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A B S T R A C T

Wearable and implantable nanoelectronics demand the heterogeneous integration of transducers, analogue 
front-ends, wireless power and data links, and hermetic encapsulation on substrates that remain mechanically 
compliant and biostable in vivo. Progress in wearable and implantable bioelectronics has been enabled by co- 
optimisation of material systems, process windows and packaging architectures with the capability to maintain 
stability under coupled mechanical, electrochemical, and thermal stresses. Nanoscale and two-dimensional 
semiconductors expand the design space for low-power transduction, but they impose stringent requirements on 
defect density, contact resistance, and encapsulation-induced strain after transfer to elastomeric substrates. This 
present work surveys nanomaterials and microfabrication strategies that address this systems-level requirement 
and complement existing material-class surveys organising the field along co-design axis of material, fabrication 
process, encapsulation and tissue interface. Additionally, the review presents a novel cross-material performance 
benchmark that compares carrier mobility, tensile-strain limit, limit of detection, encapsulation WVTR, fabri
cation-to-application suitability and regulatory pathway. The scope of this review is restricted to skin-mounted, 
intracutaneous, and intracorporeal medical devices reported between 2018 and 2026.

1. Introduction

The continuous proliferation of miniaturised integrated circuits 
(ICs) and micromachining have transformed microelectronics in the 
two decades [1,2]. The integration of miniaturised ICs and micro
machining with artificial intelligence, Internet of Things, materials 
science, sensing and actuator technologies has driven innovation in 
flexible, implantable, and wearable electronic devices targeted at 
medical and healthcare applications [3,4]. The need to integrate these 
devices seamlessly with the human body across cutaneous curvature 
under repeated body movement and over long deployment periods 
imposes stringent mechanical and biological requirements on device 
materials and fabrication techniques. Multi-functional design within a 
low-profile substrate area [5] as found in consumer-grade systems in
cluding smartwatches [6,7], augmented and virtual reality headsets 
[8–10], fitness trackers [11,12], and comparable requirements is es
tablished to drive bioelectronic systems such as medical wearables and 
implants. However, to satisfy the mechanical and biological require
ments of bioelectronic systems, intense research has converged on 

nanomaterials, which exploit size and interface-dominated properties at 
the nanoscale [3,13]. Existing works in the literature on wearable and 
implantable systems demonstrated the use of graphene [14], silicon 
nanomembranes [15,16], carbon nanotubes [17,18], liquid-metal al
loys [19,20], and other organic and inorganic nanomaterials [21,22]. 
The use of nanomaterials in wearable electronics and devices have 
significantly evolved from single-material to heterogeneously in
tegrated systems.

Wearables are devices worn on the skin or integrated into clothing 
to monitor physical and physiological parameters continuously, using 
biosensing modalities selected for analyte of interest including Na⁺ ac
tivity in sweat or saliva for dietary-sodium tracking and SARS-CoV-2 
antigen or RNA assays for COVID-19 detection [21–27]. Beyond passive 
monitoring, wearables are increasingly used for screening, detection, 
and prediction. A dry-electrode system screens patients for sleep apnoea 
and differentiating apnoea subtypes during routine use [28]. For ex
ample, a wearable electrochemical glove-based sensor achieves a me
thamphetamine limit of detection (LoD) of 0.1 µg mL⁻¹ with a 60-day 
shelf life demonstrating the wider sensing capability of skin-mounted 
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electrochemistry [29]. Abdelrazik et al. demonstrated the efficacy of 
wearable devices support arrhythmia detection via early identification 
and remote monitoring [30]. Stehlik et al. developed an analytical 
platform using continuous physiological data streams from multi-sensor 
patch to predict heart-failure readmission with 76%–88% sensitivity 
and 85% specificity [31] and wearable telemonitoring effectively pre
dicted post-pancreatectomy complications more accurately than the 
American College of Surgeons National Surgical Quality Improvement 
Program risk calculator based on machine learning models [32].

Implantables are devices and tissue constructs placed within the 
body temporarily or permanently to support physiological function
alities but their operation is often constrained by limited commu
nication bandwidth and onboard power management [33]. However, 
different power management strategies including enzymic and mi
crobial bio-fuel cells have been used to activate self-powered implants 
that draw energy from biochemical fuels in interstitial fluid [34–36]. 
Implantable drug-delivery platforms span oncology, contraception, 
and other gynaecological application [37]. Wearable and implantable 
bioelectronic systems comprises four functional layers: transducer 
layer, analogue front-end, wireless power and data interface, and 
encapsulation layer on a mechanically compliant substrate with each 
layer coupled to one or more system-level integration constraints such 
as mechanical deformation, ionic ingress, foreign-body response and 
available energy budget. According to the author’s knowledge, several 
reviews on wearable and implantable bioelectronics between the 
period 2024 – 2026 including dedicated surveys of MXene bioelec
tronics, gallium-based liquid metals and hydrogel bioelectronics fo
cused around single material family or device modality [38–40]. 
However, the present review is focused along co-design axis of ma
terial, fabrication process, encapsulation and tissue interface in com
parison to material family only. In addition, the review presents novel 
cross-material performance benchmark that place carrier mobility, 
tensile-strain limit, limit of detection, water vapour transmission rate 
(WVTR) in encapsulation, fabrication-to-application suitability and 
regulatory pathway on a common axis.

The review is organised as follows: Section 2 presents the various 
nanomaterial families within the transducer, interconnect, encapsula
tion and bio-interface layers. Section 3 discussed the electrochemical 
sensing subsystem and address the solid-contact ion-selective electrode 
(SC-ISE) stability, anti-biofouling and multi-channel signal decoupling. 
Section 4 surveys the bottom-up, top-down, and hybrid microfabrica
tion routes and maps each to skin-mounted or long-term implantable 
service. Section 5 integrates the material and process analyses at the 
system level, addressing percolation mechanics, encapsulation and 
long-term reliability, clinical translation, and manufacturing-scale 
variability. The conclusion drawn from the review is presented in 
Section 6.

