past few years. Early
wearable devices often relied on simple reservoirs positioned directly above sensing electrodes, providing
limited control over sample transport and renewal. More recent systems employ multilayer microchan-
nels, passive capillary networks, burst valves, sweat-routing chambers, venting structures, and three-
dimensional epifluidic architectures that guide sweat across multiple sensing regions without external
pumps. These designs require precise control over channel dimensions, surface wettability, sealing qual-
ity, adhesive layer thickness, and mechanical compliance because inadequate fluidic design can result in
air entrapment, leakage, backflow, evaporation, delayed sensor response, or analyte cross-contamination.
A representative example was reported by Wu et al, who developed a DLP-printed epidermal microflu-
idic ‘sweatainer’ platform that integrates three-dimensional fluid-control elements with a conformal
skin interface for passive sweat collection and sequential sample management (figure 8(D)) [230]. The
device consisted of a 3D-printed photocurable-resin microfluidic network combined with a 200 pm-
thick PDMS reservoir capping layer, a 60 pm biomedical adhesive gasket, and a 400 pm-thick PDMS
epidermal port containing a laser-patterned sweat-collection opening of approximately 180 mm?. The
microfluidic architecture incorporated rectangular channels measuring approximately 600 pm in width
and 400 pm in height, together with ventilation structures and geometry-controlled capillary burst valves
that regulate flow into sequential collection reservoirs. The complete device was designed to collect up to
approximately 50.8 ul of sweat while maintaining a fluid-tight skin interface and resisting uncontrolled
fluid displacement during mechanical handling. By exploiting additive manufacturing to define non-
planar valve geometries and integrated fluid-routing structures, the platform demonstrates how three-
dimensional fabrication can expand the design space of epidermal microfluidics beyond conventional
planar soft-lithographic architectures.

Several representative studies demonstrate how nanostructured sensing interfaces can be success-
fully integrated with epidermal microfluidics. Wang et al reported an integrated wearable electrochem-
ical platform for continuous monitoring of metabolites and nutrients in sweat by combining graphene
electrodes functionalized with molecularly imprinted polymers and redox-active nanoparticles with
iontophoresis-based sweat induction, microfluidic sampling, onboard calibration, signal processing, and
wireless communication [231]. Rather than optimizing only the sensing chemistry, this work empha-
sized complete system integration, illustrating how sensing performance depends on coordinated inter-
action between biofluid sampling, transport, calibration, and electronic readout. A similar systems-level
design philosophy is evident in the Stressomic platform, which integrates laser-engraved graphene elec-
trodes decorated with gold nanodendrites, iontophoretic sweat stimulation, microfluidic burst valves, and
wireless electronics for multiplexed monitoring of cortisol, epinephrine, and norepinephrine [232]. Such
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platforms demonstrate that wearable biosensor fabrication has progressed beyond isolated nanomaterial
development toward highly integrated analytical systems in which microfluidics and sensing are designed
simultaneously.

Laser-based manufacturing also contributes to epidermal microfluidic integration. Fully laser-
fabricated wearable devices have combined laser-induced graphene electrodes with laser-patterned or
paper-based sweat collectors to enable simultaneous monitoring of uric acid, tyrosine, pH, and ionic
impedance [202]. Besides eliminating conventional photolithography, laser processing enables electrode
fabrication and fluidic integration within the same manufacturing workflow, reducing assembly com-
plexity and improving alignment between sensing and sampling components. Bioinspired microfluidic
architectures have further improved passive sweat collection and transport. Liao et al developed epi-
dermal microchannels inspired by the vein structure of Ginkgo biloba leaves, enabling rapid and time-
sequenced collection of sweat for glucose and lactate analysis [233]. Shin et al reported hierarchically
graded microchannels combined with superhydrophobic—superhydrophilic Janus membranes that enabled
directional capillary transport, minimized evaporation, and supported multiday sweat collection with-
out external pumping [234]. These examples illustrate how channel geometry, wettability gradients,
and biomimetic fluid routing can significantly improve sample renewal and analytical reproducibility
while reducing power consumption. Although fluidic design is essential, successful epidermal integration
also depends on mechanical compatibility with the skin. Wearable devices must maintain intimate con-
tact during bending, stretching, sweating, and prolonged use without causing discomfort or irritation.
Adbhesive layers, encapsulation materials, stretchable interconnects, breathable substrates, and flexible
electronics must therefore be designed together so that they preserve both reliable skin attachment and
uninterrupted sweat transport. Poor mechanical integration can lead to leakage, motion artifacts, delam-
ination, unstable electrode contact, and degradation of analytical performance despite highly sensitive
sensing materials.

Despite substantial progress, epidermal microfluidic biosensors continue to face significant manu-
facturing challenges. Sweat secretion remains inherently variable and often insufficient during sedentary
conditions, requiring iontophoresis, exercise, thermal stimulation, or highly efficient passive microfluidic
designs. Long-term operation is further complicated by enzyme degradation, biofouling, evaporation,
salt crystallization, pH fluctuations, mechanical deformation, and gradual deterioration of skin adhe-
sion. From a manufacturing perspective, reproducible assembly of multilayer microfluidics together with
sensing interfaces, membranes, adhesives, encapsulation layers, and electronic components remains con-
siderably more challenging than fabrication of individual sensing elements. Furthermore, interpretation
of sweat biomarker concentrations remains complicated because sweat composition does not always cor-
relate directly with blood chemistry, making calibration dependent on sweat rate, sampling location, and
individual physiological differences.

6.5. Packaging, power, and wireless integration

Consequently, packaging has evolved from a passive protective layer into an active component of wear-
able system design, where mechanical reliability, electrical stability, and user comfort must be optimized
together. Recent wearable platforms increasingly adopt a co-design strategy in which sensing materials,
encapsulation, power management, and communication modules are developed as an integrated architec-
ture rather than assembled independently [235, 236]. Encapsulation is central to long-term device reli-
ability because it must simultaneously protect conductive traces and electronic components from sweat,
mechanical damage, and environmental degradation while preserving access of the sensing region to bio-
logical fluids. Unlike rigid biosensors enclosed within conventional packages, wearable systems require
encapsulation layers that remain stretchable, breathable, and conformal during repeated body motion.
Kim et al demonstrated this concept using photo-patternable Ecoflex as both a flexible substrate and

an encapsulating material capable of electrically isolating neighboring sensing channels while preserving
mechanical stretchability and skin conformity [188]. Similarly, monolithically integrated textile wrist-
bands have shown that electronic interconnects can be encapsulated without sacrificing the intrinsic
porosity and air permeability of fabrics, enabling waterproof operation together with wireless epidermal
biosensing [237]. These examples illustrate that packaging has become a functional design element rather
than simply a protective coating.

