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ABSTRACT

The rapid evolution of neuroscience and bioelectronics has intensified the demand for highly sensitive, selective, and miniaturized
biosensors capable of monitoring neurochemical activity with high spatial and temporal resolution. Among these, microfabricated
thin-film biosensors have emerged as a powerful platform for the detection of neurotransmitters and small molecules, owing
to their ultrathin form factor, mechanical flexibility, and compatibility with implantable systems. Design strategies, material
innovations, and functional surface chemistries are now central to enabling real-time, in vivo monitoring with minimal
tissue disruption and long-term stability. This review covers the recent progress in microfabricated biosensors, focusing on
electrochemical, optical, acoustic, and magnetic modalities for the detection of key neurotransmitters, such as dopamine,
serotonin, glutamate, and acetylcholine, as well as biologically relevant small molecules, including glucose, lactate, hydrogen
peroxide, and nitric oxide. The integration of thin-film sensors for inflammatory and neurodegenerative disease biomarkers, such
as cytokines (e.g., IL-6, TNF-a), amyloid-{, and tau proteins, is also discussed. Key challenges such as drift, biofouling, and signal
specificity are critically examined alongside emerging solutions. Finally, current and future applications ranging from fundamental
neuroscience and brain-machine interfaces to personalized medicine emphasize the potential of thin-film biosensing technologies

in real-world biomedical scenarios.

1 | Introduction

The convergence of electronics with the nervous system has
driven a transformative shift in biomedical engineering, enabling
sophisticated neural interfaces capable of sensing, stimula-
tion, and dynamic interaction with biological tissues [1, 2].
Historically focused on electrical recording and stimulation,
neural interfaces are rapidly evolving toward multifunctional
and multimodal systems [3-5], integrating chemical sensing

[6, 7], optical modulation [8-10], mechanical feedback [11-
13], and wireless communication [14-16], to meet the grow-
ing demands of neuroprosthetics [17], brain-machine interfaces
(BMIs) [18-20], and closed-loop therapeutic systems [21-24].
These next-generation platforms aspire not only to decode
neural activity but also to monitor the surrounding bio-
chemical milieu and respond adaptively in real time, mirror-
ing the complex feedback loops inherent to biological sys-
tems.
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Central to this evolution is the integration of biosensors [25-27]
for neurotransmitters [28, 29], disease-relevant biomarkers [30-
32], and other small molecules that offer an expanded window
into the dynamic chemical landscape of the nervous system.
Neurotransmitters such as dopamine, serotonin, glutamate,
and acetylcholine play pivotal roles in neuromodulation and
behavior, while small molecules like glucose, lactate, nitric oxide,
or water reflect metabolic and inflammatory states [33-38].
Similarly, the detection of biomarkers, including cytokines
(e.g., IL-6, TNF-a), amyloid-3, and tau proteins, provides
critical insight into neurodegenerative and neuroinflammatory
conditions [39-46]. Incorporating sensors for these molecular
targets is essential to achieving adaptive, feedback-
controlled neural systems with clinical and translational
relevance.

To fulfill this vision, sensor technologies must meet strict
requirements: high sensitivity, selectivity, biocompatibility, and
mechanical compliance with soft, irregular, and often mobile
tissue [47-50]. Traditional rigid platforms lack the flexibility and
integration capabilities necessary for long-term implantation or
conformal interfacing with neural structures. In contrast, micro-
fabricated thin-film biosensors, fabricated using microscale and
nanoscale materials and deposition techniques, offer a promising
solution [51-53]. Their ultrathin profiles minimize mechanical
mismatch and inflammation, while their large surface-area-to-
volume ratios enhance electrochemical sensitivity and temporal
resolution. Thin films also enable high-density multiplexed
sensor arrays and seamless integration with flexible substrates,
expanding spatial coverage while preserving tissue health and
device fidelity [54-56].

Equally critical is the role of functional materials, from con-
ductive polymers [57, 58] and nanostructured metals [59-62] to
biomolecule-functionalized surfaces [63, 64] and hybrid organic-
inorganic systems [65-68]. These materials endow thin-film
biosensors with specificity for chemical targets and respon-
siveness to biological environments. For example, enzyme-
functionalized electrodes detect neurotransmitters via redox reac-
tions [69], aptamer-based surfaces bind specific biomarkers with
high affinity [70], and plasmonic films enable label-free optical
detection [62]. Recent advances also incorporate ultrasound-
mediated sensing [71], offering deep-tissue, wireless activation
and signal enhancement.

This review surveys the emerging trends in thin-film biosensors
for detecting neurotransmitters, small molecules, and biomark-
ers, with a focus on implantable and biointegrated systems,
updating and enriching previous reports [72]. These sensors are
categorized by their transduction mechanisms: electrochemical,
enzymatic, aptameric, plasmonic, and acoustic, and explore their
material strategies, biocompatibility considerations, and integra-
tion with flexible electronic platforms. In doing so, we emphasize
their potential in closed-loop, multimodal neural interfaces and
discuss the challenges that remain for chronic implantation,
signal stability, and clinical deployment. By mapping this inter-
disciplinary landscape, we aim to illuminate the role of thin-film
biosensors in enabling intelligent, responsive, and adaptive bio-
electronic systems for diagnostics, therapeutics, and closed-loop
neurotechnology.

2 | Target Analytes and Sensing Strategies

Implantable biosensors targeting neural and systemic biochem-
ical markers are transforming our ability to decode, monitor,
and modulate biological activity at molecular resolution. This
section explores specific classes of target analytes that hold high
relevance for neural interface applications (see Table 1 for a
summary list and Figure 1), and outlines the corresponding
sensing strategies based on electrochemical, optical, or other
modalities. Particular emphasis is placed on neurotransmitters,
small signaling molecules, disease-related biomarkers, and the
emerging field of multi-analyte and multiplexed detection.

2.1 | Neurotransmitters

Neurotransmitters are the fundamental chemical messengers
facilitating neural signal transmission, acting as critical indicators
of brain function and dysfunction [28]. The ability to monitor
these crucial molecules in real-time and in vivo has emerged
as a central objective for advanced BMIs, neuroprostheses, and
sophisticated diagnostic devices.

Dopamine (DA), a pivotal catecholamine, governs vital phys-
iological processes including motor control, motivation, and
reward pathways [73]. Its electrochemical sensing primarily relies
on fast-scan cyclic voltammetry (FSCV) or amperometry. FSCV
operates by rapidly sweeping the electrode potential over a
defined range (e.g., —0.4 V to +1.3 V vs. Ag/AgCl reference at
scan rates typically 300-400 V/s), generating a characteristic
“duck-shaped” voltammogram that corresponds to the reversible
oxidation and reduction of DA [74]. This technique offers
excellent temporal resolution (tens of milliseconds) essential for
capturing transient DA fluctuations. The electrodes commonly
employed are carbon fiber microelectrodes (5-10 um diameter) or
those modified with poly(3,4-ethylenedioxythiophene) (PEDOT),
to enhance electrode conductivity and provide a more stable,
biocompatible interface. Recent advancements have focused
on thin-film technologies utilizing graphene or carbon nan-
otube (CNT) composites [75]. These materials offer significantly
increased surface area and exploit strong 7-7 stacking inter-
actions with the aromatic rings present in the DA molecule,
leading to enhanced sensitivity and lower detection limits. To
overcome interference from co-existing electroactive species such
as ascorbic acid and uric acid, enzyme-free detection strategies
are predominantly employed. These strategies capitalize on the
intrinsic redox activity of DA and incorporate highly selective
coatings like Nafion (a perfluorinated ion-exchange polymer that
repels anionic interferents) [ 76] or polyethylene glycol (PEG) [77].
These coatings act as permselective membranes, allowing DA
to reach the electrode surface while blocking or retarding the
diffusion of common interferents.

Serotonin (5-HT), another crucial monoamine, plays a significant
role in mood regulation and sleep cycles [78, 79]. A primary chal-
lenge in 5-HT detection stems from its close oxidation potential
to DA, making selective differentiation difficult. To address this,
differential pulse voltammetry (DPV) is often employed due to
its enhanced sensitivity and ability to resolve overlapping elec-
trochemical signals [80]. DPV applies a series of regular potential
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| (Continued)

TABLE 1

Altered levels in brain

Physiological

Refs.
[211, 212]

dysfunction
Excessive levels in the brain are

concentration
~0.1-1 uM in synaptic

Chemical type

Role/Function
Neuromodulator; associated Trace element cation

with synaptic plasticity and

Species

Zinc (Zn**)

neurotoxic, contributing to
neuronal death in stroke, TBI, and

clefts

Alzheimer’s pathology

perhaps epilepsy by inducing

mitochondrial dysfunction and
oxidative stress. Zinc deficiency can
impair brain development and lead
to cognitive deficits. Dysregulation
in neurodegenerative diseases like
Alzheimer’s is complex, affecting

protein aggregation and synaptic

function.

Nomenclature: CSF: cerebrospinal fluid; OCD: obsessive-compulsive disorder; MS: multiple sclerosis.; TBI: traumatic brain injury; ALS: amyotrophic lateral sclerosis.

pulses superimposed on a staircase potential ramp, sampling the
current just before and at the end of each pulse, which helps
to minimize background current. Integration with molecularly
imprinted polymers (MIPs) or highly selective aptamers further
refines 5-HT detection. MIPs are synthetic receptors engineered
to have specific recognition sites for 5-HT, akin to an antibody-
antigen interaction, thereby improving selectivity [81]. Aptamers,
on the other hand, are single-stranded nucleic acid molecules that
bind to specific target molecules with high affinity and specificity
[82]. Recent innovations involve microfluidic sampling integrated
with these thin-film sensors [83]. This not only improves temporal
resolution by facilitating rapid analyte delivery to the sensor
surface but also enables localized neurotransmitter quantification
from specific brain regions with high spatial precision.

Glutamate, the principal excitatory neurotransmitter, presents
a unique challenge as it is not electroactive itself [84]. Conse-
quently, its detection necessitates an enzyme-mediated transduc-
tion pathway. Glutamate oxidase (GluOx) is the enzyme com-
monly immobilized on electrode surfaces [85]. GluOx catalyzes
the oxidation of glutamate into a-ketoglutarate and hydrogen
peroxide (H,0,). The H,0, produced is then electrochemically
detected, typically by oxidation at a positive potential (e.g., +0.6
V vs. Ag/AgCl). To optimize this enzymatic process, thin-film
biosensors utilizing materials like ZnO nanorods, gold nanopar-
ticle (AuNP) composites, or conductive polymers are frequently
employed [86]. These nanostructured materials provide a high
surface area for enhanced enzyme loading, promoting efficient
electron transfer and improving diffusion kinetics of the substrate
and product. Furthermore, these materials contribute to the
stability of the immobilized enzyme, extending the operational
lifetime of the biosensor.