2. Nanomaterials fundamentals in wearable and implantable 
devices

Nanomaterials as materials with external dimension and surface 
structure on the nanoscale, typically within the 1–100 nm geometry, 
classified by morphology, dimensionality, source material and fabri
cation route [41–43]. This section presents a comprehensive classifi
cation of nanomaterials by device-layer functionalities including 
transducer semiconductor, conjugated polymer, stretchable inter
connect, encapsulation stack and bio-interface. Additionally, the sec
tion discusses conventional nanomaterial-based taxonomy such as 
carbon allotropes, hydrogels, inorganic nanoparticles, ceramics and 
quantum dots.

2.1. Transducer-layer materials

Transition-metal dichalcogenides (TMDs) such as molybdenum 
disulfide (MoS)₂, tungsten disulfide (WS₂), tungsten diselenide (WSe₂) 

and molybdenum ditelluride (MoTe₂) are 2-dimensional layered semi
conductor whose monolayers combine direct bandgap within the 
1–2 eV range with sub-nanometre thickness to enhance low-voltage 
sub-threshold operation on flexible substrates. Field-effect carrier mo
bilities of 200–500 cm² V⁻¹ s⁻¹ have been demonstrated for CVD-grown 
monolayer MoS₂ on polyimide after high-κ gating and picomolar-level 
LoD has been demonstrated for MoS₂ ion-sensitive FETs targeting cor
tisol, cardiac troponin and DNA [44,45]. Monolayer TMDs require 
strain-decoupling encapsulation stack to prevent interference of me
chanical and electrochemical signals since monolayer TMDs are strain- 
tunable with bandgap shift ≈ 50 meV per strain (%). Nanocrystalline 
oxide semiconductors such as indium-gallium-zinc oxide (IGZO) and 
zinc-tin oxide are amorphous, soluble at temperatures compatible with 
parylene and polyimide, and patternable by area-selective atomic layer 
deposition (AS- ALD) but possess lower carrier mobilities typically 
≈ 10 cm² V⁻¹ s⁻¹ , which are essential for analogue front-end design of 
wearable patches where wafer-scale uniformity is more critical than 
peak mobility [46,47].

2.2. Conjugated polymer and mixed ionic materials

Conjugated polymers such as poly(3,4-ethylenedioxythiophene) 
polystyrene sulfonate (PEDOT: PSS), PEDOT: PSS-hydrogel blends and 
polyaniline are organic flexible bio-interfaces that conduct both ions 
and electrons and are printable at room temperature. Solution-cast 
PEDOT: PSS coatings reduce the contact impedance of bare metal mi
croelectrode by one to two orders of magnitude, reaching <  1kΩ at 
1 kHz for 100 µm-diameter contacts [48,49]. In the organic electro
chemical transistors (OECTs), the polymer channel amplifies analyte- 
driven ionic modulation into a drain current resulting in transconduc
tances of 10–100 mS at sub-1V operation which is compatible with the 
energy budget of a near-field communication (NFC)-harvested wearable 
[48,50]. The blending of OECTs with polyacrylic-acid networks would 
result in toughness required for cyclic on-skin application [51]. How
ever, PEDOT: PSS exhibits key limitations including hydrolytic doping 
drift and de-doping under repeated redox cycling.

2.3. Stretchable materials

Stretchable materials interconnects for epidermal and implantable 
electronics employ percolating nanowire networks, eutectic liquid 
metals, and strain-accommodating metallic thin-film architectures. The 
interconnect maintains the electrical continuity under repeated multi
directional skin deformation, which can involve strains of several tens 
of percent at highly mobile anatomical sites, while implanted leads 
must additionally accommodate the smaller but persistent deformations 
associated with soft-tissue micromotion. Percolating silver-nanowire 
(AgNW) networks deposited on elastomeric substrates can provide low 
sheet resistances, with values on the order of 10–20 Ω sq⁻¹ reported for 
relatively dense and well-connected networks, while their mechanical 
tolerance depends strongly on nanowire dimensions, areal density, 
junction resistance, substrate properties, and network architecture. 
Junction welding, including thermal, photonic, or plasmonic ap
proaches, can substantially reduce inter-wire contact resistance and 
improve resistance stability under cyclic deformation; nevertheless, the 
strain at which electrical degradation or percolation-network failure is 
architecture- and test-condition-dependent, with highly engineered 
networks capable of sustaining strains of several tens of percent or 
more. Eutectic gallium–indium (EGaIn) offers substantially greater in
trinsic deformability because electrical conduction is maintained 
through a liquid-metal phase; its spontaneous formation of a thin 
Ga₂O₃-rich oxide skin in air imparts a finite interfacial yield stress, 
suppresses uncontrolled spreading, and enables patterned traces to re
tain their geometry while accommodating strains exceeding 200% in 
appropriately designed architectures. This oxide layer, however, also 
influences wetting, interfacial adhesion, flow and electrical–mechanical 
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stability. Metallic thin films, particularly Au- and Pt-based films on 
compliant substrates such as PDMS, can likewise achieve large effective 
stretchability through controlled cracking, buckling, delamination and/ 
or formation of island–bridge morphologies. Following mechanical 
conditioning, these structures can preserve electrical continuity over 
large strains, but their resistance evolution and cyclic lifetime depend 
strongly on metal thickness, adhesion, pre-strain, substrate modulus, 
crack morphology and loading history. Consequently, their long-term 
performance is generally governed by the coupled evolution of cracks, 
interfaces and conductive pathways under cyclic loading rather than by 
the monotonic fracture strain alone.