Mechanical integration presents another major challenge because wearable devices combine compo-
nents with widely different mechanical properties. Flexible sensing layers are often coupled to compar-
atively rigid batteries, integrated circuits, connectors, antennas, or communication modules that con-
centrate mechanical stress during bending and stretching. To reduce strain localization, recent devices

31



10P Publishing

Nanotechnology 37 (2026) 422003 M Beyza Avci et al

employ serpentine interconnects, stretchable conductors, soft encapsulation layers, multilayer packag-
ing, and mechanically isolated rigid islands that protect fragile electronic components while maintain-
ing overall flexibility [238]. Nevertheless, prolonged exposure to sweat, repeated deformation, and adhe-
sive fatigue can gradually weaken electrical connections or promote moisture penetration into electronic
components. Despite their importance for practical deployment, long-term shelf life, sterilization com-
patibility, connector durability, and moisture resistance remain insufficiently quantified in most wear-
able biosensor studies. Wireless communication has become an essential component of modern wear-
able biosensors because continuous physiological monitoring requires reliable transmission of analytical
data to external devices. Bluetooth Low Energy (BLE) and near-field communication (NFC) remain the
dominant communication technologies, although each introduces different manufacturing considera-
tions. NFC enables battery-free or near-battery-free operation through inductive coupling but requires
close proximity between the wearable sensor and the reader. BLE supports longer communication dis-
tances and continuous real-time monitoring but requires greater energy consumption together with more
complex electronic circuitry [239]. As a result, communication strategy directly influences battery size,
packaging architecture, thermal management, and overall device flexibility.

A representative example of system-level integration was reported by Park et al, who developed a
light-adaptive wearable biosensing platform, combining epidermal microfluidics, flexible electronics,
photovoltaic energy harvesting, electromagnetic wireless charging, rechargeable batteries, adaptive power
management, and BLE communication within a single skin-interfaced architecture (figure 8(E)). The
modular design coupled a detachable PDMS-based sweat-sensing unit to a flexible electronic platform,
while the power-management circuitry dynamically selected between harvested, wirelessly supplied, and
stored energy according to operating conditions. Notably, the photoluminescent encapsulation supported
approximately 60 min of operation in darkness following 2 min of UV charging, illustrating how pack-
aging, energy harvesting, power management, sensing, and wireless communication can be co-designed
rather than treated as independent subsystems (10.1038/s41467-025-60911-1) [240].

Power supply remains one of the major limitations for flexible wearable biosensors because conven-
tional lithium batteries are relatively bulky, rigid, and mechanically incompatible with soft substrates.
Consequently, recent research has increasingly focused on self-powered and energy-harvesting systems
that reduce dependence on rigid batteries. Biofuel cells, triboelectric nanogenerators, piezoelectric har-
vesters, supercapacitors, and hybrid energy systems have all been explored as alternative power sources
for wearable biosensors [241, 242]. Although many of these technologies remain at the proof-of-concept
stage, they illustrate how energy harvesting may eventually become integrated into wearable biosen-
sor fabrication rather than added as an external component. A representative example is a battery-free
sweat sensing platform that combined triboelectric and electromagnetic energy harvesting with wireless
biochemical sensing. During running, human motion charged onboard capacitors from approximately
2.2-3.3 V within 33-60 s, after which Bluetooth transmission of Na® and K™ measurements was sus-
tained during approximately 35 min of continuous exercise. This study demonstrates that human-motion
energy can support practical biochemical sensing, while also emphasizing the need for ultralow-power
electronics and energy-efficient wireless communication to maximize operational lifetime.

Manufacturing strategies increasingly seek compatibility between sensing components and electronic
integration. Screen-printable functional nanomaterials have been investigated for enzyme-based biofuel
cells, allowing energy generation and electrochemical sensing to be fabricated using similar additive man-
ufacturing processes [209]. Likewise, multilayer printing approaches have enabled simultaneous fabrica-
tion of conductive interconnects, sensing electrodes, and wireless circuitry through carefully engineered
inks and oxidation-resistant sintering processes [243]. Such approaches reduce assembly complexity while
improving compatibility among conductive materials, encapsulation layers, sensing interfaces, and elec-
tronic components, making them attractive for scalable wearable manufacturing. Despite substantial
progress, packaging and electronic integration remain among the least standardized aspects of wearable
biosensor fabrication. Moisture ingress, sweat-induced corrosion, antenna deformation, battery thick-
ness, connector reliability, persistent skin adhesion, sterilization, storage stability, and scalable multilayer
assembly are discussed far less frequently than sensing performance, even though they often determine
real-world device lifetime.

6.6. Manufacturing reliability, testing, and reporting

Conductive films, nanomaterial coatings, interconnects, enzyme layers, and microfluidic structures

may crack, delaminate, or lose electrical continuity under cyclic deformation. Continuous exposure to
sweat, saliva, interstitial fluid, or wound exudate subjects biorecognition layers to variations in pH, ionic
strength, hydration, temperature, and biofouling. Evaporation, salt crystallization, variable secretion rates,
and degradation of enzymes or other recognition elements can introduce signal drift, making co-design
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of sensing chemistry, surface functionalization, microfluidics, and encapsulation essential for stable oper-
ation. Transfer printing, laser writing, screen printing, inkjet printing, textile processing, and additive
manufacturing each introduce process-specific sources of variation related to alignment, ink rheology,
nanomaterial dispersion, graphitization, coating thickness, or substrate heterogeneity. Mechanical mis-
match between rigid electronic components and soft substrates, unstable electrical connections, inade-
quate encapsulation, or poor integration between sensing and microfluidic layers can compromise device
reliability even when individual sensing elements perform well. Future progress will depend on improved
process control, application-relevant durability testing, and integrated device architectures that combine
scalable fabrication with mechanical robustness and long-term operational stability.

7. Al-assisted and process-aware biosensor manufacturing

Artificial intelligence is increasingly entering biosensor nanofabrication not only as a tool for signal
interpretation, but also as an enabling layer for design, process optimization, defect inspection, mate-
rial synthesis, and manufacturing control. In this review, Al-assisted biosensor manufacturing refers

to data-driven workflows that connect fabrication parameters, nanoscale structure, material properties,
process variability, and device performance. This distinction is important because practical translation
depends not only on analytical sensitivity, but also on reproducibility, yield, defect tolerance, scale-

up, and compatibility with biofunctionalization and device integration. Modern biosensor fabrication
involves strongly coupled processes, including lithography, etching, deposition, nanoimprinting, printing,
laser writing, nanomaterial synthesis, soft microfluidics, surface functionalization, and packaging. Small
changes in nanogap size, etch depth, electrode morphology, surface roughness, coating density, or inter-
facial chemistry can alter optical resonance, electrical response, drift, or calibration. These multivariable
process—structure—performance relationships are difficult to optimize through manual trial-and-error
alone. Current Al applications therefore cluster around four manufacturing functions: fabrication-aware
optimization, defect and variability control, Al-assisted synthesis of biosensor-enabling materials, and
closed-loop experimental workflows. Importantly, much of the strongest evidence remains biosensor-
enabling rather than biosensor-exclusive, so Al should presently be viewed as a process-support layer
rather than a replacement for nanofabrication expertise or experimental validation.