Acetylcholine (ACh) is an ester of acetic acid and choline, crucial
for both the central and peripheral nervous systems. In the
periphery, it’s the primary neurotransmitter at neuromuscular
junctions, facilitating muscle contraction, and plays a vital
role in the autonomic nervous system, regulating heart rate,
digestion, and glandular secretions [87]. Within the brain, ACh
is implicated in critical cognitive functions such as memory,
learning, attention, and arousal. Its excitatory or inhibitory effects
depend on the receptor type: nicotinic receptors, which are
ion channels, and muscarinic receptors, which are G protein-
coupled. The rapid breakdown of ACh by acetylcholinesterase
(AChE) ensures precise and fleeting synaptic transmission. ACh
detection typically involves a two-step enzymatic reaction [88].
The first step is catalyzed by AChE, which hydrolyzes ACh
into choline and acetate. The second step involves choline
oxidase (ChOx), which oxidizes choline to betaine and H,0,.
Similar to glutamate sensing, the H,0, byproduct is then electro-
chemically detected [89]. Given its pervasive physiological roles,
accurately sensing ACh levels is paramount for understanding
neurological disorders like Alzheimer’s and myasthenia gravis,
where cholinergic system dysfunction is evident. Electrochemical
sensors, particularly those modified with nanomaterials like WO,
nanorods or carbon nanotubes [90], offer high sensitivity, rapid
response, and miniaturization capabilities. Enzymatic biosen-
sors, leveraging acetylcholinesterase to detect ACh, and even
DNA-based fluorescent nanosensors, are emerging as powerful
tools for dynamic, spatially resolved monitoring of ACh release
in living systems [91].
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FIGURE 1 | Illustration of the main categories of chemicals relevant to neurological disorders. The black circle lists some of the best-known

neurological disorders (ML: multiple sclerosis; SLA: amyotrophic lateral sclerosis). The outer circle classifies the chemicals into several categories:

neurotransmitters, neuromodulators, cellular metabolites, neuropeptides, neuroactive hormones, energy supply agents, small molecules, ions, gases,
and ROS (reactive oxygen species). Some examples of each category are reported. The chemical structures are for glucose, dopamine, ATP, ascorbic acid,

amyloid-beta, and allopregnanolone.

2.2 | Neurological Biomarkers

Biomarkers intricately linked to inflammation and neurodegen-
erative disease progression are paramount for achieving early
diagnosis, accurate prognosis, and effective treatment monitor-
ing. Besides neurotransmitters, other neurological biomarkers
include peptides or hormones.

Cytokines, such as Interleukin-6 (IL-6), Tumor Necrosis Factor-a
(TNF-a), and Interleukin-18 (IL-183), are associated with neu-
roinflammatory processes in brain injuries, neurodegeneration,
and psychiatric disorders [39, 92]. Cytokines, once primarily
understood as immune system communicators, are now recog-
nized as crucial modulators within neural circuits, profoundly
influencing brain development, plasticity, and function in both
physiological and pathological states. These pleiotropic signaling
proteins, secreted by both immune cells and resident brain cells
like microglia and astrocytes, finely tune synaptic transmission,
regulate synapse formation and elimination, and impact global
neuronal networks. Under healthy conditions, a delicate bal-
ance between pro- and anti-inflammatory cytokines is essential
for processes such as long-term potentiation (LTP) and long-

term depression (LTD), which are fundamental to learning and
memory [93, 94]. For instance, low levels of pro-inflammatory
cytokines like TNF-a and IL-13 can be beneficial for synap-
tic plasticity, while their dysregulated or excessive expression
during neuroinflammation can lead to synaptic dysfunction,
impaired neurogenesis (the birth of new neurons), and neu-
ronal damage [95]. In the context of neurological disorders, this
cytokine dysregulation contributes significantly to pathogenesis.
Elevated levels of pro-inflammatory cytokines are implicated
in neurodegenerative diseases such as Alzheimer’s and Parkin-
son’s, where they exacerbate neurotoxicity and contribute to
disease progression. Similarly, in psychiatric conditions like
major depression and schizophrenia, an altered cytokine profile
is increasingly recognized as a contributing factor to symp-
toms, highlighting the intricate interplay between the immune
system and the central nervous system in both health and
disease.

Cytokine detection is typically achieved through immunosensors
using immobilized antibodies or aptamers on gold or graphene-
based thin films. Label-free strategies utilizing electrochemi-
cal impedance spectroscopy (EIS), quartz crystal microbalance
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(QCM), or surface plasmon resonance (SPR) are increasingly
being adapted to soft substrates for in vivo compatibility.

Amyloid-B (AfB) peptides and Tau proteins are hallmarks of
Alzheimer’s disease and related tauopathies [45, 96]. A peptides
are fragments derived from the amyloid precursor protein (APP),
and in AD, they abnormally aggregate into extracellular amyloid
plaques within the brain, disrupting neuronal communication
and triggering inflammatory responses. Tau proteins, conversely,
are crucial for stabilizing microtubules within neurons, which
are essential for maintaining cell structure and facilitating intra-
cellular transport. In AD and other tauopathies, Tau undergoes
hyperphosphorylation [97], causing it to detach from micro-
tubules, misfold, and aggregate into intracellular neurofibrillary
tangles. This leads to a breakdown of the neuronal transport
system, impairs synaptic function, and ultimately contributes to
widespread neuronal death and the cognitive decline characteris-
tic of these devastating neurodegenerative conditions. The precise
interplay between Af and Tau pathology, where A accumulation
is often considered an early trigger that can promote tau hyper-
phosphorylation and subsequent tangle formation, is a central
focus of current research aimed at understanding and treating
these complex disorders.

Thin-film biosensors targeting AS or Tau typically employ
sandwich immunoassays or aptamer-based recognition [43, 45].
Ultrathin gold or graphene field-effect transistors functionalized
with peptide-specific recognition elements enable femtomolar
sensitivity [98]. In neural tissue, these sensors must contend with
low analyte concentrations and high levels of interferents; thus,
antifouling coatings (e.g., PEGylation, zwitterionic layers) and
real-time signal processing algorithms are critical.

Beyond neurotransmitters and cytokines, neuroactive hormones
represent another critical class of biomarkers for understanding
brain function and disease. These signaling molecules, secreted
by endocrine glands but often acting directly on the brain, exert
profound and long-lasting effects on mood, cognition, behavior,
and physiological processes. Hormones like cortisol, estrogen,
testosterone, thyroid hormones, and melatonin are recognized
for their significant roles in neurodevelopment, neuroprotection,
stress response, and the regulation of sleep-wake cycles. Dys-
regulation in their levels or signaling pathways is frequently
implicated in a range of neurological and psychiatric conditions,
including chronic stress, depression, anxiety disorders, and even
neurodegenerative processes. For instance, chronic elevation of
cortisol, a key stress hormone, can lead to hippocampal atrophy
and cognitive impairment, while fluctuations in sex hormones are
known to influence susceptibility to mood disorders and cognitive
decline.

Neuroactive steroids are endogenous or synthetic steroids that
rapidly alter neuronal excitability by interacting with membrane-
bound receptors, distinct from classical genomic steroid receptors
[99, 100]. Their fast, non-genomic actions are crucial for immedi-
ate responses in the brain.

A metabolite of progesterone, allopregnanolone (ALLO), is
arguably the most well-studied neuroactive steroid [101, 102]. It
acts as a potent positive allosteric modulator of the GABA-A
receptor, enhancing the effects of GABA. This action leads to

anxiolytic (anti-anxiety), sedative, and anticonvulsant effects. Its
levels fluctuate with stress, menstrual cycles, and pregnancy, and
dysregulation is implicated in conditions like postpartum depres-
sion (for which brexanolone, a synthetic ALLO, is FDA-approved)
and anxiety disorders.

Dehydroepiandrosterone (DHEA) and DHEA sulfate (DHEAS)
are adrenal and gonadal steroids that also function as neu-
roactive steroids [103]. DHEA and its sulfate ester can act as
positive modulators of NMDA receptors (excitatory) and negative
modulators of GABA-A receptors, leading to pro-cognitive and
mood-elevating effects. They are involved in neurogenesis, neuro-
protection, and memory. Declining levels with age are associated
with cognitive decline and mood disturbances.

Pregnenolone sulfate (PS) is a precursor to many other steroids
[99,104,105]: it can act as a potent negative allosteric modulator of
GABA-A receptors and a positive modulator of NMDA receptors,
contributing to excitatory effects and potentially influencing
learning and memory.

Primarily produced by the thyroid gland, thyroxine (T4) and
triiodothyronine (T3) are critical for brain development and
lifelong neurological function [106-108]. T3 is the more active
form, largely converted from T4 within the brain by deiodinase
enzymes. These hormones regulate countless genes involved in
neurogenesis, neuronal migration, myelination, and synaptogen-
esis. During development, severe thyroid hormone deficiency can
lead to irreversible intellectual disabilities (cretinism) [109]. In
adults, imbalances cause significant neurological and psychiatric
symptoms. Hypothyroidism often leads to lethargy, cognitive
impairment (memory loss, reduced attention), and depression,
while hyperthyroidism can manifest as anxiety, irritability, and
insomnia [110]. Their actions are mediated through nuclear
receptors that influence gene expression, as well as via rapid, non-
genomic membrane effects. They are essential for maintaining
metabolic rate, influencing neuronal excitability, and supporting
overall brain health.

Among other neuroactive hormones, cortisol is a glucocorticoid
hormone released by the adrenal glands in response to stress:
while essential for acute stress response, chronically elevated
cortisol levels can have detrimental effects on the brain, leading
to hippocampal atrophy, impaired memory, and increased risk
of depression and anxiety. It influences neuroinflammation and
neurotransmitter systems [111, 112].

Melatonin is synthesized primarily by the pineal gland, and
it is crucial for regulating circadian rhythms and sleep-wake
cycles [113, 114]. Its release is inhibited by light and stimulated
by darkness, signaling to the brain the appropriate time for
rest. It also possesses antioxidant and neuroprotective properties.
Dysregulation of melatonin is a hallmark of sleep disorders and is
being investigated for its role in neurodegenerative diseases [115].

While traditionally known for reproductive functions, sex hor-
mones (estrogen and testosterone) also exert significant neu-
roactive effects [116]. Estrogen is neuroprotective, influencing
synaptic plasticity, memory, and mood, and plays a role in
reducing the risk of neurodegenerative diseases [117]. Testos-
terone influences cognitive functions, mood, and spatial memory
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[118]. Fluctuations or deficiencies in these hormones can impact
cognitive health and contribute to mood disorders.