2.4. ALD nanolaminates and hybrid over-layers

Encapsulation is the primary determinant of chronic implant life
time, and no single material simultaneously satisfies the requirements 
of low water-vapour transmission rate (WVTR), mechanical com
pliance, and biostability; a multilayer stack is therefore standard. An 
ALD inorganic diffusion barrier — typically Al₂O₃/HfO₂ nanolaminates 
of 25–100 nm total thickness — provides WVTR of 10⁻⁶–10⁻⁵ g m⁻² day⁻¹ . 
Al₂O₃ alone hydrolyses in phosphate-buffered saline at 37 °C; inter
leaving with HfO₂ suppresses this reaction by an order of magnitude 
and stabilises the barrier over months in vivo [46,47,52]. A 3–10 µm 
parylene-C over-layer and, for skin-facing devices, a 100–500 µm sili
cone elastomer add mechanical robustness and abrasion resistance 
without dominating the moisture path. Where a sensor must transport 
analyte in one region and reject water elsewhere, patterned openings in 
the ALD barrier are protected by a hydrogel or track-etched membrane.

2.5. Bio-interface contact impedance

The tissue interface acts as a low-pass electrochemical filter whose 
impedance governs signal-to-noise in recording and stimulation. The 
accepted target for cortical recording is sub-kΩ contact impedance at 
1 kHz for a 100 µm-diameter microelectrode. Three coating classes 
achieve this target: (i) electrodeposited PEDOT:PSS or PEDOT:tosylate, 
providing the volumetric ionic–electronic capacitance; (ii) iridium 
oxide (IrOx) grown by activated sputtering or electroplating, combining 
faradaic charge storage with clinical-grade biocompatibility and used in 
marketed cochlear and deep-brain stimulators; and (iii) nanoporous Pt 
or Pt-black, which raises the effective electrode area by up to two orders 
of magnitude but may delaminate under aggressive stimulation. 
Coating–foreign-body interactions.

2.6. Carbon nanomaterials

Carbon-based nanomaterials are treated here as a family because 
they share sp²-hybridised bonding and, in most device deployments, 

occupy the transducer or bio-interface layer rather than the inter
connect or encapsulation layer. Where earlier taxonomies classify gra
phene as an “organic” nanomaterial, the term is used here only in the 
descriptive sense of a carbon-only material, not as an organic com
pound. Representative carbon-nanomaterial morphologies as illustrated 
in Fig. 1.

2.6.1. Graphene
Graphene is a two-dimensional hexagonal allotrope of sp²-hy

bridised carbon in a honeycomb lattice. Fig. 1 illustrates the structural 
representation of graphene field-effect-transistor (FET) biosensor. Sus
pended monolayer graphene exhibits a thermal conductivity of 
≈ 3000–5000 W m⁻¹ K⁻¹ , an intrinsic in-plane electrical conductivity of 
10⁶–10⁸ S m⁻¹ , and carrier mobilities up to ≈ 2 × 10⁵ cm² V⁻¹ s⁻¹ in low- 
disorder samples, with the integer quantum Hall effect observable at 
room temperature [54–59]. The monolayer has an in-plane Young’s 
modulus of ≈ 1 TPa and an intrinsic strength of ≈ 130 GPa, and its sub- 
nanometre thickness of ≈ 0.34 nm per layer gives low bending stiffness 
which preserve flexibility at device scale. High specific surface area, 
high carrier mobility, and mechanical robustness together yield low 
limits of detection and tolerance to long-term on-skin deployment. 
Existing works reported graphene FET biosensor for real-time inter
leukin-6 detection over 10 pM–100 nM [53], graphene micro-needle 
array for continuous glucose and ketone monitoring with a sensitivity of 
234.18 µA mM⁻¹ cm⁻² and a limit of detection of 1.21 µM [60].

2.6.2. Fullerenes
Fullerenes are closed-cage carbon allotropes of sp²-hybridised atoms 

in fused hexagonal and pentagonal rings [61,62], of which C₆₀ is the 
most studied. Substitution and curvature modulate solubility, polari
sability, and energy density, producing nucleophilic and electrophilic 
sites [63]. The resulting spherical aromaticity supports nucleophilic 
addition, redox, and encapsulation reactions, enabling use as carriers in 
biological media [64]. A graphene-oxide/fullerene fabric sensor dis
criminated ionic species in artificial sweat [65], and a Mg-doped full
erene sensor detected γ-butyrolactone with high adsorption-driven 
sensitivity and conductivity [66].

2.6.3. Carbon nanotubes
Carbon nanotubes (CNTs) are one-dimensional cylindrical variants 

of graphene with diameters of 0.4–50 nm and lengths up to micro
metres structures above ≈ 50 nm diameter are classified as carbon 
nanofibers [67–70]. The mechanical, surface, and electronic properties 
of single-, double-, and multi-walled CNTs depend on wall count and 
chirality: chirality governs electronic behaviour, whereas wall count 
governs mechanical and transport properties. The nanostructures of 
single- and multi-walled CNTs are shown in Fig. 2. CNTs combine high 
tensile strength, high Young’s modulus, and elastic recovery; their high 

Fig. 1. Graphene structure and wear
able-biosensor performance. (a) 
Honeycomb lattice and band structure 
showing the sp²-hybridised carbon 
network and corresponding band 
structure near the K point; (b) 
Schematic of graphene FET biosensor 
for cytokine detection [53].
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aspect ratio yields porous, high-surface-area networks, and their sur
faces functionalise covalently or non-covalently to host biomolecules 
[67–70]. A wrinkled CNT capacitive strain sensor exceeded the theo
retical gauge factor of 1.0 for parallel-plate geometries by a factor of 
two, with high response speed and low hysteresis [71]. A CNT/poly
aniline thermoelectric yarn reached an electrical conductivity of 3651 S 
cm⁻¹ and a power factor of 1294 µW m⁻¹ K⁻² [72]. Carbon-infiltrated CNT 
coatings on titanium reduced Staphylococcus aureus adhesion by ≈ 2.5- 
fold at a 150 nm tube diameter, indicating a passive antibacterial 
pathway for orthopaedic implants [73].