7.1. Fabrication-aware design and process optimization

Al-assisted design in biosensor nanofabrication should not be viewed only as a route to structures with
higher simulated optical or electrical performance. From a manufacturing perspective, the more impor-
tant objective is fabrication-aware design: identifying geometries and process conditions that retain high
performance while remaining compatible with realistic feature-size limits, lithographic bias, etch pro-
files, material deposition, surface functionalization, and fabrication variability. This distinction is crit-
ical because idealized inverse-designed structures may contain narrow nanogaps, sharp corners, high-
aspect-ratio features, disconnected elements, or process windows that cannot be reproduced reliably.
Nanophotonic biosensors provide a natural application for this approach. Conventional design typ-
ically relies on FDTD, FEM, RCWA, eigenmode calculations, or related full-wave simulations. These
methods are accurate but become computationally demanding when many geometric and material
parameters must be optimized simultaneously. Machine-learning surrogate models and inverse-design
frameworks can learn structure-response relationships and rapidly screen candidate structures after

an initial simulation dataset has been generated. Recent reviews describe the use of neural networks,
topology optimization, adjoint methods, evolutionary algorithms, reinforcement learning, and gener-
ative models for nanophotonic inverse design [244]. For biosensors, however, optimization objectives
should extend beyond resonance wavelength or quality factor to include linewidth, refractive-index sen-
sitivity, analyte-accessible near-field overlap, field enhancement, fabrication tolerance, and compati-
bility with liquid-phase operation and surface functionalization. Fabrication-aware optical design also
depends on the accuracy of the material models supplied to simulation. Recent systematic spectroscopic-
ellipsometry measurements of MBE-grown AlxGal — xAs, independently constrained by high-resolution
x-ray diffraction and photoluminescence, demonstrate the need for composition- and wavelength-specific
refractive-index data when small index errors can alter modal confinement, coupling, and resonance
predictions [245]. Inverse lithography provides a particularly direct link between Al design and manu-
facturability. Modern Al-assisted inverse-lithography workflows use CNNs, GANSs, support-vector-based
models, and hybrid physics-Al methods to predict mask-to-wafer transformations and correct geometries
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Figure 9. Representative artificial intelligence strategies for process-aware biosensor manufacturing. (A) Deep-learning-assisted
prediction and pre-compensation of fabrication-induced distortions in inverse-designed nanophotonic devices, reducing struc-
tural error and fabrication-induced spectral shifts. Adapted from [248], Copyright© 2023 American Chemical Society. (B) Deep-
learning-based manufacturing inspection pipeline for automated defect localization and classification using a multi-scale YOLO
architecture. Reproduced from [258], Copyright© 2024 Springer Nature. (C) Constrained composite Bayesian optimization
(CCBO) for target-driven electrospray synthesis of polymeric particles, integrating feasibility-aware optimization, experimental
feedback, and convergence toward predefined particle sizes. Adapted from [268], Copyright© 2025 Royal Society of Chemistry.
(D) MINERVA self-driving laboratory integrating robotic synthesis, purification, in-line characterization, process scheduling,
and machine-learning feedback within a closed-loop experimental workflow. Adapted from [283], Copyright© 2025 American
Chemical Society.

before fabrication [246]. This is directly relevant to plasmonic, metasurface, photonic-crystal, and FET-
based biosensors because their functional structures are often defined through the same exposure, devel-
opment, etching, and deposition constraints as semiconductor devices. The objective is no longer simply
to generate an optically optimal geometry, but to generate a geometry that still produces the intended
structure after the complete fabrication process.

A representative application of fabrication-aware Al is the use of deep-learning models to predict and
compensate for process-induced structural distortions in nanophotonic devices (figure 9(A)). Models
trained on SEM-derived data can learn the relationship between intended and fabricated geometries
and predict systematic deviations such as over-etching, under-etching, corner rounding, and loss of
fine structural features [247]. Building on this predictive capability, tandem deep-learning frameworks
have been used to generate pre-compensated layouts that account for fabrication bias before processing,
enabling the resulting structures to more closely reproduce the intended geometry and optical response
without modifying the underlying fabrication process [248]. This progression from predicting fabrication
errors to correcting them at the design stage is particularly relevant to nanophotonic biosensors, where
relatively small geometric deviations can shift resonance positions, alter near-field localization, broaden
high-Q features, and introduce device-to-device variability. However, these studies primarily provide
biosensor-enabling evidence from integrated nanophotonics rather than direct demonstrations of biosen-
sor manufacturing, and the pre-compensation literature cited here includes a preprint; such approaches
should therefore be regarded as an emerging strategy for fabrication-aware biosensor design rather than
an established manufacturing solution.

Fabrication robustness can also be incorporated directly into optimization objectives. Deep-learning-
optimized photonic crystal nanobeam cavities have been designed to tolerate fabrication errors includ-
ing surface roughness, structural slant, and positioning variation [249]. Although demonstrated outside
biosensing, the principle is directly relevant to photonic biosensors, particularly high-Q resonators for

34



10P Publishing

Nanotechnology 37 (2026) 422003 M Beyza Avci et al

which extremely narrow linewidths may offer little practical advantage if the response varies strongly
across nominally identical fabricated devices. This shifts inverse design from maximizing ideal perfor-
mance toward finding a region of design space in which performance remains acceptable under real-
istic fabrication distributions. An adjacent example in hybrid III-V/silicon photonics demonstrates

this design-for-manufacturing logic by jointly optimizing epitaxial composition, waveguide geometry,
supermode confinement, a CMOS-compatible 220 nm silicon device layer, and tolerance to fabrication-
induced deviations [250-252].

Al-assisted process optimization extends this logic from geometry to the manufacturing process itself.
In continuous nanomanufacturing, machine learning has been proposed for soft sensing, multimodal
metrology, yield modeling, process monitoring, and real-time control, particularly in roll-to-roll and
large-area nanopatterning systems [253]. These concepts are relevant to biosensors fabricated by NIL,
roll-to-roll replication, printing, laser processing, or other scalable routes because such processes contain
interacting variables that cannot always be optimized effectively through one-factor-at-a-time experi-
ments. Bayesian optimization is particularly useful when fabrication experiments are expensive or slow.
In projection multi-photon 3D printing, Gaussian-process-based Bayesian optimization combined with
active learning reduced geometric error to approximately the measurement-limited regime within only
four optimization iterations, demonstrating how adaptive experimental design can substantially reduce
process-development effort [254]. This concept is relevant to two-photon polymerization and micro-3D-
printing of biosensor architectures, where laser power, scan speed, exposure dose, material formulation,
voxel dimensions, and post-processing conditions interact strongly.

A similar strategy has been applied to plasma etching. Bayesian-optimized continuous plasma etch-
ing following Langmuir—Blodgett colloidal lithography was used to fabricate silicon monolithic struc-
tures with high-aspect-ratio cavities while reducing the experimental burden associated with etch-process
development [255]. Although not developed as a biosensor platform, such optimization is directly trans-
ferable to silicon nanowires, nanopores, photonic structures, and micro/nanofluidic architectures where
etch depth, sidewall angle, surface roughness, and aspect ratio affect device performance. Large-area
replication processes provide another target. Grey relational analysis combined with artificial neural net-
works has been used for multi-geometry optimization of a roll-to-roll nanoimprint module, linking pro-
cess parameters to dimensional outcomes in continuous replication [256]. For biosensor manufacturing,
this is particularly relevant to replicated plasmonic, photonic, and polymeric sensor surfaces, where scal-
ability is meaningful only if nanoscale fidelity and device response remain stable over large areas and
across repeated production cycles.