2.3 | Small Molecules and Ions

Small molecules and ions collectively provide invaluable
metabolic and inflammatory information, which is absolutely
critical for maintaining both systemic and neurophysiological
homeostasis [119-121]. Their continuous, real-time monitoring is
therefore essential for comprehensively understanding dynamic
metabolic states, assessing ischemic stress, and characterizing
the intricate processes of neuroinflammation within the central
nervous system.

Glucose sensing is a well-established and widely applied technol-
ogy in clinical settings, particularly for diabetes management [122,
123]. However, its integration into flexible and implantable neural
platforms demands significant adaptation. The primary method
for in vivo glucose detection remains enzymatic sensing, utilizing
glucose oxidase (GOx) [124, 125]. This enzyme is immobilized
onto flexible substrates such as Parylene-C or SU-8, chosen
for their biocompatibility, mechanical flexibility, and excellent
dielectric properties, which facilitate seamless integration into
wearable devices or intracranial sensors. Thin films of conducting
polymers, like polypyrrole, are frequently employed to robustly
entrap the GOx enzyme, critically preserving its catalytic activity
while simultaneously ensuring efficient electron transfer to the
underlying electrode [126]. Beyond enzymatic approaches, non-
enzymatic sensors based on thin films of metals like copper,
nickel, or platinum are also being rigorously explored. These
offer distinct advantages in terms of enhanced longevity and a
reduced dependency on biological cofactors, overcoming limi-
tations associated with enzyme stability and supply in chronic
implants. These non-enzymatic sensors typically exploit the
direct electrochemical oxidation of glucose on the metal surface.
In addition to glucose, crucial ions such as potassium (K*)
and sodium (Na') are fundamental to neuronal excitability and
osmotic balance. Their real-time monitoring, often achieved
using ion-selective electrodes (ISEs) incorporating ionophores
within thin polymer membranes (e.g., PVC-based membranes
plasticized with appropriate additives), is vital for detecting
conditions like spreading depression or acute ischemic events
where ion gradients dramatically collapse [127].

Lactate, a pivotal indicator of tissue oxygenation status and
metabolic stress, is predominantly detected enzymatically via
lactate oxidase (LO,) [128]. This enzyme catalyzes the con-
version of lactate into pyruvate and H,O,. Sophisticated thin-
film lactate sensors have been engineered using carbon-based
electrodes, further modified with nanostructured platinum or
gold layers [129, 130]. These noble metal nanostructures serve
as highly efficient catalysts for the electrochemical oxida-
tion of the generated H,0,, ensuring high sensitivity. The
development of stretchable or epidermal electronics with inte-
grated microfluidic channels has enabled skin-mounted lac-
tate monitoring, a capability of immense value not only for
sports physiology but also for comprehensive neurometabolic
studies, allowing for non-invasive assessment of brain energy
metabolism [131].

Beyond lactate, the detection of pH is critical, as changes in
proton (H*) concentration are indicative of metabolic shifts,
ischemia, or inflammation [132]. Thin-film pH sensors often
leverage materials like iridium oxide (IrO,) or antimony (Sb) thin
films, which exhibit potential changes directly proportional to the
H* concentration [133-135], or employ ion-sensitive field-effect
transistors (ISFETs) where the gate dielectric layer is sensitive to
pH variations [136, 137].

Nitric Oxide (NO) is a transient gaseous signaling molecule with
diverse roles in synaptic plasticity, vasodilation, and complex
immune responses [37, 138, 139]. Its detection presents unique
challenges due to its extremely short half-life and highly reac-
tive nature. Consequently, NO sensing necessitates the use of
highly selective membranes, such as xerogels or Nafion layers,
which provide a permselective barrier to block interferents while
allowing NO to reach the electrode surface [140, 141]. High-
resolution amperometric detection is then employed to capture
the rapid and low-concentration NO transients. Furthermore,
thin metal oxide semiconductors, including ZnO or In,0;, have
been successfully integrated into field-effect transistor (FET)-
based sensors for NO detection [142, 143]. These FET sensors
offer exceptionally fast response times and remarkably low
detection limits, often below 10 nM, which is crucial for capturing
physiologically relevant NO dynamics.

Hydrogen Peroxide (H,0,), while a reactive oxygen species,
also serves as a crucial by-product in a multitude of enzymatic
reactions, including those catalyzed by GO,, GluO,, and LO,. This
makes H,0, a key intermediate for indirect sensing of a wide
array of analytes. Thin platinum films or Prussian blue-modified
electrodes are widely utilized for the direct electrochemical
detection of H,0, due to their high sensitivity and electrocatalytic
activity [144]. Recent technological advancements in thin-film
FETs and capacitive sensors have enabled label-free detection of
H,0, by monitoring subtle impedance shifts or the modulation of
gate potential upon its binding or reaction at the sensor interface.

3 | Self-Sustained Biosensing Neural Interfaces

In the rapidly evolving landscape of neural technologies, the
push toward self-sustained neural interfaces marks a paradigm
shift from passive, externally managed systems to autonomous,
intelligent platforms that can sense, process, and respond to the
body’s dynamic biochemical and electrophysiological environ-
ment [213]. A self-sustained system in this context refers to a
device that operates independently over extended periods, with-
out the need for external intervention, maintenance, or tethered
power supply. This autonomy is achieved through the integration
of key elements: self-powered sensors, energy harvesters, local
signal processing, and actuation modules, all embedded within
a soft, biocompatible architecture (Figure 2).

Central to this vision is the concept of closed-loop systems, which
actively monitor physiological signals, such as neurotransmitter
concentrations or neural activity, and use this information to
adjust their output in real-time [21-24, 26]. Unlike open-loop
systems that deliver fixed stimulation regardless of biological
feedback, closed-loop interfaces enable responsive neuromodu-
lation, drug release, or electrical stimulation based on real-time
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Schematic of a multimodal self-sustained neural interface integrating neural biosensors (e.g., for dopamine), energy harvesters

positioned on an energy-source tissue (e.g., biofuel cell or piezoelectric nanogenerator on the heart surface or muscles), back-end electronics for signal
conditioning, control and wireless communication, and front-end electronics including a (multimodal) stimulation module. The role of the neural

biosensor is to acquire neurochemical data.

needs, greatly enhancing therapeutic precision and minimizing
adverse effects [214, 215]. A natural extension of this idea is the
adaptive system, which not only responds to moment-to-moment
fluctuations but also learns and optimizes its behavior over time,
for instance, through machine learning algorithms or embedded
feedback controllers that adapt stimulation protocols based on
long-term trends in biomarker levels or neuronal responses [216,
217].

In parallel, the development of multimodal and multiplexed
systems enables these interfaces to capture and integrate multiple
data streams, such as electrophysiological signals, neurochemical
profiles, temperature, and mechanical strain, within a single
platform [218-221]. This multimodal sensing capacity provides
a more holistic understanding of tissue states and allows for
more informed and nuanced therapeutic strategies. Multiplexed
sensing, often achieved through advanced materials or thin-film
architectures, enables the simultaneous detection of multiple
biomarkers (e.g., dopamine, glutamate, pH) using minimally
invasive platforms. These capabilities are particularly important
in the brain, where complex neurochemical interactions underlie

behavioral and pathological states. Multi-analyte sensing is key to
establishing functional relationships between neurotransmitter
activity, metabolic state, and disease biomarkers.

Multiplexed electrochemical arrays integrate patterned micro-
electrodes with distinct recognition elements. Spatial resolution
is achieved through photolithographic patterning, while elec-
trical isolation between electrodes ensures minimal crosstalk.
Arrays are typically fabricated on flexible polymers (e.g., poly-
imide, PDMS) and coated with functional materials using inkjet
printing, vapor-phase deposition, or micro-contact printing.

Hybrid sensor systems combining optical (e.g., fluorescence,
SERS), electrochemical, and piezoelectric modalities are emerg-
ing for enhanced selectivity and dynamic range. For example,
integration of electrochemical sensors with plasmonic nanostruc-
tures enables dual-mode detection, fluorescence for quantifica-
tion, and electrochemistry for temporal resolution.

Machine learning (ML)-enabled signal processing is increasingly
employed to deconvolute overlapping signals in multiplexed
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systems. ML algorithms can distinguish signal patterns associ-
ated with specific analytes, compensate for drift, and identify
correlations among detected species.

A critical enabler of self-sustained operation is the inclusion
of self-powered biosensors, which can operate using locally
harvested energy [222-224]. These sensors often exploit energy
harvesting techniques such as biofuel cells (e.g., glucose-oxidase-
based), piezoelectric or triboelectric generators that convert
mechanical motion into electrical energy [225], or wireless power
transfer mechanisms using ultrasound or radiofrequency [16].
Self-powered sensors minimize the need for batteries, reduce
device size, and extend operational lifetimes, key features for
chronic implants.

Together, these components form the foundation of next-
generation neural interfaces: compact, fully integrated systems
capable of real-time, multimodal sensing and adaptive response,
powered by ambient or bio-harvested energy. Table 2 reports some
representative examples of self-sustained systems encompassing
sensing, actuation, harvesting and processing, with indication of
target tissue, degree of autonomy and long-term performances.
The integration of these technologies will be crucial to realiz-
ing minimally invasive, intelligent implants that can function
autonomously for long periods, bringing neural interfaces closer
to clinical translation and personalized neurotherapies.

3.1 | Role of Biochemical Feedback in
Self-Sustained Systems

Within closed-loop systems, sensing elements continuously mon-
itor physiological parameters and dynamically adjust stimulation
or actuation accordingly. This real-time feedback control allows
for more precise, efficient, and personalized neuromodulation,
compared to open-loop approaches. While traditional closed-
loop systems have largely relied on electrical biomarkers such
as local field potentials (LFPs), multi-unit activity (MUA), or
electromyographic (EMG) signals, biochemical feedback is now
gaining traction as a complementary or even superior source
of information. The shift toward closed-loop, autonomous, and
adaptive neural interfaces is tightly coupled with the ability to
acquire high-fidelity, real-time biochemical information. Unlike
electrophysiological signals, which provide fast but indirect
insights into neural function, biochemical markers such as
dopamine, glutamate, lactate, or cytokines reflect metabolic and
neurochemical states with higher specificity. As a result, the
integration of biosensors for small molecules and biomarkers is
driving the next generation of smart neurotechnologies capable
of personalized and context-aware therapeutic interventions.