2.7. Hydrogels and nanogels

Hydrogels are crosslinked three-dimensional polymer networks that 
absorb large water volumes while remaining insoluble [74–77]. Na
nogels are hydrogel particles with at least one nanoscale dimension. 
They combine biocompatibility, biodegradability, and mechanical 
adaptability with chemically tuneable stimuli-responsive behaviour, 
making them effective carriers for targeted drug delivery [77,78]. A 
physically crosslinked nanogel-based cotton bionic skin responds to 
multiple physical stimuli with a colour-coded readout [79]. Photo
polymerisation of a choline chloride/acrylic-acid deep-eutectic solvent 
incorporating PEDOT:PSS produced a stretchable electronic skin whose 
conductivity increased after sulfuric-acid post-treatment [51]. A self- 
powered, tumour-microenvironment-activated core–shell nanogel of 
Fe³ ⁺-stabilised sodium alginate/tannic acid encapsulating CaO₂/L-argi
nine induced apoptosis in vitro and in vivo and was systemically elimi
nated, supporting combined chemo-dynamic and gas therapy [80]. 
Hydrogels also provide the selectively permeable region over sensing 
electrodes.

2.8. Inorganic nanomaterials

Inorganic nanomaterials — elemental metals, metal oxides, cera
mics, and semiconductors — generally provide higher electrical con
ductivity, greater chemical stability, and stronger optical and magnetic 
responses than organic nanomaterials [81]. Their functionality depends 
strongly on size and shape: smaller particles exhibit greater cellular 
internal functionalities, bioactivity, and redox activity [82]. Nanorods, 
nanotubes, and spherical particles differ in conductivity, reactivity, and 
spectroscopic accessibility, with spherical morphologies serving as a 

common reference [83]. Representative inorganic nanoparticle 
morphologies by materials class including metal, metal-oxide, ceramic, 
and quantum dots are shown in Fig. 3.

2.8.1. Metal nanoparticles
Metal nanoparticles of silver, gold, copper, and iron and their alloys 

exhibit high surface-to-volume ratio, high thermal and electrical con
ductivity, and localised surface plasmon resonance [87]. Silver nano
particles have been reported to exhibit broad-spectrum antimicrobial 
activity, encompassing antibacterial, antifungal, and antiviral effects. 
[88]. A silver-nanoparticle/multi-walled-CNT ink with a PEDOT:PSS 
binder achieved a film conductivity of ≈ 29 S cm⁻¹ , a gauge factor of 
142 at 5% strain, cyclic stability over 10⁴ cycles, and low surface 
roughness at 9.5 µm thickness [89]. To mitigate silver-induced cyto
toxicity in load-bearing implants, a multilayer surface treatment com
bining biomimetic micro-grooves, alkaline-heat-treated sodium tita
nate, and a chitosan/silver coating improved wear resistance, 
bioactivity, and stability [84]. Gold nanoparticles are bio-inert and 
oxidation-resistant [90,91], supporting applications in drug delivery, 
precision oncology, and diagnostics [92]. A template-printed gold- 

Fig. 2. Nanostructures of CNT geometry with chirality Indices for (a) Single-walled (b) multi-walled. Created in BioRender. Oguntala, G. (2026) https:// 
BioRender.com/bevazzx.

Fig. 3. Inorganic nanoparticle morphology by materials class: Metal [84], 
Metal-oxide [85], Ceramic [86] and Quantum dots. Created in BioRender. 
Oguntala, G. (2026) https://BioRender.com/qxzpzuf.
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nanoparticle superlattice film with sub-fracture-threshold domain size 
remained mechanically intact while enhancing surface-enhanced 
Raman scattering in wearable sensors [93], and a polydopamine-cou
pled gold/curcumin nanohybrid achieved anti-biofilm and antibacterial 
efficiencies of 99% and 98% against Staphylococcus aureus [94].

2.8.2. Metal-oxide nanomaterials
Metal-oxide nanomaterial properties depend on size, shape, surface 

chemistry, metal cation, target analyte, stoichiometry, and bonding 
environment [95,96]. Common oxides include TiO₂, ZnO, Co₃O₄, Fe₂O₃, 
and SiO₂ [97]. TiO₂ combines a Young’s modulus of ≈ 244 GPa, a Mohs 
hardness of 5.5–7, high thermal stability (melting point ≈ 1843 °C), 
and photocatalytic and photovoltaic activity [98,99]. A non-fluorinated 
piezoresistive fabric sensor of octadecyl-isocyanate-modified TiO₂ re
tained hydrophobicity with a sensitivity loss below 0.02 kPa⁻¹ under 
water, milk, saline, sweat, and humidity [100]. A quartz-crystal-mi
crobalance humidity sensor coated with a nanoflower-textured TiO₂/ 
ethyl-cellulose composite exhibited fast, repeatable, analyte-selective 
response for respiration monitoring [101]. Layer-by-layer chitosan/al
ginate/TiO₂ coatings on porous titanium suppressed Staphylococcus 
aureus biofilm formation with lower cytotoxicity than equivalent silver 
coatings [102]. A hydrothermally grown TiO₂ nanoneedle architecture 
on titanium, decorated with silver nanoparticles and polydopamine, 
combined antibacterial action with promotion of bone-marrow me
senchymal stem-cell osteogenesis, indicating a route to integrated in
fection control and osseointegration [103].

2.8.3. Ceramic nanomaterials
Ceramic nanomaterials, obtained from natural sources or by heat- 

and-cool routes, include nano-carbides, nano-carbonates, nano-phos
phates, nano-nitrides, and nano-oxides [104,105] and combine low 
density, high hardness, corrosion resistance, chemical stability, bio
compatibility, and low cost [106,107]. Nanohydroxyapatite (nHAP), a 
calcium-phosphate ceramic, provides mechanical robustness, hydro
philicity, low electrical conductivity, high surface area, osteo
conductivity and a porous bone-mimetic morphology [86,108–111]. 
Nacre-mimetic ribbon fibres wet-spun from layered nHAP nanowires 
and sodium polyacrylate reached a tensile strength of ≈ 204 MPa and a 
Young’s modulus of ≈ 25 GPa while remaining knittable [112]. nHAP 
coatings on cellulose-paper triboelectric nanogenerators (TENGs) in
creased peak voltage and current by 5.8 × and 4.2 × , respectively, and 
retained 59% of dry-state output at 71.7% relative humidity versus 45% 
for uncoated devices [113]. Twin-screw-extruded poly(L,DL-lactide)/ 
nHAP composites yielded 3D-printed implants with bone-like density, 
bioactivity, and biodegradability [114], and non-clogging nHAP coat
ings on graded-porosity electron-beam-melted titanium achieved deep 
osseointegration relative to surface-only fixation on uncoated controls 
[115].