7.2. Defect prediction, fabrication variability, and quality control

This has been demonstrated in silicon nanowire FET arrays, where fabrication and surface-modification
variability produce sensor-to-sensor electrical differences, and in plasmonic and nanophotonic platforms,
where variations in nanogap width, roughness, periodicity, or etch depth can shift optical response
[15,28]. Al-assisted inspection provides a route from sparse manual quality control toward automated
analysis of high-volume metrology data. Semiconductor manufacturing offers the most mature exam-
ples, particularly for SEM-based defect classification and localization using deep-learning models [257].
Similar workflows are directly relevant to nanofabricated biosensors containing nanoholes, nanopillars,
nanogaps, etched nanowires, photonic crystals, metasurfaces, or replicated NIL structures. A represen-
tative example is shown in figure 9(B), where deep-learning-based object detection is used for auto-
mated manufacturing inspection. Although developed outside biosensor fabrication, the same approach
could be adapted to detect incomplete pattern transfer, broken conductive traces, dimensional deviations,
and other defects relevant to biosensor quality control [258]. Optical inspection offers a complemen-
tary strategy when large areas must be screened more rapidly than is practical with SEM. Computational
imaging combined with neural-network analysis has enabled detection of deep-subwavelength defects
with classification performance above 90%, including defects approaching approximately A/16 in scale
[259, 260]. Such approaches could be particularly useful for centimeter-scale plasmonic, photonic, and
nanoimprinted biosensor substrates.

Limited annotated training data remain an important constraint. Synthetic data provide one solution:
Shinde et al generated artificial SEM images of photolithographic line defects and trained YOLOvS for
automated detection, achieving approximately 96% mAP and detecting 84.6% of bridge defects and
78.3% of break defects in real SEM images [261]. Transfer learning and semi-supervised approaches
may further reduce the need for large labeled datasets, which is particularly relevant for biosensor archi-
tectures with relatively small device-specific defect libraries. Defect mechanisms also depend strongly
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on fabrication method. NIL can introduce incomplete filling, residual-layer variation, air trapping,
demolding damage, and local pattern-density effects. A recent physics-informed/data-driven NIL frame-
work combined process simulation, CNN-based virtual metrology, and uncertainty-aware prediction to
estimate spatial defect risk before fabrication [262]. Printed and flexible biosensors present different fail-
ure modes, including line breaks, short circuits, pinholes, thickness nonuniformity, and delamination.
Related anomaly-detection approaches developed for PCB inspection have achieved approximately 98%
detection performance with false-pass rates below 1.7% and provide a methodological basis for inspec-
tion of printed electrochemical electrodes, textile interconnects, and flexible sensing layers [263].

Quality control can also move upstream from post-process defect detection toward predictive quality.
Models that integrate process parameters, tool logs, metrology, and historical production data may iden-
tify process drift before visible failure occur [264]. This is especially important for biosensors because
functional degradation may arise from subtle changes in film thickness, porosity, nanoparticle density,
oxide quality, hydrogel state, or receptor loading without producing an obvious macroscopic defect.

High-resolution physical and electronic characterization provides a complementary route for estab-
lishing the process-structure-performance relationships required for meaningful quality control. Cross-
sectional scanning tunneling microscopy and spectroscopy (X-STM/STS), for example, can simultane-
ously resolve buried nanoscale morphology and spatially dependent electronic properties, including local
density of states and wavefunction distributions in semiconductor nanostructures [265]. In recent III-V-
on-silicon laser manufacturing work, atomic-scale X-STM/STS has been combined with dislocation-filter
engineering and matched device fabrication to track defect evolution through the epitaxial structure and
relate growth optimization to the performance of the resulting devices [266]. Although these studies are
not biosensor demonstrations, they illustrate how advanced metrology can connect fabrication history,
nanoscale structure, and device-relevant functionality—a principle directly applicable to manufacturing-
oriented biosensor quality control. The major limitation is that current Al inspection studies rarely con-
nect structural abnormalities directly to biosensor performance. Most models determine whether a struc-
ture is anomalous but do not predict whether the deviation alters resonance wavelength, electrochemi-
cal current, impedance, calibration slope, limit of detection, or real-sample accuracy. Future biosensor
quality-control datasets should therefore pair fabrication and structural metrology with functional sens-
ing measurements from the same devices.

7.3. Al-assisted nanomaterial synthesis for biosensor-enabling materials

Nanomaterials are central to many nanofabricated biosensors. Plasmonic Au and Ag nanoparticles pro-
vide LSPR and SERS enhancement, quantum dots enable fluorescence, metal and metal-oxide nanopar-
ticles contribute electrocatalytic activity, graphene, CNTs, and MXenes form conductive sensing inter-
faces, while hydrogels and polymer coatings improve mechanical compatibility, antifouling behavior, and
biomolecule immobilization. Because their performance depends strongly on size, morphology, crys-
tallinity, surface chemistry, and synthesis history, reproducible nanomaterial synthesis has become an
essential manufacturing requirement rather than a purely materials-science challenge. Conventional syn-
thesis requires simultaneous optimization of numerous interacting parameters, including precursor con-
centration, temperature, pH, ligand chemistry, residence time, flow rate, and purification. Al-assisted
synthesis addresses this multidimensional optimization problem using Bayesian optimization, surrogate
modeling, active learning, reinforcement learning, robotic experimentation, and in-line characterization.
Microfluidic synthesis is particularly well suited to these approaches because reaction conditions can be
tightly controlled while spectroscopic characterization is performed continuously [267].

A representative example is presented in figure 9(C), where constrained composite Bayesian opti-
mization autonomously guides electrospray synthesis toward predefined particle-size targets while sat-
isfying practical processing constraints [268]. Rather than optimizing a single variable, the framework
balances experimental feasibility with target particle size, demonstrating how Al can efficiently navigate
multidimensional synthesis spaces while reducing experimental effort. Among biosensor materials, plas-
monic nanoparticles represent one of the clearest applications. Their optical response depends critically
on particle size, morphology, aspect ratio, tip sharpness, and surface chemistry. Self-driving laboratories
combining microfluidics, in-line spectroscopy, and machine learning have demonstrated automated opti-
mization of plasmonic nanoparticle synthesis, [269] while robotic platforms integrating automated syn-
thesis, UV—vis characterization, and closed-loop optimization have achieved Au nanorod synthesis with
resonance deviations of approximately <1.1 nm after 735 autonomous experiments [270]. Evolution-
guided Bayesian optimization has similarly enabled multi-objective optimization of Ag nanoparticle syn-
thesis, balancing optical performance with experimental efficiency [271].
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Comparable strategies have also been demonstrated for quantum dots, where reinforcement-learning-
based AlphaFlow and transfer-learning-assisted Bayesian optimization enable autonomous optimiza-
tion of multistep synthesis routes and target optical properties [272, 273]. Beyond optical materials, Al-
assisted synthesis is increasingly being applied to electrocatalytic nanoparticles, conductive inks, hydro-
gels, and antifouling polymers relevant to electrochemical, printed, wearable, and implantable biosensors
[274-278]. Despite this progress, current Al-assisted synthesis primarily optimizes material-level prop-
erties rather than final biosensor performance. Future workflows should therefore extend optimization
beyond nanoparticle size or optical response to include deposition, surface functionalization, storage sta-
bility, and analytical performance under realistic operating conditions.