Neurotransmitters such as dopamine, serotonin, acetylcholine,
and glutamate are tightly linked to neurological function and
behavior. Abnormalities in their concentrations have been impli-
cated in various disorders including Parkinson’s disease, depres-
sion, schizophrenia, and addiction. By embedding biosensors
capable of detecting these analytes with high temporal and spatial
resolution, closed-loop systems can tailor stimulation protocols
in real-time based on the underlying neurochemical landscape.
For instance, a closed-loop deep brain stimulation (DBS) system
that adjusts its output in response to local dopamine levels

could achieve more effective and side-effect-free treatment for
Parkinsonian motor symptoms [233-235].

Beyond neurotransmitters, the monitoring of biomarkers such
as inflammatory cytokines (e.g., IL-6, TNF-a), oxidative stress
indicators (e.g., nitric oxide, ROS), metabolic intermediates (e.g.,
glucose, lactate), and hormones (e.g., cortisol) can provide cru-
cial feedback in both neural and systemic applications. These
biochemical cues can inform device operation, trigger safety
shutdowns, initiate therapeutic release, or provide early warning
of adverse tissue responses.

The integration of real-time biochemical sensing with embed-
ded control algorithms and stimulation hardware necessitates
compact, low-power, and biocompatible sensor platforms. Thin-
film biosensors, owing to their conformability, mechanical
compliance, and ease of integration with other microelec-
tronic components, are particularly well-suited for this task.
Additionally, advances in on-chip data processing and low-
latency telemetry further enhance the feasibility of biochem-
ical closed-loop systems in both experimental and clinical
settings.

4 | Thin-Film Biosensing

The drive toward miniaturized, high-performance biosensors
has placed a spotlight on thin-film technologies. These systems,
typically fabricated with dimensions on the micron or sub-micron
scale, provide a versatile platform for integrating biosensing
functionality into flexible substrates [236]. Thin-film biosensors
enable high surface-to-volume ratios, facilitating enhanced ana-
lyte accessibility and faster response times. Furthermore, their
mechanical properties, particularly ultrathinness (<5 um) and
low bending stiffness, allow them to conform to dynamic biologi-
cal surfaces such as the brain, spinal cord, or peripheral nerves
without eliciting tissue damage or immune response [52, 237,
238]. From a materials perspective (see Subsection 4.3), functional
thin-film coatings play a critical role in enabling specific and
sensitive detection of biochemical targets. Conductive polymers
(e.g., poly(3,4-ethylenedioxythiophene):polystyrenesulfonate, or
PEDOT:PSS) [239], metal oxide nanostructures (e.g., ZnO,
TiO,) [240], carbon-based materials (e.g., graphene, carbon
nanotubes) [241], and plasmonic nanostructures (e.g., gold
nanorods, nanopillars) [62] are commonly employed to pro-
vide electrochemical activity or signal amplification. These
materials are further functionalized with biorecognition ele-
ments such as aptamers, enzymes, antibodies, or molecularly
imprinted polymers (MIPs) to ensure selective binding to target
analytes.

In addition to classical electrochemical sensors, plasmonic and
photoacoustic biosensors based on thin films have shown sig-
nificant promise for optical or ultrasound-based biochemical
detection. Localized surface plasmon resonance (LSPR) sensors
fabricated on thin metal nanostructures can detect changes
in refractive index due to molecular binding events, enabling
label-free and multiplexed detection. Similarly, ultrasound-based
biosensors utilize piezoelectric thin films to transduce bio-
chemical interactions into acoustic signals, enabling deep-tissue
readouts even in opaque environments.
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4.1 | Thin-Film Microfabrication Techniques

The intricate fabrication of advanced thin-film biosensors, espe-
cially those destined for chronic in vivo neural applications,
critically hinges upon sophisticated micro- and nanofabrication
techniques [242]. These methods enable the precise, high-
resolution patterning of a diverse array of functional materials
onto flexible or even stretchable substrates, ensuring mechanical
compatibility with soft biological tissues and curved anatomical
surfaces. The selection and combination of these techniques
are paramount for achieving the desired sensitivity, specificity,
stability, and integration capabilities of the final biosensing
platform.

Among the cornerstone methodologies are photolithography
(PhL) and electron-beam lithography (EBL). These are
quintessential “top-down” lithographic methods that facilitate
the patterning of thin films with remarkable precision. PhL,
leveraging ultraviolet (UV) light to transfer a pattern from
a photomask onto a photoresist-coated substrate, is broadly
and economically employed for defining device features
typically down to and including the micrometer scale (features
>1 pm). This technique is highly scalable and forms the
backbone of conventional semiconductor manufacturing. For
features demanding even greater resolution, reaching into the
nanometer regime, EBL becomes indispensable. EBL utilizes
a focused beam of electrons to directly draw patterns onto
an electron-sensitive resist, offering unparalleled resolution
(down to tens of nanometers) for critical components such
as sub-micron nanoelectrodes, high-density interconnects, or
specialized plasmonic nanostructures. Both PhL and EBL are
inherently compatible with standard complementary metal-
oxide-semiconductor (CMOS) processing, which is a significant
advantage as it facilitates the monolithic integration of biosensing
elements directly alongside on-chip electronic circuitry for signal
conditioning, amplification, and wireless data transmission,
thereby creating highly compact and efficient sensor systems.

For the deposition of various material layers, physical vapor
deposition (PVD) techniques are extensively utilized, such as
sputtering and thermal evaporation. These deposit robust metal-
lic layers, such as gold for electrodes or recognition element
immobilization, platinum for catalytic surfaces or reference
electrodes, and titanium or chromium as adhesion layers. They
are also critical for depositing dielectric films like silicon dioxide
(SiO,) or aluminum oxide (Al,05), which serve as insulating
layers, passivation layers, or gate dielectrics in transistor-based
sensors. PVD offers exceptional control over film thickness, com-
position, and stoichiometry, which are all essential parameters for
ensuring the reproducibility and uniformity of large-scale sensor
arrays.

Chemical vapor deposition (CVD) plays a vital role, particularly
for growing high-quality semiconducting or carbon-based materi-
als like single-layer or few-layer graphene and carbon nanotubes
(CNTs). In CVD, volatile precursors react or decompose on a
heated substrate surface to form a solid film, providing uniform
coverage and controlled crystallinity [243]. Given the increasing
use of flexible and temperature-sensitive polymeric substrates
(e.g., polyimide, parylene) for neural biosensors, low-temperature
CVD (LTCVD) or plasma-enhanced CVD (PECVD) variants are

particularly important [244-246]. PECVD, for instance, uses
plasma to activate precursors at much lower temperatures, pre-
venting thermal degradation of the substrate while still enabling
high-quality film growth.

Beyond vacuum-based deposition, printing techniques gained
significant traction for their additive manufacturing capabili-
ties, scalability, and cost-effectiveness [247-250]. Inkjet printing
precisely deposits picoliter droplets of conductive inks (e.g.,
silver nanoparticle inks), biomaterial solutions (e.g., enzyme
suspensions, antibody solutions), or nanoparticle suspensions
onto specific locations. Screen printing is a versatile technique for
depositing thicker films of conductive pastes or sensing materials
through a patterned mesh [251, 252]. Aerosol jet printing offers
finer resolution than traditional inkjet, using an atomized aerosol
stream to deposit functional materials [253, 254]. These printing
methods are highly compatible with roll-to-roll (R2R) processing,
making them highly attractive for high-throughput, low-cost,
and large-area biosensor fabrication on flexible films, enabling
efficient mass production.

For the creation of highly conformal and stretchable biosensors,
critical for intimate contact with dynamic biological tissues, soft
lithography and transfer printing techniques are indispensable.
Soft lithography, often involving microcontact printing, utilizes
an elastomeric stamp (typically polydimethylsiloxane, PDMS)
molded from a silicon master [255]. This stamp can be inked
with molecules or nanoparticles and then used to “print” patterns
onto a substrate, allowing for gentle, high-resolution patterning
on delicate or non-planar surfaces. Elastomeric transfer printing
involves the precise pick-and-place of pre-fabricated thin-film
structures from a rigid growth substrate onto a compliant,
elastomeric substrate such as PDMS or Ecoflex. This approach
enables the fabrication of complex micro/nanostructured films
that retain their electrical and mechanical integrity even when
subjected to significant stretching or bending, thereby facilitating
intimate and stable contact with soft tissues and intricately curved
anatomical surfaces like the brain’s gyri and sulci.

Finally, laser ablation and etching techniques offer precise mate-
rial removal capabilities. Focused laser ablation uses highly con-
centrated laser energy to selectively remove material, enabling
the precise definition of microscale sensor geometries, microflu-
idic channels, or electrical isolation trenches, particularly valu-
able in hybrid or multilayer devices where selective material
removal is required without damaging underlying layers [256,
257]. Similarly, plasma etching utilizes chemically reactive plas-
mas to remove materials with high anisotropy and selectivity.
These etching techniques are also crucial for the release of
freestanding thin-film structures from their fabrication substrates
or for patterning complex microfluidic channels for integrated
analyte sampling, delivery, and waste removal, enhancing the
overall functionality of integrated biosensing platforms [258, 259].

Ultimately, these advanced fabrication techniques are rarely
used in isolation. Instead, they are often combined in hybrid
processes to construct multilayer, multifunctional biosensors
with increasingly complex and hierarchical architectures. Each
distinct layer, whether it’s the electrode material, a dielectric
insulator, a functional recognition interface, or a protective
passivation layer, plays a highly specific and integrated role
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in the overall sensing mechanism, signal transduction, data
transmission, and mechanical integration with the biological
environment. This multi-technique approach is essential for
pushing the boundaries of neural biosensor performance and
clinical utility.

4.2 | Key Figures of Merit

The performance of thin-film biosensors is governed by several
key figures of merit that define their utility in biomedical
applications:

Sensitivity refers to the smallest change in analyte concentra-
tion that the sensor can detect. For electrochemical biosensors,
sensitivity is typically expressed in terms of current (nA) per
concentration unit (uM or nM), while for optical biosensors,
it may relate to wavelength shift or absorbance change. High
sensitivity is critical in neural interfaces where neurotransmitters
like dopamine and glutamate fluctuate at sub-micromolar levels.

Selectivity describes the sensor’s ability to distinguish the target
analyte from interfering species. This is especially important in
complex biological environments rich in potentially confounding
molecules (e.g., ascorbic acid, uric acid, glucose). Strategies to
enhance selectivity include the use of molecular recognition
elements (enzymes, aptamers, antibodies), selective membranes
(e.g., Nafion), or redox mediators.

Stability encompasses both operational stability (performance
over time during active use) and shelf-life stability (storage
durability). In vivo applications demand long-term functional
stability, often over weeks or months, with minimal drift, fouling,
or degradation. This depends on both material robustness and
antifouling surface chemistry.

Response time is another critical parameter, defined by the time
required to reach a steady-state signal after analyte exposure. Fast
response (in the order of milliseconds to seconds) is essential for
capturing transient neurotransmitter dynamics.