2.8.4. Silicon carbide
Silicon carbide (SiC) is a wide-bandgap semiconductor with bio

compatibility, hemocompatibility, and biostability suited to chronic 
implants, together with high hardness, fracture toughness, and thermal 
conductivity, a low thermal-expansion coefficient, corrosion and oxi
dation resistance, and high electron drift velocity [116–119]. Under 
appropriate excitation it supports single-photon emission from defect 
colour centres and broadband ensemble luminescence. A photodetector 
formed by electrophoretic deposition of aerogel-derived SiC nanowires 
with high-temperature bonding showed enhanced sensitivity, gain, and 
stability [120]. A direct-write humidity sensor based on a SiC/magne
tite polymer-matrix nanocomposite ink exhibited a monotonic con
ductivity decrease with increasing relative humidity [121]. A flexible 
system based on crystalline SiC nanomembranes transferred onto 
polyimide showed no hydrolysis or measurable Na⁺ or H₂O ingress in 
PBS over several weeks and retained its faradaic interface for long-term 
multimodal in vivo sensing [122]. A wafer-scale dual-phase dry-etch 

process that selectively removes silicon from an Si/SiC/polyimide stack 
produced flexible, electrically stable SiC devices that accelerated sti
mulated cell migration, supporting long-term electrostimulation [123].

2.8.5. Quantum dots
Quantum dots (QD) are zero-dimensional core–shell semiconductor 

nanoparticles of 2–10 nm diameter whose properties are governed by 
quantum confinement [124,125]. Quantum dots combine large molar 
extinction coefficients, broad absorption with size-tuneable narrow emis
sion, high photoluminescence yield, photostability, and above ≈ 2–3 of 
the bandgap photon energy and multiple-exciton generation [126–128]. In 
surface engineering, cadmium (Cd)-free indium phosphide (InP) /zinc 
sulfide (ZnS) or coper indium disulfide (CuInS₂)/ZnS shell QD tailors 
biocompatibility and antibacterial activity, whereas unprotected Cd-based 
cores remain cytotoxic [124]. CdSe QDs encapsulated in poly(styrene-co- 
methyl methacrylate) by solution polymerisation and electrospinning 
yielded fibres with temperature-dependent fluorescence quenching that 
retained their optical signature under salt, humidity, and heat, indicating 
potential for wearable thermometry [129]. A streptavidin-functionalised 
QD–antibody biochip detected the stress biomarkers Hsp70 and Hsp90 in 
artificial serum with limits of detection of ≈ 96 nM and ≈ 50 nM, re
spectively [130]. Cd-free CuInSe/Al-doped ZnS near-infrared QD patterns 
delivered intradermally with a vaccine by dissolvable microneedles re
mained readable under a NIR-imaging smartphone for nine months while 
inducing protective antibody titres, enabling combined record-keeping 
and immunisation [131]. An InP/ZnS QD thin film on ITO seeded with 
hippocampal neurons modulated post-synaptic currents under 450 nm 
photostimulation, which demonstrate photo-faradaic plasticity for neuro
morphic interfaces.

2.9. Composite and other nanostructures

Composite nanomaterials combine two or more nanoscale phases, 
either with a bulk matrix (nanocomposites) or with another nanoma
terial, deriving their utility from the combined constituent properties - 
the principal motivation for hybrid fabrication. Additional nanos
tructures include nanodiamonds, dendrimers, liposomes, nitrides, and 
MXenes, were tabulated in the initial submission. Among these, MXenes 
are particularly notable: they provide solution-processable transducer 
layers with metallic conductivity, termination-tuneable work functions, 
and demonstrated capabilities for sweat glucose and lactate sensing 
[132,133]. A detailed cross-material performance benchmark for 
wearable/and implantable bioelectronic materials under various con
ditions including carrier mobility, tensile-strain limit at 10 % con
ductance loss, biosensor limit of detection and encapsulation water- 
vapour transmission rate is presented in Fig. 4.

3. Electrochemical sensing and system-level integration

This section addresses three coupled determinants of long-duration 
biofluid sensing: interfacial stability of solid-contact ion-selective 
electrodes (SC-ISEs), anti-biofouling strategies, and multi-channel 
signal decoupling.

3.1. Solid contact ion-selective electrodes

Continuous ion monitoring in sweat, tears, and interstitial fluid 
employs SC-ISEs rather than liquid-junction electrodes because SC-ISEs 
are miniaturisable and require no internal filling solution. Their prin
cipal failure mode is potential drift, caused by an uncontrolled water 
layer forming between the ion-selective membrane and the electronic 
conductor; the solid-contact transducer must therefore be simulta
neously ionically permeable, electrically conductive, redox-stable, and 
hydrophobic. Three transducer families dominate: PEDOT doped with 
poly(styrene sulfonate) or hydrophobic counter-ions (perchlorate, to
sylate) provides a redox-active mixed-ionic–electronic buffer, with 
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potential drift below 0.1 mV h⁻¹ reported over multi-day sweat exposure 
for tosylate-doped PEDOT [134,135]. Carbon-black and graphene-oxide 
transducers provide large double-layer capacitance without redox 
chemistry, minimising drift at the cost of slower response. Gold-na
nocluster and Prussian-blue transducers are used where a defined redox 
couple is beneficial, as in Na⁺ and K⁺ electrodes for exercise physiology. 
In all cases the SC-ISE must be encapsulated per Section 2.4 so that only 
the ion-selective membrane contacts the biofluid; unencapsulated back- 
contacts drift within hours.