7.4. Toward closed-loop and autonomous biosensor manufacturing

Closed-loop manufacturing represents the highest level of Al integration in biosensor fabrication by
connecting design, synthesis, fabrication, inspection, characterization, and optimization within an iter-
ative design—make—test—learn workflow [279]. Instead of optimizing individual fabrication steps inde-
pendently, autonomous systems continuously update subsequent experimental decisions using feedback
from previous manufacturing and characterization results. Current demonstrations are strongest at the
nanomaterial level. Al-enabled robotic synthesis platforms have successfully combined automated exper-
imentation with machine-learning-guided optimization [280-282]. A representative example is shown

in figure 9(D), where robotic synthesis, automated purification, in-line characterization, scheduling, and
machine-learning-based decision making are integrated into a unified autonomous laboratory capable of
iterative experimental optimization [283]. Reinforcement learning further extends this concept by opti-
mizing sequential experimental decisions. Systems such as AlphaFlow autonomously determine reagent
addition, reaction sequence, and processing conditions through continuous experimental feedback [272].
Similar strategies could eventually be applied to biosensor fabrication steps including lithography, surface
activation, receptor immobilization, antifouling-layer deposition, and microfluidic processing.

The next challenge is extending closed-loop optimization from nanomaterial synthesis to complete
biosensor manufacturing. In principle, fabrication could be coupled with in-line optical inspection, SEM
analysis, Raman mapping, profilometry, electrical characterization, impedance spectroscopy, and func-
tional biosensing measurements, allowing Al to detect process drift, predict manufacturing yield, and
adjust fabrication parameters in real time [253]. Unlike conventional nanomanufacturing, however,
biosensors require optimization of both structural fidelity and biological function. Successful closed-
loop manufacturing must therefore integrate functional metrics such as sensitivity, selectivity, response
time, calibration stability, antifouling performance, drift, regeneration, and real-sample recovery rather
than relying solely on dimensional or optical measurements. Digital twins could eventually unify design
files, process histories, microscopy, surface chemistry, material characterization, and analytical perfor-
mance into predictive manufacturing models, although such comprehensive biosensor manufacturing
twins remain largely conceptual.

Several challenges continue to limit fully autonomous biosensor production. Current systems typi-
cally optimize isolated materials or fabrication steps, biological processes introduce additional variabil-
ity, manufacturing datasets remain fragmented, and optimization often focuses on proxy variables with-
out directly demonstrating improved biosensor performance. Consequently, the most realistic near-term
strategy is modular autonomy, in which Al-assisted nanoparticle synthesis, process optimization, quality
inspection, hydrogel or ink formulation, and feedback-driven manufacturing are implemented as inter-
operable modules before being integrated into complete autonomous production workflows.

7.5. Application-driven Al selection for biosensor design and nanofabrication

The increasing diversity of Al-assisted design and manufacturing approaches raises an important practi-
cal question regarding which computational strategy is most appropriate for a specific biosensor design
or fabrication problem. Method selection should therefore be guided by the intended task, the type and
amount of available data, the computational cost of data generation, and the degree of interpretability
required. Artificial neural networks (ANNs) and deep neural networks (DNNs) are particularly suit-
able for learning nonlinear relationships between multiple geometrical or processing variables and device
responses, whereas tree-based ensemble methods such as random forests and gradient-boosting algo-
rithms are effective for structured datasets containing parameters such as feature size, pitch, gap width,
height, exposure dose, or etching conditions. When interpretation of the model is required, feature-
attribution approaches such as SHAP can further identify the variables that most strongly influence

the predicted response. For nanofabrication, this information is particularly valuable because influen-
tial design variables can be translated into critical dimensional tolerances and prioritized during process
optimization and quality control [284, 285].
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A representative example is the machine-learning-assisted analysis of plasmonic coaxial cylindri-
cal pillar/ring nanoarrays reported by Wang et al FDTD simulations were used to investigate the rela-
tionships between geometrical parameters and optical properties, including plasmonic resonance, local
electric-field enhancement, and Q-factor. Machine-learning analysis, including XGBoost prediction, was
subsequently used to evaluate these multidimensional structure—property relationships. Among the inves-
tigated geometrical variables, structure height and gap width were particularly effective for optimizing
field enhancement and Q-factor [285]. This example illustrates how physics-based simulations can pro-
vide training data for machine-learning models, which can then accelerate exploration of the design
space and identify the geometrical variables that require the greatest control during fabrication. For
biosensor development, this approach can reduce the number of candidate geometries requiring exper-
imental fabrication while providing a rational basis for defining critical process tolerances.

The appropriate computational strategy changes when the objective shifts from device design to
experimental process optimization. Bayesian optimization is particularly useful when fabrication exper-
iments are expensive, slow, or material intensive because new experimental conditions can be selected
iteratively from previous observations rather than through exhaustive parameter sweeps. Recent stud-
ies have applied Bayesian optimization to SERS-related substrate and nanomaterial synthesis, where
fabrication variables such as nanoparticle concentration and coating or synthesis conditions were opti-
mized with respect to optical response, spatial uniformity, and reproducibility [286, 287]. Interpretability
can also complement this process: SHAP analysis of an Al-assisted silver nanoparticle synthesis work-
flow identified silver nitrate concentration and seed flow rate as influential variables controlling spectral
characteristics [287]. Such examples illustrate how Al can move beyond performance prediction toward
identifying experimentally controllable parameters that directly inform fabrication decisions.

Inverse-design approaches provide another important route for application-driven Al selection.
Neural surrogate models, deep generative models, and hybrid deep-learning/optimization frameworks
can efficiently explore large nanophotonic design spaces that would otherwise require extensive numeri-
cal simulation [284, 288]. Importantly, recent approaches increasingly incorporate manufacturability into
the optimization problem rather than maximizing ideal optical performance alone. Target-driven active
learning has, for example, been used to generate metasurface geometries while maintaining compatibility
with practical feature-size and deposition constraints, thereby providing a direct link between computa-
tional optimization and experimentally realizable structures [289]. More broadly, fabrication-aware and
tolerance-aware inverse design is particularly relevant to biosensors in which small deviations in nanogap
width, resonator dimensions, surface morphology, or periodicity can significantly alter resonance posi-
tion, field enhancement, sensitivity, or device-to-device reproducibility.

Al method selection should therefore reflect the manufacturing question being addressed rather than
relying on a single universally preferred algorithm. Prediction of complex structure—property relation-
ships may favor neural networks, interpretable analysis of structured geometrical or process data may
favor tree-based models combined with feature-attribution methods, and expensive experimental opti-
mization may favor Bayesian approaches. Image-based deep learning can support automated inspec-
tion and quality control when microscopy or other imaging data are available, while inverse-design and
active-learning frameworks are more appropriate when the objective is to identify manufacturable struc-
tures within large design spaces. The practical distinctions among these approaches are summarized in
table 3.