Limit of detection (LoD) and dynamic range are also relevant.
The LoD defines the minimum detectable concentration with
an acceptable signal-to-noise ratio, while the dynamic range
defines the span of concentrations over which the sensor response
remains linear or predictable.

Together, these metrics, summarized in Table 3, guide sensor
design choices and help determine suitability for real-time,
chronic, or multiplexed monitoring applications in neurotech-
nologies.

4.3 | Material Platforms: Metals, Polymers, and
Hybrids

The choice of materials is undeniably one of the most critical
determinants in the design and performance of microfabricated
thin-film biosensors, particularly those intended for integra-
tion into flexible bioelectronic systems for in vivo applications
(Figure 3). These materials directly dictate the resulting electrical,

chemical, and mechanical properties of the device, profoundly
influencing its functionality, efficiency, and long-term interaction
with the biological environment. The materials must be inher-
ently non-toxic, non-inflammatory, conformable to soft tissues,
and demonstrate long-term safety upon continuous exposure
to body tissues and fluids [17, 274, 275]. Crucially, they must
also enable the efficient operation of the wireless system within
the complex and heterogeneous dielectric environment of the
human body, which comprises tissues of varying conductivity and
permittivity [16].

Noble metals stand as foundational components in thin-film
biosensor fabrication and wireless system interconnects due to
their exceptional electrical conductivity, robust electrochemical
stability, and inherent biocompatibility. Au, for instance, is widely
employed for constructing electrodes, electrical interconnects
[276], and as a versatile surface for immobilizing biorecognition
elements (e.g., antibodies, aptamers) owing to its chemical inert-
ness and well-established surface functionalization chemistries.
Pt is another favored choice for working and counter electrodes
due to its excellent electrocatalytic properties for various redox
reactions (e.g., H, O, detection) and its biostability. For special-
ized applications like pH sensing and neural stimulation, IrO,
is highly regarded for its remarkable charge injection capacity
(critical for efficient neural stimulation with minimal tissue
damage) and its inherent biostability in physiological environ-
ments. Beyond noble metals, various transition metal oxides, such
as Zinc Oxide (ZnO), Titanium Dioxide (TiO,), and Tungsten
Oxide (WO;), are increasingly utilized. These oxides can serve
as active sensing layers in enzymatic biosensors (e.g., providing
high surface area for enzyme immobilization) or as semiconduct-
ing components in field-effect transistor (FET) configurations,
often enhancing catalytic activity, charge transfer kinetics, or
displaying tunable semiconducting behavior directly sensitive to
analyte binding. In wireless power transfer and wireless data
communication systems, the materials used in antennas, coils,
and interconnects require high electrical conductivity to mini-
mize ohmic losses and ensure efficient power transfer [16]. High
dielectric materials with low loss, such as certain ceramics, are
ideal for components requiring high capacitance with minimal
energy dissipation, whereas materials with low dielectric con-
stant and low loss, including specific polymers and carbon-based
materials, are better suited for achieving mechanical flexibility
and minimizing signal degradation in antennas and transmission
lines.

Polymers offer a remarkable versatility in thin-film biosensor and
flexible bioelectronic system design, broadly categorized into con-
ductive and non-conductive types [277]. Conductive polymers,
such as PEDOT and polyaniline (PANI), are highly attractive as
they combine electronic conductivity with inherent mechanical
flexibility, biocompatibility, and excellent bio-interfacing proper-
ties. PEDOT, in particular, often doped with polystyrenesulfonate
(PSS), offers high conductivity, tunable redox states, and a porous
structure ideal for enzyme entrapment and enhanced electrode
surface area in electrochemical sensors [239, 278, 279]. These poly-
mers can serve as active transducers or as scaffolds for bioreceptor
immobilization. In contrast, non-conductive polymers are indis-
pensable for their roles as robust substrates, encapsulants, and
dielectric layers. Materials like parylene C, SU-8, and polyimide
are extensively used due to their exceptional dielectric strength
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| (Continued)

TABLE 3

Figure of merit

Refs.

Description

Symbol/Expression

Unit

Name

[271]

The ability of the sensor surface to resist non-specific adsorption of proteins,

Rate of signal degradation or
surface protein adsorption

% Signal Loss / Surface

Biofouling Resistance

cells, or other biological components that can degrade performance over time.

Coverage over Time

Crucial for chronic in vivo applications.

The physical size of the sensing element. Smaller sensors allow for localized

Length (e.g., um) Electrode/Sensor Dimension

Miniaturization /

measurements within specific neural structures and minimize tissue damage

Spatial resolution

during implantation.

(272, 273]

The amount of electrical power required for the sensor to operate. Low power

Power (e.g., uW, mW) Power required for operation

Power consumption

consumption is vital for portable, wearable, and implantable devices to extend

battery life and reduce heat generation.

(insulating properties), excellent chemical resistance, mechanical
flexibility, and biocompatibility. Parylene C, deposited via chem-
ical vapor deposition, forms highly conformal and pinhole-free
coatings, making it an ideal choice for encapsulation layers that
protect the active sensor elements from the harsh in vivo environ-
ment [274, 280-282]. SU-8 is widely used in photolithography to
define microscale structures and channels [283, 284]. Polyimide
offers excellent thermal stability and mechanical strength for
flexible circuit boards [285-289]. Furthermore, hydrogels and
ionomers (polymers containing ionic groups, such as Nafion)
are specifically employed in biosensors to mediate ion transport
(e.g., for ISEs), create permselective barriers to exclude interfering
species (e.g., preventing ascorbic acid from reaching dopamine
sensors), or encapsulate sensitive biological components while
allowing analyte diffusion [290-292].

Recent advances in neural biosensing have increasingly focused
on the rational design and synthesis of hybrid and composite
materials, which synergistically combine the desirable properties
of different material classes to overcome limitations inher-
ent in single-component systems. For instance, the integration
of carbon-based materials (e.g., graphene, CNTs) with metal
nanoparticles (e.g., AuNPs, PtNPs) creates nanocomposites with
vastly enhanced surface area, superior electrical conductivity,
and significantly improved catalytic activity for electrochemical
reactions. Such composites enable higher loading of recognition
elements and amplified signals. Another powerful approach
involves nanocomposites embedding enzymes or aptamers
within polymer matrices (e.g., conductive polymers, hydrogels).
This strategy effectively preserves the delicate bioactivity of the
recognition element while simultaneously improving the overall
mechanical robustness and stability of the sensing interface.
Emerging platforms include MXenes (a class of 2D transition
metal carbides, nitrides, or carbonitrides) and other 2D materials
(beyond graphene) that offer a remarkable array of tunable
electronic, chemical, and mechanical properties, making them
highly promising for next-generation biosensors and flexible
electronics [241, 293]. These materials can be engineered for
high conductivity, unique sensing mechanisms, or enhanced
biocompatibility.

4.4 | Surface Functionalization Strategies

To effectively detect specific biomolecules within the complex
milieu of physiological fluids, thin-film biosensors necessitate
precise functionalization with highly selective molecular recogni-
tion elements [294, 295] (Figure 3). This functionalization process
directly confers the requisite target specificity, sensitivity, and
operational stability of the biosensor. Improper functionalization
strategies can lead to significant issues such as signal drift,
pronounced biofouling, and a detrimental loss of sensitivity
over time, particularly critical for applications involving chronic
implantation or prolonged exposure to challenging biological
matrices like sweat, interstitial fluid, or cerebrospinal fluid (CSF).
Functionalization strategies can be broadly categorized into
several sophisticated approaches.

Covalent immobilization relies on the formation of robust
covalent bonds between the biosensor’s surface and the molec-
ular recognition element (MRE) [296, 297]. The sensor sur-
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TARGET ANALYTE

COVALENT IMMOBILIZATION WITH MRE
Amines, carboxylic acids, thiols +
crosslinking agents

PHYSICAL ADSORPTION

ELECTROSTATIC INTERACTION

SURFACE FUNCTIONALISATION

Enzymes, peptides

LAYER-BY-LAYER ASSEMBLY

SELF-ASSEMBLED MONOLAYERS (SAM)

ENTRAPMENT IN POLYMER MATRIX

|
CARBON-BASED MATERIALS

NOBLE METALS
3 Gold (Au), Platinum (Pt), Titanium (Ti),
E Iridium and Iridium oxide (IrOx) \ 2D MATERIALS
w \
=
<
b METAL OXIDES

Zinc oxide (ZnO), Titanium dioxide (TiO2), HYDROGELS

Tungsten oxide (WO3)
CONDUCTIVE POLYMERS DIELECTRIC POLYMERS
PEDOT:PSS, PANI Parylene C, polyimide, SU-8
FIGURE 3 | Artwork showing the most common choices for materials and surface functionalization strategies for a microfabricated neural

biosensor aimed at detecting neurological analytes.

face is typically engineered to present specific functional
groups such as amines (-NH,), carboxylic acids (-COOH), or
thiols (-SH). These groups then react with complementary
groups on the MREs (e.g., enzymes, antibodies, aptamers, pep-
tides) through various chemical coupling reactions. Crosslink-
ing agents are frequently employed to facilitate and stabilize
these bonds. Common examples include glutaraldehyde, which
forms Schiff bases with amine groups; EDC/NHS (1-ethyl-3-
(3-dimethylaminopropyl)carbodiimide / N-hydroxysuccinimide),
a widely used carbodiimide chemistry for amide bond forma-
tion between carboxyl and amine groups; and various silanes
(e.g., aminopropyltriethoxysilane, APTES) which can form sta-
ble siloxane bonds with oxide surfaces and provide accessible
amine groups for subsequent MRE attachment. While covalent

binding offers superior stability, mechanical robustness, and
resistance to desorption compared to non-covalent methods, it
often necessitates prior surface pretreatment steps. These can
include plasma activation (e.g., oxygen plasma to create hydroxyl
groups), chemical etching, or silanization processes to introduce
the desired reactive functional groups onto the otherwise inert
thin-film material. A key challenge is to ensure that the covalent
attachment does not compromise the native conformation or
biological activity of the MRE.

Noncovalent approaches are generally simpler and more straight-
forward to implement, often favored for proof-of-concept stud-
ies or applications requiring reversible or temporary sensing
layers [298]. They include (i) physical adsorption, (ii) electro-
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static interaction, (iii) entrapment/embedment in a polymer
matrix.

Physical adsorption involves non-specific interactions such as
van der Waals forces, hydrophobic interactions, and weak elec-
trostatic forces between the MRE and the sensor surface [299].
It’s easy to implement but often leads to random orientation of
MREs and is highly prone to desorption or denaturation under
mechanical stress, thermal fluctuations, or changes in ionic
strength.