3.2. Anti-biofouling

Biofouling by proteins, cells, and biofilms is the second dominant 
cause of chronic sensor drift. Four surface strategies constitute current 
best practice: (i) zwitterionic coatings such as poly(sulfobetaine me
thacrylate) or phosphorylcholine polymers, which suppress non-specific 
protein adsorption by more than an order of magnitude relative to bare 
PDMS; (ii) polyethylene-glycol brushes grafted via silane or dopamine 
anchors, equally effective but more susceptible to oxidative degradation 
over multi-week deployment; (iii) molecularly imprinted polymer 
(MIP) over-layers, combining analyte selectivity with rejection of larger 
fouling species; and (iv) self-cleaning hydrogel skins that shed the 
fouling layer by shear-induced swelling. These strategies are com
plementary: a typical implantable continuous glucose or lactate sensor 
combines a MIP or enzyme layer on the electrode, a zwitterionic pro
tein-rejecting top coat, and a cell-rejecting hydrogel skin [136,137].

3.3. Multi channel signal decoupling

System-level continuous biofluid monitoring rarely uses a single 
electrode: a modern sweat patch or transdermal microneedle array 
carries 5–20 electrochemical channels, several potentiometric ISEs, and 
one or more physical sensors sharing a common reference. Three de
coupling techniques dominate. Differential ISE arrays with matched 
pseudo-reference electrodes remove common-mode drift and skin-po
tential offsets, with residual drift bounded by ISE mismatch. Adaptive 
digital filtering (Kalman, recursive least squares) and blind-source se
paration (independent component analysis) separate co-modulated 
signals such as glucose and lactate that share redox partners. 
Calibration-free potentiometry uses in-line reference calibration with 
on-body temperature and pH correction to eliminate impractical per- 
sensor calibration. The engineering trade-off is between algorithmic 
complexity and analogue-front-end quality: a differential architecture 
with a clean pseudo-reference outperforms a single-ended architecture 
with an elaborate ICA back-end at equal power budget and should be 
preferred where the analogue bill-of-materials permits [137].

4. Fabrication techniques

Nanomaterial fabrication is conventionally classified as bottom-up, 
top-down, or hybrid [138–142] via different complementary schemes 
including medium phase such as solid, liquid, vapour [143], material 
synthesis from molecular precursors from existing material. With 

Fig. 4. Cross-material performance benchmark for wearable/and implantable bioelectronic materials. (a) carrier mobility (b) tensile-strain limit at 10% conductance 
loss (c) biosensor limit of detection; (d) Encapsulation water-vapour transmission rate.
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various material properties due to scale, morphology control, defect 
density, environmental footprint, and cost trade-off, one or more fab
rication techniques are hybridised to support emerging advanced 
wearable and implantable systems techniques [139].

4.1. Bottom-up methods

Bottom-up techniques assemble nanomaterials from molecular or 
atomic precursors via chemical or biological pathways [138,141]. 
Covalent or non-covalent aggregation of building blocks affords tight 
structural control at low defect density at the expense of scalability, 
yield, and byproduct removal [142]. The class comprises vapour-phase 
routes such as chemical vapour synthesis, arc discharge, chemical va
pour deposition, atomic layer deposition, pyrolysis, liquid-phase routes 
sol–gel, solvothermal/hydrothermal, thermal decomposition, micro
emulsion, polyol, reverse micelle, chemical reduction; and molecular- 
assembly methods including self-assembly, π–π stacking, hydrophobic 
interaction, structural-modification methods such as grafting-from, 
spinning, capping; and biosynthesis [138,139,141–143].

4.1.1. Vapour-phase synthesis and deposition
Vapour-phase synthesis maintains precursors in the gas phase, 

where they react and crystallise into nanoparticles on cooling [143]. 
Chemical vapour synthesis (CVS), distinct from the deposition variant, 
thermally decomposes precursors at high temperature and high-energy 
atomic collisions to drive homogeneous nucleation and rapid coagula
tion [144–147]. Arc discharge sublimates electrode material under high 
current arc and re-deposit as nanoparticles on cooling [148–151]. Arc 
discharge is simple and inexpensive but yields heterogeneous, low-se
lectivity products, and mainly used for CNTs, fullerenes, and graphene 
[149,152]. Chemical vapour deposition (CVD) forms thin crystalline 
nanostructures by transporting volatile precursors over a heated, 
plasma-activated, or photo-activated substrate for conformal reaction 
[153,154]. CVD films are uniform, pure, and scalable, but require high 
temperature, can generate toxic byproducts, and are difficult for na
nocomposites. Atomic-layer deposition (ALD) uses alternating self- 
limiting reactant pulses to produce sub-nanometre-resolution con
formal films [155–159] offering excellent step coverage on tempera
ture-sensitive substrates. However, ALD is effective for moisture-barrier 
oxides in wearable and implantable encapsulation and is limited by low 
throughput, precursor cost and toxicity and reactant utilisation.

4.1.2. Liquid-phase synthesis and biosynthesis
Liquid-phase methods use dissolved precursors, surfactants and 

stabilisers to control morphology at low cost and high throughput 
[160]. Chemical reduction generates zero-valent metal atoms from 
precursor salts using a reductant such as hydrogen, with the process 
being fast, inexpensive and morphologically controllable but prone to 
aggregation and parametric sensitivity [161–164]. Biosynthesis uses 
organic templates or living systems such as plants, microbes, DNA 
scaffolds, actin, amino acids to drive redox chemistry and self-assembly 
under ambient conditions which results in biocompatible, en
vironmentally benign products that require control of biological con
tamination and downstream separation [165,166].