Looking forward, agentic Al represents a further transition from individual predictive and optimiza-
tion models toward computational systems capable of coordinating multiple specialized tasks. Lupoiu
et al recently introduced a multi-agentic framework for autonomous freeform metasurface design in
which specialized agents interact with surrogate electromagnetic solvers, optimization tools, other agents,
and human designers to translate design objectives into optimized photonic structures [290]. Although
agentic Al has not yet been established as an end-to-end strategy for biosensor manufacturing, this work
provides a relevant conceptual direction for future systems in which simulation, nanostructure opti-
mization, fabrication constraints, metrology, and experimental feedback could be coordinated within
an integrated computational workflow. Such systems should nevertheless remain coupled to experimen-
tal validation, particularly for biosensors in which biological variability, surface functionalization, and
real-sample performance cannot be captured solely through structural or electromagnetic optimization.
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Table 3. Practical selection of AI/ML approaches for biosensor design and nanofabrication.

M Beyza Avci et al

Design/manufacturing  Suitable AI/ML Design/fabrication
need approach Typical input Main advantage output References
Predict nonlinear ANN/DNN Geometry, material, = Captures complex Predicted [284, 288]
structure-performance and process nonlinear relationships  optical/electrical
relationships parameters and enables rapid response and
surrogate prediction candidate design space
Identify critical design ~ XGBoost + Gap width, height, Provides predictive Critical dimensions [285]
and fabrication SHAP pitch, diameter, and ~ modeling together with  and fabrication
variables other structured interpretable tolerances
parameters parameter importance
Optimize expensive Bayesian Process parameters Efficiently explores Optimized fabrication  [286, 287]
fabrication or synthesis  optimization and experimental multidimensional or synthesis
experiments feedback process spaces with conditions
fewer experiments
Generate Inverse Target Searches large design Candidate geometries  [284, 289)]
fabrication-feasible design/active optical/electrical spaces while compatible with
nanostructures learning response and incorporating fabrication limits
fabrication manufacturability
constraints
Automated inspection CNN-based SEM, AFM, or Enables automated Defect detection, Section 6.2
and quality control image analysis  optical microscopy analysis of classification, and Refs.
images high-volume process monitoring
metrology data
Coordinate Agentic Al Design objectives, Coordinates specialized Iteratively optimized ~ [290]

autonomous multi-step
design

constraints,
simulation and
optimization tools

models and
computational tools

design workflow

8. Translational challenges and future directions in nanofabricated biosensors

Despite major advances in deterministic top-down patterning, scalable replication, bottom-up assembly,
flexible and wearable fabrication, and Al-assisted manufacturing, translation of nanofabricated biosen-
sors remains constrained by factors extending well beyond transducer sensitivity. Practical deployment
requires reproducible fabrication, scalable production, stable biofunctionalization, robust packaging,

quality-controlled manufacturing, and reliable operation in complex samples. Recent commercialization
analyses similarly identify lot-to-lot consistency, shelf life, manufacturing scale-up, quality systems, and
real-matrix validation as persistent barriers [291, 292].

8.1. Reproducibility, scalability, and manufacturing quality
Differences in nanogap width, etch depth, sidewall roughness, metal thickness, nanoparticle density, elec-
trode morphology, or array periodicity can directly alter optical, electrical, or electrochemical response.
At the same time, surface functionalization, receptor density, analyte transport, sample matrix, and read-
out conditions introduce additional variability, making reproducibility a coupled fabrication-chemistry
problem. Top-down silicon nanowire FET biosensors illustrate this challenge clearly. Variations in
nanowire dimensions, oxide properties, fabrication conditions, surface modification, and electrical read-
out can produce substantial sensor-to-sensor differences in threshold voltage, transconductance, noise,
and biosensing response [28]. Similar considerations apply to transistor-based point-of-care platforms,
where manufacturing yield, integration, and shelf stability remain important constraints on deployment
[293]. Consequently, performance from an optimized single device provides limited information unless
the corresponding variability across devices and fabrication batches is also quantified. Plasmonic, SERS,
and nanophotonic biosensors face analogous challenges. Their response depends on nanogap geometry,
hotspot density, particle morphology, resonance linewidth, metal roughness, and large-area structural
uniformity. Heterogeneous hotspot distributions can limit quantitative reproducibility even when strong
local enhancement is achieved. For practical plasmonic sensing, substrate-to-substrate variation, spatial
signal uniformity, calibration stability, and fabrication yield are therefore as important as maximum field
enhancement or limit of detection [15].

The biological layer introduces an additional source of variability. Enzyme activity, antibody ori-
entation, aptamer density, blocking efficiency, reagent dispensing, drying conditions, and storage his-
tory can substantially affect sensor response even when the underlying nanostructure is well controlled.
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Translation-focused analyses therefore emphasize that scale-up must include biological reagents, sub-
strates, supply chains, quality systems, and storage stability rather than focusing exclusively on the
transducer [291]. Each scalable fabrication route also introduces method-specific sources of variation.
NIL and roll-to-roll processing are affected by mold wear, residual layers, registration, demolding, and
defect propagation; printed platforms depend strongly on ink rheology, wetting, drying, and nanoma-
terial dispersion; and flexible or additive manufacturing must additionally control adhesion, material
homogeneity, and mechanical deformation. Recent mass-produced nanowell biosensors illustrate this
shift by combining large-array fabrication, batch manufacturing, reproducible device characteristics, and
clinical validation within the same production-oriented workflow [294]. Such examples move beyond
isolated nanofabrication demonstrations toward manufacturing-ready biosensor engineering. Scale-

up must therefore be accompanied by predefined quality-control criteria and manufacturing-oriented
reporting. In addition to sensitivity and limit of detection, translational studies should report fabrica-
tion yield, device-to-device and batch-to-batch variability, calibration stability, storage stability, recov-
ery, response time, drift, and failure rates. Al-assisted metrology may support this transition by linking
fabrication data with device performance, but conventional statistical process control and standardized
functional testing remain equally important.

8.2. Biofunctionalization, packaging, and real-sample validation

Even highly reproducible nanostructures cannot become practical biosensors without stable and selective
biointerfaces. Biofunctionalization must integrate antibodies, aptamers, nucleic acids, enzymes, peptides,
molecularly imprinted receptors, or other recognition elements while preserving both transducer perfor-
mance and biological activity. Receptor density, orientation, accessibility, blocking efficiency, antifouling
chemistry, and long-term stability therefore become manufacturing parameters in their own right. This
requirement is particularly important for electrochemical, optical, and field-effect biosensors because

the recognition layer directly influences electron transfer, optical near-field interaction, surface charge
response, fouling, and analyte accessibility. Bioelectrode studies consequently emphasize that electrode
morphology and surface chemistry must be co-optimized with receptor immobilization to maintain sen-
sitivity, selectivity, and operational stability [118]. Biofouling remains a major obstacle to real-sample
operation. Biological and environmental matrices contain proteins, lipids, salts, cells, and other species
that can adsorb nonspecifically, block target access, increase background, and introduce drift. Antifouling
strategies based on PEG/OEGMA-type polymers, zwitterionic materials, hydrogels, peptide coatings, and
biomimetic interfaces can reduce nonspecific adsorption, but they must retain efficient receptor coupling
and analyte transport. Functionalized polymer brushes and zwitterionic coatings have demonstrated
improved low-fouling performance and baseline stability under biologically relevant conditions, [295,
296] while related approaches have been explored in electrochemical-SPR platforms operating in blood,
serum, and milk [297].