Electrostatic interaction relies on the attractive forces between
oppositely charged groups on the sensor surface and the MRE
[300]. Surface charge can be tailored by pH or by modifying
the surface with polyelectrolytes. While offering some degree of
orientation control, it is susceptible to changes in ionic strength
and pH of the physiological fluid, potentially leading to MRE
leaching.

Entrapment in a polymer matrix consists of physically confining
the MRE within the porous structure of a polymer film (e.g.,
hydrogels like polyHEMA, or conductive polymers like PEDOT)
[301]. This method can protect the MRE from denaturation and
provide a diffusion-controlled environment. However, it can limit
the accessibility of the analyte to the MRE and is still prone to
MRE leakage from the matrix over time, especially with larger
pore sizes or mechanical agitation. While simpler, these non-
covalent methods are inherently more prone to issues such as
desorption (loss of the MRE from the surface), denaturation (loss
of MRE activity due to conformational changes), and fouling due
to non-specific interactions.

Self-assembled monolayers (SAMs) represent a highly elegant
and versatile functionalization strategy, enabling the creation of
well-defined and precisely tunable surface architectures [302,
303]. These are typically formed by the spontaneous adsorption
and organization of amphiphilic molecules (molecules with
both hydrophobic and hydrophilic parts) onto a solid surface
from solution. For instance, thiol-based SAMs readily form on
gold surfaces, where the sulfur atom strongly binds to gold,
leaving a functional head group exposed to the solution [304,
305]. Similarly, silane-based SAMs are commonly employed on
oxide surfaces (e.g., SiO,, TiO,) via the formation of stable
siloxane bonds [306, 307]. The terminal functional groups of these
SAMs (e.g., -COOH, -NH,, PEG chains) can then be precisely
engineered for subsequent covalent attachment of MREs or for
imparting specific surface properties. A significant advantage of
SAMs is their ability to include antifouling moieties, such as
short PEG chains or zwitterionic groups, within the monolayer
itself [308]. These antifouling layers create a highly hydrated and
sterically repulsive barrier that effectively prevents non-specific
protein adsorption and cellular adhesion, thereby significantly
prolonging the in vivo stability and operational lifetime of the
biosensor.

Layer-by-Layer (LbL) assembly is a highly versatile and controlled
thin-film deposition technique that involves the sequential alter-
nate deposition of oppositely charged polyelectrolytes (or other
interacting species like nanoparticles, proteins) from aqueous
solutions [309, 310]. Each adsorption step is driven by electro-
static interactions (or other non-covalent forces), resulting in a

precise build-up of nanometer-thick layers. By carefully selecting
the polyelectrolytes and the incorporation of functional layers
(e.g., enzyme layers, nanoparticle layers), LbL assembly can
be used to fabricate highly sophisticated multi-analyte sensors
by creating distinct functional layers for different MREs. It is
also particularly useful for designing stimuli-responsive sensors
(e.g., pH-responsive, temperature-responsive) where changes in
the environment can alter the film’s properties or release an
encapsulated analyte. The multi-layered nature also provides
mechanical stability and can protect embedded MREs.

Beyond molecular-level modifications, the physical nanotopog-
raphy and architecture of the sensor surface itself play a critical
role in enhancing biosensor performance. Nanostructured sur-
faces, such as arrays of nanopillars, nanowires, porous films, or
precisely engineered microelectrode arrays, dramatically increase
the active surface area available for MRE immobilization. This
increased surface area directly translates into higher sensor
sensitivity by allowing more recognition events to occur per unit
macroscopic area [311-313]. Furthermore, it enables high-density
multiplexing, allowing for the integration of multiple sensing
elements for different analytes within a very confined space. The
engineered surface nanotopography also critically influences var-
ious surface phenomena, including protein adsorption dynamics,
cellular interaction (e.g., guiding cell adhesion or repulsion),
and significantly impacts the overall biofouling resistance of the
device. For instance, specific nanoscale roughness or patterned
hydrophilic/hydrophobic domains can deter the formation of a
dense protein corona, thus preserving sensor function over time.

Functionalization is not merely an afterthought in biosensor
design; it is a pivotal determinant of the sensor’s operational reli-
ability and analytical performance. The optimization of surface
modification protocols, often involving sophisticated combinato-
rial approaches of these techniques, is absolutely critical. This
is especially true in the demanding context of chronic in vivo
implantation, where the biosensor is continuously exposed to
complex and aggressive biological fluids like interstitial fluid, or
cerebrospinal fluid.

5 | Electrochemical Biosensors

Electrochemical (EC) biosensors have rapidly advanced to
become one of the most compelling modalities for monitoring
dynamic biochemical changes in vivo, particularly within the
intricately complex landscapes of the central and peripheral
nervous systems [270, 277]. These sophisticated devices excel
at converting specific chemical information, most commonly
the precise concentration of analytes such as neurotransmit-
ters, metabolic byproducts, or inflammatory mediators, into
quantifiable electrical signals. Their inherent miniaturizability,
seamless compatibility with flexible [314] and even stretchable
[315] substrates, and remarkable responsiveness to real-time
biochemical fluctuations make EC biosensors well-suited for inte-
gration into advanced neural interface applications. This section
delves into the primary electrochemical modalities, elucidating
their fundamental mechanisms of action, and detailing how
they are tailored to function effectively within demanding neural
environments (see Table 4 for a list of sensors shown in previous
works).
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functionalised amperometric biosensor integrated with micropipettes. Representative recordings are displayed of the concurrent measurement of lactate
(blue), oxygen (purple) and local field potential (LFP) in the cortex of anaesthetized rats (AP: —4.0; ML: —2.5; DV: —1.5) during status epilepticus after 4-AP
injection. High frequency component (grey) (1-20 Hz FFT band pass) of the amperometric recording and power spectrum analysis of the high component.
Dotted red lines represent the baseline level. Reproduced from [338]. Creative Commons CC-BY. (E) Example of aptamer-modified nnopipette for

FIGURE 4

dopamine detection. Characterization in artificial cerebrospinal fluid (aCSF):

T T
300 350 400

Electrochemical neural biosensors: (A) Amperometric/voltammetric, (B) enzymatic, (D) aptamer-based. (C) Example of enzyme-

the schematic shows dopamine-specific aptamers covalently modified on

the inner surface of nanopipettes with ~10 nm orifices, with sequential surface chemistry to tether thiolated dopamine aptamers to the quartz surface.
Conformational changes of the dopamine aptamer upon target recognition alter the surface charge distribution within the nanoscale pore, altering the

conductivity. The current-voltage (I-V) sweeps in aCSF demonstrate a decrease in current response upon dopamine detection (100 uM, 14.2 + 4.9%)
relative to the respective baseline measurement (I,) in aCSF at 0.5 V. Reproduced from [339]. Creative Commons CC-BY.

51 |

Amperometric and Voltammetric Detection

Amperometric and voltammetric biosensors represent the cor-
nerstone technologies in electrochemical sensing, both funda-
mentally relying on the principle of redox reactions occurring at
an electrode surface (Figure 4A). These electron transfer events
are then transduced into measurable electrical currents, the
magnitude and characteristics of which are directly indicative of
the presence and concentration of the target analytes.

Amperometric sensors operate by applying a fixed potential to
the working electrode, which is strategically chosen to facilitate
either the oxidation or reduction of electroactive species present
in the surrounding medium [124, 126, 242]. The resulting steady-
state current, known as the faradaic current, is then measured.
The magnitude of this current is directly proportional to the con-
centration of the electroactive analyte, assuming mass transport
to the electrode surface is the rate-limiting step [316]. Amperom-

etry is particularly prevalent in enzymatic biosensors where the
enzyme catalyzes a reaction that yields an electroactive product,
such as H,0,. For instance, in an amperometric dopamine
sensor, a constant positive potential (e.g., +0.6 V vs. Ag/AgCl)
is applied to the electrode, which oxidizes DA to dopamine-o-
quinone, generating an electron flow that registers as a current
signal directly proportional to the dopamine concentration [317,
318]. This technique offers excellent temporal resolution, limited
primarily by the diffusion of the analyte to the electrode; this
temporal resolution typically ranges from milliseconds to tens
of milliseconds. This speed allows them to capture the transient
spikes of neurotransmitter concentration that occur during exocy-
tosis (the release of neurotransmitters from vesicles) at individual
synapses or cells [319].

Voltammetric sensors, in contrast to amperometry’s fixed poten-
tial, systematically vary the electrode potential over time while
simultaneously measuring the resultant current [320]. This
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dynamic approach yields significantly more detailed electro-
chemical information about the redox processes occurring at
the electrode-solution interface, typically presented as a current-
voltage (I-V) curve or voltammogram. This richer dataset con-
fers superior selectivity, enabling the differentiation of mul-
tiple electroactive species even if they possess similar oxi-
dation or reduction potentials. Prominent voltammetric tech-
niques include cyclic voltammetry (CV), which sweeps the
potential in both forward and reverse directions to probe
reversible and irreversible redox reactions; square-wave voltam-
metry (SWV), which superimposes a square-wave potential on a
staircase ramp, offering enhanced sensitivity by discriminating
against non-faradaic currents; and differential pulse voltamme-
try (DPV), which applies small potential pulses superimposed
on a linear potential ramp, providing improved signal-to-noise
ratios and better peak resolution for qualitative and quan-
titative analysis. For in vivo neural interfaces, FSCV stands
out as a widely adopted technique [74]. This employs very
rapid potential sweeps across a defined range, allowing for
millisecond-resolution tracking of transient neurotransmitter
dynamics, which is crucial for capturing rapid release and
reuptake events in synaptic clefts [74]. Microelectrodes, often
fabricated from carbon fiber (5-10 um diameter) or platinum
wire, are commonly configured into thin-film arrays, ensuring
minimally invasive implantation and facilitating precise spa-
tial mapping of neurochemical activity across specific brain
regions.

5.2 | Enzymatic Electrochemical Sensors

Enzymatic electrochemical biosensors ingeniously integrate spe-
cific biological recognition elements, most frequently oxidore-
ductase enzymes, that exhibit selectivity in reacting with target
molecules [321] (Figure 4B). These enzyme-catalyzed reactions
lead to the production of either electrons or electroactive by-
products that are subsequently detected via an electrochemical
transducer. The fundamental architecture of such a sensor
typically comprises three interconnected components: (1) a pre-
cisely immobilized recognition enzyme layer that confers analyte
specificity, (2) an electrochemical transducer (the electrode) that
converts the biochemical event into an electrical signal, and (3)
a signal processor that interprets and quantifies the electrical
output.