4.2. Top-down methods

Top-down methods break, pattern, or transform bulk material into 
nanomaterials via subtractive routes including attrition, milling, 
grinding or additive routes such as lithography, which are typically in 
solid or liquid media [140,141,160]. Top-down methods often yield 
high crystallinity, source-defined purity, low environmental burden, 
scalability, and low cost, which is offset by surface, shape, and size 
defects. Different strategies are employed in top-down methods in
cluding mechanical methods such as high-energy ball milling, grinding, 
attrition; thermal methods such as laser ablation, pyrolysis, nano- 

spraying, inert-gas condensation; lithographic methods such as photo
lithography, electron-beam lithography, nanoimprint lithography, and 
physical vapour deposition [104,142]. High-energy ball milling de
forms, welds, fractures, and mechanochemically transforms precursor 
powders by repeated collision in hard, non-reactive vessels [167–170]. 
Laser ablation focuses pulsed beam onto a precursor to form plasma 
plume that recondenses into nanoparticles in liquid or gas media [171]. 
Laser ablation is fast, versatile and modular and is often ineffective on 
spherical particles with low yield, high cost, and inner-filter heating at 
high concentration [172–174]. Nanoimprint lithography (NIL) is a 
standard tool for wafer-scale nanostructure replication, as it replicates 
master pattern by mechanical embossing of thermoplastic or UV-cur
able resist followed by curing and demoulding, as it combines high 
resolution, high aspect ratio, throughput, and low cost, limited by 
mould wear and demoulding defects [175–178].

4.3. Hybrid methods

Hybrid approaches combine two or more techniques to mitigate the 
limitations of any single method or to add functionality unattainable by 
one route.

4.4. Fabrication-to-application mapping

Fabrication-route selection for wearable and implantable devices is 
governed by three constraints: process temperature (compatible with 
the compliant substrate), residual chemistry (no cytotoxic leaching 
after implantation), and defect density (below the maximum tolerable 
failure rate for the target lifetime). The mapping, developed in Tables 1 
and 2, is summarised as follows. Bottom-up ALD and low-temperature 
CVD dominate encapsulation for both skin-mounted and implantable 
devices because they deposit conformal sub-nanometre films at ≤ 200 
°C. Liquid-phase and biosynthesis routes suit short-lived skin-mounted 
sensors but require rigorous purification for implantable service. Top- 
down lithography and imprint routes serve both categories, subject to 
photoresist-residue and lift-off-solvent removal for implants. Mechan
ical top-down routes (ball milling, high-energy grinding) are largely 
restricted to bulk precursor preparation upstream of the device stack. 
Table 2 summarises the process parameters and application suitability 
of the principal bottom-up and top-down families. In Table 2, the 
process temperature(T) represents the substrate temperature during 
patterning, the feature resolution is described as the minimum reliably 
patterned feature size; suitability is scored as Improved clinical use, 
translational-ready, research demonstration, or not recommended.

5. Discussion

Top-down lithographic and etching processes introduce residual 
crystallographic defects, whereas bottom-up chemical and biological 
syntheses yield incompletely removed organic byproducts; neither ap
proach alone satisfies the concurrent requirements of sub-10 nm 
structural precision, chemical purity below parts-per-million thresh
olds, and throughputs exceeding 10⁴ devices per batch demanded by 
clinical-grade bioelectronic manufacturing. Hybridised fabrication se
quences resolve this impasse by assigning each unit operation to the 
length scale and material system for which it offers the lowest defect 
density. Sequential high-energy ball milling followed by chemical va
pour deposition (CVD) of graphite-encapsulated Fe nanoparticle 
achieves specific surface area >  200 m²g⁻¹ , a crystallographically or
dered core–shell architecture, residual oxide content <  3 wt%, and 
electrochemical stability windows exceeding 1.2 V [192]. Analogously, 
partitioned lithographic hierarchies — electron-beam definition of sub- 
100 nm features combined with nanoimprint lithography (NIL) re
plication of micrometre-scale reservoirs within the same UV-curable 
resist layer resulting in microfluidic chips with defect densities below 
0.1 cm⁻² at wafer-scale throughput [193]. Hybridisation should 
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therefore constitute an explicit first-order design decision in device 
fabrication workflows.

The operational lifetime of any conformal bioelectronic device is 
governed by interconnect reliability under repetitive mechanical de
formation. For random networks of high-aspect-ratio conductive fillers, 
sheet conductance obeys the percolation scaling relation σ ∝ (ρ − ρc)t, 
where ρc denotes the critical percolation threshold determined by the 
filler aspect ratio and t is the universal conductivity exponent (≈ 1.3 in 
two dimensions). For Ag nanowires (AgNWs) of aspect ratio 50–100, ρc 

corresponds to areal densities of 0.1–0.3 µg cm⁻²; post-deposition 
thermal or plasmonic welding reduces inter-wire junction resistance by 
one to two orders of magnitude. Fatigue under cyclic uniaxial strain 
proceeds predominantly via junction debonding rather than individual 
wire fracture: beyond approximately 10⁴ cycles at 30% applied strain, 
the network undergoes topological fragmentation into electrically iso
lated clusters, and macroscopic conductance decays precipitously once 
mean cluster connectivity falls below ρc. In eutectic gallium–indium 
(EGaIn) architectures, continuous traces fail when the native Ga₂O₃ skin 
fractures at regions of high local curvature or at electrode-landing in
terfaces, enabling metallic gallium to redistribute by capillary-driven 
thinning. Particulate liquid-metal–elastomer composites additionally 
exhibit failure by re-oxidation at inter-particle crack surfaces and 
electromigration-induced voiding under sustained DC bias. 
Microcracked Au thin films on polydimethylsiloxane (PDMS) substrates 
fail by fatigue-crack propagation from the initial pre-existing crack 
network; once mean crack density surpasses approximately one crack 
per micrometre, sheet resistance increases supra-linearly with con
tinued cycling. Consequently, interconnect reliability must be char
acterised by cycled-to-failure metrics under physiologically re
presentative strain profiles rather than by monotonic ultimate-strain 
values, which systematically overestimate chronic-use performance.