Biosensors must be combined with sample-delivery structures, microfluidics, membranes, adhesives,
reagents, electronics or optics, power, and user interfaces without compromising the sensing surface.
Packaging failures can produce leakage, evaporation, corrosion, contamination, optical misalignment,
unstable electrical contact, or reagent degradation. These requirements are particularly demanding for
wearable systems, where packaging must also tolerate repeated motion, moisture, and prolonged skin
contact. Storage stability is similarly underreported in many proof-of-concept studies. Enzymes, antibod-
ies, hydrogels, redox mediators, nanomaterials, and polymer coatings may change during drying, tem-
perature cycling, humidity exposure, sterilization, or prolonged storage. Translation-oriented biosensor
studies therefore increasingly emphasize dry-down chemistry, packaging, shelf life, and user workflow
alongside analytical performance [298]. Performance in buffer or artificially spiked solutions may not
predict behavior in authentic biological, environmental, or food samples because matrix components
alter viscosity, ionic strength, adsorption, enzyme activity, optical background, electrochemical interfer-
ence, and analyte transport. Practical studies should therefore use matrix-matched calibration, relevant
concentration ranges, appropriate positive and negative controls, and comparison with established ana-
lytical methods where applicable.

Clinically oriented biosensors additionally require progression from analytical to diagnostic vali-
dation. Limit of detection and analytical sensitivity alone cannot establish clinical utility; appropriate
patient cohorts, independent controls, reference-method comparison, and diagnostic sensitivity and
specificity are required. Recent translational studies continue to emphasize validation in sufficiently large
and biologically realistic sample populations as a prerequisite for meaningful clinical adoption [299]. The
key implication is that real-sample operation should influence sensor design from the beginning rather
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than serve only as a final proof-of-concept experiment. Antifouling layers, sample preparation, calibra-
tion strategy, microfluidic routing, reagent stabilization, and packaging should therefore be co-designed
with the nanostructured transducer.

8.3. Future directions: toward integrated, standardized, and manufacturing-ready biosensors

A first priority is the transition from isolated sensing elements to fully integrated biosensing platforms.
Future devices will increasingly combine sensing interfaces, microfluidics, electronics, packaging, wireless
communication, and user workflow within a unified architecture, particularly for wearable, implantable,
and point-of-care applications [300]. Hybrid printing has already enabled assembly-free fabrication of
integrated microfluidic biosensors with sub-100 um resolution, incorporated electrodes and fluidic chan-
nels, and lactate detection down to 442 nM across a physiologically relevant 1-10 mM range [301]. Such
examples illustrate how manufacturing integration can reduce assembly complexity while preserving ana-
lytical functionality. Cross-sector co-packaged photonics programs provide a useful manufacturing ana-
logue because they integrate component fabrication, chiplet assembly, optical/electrical interfaces, ther-
mal constraints, packaging, and foundry compatibility within one system architecture [116]. A second
priority is manufacturing-aware design from the earliest stages of device development. Rather than opti-
mizing only sensitivity or signal enhancement, future biosensors should incorporate fabrication toler-
ance, production yield, batch reproducibility, and material compatibility as explicit design constraints.
Wafer-scale graphene—CMOS biosensor fabrication has already demonstrated yields exceeding 99% with
device-to-device variation below 30%, illustrating that manufacturing metrics can be optimized along-
side sensing performance [293]. Similar considerations increasingly guide material selection in field-effect
transistor biosensors, where compatibility with scalable semiconductor processing may be more impor-
tant for translation than single-device performance alone [302].

Standardization will be equally important. Device yield, batch variability, calibration procedures,
shelf life, real-sample recovery, and quality-control criteria remain inconsistently reported across biosen-
sor studies. Integrated photonic biosensor literature similarly identifies the absence of standardized
fabrication protocols, benchmarks, packaging strategies, and design guidelines as a major obstacle to
commercialization [80]. Manufacturing-oriented reporting should therefore accompany conventional
analytical metrics and include device-to-device variability, batch reproducibility, yield, calibration sta-
bility, storage stability, and validation across independent production runs. Quality control should also
move upstream into the manufacturing process. Embedded monitoring can identify process devia-
tions before final device testing and reduce both material waste and performance variability. Babamiri
et al demonstrated this concept during electrofabrication of molecularly imprinted polymer biosen-
sors, reporting reductions in relative standard deviation of 79% for agmatine detection and 87% for
GFAP sensing, together with improved detection success rates [303]. Similar in-line strategies could be
extended to nanophotonic, plasmonic, semiconductor, printed, and flexible biosensors. Biosensors should
increasingly be judged not only by sensitivity under optimized conditions, but by their ability to provide
reproducible measurements after realistic manufacturing, storage, handling, and sample exposure [298].
This shift is reflected in wearable and implantable biosensors based on printable core—shell nanoparticles
that have enabled continuous monitoring of metabolites, vitamins, and therapeutic drugs in patient and
animal studies using scalable inkjet printing [304].

Regulatory and quality-management considerations should likewise be introduced earlier in the
development cycle. Material selection, fabrication route, process documentation, supply-chain strat-
egy, immobilization chemistry, storage conditions, and quality-control procedures should be considered
together rather than addressed only after analytical optimization [305]. The choice between semiconduc-
tor fabrication, roll-to-roll processing, additive manufacturing, or hybrid approaches should therefore be
guided not only by achievable resolution, but also by intended production volume, process robustness,
biofunctionalization reproducibility, long-term stability, and regulatory requirements [291]. Collectively,
these trends define a translational pathway in which manufacturing, biointerface engineering, quality
assurance, regulatory readiness, and application-specific validation are optimized together, as summa-
rized in figure 10.

8.4. From laboratory prototypes to commercial biosensor manufacturing

Translation of nanofabricated biosensors from laboratory prototypes to commercial products requires
manufacturing criteria that extend beyond analytical sensitivity and limit of detection. At the commer-
cialization stage, device-to-device reproducibility, process yield, batch consistency, cost, packaging, cali-
bration, regulatory compliance, and compatibility with high-throughput manufacturing become increas-
ingly important. Consequently, fabrication strategies that provide exceptional performance at laboratory
scale may remain difficult to translate if critical dimensions, surface properties, or sensing responses
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Figure 10. Translational funnel for nanofabricated biosensors. The schematic summarizes the progression from high-
performance laboratory prototypes toward deployable biosensors through improved device reproducibility, stable biofunctional-
ization, scalable manufacturing, quality control, standardized validation, regulatory readiness, and real-world application testing.

cannot be reproduced across large numbers of devices. Commercial translation therefore requires the
sensing architecture and its fabrication process to be considered as an integrated manufacturing system

rather than as independent optimization problems.