Commonly employed enzymes for neural applications include:
GOx, LOx, ChOx, acetylcholinesterase (AChE), GluOx. GOx and
LOx are essential in glucose and lactate sensing, respectively [126,
129], catalyzing in particular the oxidation of glucose to glucono-
lactone, and the oxidation of lactate to pyruvate, both generating
H, O, . The electrochemically active H, O, is then quantified
via oxidation at a fixed positive potential at the underlying
electrode surface (e.g., using platinum or Prussian blue-modified
electrodes). ChOx and AChE are utilized in a two-step cascade for
ACh sensing and the detection of related metabolites like choline.
GluOx is critical in glutamate biosensors, catalyzing the oxidation
of glutamate to a-ketoglutarate and H, O, . These sensors are
vital for monitoring excitotoxic levels of glutamate in models of
neural injury (e.g., stroke, TBI) or disease, given glutamate’s role
as the primary excitatory neurotransmitter.

The effective immobilization techniques for these enzymes are
paramount to preserving their catalytic activity and ensuring
sensor stability. As discussed in Section 4.4, strategies include
robust covalent bonding to functionalized electrode surfaces
(e.g., via EDC/NHS coupling to surface amines or carboxyls),
physical entrapment in biocompatible hydrogels (e.g., poly(2-
hydroxyethyl methacrylate) or PEG diacrylate hydrogels) that
provide a protective, permeable microenvironment, or crosslink-
ing using bifunctional agents like glutaraldehyde that create
a stable polymeric network. To further enhance performance,
nanomaterials such as graphene, carbon nanotubes, or various
metal nanoparticles (e.g., gold, platinum nanoparticles) are fre-
quently incorporated into the enzyme immobilization matrix
[322] (Figure 4C). These nanomaterials dramatically increase the
active surface area for enzyme loading, facilitate more efficient
electron transfer between the enzyme and the electrode, and can
improve overall enzyme stability.

For neural interface applications, enzymatic electrochemical
biosensors are often integrated onto microelectrode arrays or
flexible polymeric substrates. This allows for their chronic
implantation into specific deep brain regions, such as the striatum
(for dopamine, glucose, lactate) or hippocampus (for glutamate,
acetylcholine), enabling long-term, continuous monitoring of
metabolic states or neurotransmitter fluctuations. Inherent chal-
lenges persist, including enzyme denaturation over time (due to
temperature, pH changes, or proteases), biofouling (non-specific
protein adsorption and cellular encapsulation that limits analyte
diffusion), and oxygen dependence (as many oxidases require
oxygen as a co-substrate), which collectively motivate ongoing
research into alternative non-enzymatic strategies.

5.3 | Aptamer-Functionalized Electrodes
Aptamer-based electrochemical sensors represent an innovative
non-enzymatic approach, employing synthetic single-stranded
nucleic acids (DNA or RNA) or, less commonly, peptides, as
molecular recognition elements [323, 324] (Figure 4D). These
engineered aptamers are selected in vitro (e.g., via SELEX -
Systematic Evolution of Ligands by Exponential Enrichment) to
bind to target molecules with remarkable specificity and high
affinity, akin to antibodies [325, 326]. A significant advantage
of aptamers over enzymes is their inherent chemical stability
(resisting denaturation by temperature, pH, or proteases), lower
immunogenicity, and the ability to be selected de novo against a
vastly broader range of targets, encompassing small molecules,
peptides, proteins, and even whole cells, for which antibodies
might be difficult to generate [327]. Unlike enzymes that degrade,
aptamers are remarkably robust and can often be regenerated
chemically (e.g., by changing pH or ionic strength to release the
target) or electrochemically (e.g., by applying a potential pulse to
induce conformational change and release), allowing for repeated
measurements over extended periods without the need for sensor
replacement [328, 329]. Their integration into implantable neural
probes provides a highly promising non-enzymatic alternative,
with lower susceptibility to biological degradation and potentially
longer operational lifetimes in vivo.

The fundamental principle of apta-sensing relies on the target
molecule’s binding to the aptamer, which induces a specific
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conformational change in the aptamer structure. This confor-
mational change is then transduced into a measurable elec-
trical signal by affecting the electrochemical properties of the
electrode-interface. Several sophisticated detection schemes are
employed.

(1) Label-free detection via EIS. In this configuration, the
aptamer is directly immobilized onto the electrode surface.
Upon target binding, the conformational change or the mass
of the bound target alters the charge transfer resistance
or capacitance at the electrode-solution interface, which is
sensitively monitored by EIS. This method eliminates the
need for bulky labels [91, 330, 331].

(2) Redox-labeled aptamers (aptamer beacons). Here, a redox
reporter molecule (e.g., methylene blue, ferrocene) is cova-
lently attached to the aptamer [332-334]. In the unbound
state, the aptamer is designed to keep the redox reporter
close to the electrode, facilitating electron transfer and
generating a clear signal. Upon target binding, the aptamer
undergoes a conformational switch (e.g., forming a hairpin
or loop), moving the redox reporter away from the electrode
surface or impeding its electron transfer, thus modulating
the observed redox peak current (Figure 4E).

Aptamer-functionalized sensors have demonstrated considerable
success in detecting various neurochemical species relevant to
neural interfaces, including neurotransmitters like dopamine
and serotonin, key inflammatory cytokines such as IL-6 and
TNF-a, and critical neurodegenerative disease biomarkers like
AP peptides. When these aptamer layers are integrated with
nanostructured electrode surfaces, such as gold nanodendrites,
reduced graphene oxide (rGO) nanosheets, or carbon nanotubes,
the greatly increased active surface area and enhanced electron
transfer properties allow the sensitivity of these platforms to reach
impressive sub-nanomolar to picomolar levels [335-337].

5.4 | Organic Electrochemical Transistors
(OECTs)

Organic Electrochemical Transistors (OECTSs) represent a pro-
foundly powerful and rapidly advancing class of biosensing
devices distinguished by their capacity for amplified electrical
signals and their intrinsic compatibility with soft, flexible, and
biocompatible substrates [51, 53, 340-342] (Figure 5A). Unlike
conventional field-effect transistors (FETs) that rely primarily on
electrostatic gating, OECTs operate through a unique mechanism
that modulates the current flowing through an organic semi-
conductor channel (PEDOT:PSS) via ionic interactions with the
surrounding electrolyte [343-346].

The working principle of an OECT involves three fundamental
electrodes: a source, a drain, and a gate electrode. The organic
semiconductor channel (e.g., PEDOT:PSS film) connects the
source and drain. When a voltage is applied to the gate electrode,
which is in direct contact with an ionic electrolyte (and typically
with the organic channel), ions from the electrolyte are electro-
chemically driven into the bulk of the organic semiconductor
channel [347, 348]. This volumetric ion ingress acts as a form
of “volumetric doping”, effectively modulating the concentration

of charge carriers within the entire thickness of the organic
channel. This mechanism results in a substantial and highly
efficient modulation of the channel’s electrical conductivity.
This volumetric doping mechanism is the key differentiator
from traditional inorganic FETSs, leading to exceptionally high
transconductance (the ratio of change in drain current to change
in gate voltage) and, consequently, significant signal amplifica-
tion, making OECTs sensitive transducers for subtle changes in
the local ionic environment [349] (Figure 5B).

For biosensing applications, the critical step involves function-
alizing the gate electrode with specific biomolecules, such as
enzymes, antibodies, or aptamers, that are designed to selectively
interact with the analyte of interest [350, 351]. The binding event
between the functionalized gate and the target analyte (or an
enzymatic reaction occurring at the gate) either directly alters
the local ionic environment near the gate (e.g., by consuming or
releasing ions, or altering local pH) or generates charged species.
These localized biochemical changes, in turn, subtly modulate
the gate potential effectively “gating” the transistor and thereby
inducing a substantial change in the drain current flowing
through the organic semiconductor channel. This provides an
amplified readout of the biochemical event [352].

OECTs have demonstrated applicability in various neural inter-
face scenarios. OECTs can effectively transduce the redox activity
of dopamine at a functionalized gate electrode into significant
and amplified modulation of the drain current, offering both high
sensitivity and intrinsic signal amplification, crucial for detecting
low-level fluctuations [353, 354] (Figure 5C).

Additionally, when the gate electrode is functionalized with LO,,
these enzyme-functionalized OECTs exhibit high selectivity for
lactate and can operate continuously in physiologically rele-
vant fluids like cerebrospinal fluid analogs, providing real-time
metabolic insights [355]. With antibodies or aptamers specifically
targeting inflammatory markers immobilized on their gates,
OECTs are capable of detecting very low levels of cytokines (e.g.,
IL-6, TNF-a), which is critical for assessing neuroinflammatory
responses post-implantation or in neurodegenerative conditions
[356, 357].

The inherent advantages of OECTs for neural interfaces are com-
pelling [53, 340, 341, 358]: they operate at low operating voltages
(compatible with biological systems), exhibit biocompatibility
(especially with PEDOT:PSS), possess excellent mechanical flex-
ibility (allowing seamless integration with soft tissues), and are
highly compatible with scalable additive manufacturing tech-
niques such as inkjet printing and large-area processing. Their
successful integration into conformable polymeric substrates
like Parylene C, PDMS (polydimethylsiloxane), or even natural
biopolymers like silk fibroin has paved the way for the fabrication
of high-density, multi-analyte biosensing arrays [359-361].

However, their long-term stability in physiological environments
and their susceptibility to signal drift stemming from ionic accu-
mulation or non-specific adsorption within the organic channel
pose ongoing engineering hurdles. To mitigate these limitations
and enhance chronic in vivo performance, intensive research is
focused on developing robust encapsulation strategies and imple-
menting advanced gate passivation layers to protect the active
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FIGURE 5 | Electrochemical neural biosensors (cont.): (A) OECTs, (D) chemiresistive. (B) Ultrathin, soft, high-throughput transient OECT array
as a core platform for a high-fidelity brain-machine interface. The OECTs are placed on the cerebral cortex in the animal model for p-ECoG signals
recording (thickness of ~#15 um, and weight of 99.3 mg). Characterization of u-ECoG signals for three representative stimuli. Time-domain signals of rat
a) in state of anaesthetization; b) during seizures; c) with electric stimulus at 1 Hz and 3 V. Reproduced from [341]. Creative Commons CC-BY. (C) Fast
scanning potential-gated OECT for in vivo DA assay, constructed with a carbon fiber electrode and a PEDOT:PSS-modified channel. Typical transfer and
8m~Vgs curves of the OECT for DA assay are shown with g, as an analytical parameter. Results of in vivo DA monitoring are shown. Reproduced with
permission from [354]. Copyright 2022 John Wiley and Sons. (E) pH sensor consisting of a PANI membrane on interdigital electrodes (IDEs) supported
by a PIsubstrate. The sensor relies on the transformation of PANI protonated in acid solution and deprotonated in basic solution. The initial resistance of
the IDEs depends on the geometric parameters. The increasing sizes of the longitudinal (red line) and transverse (green line) spacing enhance the initial
resistance, whereas both the grid width (black line) and the length (blue line) weaken the initial resistance. Flexibility and temperature experiments of
the pH sensors. The dynamic response of the pH sensor for a step pH change shows a rising time from pH 6.86 to 8.62 and an inverse fall time from pH

8.62 to 6.86. Reproduce from [372]. Creative Commons CC-BY.

organic semiconductor channel from biological degradation and
ionic interference [362-364].