The predominant barrier to translating laboratory bioelectronic pro
totypes into chronic implantable systems is the coupled en
capsulation–tissue-interface problem: the device architecture must si
multaneously satisfy hermetic moisture exclusion (water-vapour 
transmission rate, WVTR ≤ 10⁻⁵ g m⁻² day⁻¹) over inactive regions, ionic 
permeability at the electrochemical sensing window, and minimisation of 
the foreign-body response at the tissue–device boundary. In physiological 
saline, Al₂O₃ barrier degradation proceeds via surface-dominated hydro
lytic dissolution rather than Fickian bulk diffusion; interposition of HfO₂ 
sub-layers within an atomic-layer-deposited (ALD) nanolaminate reduces 
the effective dissolution rate by approximately one order of magnitude and 
shifts the predominant failure mechanism from catastrophic monolithic 
barrier collapse to rate-limited pinhole nucleation at grain-boundary triple 
junctions [48,49]. Accelerated lifetime estimation requires dual-modality 
aging: temperature–humidity exposure (85 °C/85% RH, Arrhenius-extra
polated) probes bulk barrier integrity, whereas isothermal phosphate- 
buffered-saline (PBS) immersion at 37 °C probes surface dissolution ki
netics; neither protocol alone captures the coupled degradation pathway 
operative in vivo. Chronic implant duration data >  90 days, remain lim
ited to cochlear prostheses, deep-brain-stimulation leads and epiretinal 
arrays. In wearable designs, the dominant failure mode is interfacial de
lamination at silicone–parylene boundaries under combined thermal and 
mechanical cycling, mitigated by organosilane coupling agents (e.g., 3- 
methacryloxypropyltrimethoxysilane). Concurrently, the foreign-body re
sponse attenuates transducer sensitivity by 50%–80% within 4–6 weeks 
for uncoated implants through progressive fibrous encapsulation; zwit
terionic polymer brushes and poly(ethylene glycol) antifouling coatings 
retard macrophage adhesion and fibroblast proliferation, while substrate 
compliance matching — maintaining Young’s modulus within a factor of 
three of the target tissue — suppresses micromotion-driven capsule 
thickening. The reconciliation of hermetic encapsulation with electro
chemical accessibility is achieved through spatially patterned archi
tectures: ALD nanolaminates deposited over non-sensing regions, with 
selectively defined openings exposing hydrogel or track-etched poly
carbonate membranes at the transduction interface. Table 3 presents the Ta
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WVTR, mechanical compliance, chronic longevity, and dominant de
gradation pathway for representative encapsulation stacks.

Process refinements address agglomeration and cytotoxicity in 
terms of atmospheric-pressure spatial ALD which eliminates vacuum 
constraints via inert-gas curtain separation [193], while biogenic 
reduction such as Ficus carica-mediated ZrFeO synthesis, 2.0–2.5 nm 
crystallites coupled with supercritical-fluid purification eliminates 
cytotoxic reductants and endotoxin contamination [194–196]. Sur
face engineering with Ni–Co/SiC/MoS₂ multilayer nanocomposites 
(HV ≈ 632, µ = 0.05) demonstrates the principle of co-patterned 
hard–soft graded interfaces for chronic durability [197,198]. Clinical 
translation is rate-limited by sterilisation and material in
compatibilities: EtO chemisorption on high-surface-area nanomater
ials, γ-induced sp²-lattice defects shifting Vth by 50–200 mV, and 
autoclave-induced Ga₂O₃ fracture at 121°C. VHP emerges as the low- 
temperature compromise. Marketed nanomaterials remain limited to 
IrOx, Pt, parylene-C, silicone, and nHAP; graphene, TMDs, MXenes, 
and liquid metals remain preclinical, constrained by insufficient 
chronic biocompatibility data, GMP batch variability and absence of 
regulatory predicates. Table 4 maps each material family to its ap
plicable regulatory pathway, sterilisation compatibility, translational 
status, and rate-limiting obstacle.

Bayesian-optimisation-driven closed-loop autonomous experi
mentation and ML surrogate models offer the most efficient route to 
reproducible wafer-scale manufacturing [199]. However, regulatory 
submissions must report defect-density distributions and B10 reliability 
metrics rather than best-batch values. Material, process, encapsulation, 
interface, and regulatory pathway constitute a coupled multi-objective 
decision space requiring concurrent co-design not sequential optimi
sation to advance nanomaterial-enabled bioelectronics from proof-of- 
concept to chronic clinical deployment.

6. Conclusion

The progress in wearable and implantable bioelectronics has been 
less enabled by peak device-level performance but by co-optimisation of 
material systems, process windows and packaging architectures with 
the capability to maintain stability under coupled mechanical, elec
trochemical, and thermal stresses. Nanoscale and two-dimensional 
semiconductors are contributing to the design space for low-power 
transduction but impose stringent requirements on defect density, 
contact resistance, and encapsulation-induced strain after transfer to 
elastomeric substrates. Percolating nanowire networks and liquid-metal 
interconnects partially decouple electrical conductivity from bulk 
strain. However, these nanomaterial-based systems introduce con
ductance fluctuations near the percolation threshold, as well as oxida
tion- and electromigration-driven failure modes that must be addressed 
at the system level. From sensing perspective, the key in vivo limitations 
are interfacial such as ionic double-layer dynamics, biofouling and 
impedance drift in sweat, interstitial fluid and cerebrospinal environ
ments. Consequently, microfabrication processes need to be co-de
signed with bio-interface chemistry, with surface-functionalisation 
layers, antifouling coating, and permselective membranes integrated 
and co-patterned with transducers than introduced post-hoc. Emerging 
additive and hybrid manufacturing methods improve areal throughput 
and enable multi-material integration on non-planar substrates; how
ever, variability in nanoparticle sintering, residual solvent content, and 
adhesion to soft substrates increases threshold-voltage variation and 
sensor sensitivity, thereby complicating calibration and regulatory 
qualification.

Bridging laboratory demonstrations and clinical deployment require 
standardised accelerated-aging protocols under physiologically relevant 
biofluid conditions, validated multi-physics reliability models and de
sign rules that explicitly balance hermeticity against analyte transport. 
In addition, with rigorous manufacturing controls and authenticated 
cyber-physical update pathways, these advances would enable Ta

bl
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nanoelectronics-enabled wearable and implantable systems to support 
longitudinal, closed-loop physiological monitoring and therapy with 
target-specific performance comparable to wafer-scale CMOS, while 
satisfying the mechanical compliance and biocompatibility require
ments imposed by the human body.
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