Silicon nanowire field-effect transistor (SINW-FET) biosensors illustrate this transition particu-
larly clearly. Their compatibility with top-down semiconductor processing provides a potential route
toward wafer-scale fabrication and integration, but process variability remains a major challenge because
variations in nanowire geometry and fabrication conditions can produce substantial sensor-to-sensor
differences [28, 306]. Controlled top-down fabrication has consequently become important not only for
defining nanoscale features but also for improving electrical uniformity and analytical consistency. For
example, controllable fabrication of SINW arrays on silicon-on-insulator substrates has been shown to
reduce current fluctuations and improve device uniformity, illustrating how process control can directly
support manufacturing reproducibility [307]. CMOS-compatible fabrication further provides a route
for integrating nanoscale sensing elements with established semiconductor processing and device-level
architectures [308]. These examples demonstrate that the translational significance of top-down nanofab-
rication lies not only in dimensional precision but also in its potential to provide standardized and

reproducible device production.

Wearable biosensors provide a more mature example of translation from sensing technology to com-
mercial healthcare systems. Continuous glucose-monitoring platforms associated with companies such as
Abbott, Dexcom, and Medtronic demonstrate that commercial viability depends not only on sensing per-
formance but also on scalable and affordable manufacturing, long-term reliability, regulatory compliance,
and interoperability with digital health ecosystems [309]. At the device level, this transition requires inte-
gration of the sensing interface with sampling, calibration, packaging, electronics, wireless communi-
cation, and user-facing readout. Emerging wearable platforms similarly illustrate this system-level shift
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through the integration of microfluidic sampling, electrochemical sensing, calibration, wireless trans-
mission, and smartphone-based interfaces. Thus, for wearable biosensors, successful translation increas-
ingly depends on manufacturing and integrating the complete sensing system rather than optimizing the
nanostructured sensing interface alone.

In contrast, single-molecule/nanopore and nanoparticle-based sensing illustrate technologies for
which manufacturing translation remains less mature. Nanopore-FET architectures offer a potential path
toward parallelized and scalable semiconductor fabrication for single-molecule detection, but recent lit-
erature remains focused primarily on device design, sensitivity enhancement, and manufacturability
rather than established commercial biosensor production [310, 311]. Nanoparticle-enabled biosensors
face a different manufacturing challenge: maintaining particle size, surface chemistry, functionalization,
and analytical response across synthesis batches and production scales. Reviews of nanomaterial-assisted
biosensors therefore identify reproducibility, validation, certification, cost, and batch variability as persis-
tent barriers to commercialization [312, 313]. Continuous-flow and microfluidic synthesis strategies pro-
vide a relevant manufacturing direction because particle formation can be controlled under reproducible
mixing conditions and scaled through parallelization rather than simply increasing batch volume.

Collectively, these examples show that the principal bottleneck in biosensor translation often shifts
from achieving high analytical performance to reproducing that performance reliably at manufacturing
scale. The relevant fabrication strategy must therefore be evaluated not only according to achievable res-
olution or sensitivity, but also according to process variability, yield, material consistency, integration
complexity, quality control, and production cost. Technologies compatible with established manufac-
turing infrastructures, such as semiconductor processing for FET-based sensors, or with scalable system
integration, as demonstrated by commercial wearable platforms, currently provide clearer routes toward
translation. For emerging nanopore and nanoparticle-based systems, advances in parallel fabrication,
automated synthesis, process monitoring, and standardized quality control will be important for nar-
rowing the gap between laboratory demonstrations and reproducible commercial devices.

8.5. Materials availability and sustainability in biosensor nanofabrication

Sustainability is becoming an increasingly important consideration in biosensor nanofabrication as
devices move toward large-scale and, in many cases, disposable production. High-performance biosensors
frequently rely on noble metals such as Au, Ag, and Pt because of their favorable plasmonic, electrical,
catalytic, and surface-functionalization properties. However, material cost, limited availability, and ineffi-
cient utilization can become increasingly relevant at manufacturing scale. These considerations are moti-
vating strategies that reduce noble-metal loading, improve material utilization, or replace noble metals
with alternative materials such as carbon-based structures, metal oxides, and other functional nanomate-
rials where compatible with the required sensing mechanism [314-316].

Environmental impact also originates from the fabrication process itself. Conventional micro- and
nanofabrication can involve multiple lithography, deposition, etching, cleaning, and surface-modification
steps that require substantial energy input and the use of photoresists, solvents, surfactants, etchants, and
other process chemicals. Consequently, sustainability should be considered alongside resolution, through-
put, and reproducibility when selecting a fabrication strategy. Material-efficient deposition, surfactant-
free processing, additive manufacturing, and ambient- or low-temperature fabrication provide potential
routes for reducing chemical consumption and process complexity while retaining the functional proper-
ties required for biosensing [317, 318].

The environmental burden is particularly relevant for single-use point-of-care, wearable, and
microfluidic biosensors, where large-scale deployment can generate substantial quantities of polymeric
and electronic waste. Petroleum-derived substrates and components that are difficult to recycle there-
fore introduce an additional manufacturing consideration beyond device performance. Renewable
and biodegradable materials, including paper, cellulose and nanocellulose, chitosan, zein, and other
biopolymer-based substrates, are increasingly being investigated as alternatives for disposable sensing
platforms. For example, biodegradable zein nanofibers have been demonstrated as substrates for dispos-
able SERS biosensors, while nanocellulose-coated paper has been investigated for point-of-care glucose
detection [319, 320].

More broadly, sustainable biosensor manufacturing requires consideration of the complete device
life cycle rather than substitution of a single material or fabrication step. Green nanoparticle synthesis,
renewable substrates, additive and low-temperature processing, reduced use of hazardous chemicals, and
design for recyclability or biodegradation can reduce environmental burden, but these approaches must
still satisfy requirements for analytical performance, reproducibility, shelf life, scalability, and cost. Life-
cycle assessment can therefore complement conventional manufacturing metrics by considering material
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consumption, energy and water use, fabrication, and end-of-life pathways. Combining such environmen-
tal assessment with techno-economic analysis may ultimately provide a more meaningful basis for select-
ing scalable nanofabrication strategies for future biosensor manufacturing.

9. Conclusion

Nanofabrication has transformed biosensor development from the optimization of individual nanoscale
structures into a broader manufacturing challenge that integrates patterning, materials engineering, bio-
functionalization, fluid handling, and device assembly. Top-down lithography provides precise and deter-
ministic control of sensing architectures, whereas scalable replication, transfer-based manufacturing,
bottom-up self-assembly, additive fabrication, and flexible processing extend these capabilities toward
larger-area, lower-cost, and application-compatible platforms. Increasingly, the most effective strategies
combine these approaches rather than relying on a single fabrication route.

The next stage of biosensor nanofabrication will depend less on achieving smaller features or higher
analytical sensitivity alone and more on translating nanoscale functionality into reproducible and manu-
facturable devices. Control of batch-to-batch variability, surface chemistry, biofouling, packaging, storage
stability, and device-level integration must therefore advance alongside nanostructure design. Al-assisted
process optimization and standardized quality-control frameworks may further accelerate this transition
by linking fabrication parameters with structural characteristics and analytical performance. Ultimately,
progress toward clinically and commercially relevant biosensors will require nanofabrication strategies
that balance precision, scalability, reproducibility, biological compatibility, and system-level integration
within robust manufacturing workflows.
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