5.5 | Chemiresistive Sensors

Chemiresistive sensors may be considered a subset of electro-
chemical sensors as they transduce a chemical event into a mea-

surable change in the electrical resistance of a sensing material
[365] (Figure 5D). These sensors typically consist of a conductive
or semiconductive material whose electrical properties are highly
sensitive to surface adsorption or chemical reactions [366]. The
sensing element is usually a thin film, nanoparticle network,
or nanowire of a metal oxide (e.g., ZnO, SnO, , WO, ) [367],
carbon-based material (e.g., graphene, carbon nanotubes [368]),
or conductive polymer (e.g., polyaniline). When a target analyte
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(e.g., a gaseous molecule, a charged ion, or a binding protein)
interacts with the sensor surface, it induces a change in the
charge carrier concentration, mobility, or band structure of the
sensing material [369]. For instance, the adsorption of reducing
gases can donate electrons to an n-type metal oxide semicon-
ductor, increasing its conductivity (decreasing resistance), while
oxidizing gases would decrease its conductivity [370, 371]. In
liquid-phase neurochemical sensing, the interaction of charged
analytes or enzymatic reaction products with the surface of a
chemiresistive material can cause a localized change in surface
potential, altering the resistance or capacitance (Figure 5E).
These sensors are not the preferred choice for implantable
applications: the primary challenges are often low selectivity (as
many molecules can alter resistance non-specifically) and suscep-
tibility to environmental factors like humidity and temperature,
requiring careful design and compensation strategies for in vivo
use.

6 | Optical Biosensors

Optical biosensors, harnessing the intricate interactions of light
with biological matter, have emerged as indispensable tools for
probing biochemical changes within living systems, particularly
within the central and peripheral nervous systems [390-393].
These devices translate specific optical phenomena, such as
fluorescence emission, light absorption, or refractive index shifts,
into quantifiable signals indicative of the presence and concen-
tration of target analytes (see Table 5). Their non-invasive or
minimally invasive nature, coupled with high sensitivity, spatial
resolution, and the potential for real-time monitoring, renders
them exceptionally well-suited for advanced neural interface
applications.

6.1 | Colorimetric Sensors

The simplest class of optical biosensors includes colorimetric sen-
sors, which rely on a measurable and often visible change in color
or light absorbance/transmittance in response to the presence
and concentration of a target analyte [394]. The transduction
mechanism hinges on a specific chemical or biochemical reaction
that produces a colored product, consumes a colored reagent,
or induces a shift in the absorption spectrum of an indicator
molecule. In neurochemical sensing, colorimetric assays are
commonly deployed on miniaturized analytical platforms, such
as paper-based devices, microfluidic chips, or lateral flow assays,
enabling point-of-care diagnostics with minimal instrumentation
and sample volume [395-398]. These formats are particularly
well-suited for low-resource settings and can achieve multiplex-
ing through spatial separation of reagents or barcode-based visual
encoding.

A widely used example is the enzyme-mediated colorimetric
assay for detecting glucose or lactate, where enzymes such
as glucose oxidase or lactate oxidase catalyze the oxidation
of their respective substrates, producing H,0, as a byproduct.
This peroxide subsequently reacts with chromogenic substrates
like 3,3',5,5'-tetramethylbenzidine (TMB) or o-dianisidine in
the presence of horseradish peroxidase (HRP), yielding a col-
ored compound whose absorbance intensity is proportional

to analyte concentration [399]. Emerging designs incorporate
nanomaterials such as gold nanoparticles (AuNPs) [400], carbon
dots [401], or metal-organic frameworks (MOFs) [402] that
exhibit peroxidase-mimicking activity or that act as colorimetric
enhancers through aggregation-induced optical changes, thereby
improving the sensitivity and dynamic range of detection.

Colorimetric biosensors have also been developed for neuro-
transmitters like dopamine and serotonin, utilizing reactions
with quinone derivatives, polydopamine films, or functionalized
nanoparticle substrates that produce visible signals upon analyte
binding. Integration with smartphone-based imaging systems has
further advanced their utility, enabling real-time quantification
with image-processing apps. Despite their inherent simplicity
and portability, limitations persist, including lower sensitivity
compared to fluorescence or electrochemical techniques, inter-
ference from colored biological fluids, and challenges in in
vivo deployment due to reagent instability and background
signal. Nevertheless, their low cost, rapid readout, and ease
of miniaturization make colorimetric sensors ideal for prelim-
inary screening, clinical validation, and complementary use in
multimodal neurochemical sensing platforms.

6.2 | Fluorescence-Based Sensors

Fluorescence-based biosensors leverage the intrinsic or engi-
neered ability of certain molecules, known as fluorophores, to
absorb light at a specific excitation wavelength and subsequently
re-emit light at a longer, characteristic emission wavelength [43,
403] (Figure 6A). The transduction principle hinges on how the
interaction between the fluorophore and the analyte of interest
alters this fluorescence signature, manifesting as changes in
fluorescence intensity, lifetime, or a spectral shift in either the
excitation or emission spectrum. This optical readout provides a
highly sensitive and often spatially resolved means of detecting
biochemical events.

For neurotransmitter detection, a significant leap has been
made with the development of genetically encoded fluorescent
indicators (GEFIs) [404]. These sophisticated biosensors are
chimeric proteins, typically incorporating a fluorescent protein
(like GFP or its derivatives) fused to a ligand-binding domain or
a transmembrane receptor. When the specific neurotransmitter
(e.g., dopamine, serotonin, acetylcholine, glutamate) binds to
its engineered recognition domain, it induces a conformational
change in the GEFI, which in turn alters the fluorescence prop-
erties of the attached fluorophore (Figure 6B). Examples include
the GRAB (GPCR-Activation-Based) sensor family, which utilizes
G protein-coupled receptors to detect a wide array of neuro-
transmitters with high specificity and millisecond kinetics [405,
406]. These GEFIs are expressed directly within neurons or
glial cells using viral vectors, allowing for real-time, in vivo
visualization of neurotransmitter release and dynamics in specific
neural circuits, often in conjunction with optogenetics for precise
control of neuronal activity [407]. Their application extends
to understanding synaptic plasticity, reward pathways, and the
pathophysiology of neurological disorders.

Similarly, for ion detection, fluorescent ion indicators are widely
employed. These are small-molecule fluorophores designed to
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Optical biosensors: (A) fluorescence-based. (B) Implantable fluorescence probe for deep brain dopamine sensing. A fluorescent MOF

film that specifically binds dopamine was modified onto the probe, which simultaneously excited the fluorescence and detected the fluorescence
intensity. The multilayer structure of the probe contains a UV-LED as a light source and a phototransistor for fluorescence detection. Photocurrent
response of the fluorescence probe is reported in PBS and high-concentration dopamine solution, respectively. A brain phantom was implanted with a

flexible fluorescence probe and a flexible wireless circuit. Reprinted with permission from [429]. Copyright 2024, American Chemical Society.

exhibit a change in their fluorescence properties upon binding to
specific ions. For instance, Fura-2 and Fluo-4 are popular indica-
tors for intracellular calcium (Ca®"), where Ca’* binding alters
their quantum yield or excitation/emission spectra, allowing
for ratiometric or intensity-based measurements of intracellular
calcium transients, which are fundamental to neuronal excitabil-
ity and signaling [408-411]. Similarly, SBFI is used for sodium
(Na*) detection [412, 413] and PBFI for potassium (K*) [414-
416], providing insights into ion homeostasis and dysregulation
during conditions like ischemic stress or spreading depression.
These indicators enable real-time monitoring of ion flux, crucial
for understanding neuronal activity, synaptic transmission, and
pathological events like excitotoxicity.

The advantages of fluorescence-based sensors are compelling:
they offer high sensitivity, enabling the detection of low ana-
lyte concentrations; provide excellent spatial resolution when

coupled with advanced microscopy techniques (e.g., confocal,
two-photon microscopy), allowing for visualization of molecular
events at the sub-cellular level; and facilitate real-time imag-
ing of dynamic processes. However, inherent limitations exist,
including photobleaching (irreversible degradation of the fluo-
rophore upon prolonged light exposure), phototoxicity (cellular
damage induced by light and reactive oxygen species), and the
fundamental need for an external light source and detector,
which can be bulky for in vivo applications [417]. Furthermore,
light scattering and absorption by biological tissues significantly
limit the depth of penetration, restricting direct in vivo imaging
to superficial brain regions. To circumvent depth limitations,
integration with optical fibers (e.g., fiber photometry) allows for
light delivery and collection from deeper brain structures, albeit
with a loss of spatial resolution compared to direct microscopy
[418-422]. Recent advances suggest as well potential pathways
for extending optical sensing beyond superficial tissue layers. The
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use of near-infrared fluorophores operating in the NIR-I (700-900
nm) and NIR-II (1000-1700 nm) windows reduces scattering and
hemoglobin absorption, enabling improved signal penetration
and signal-to-background ratios at depth [423]. Complemen-
tary approaches such as time-gated and fluorescence lifetime-
based detection can further suppress tissue autofluorescence
and enhance contrast in highly scattering environments [424,
425]. In parallel, computational scattering-correction techniques,
including model-based light transport inversion and data-driven
reconstruction, have been explored to partially recover spatial
and temporal information from distorted fluorescence signals.
While these strategies show promise in acute or experimen-
tal settings, their application to chronic implants introduces
additional challenges. Fluorophore photostability, long-term tox-
icity, and potential immune responses remain concerns for
extended implantation, particularly in neural tissue [426]. Time-
resolved detection schemes increase system complexity, power
consumption, and integration demands, while computational
correction methods are sensitive to motion artifacts, tissue het-
erogeneity, and gradual biological remodeling over time [427,
428]. As such, these emerging approaches should be viewed as
enabling technologies rather than fully mature solutions, and
their successful translation to chronic deep-brain fluorescence
sensing will likely require coordinated advances in fluorophore
chemistry, low-power optoelectronics, and long-term in vivo
validation.

6.3 | SPR and Plasmonic Sensors

Plasmonic biosensors have emerged as exceptionally powerful
tools for the detection of biomolecules, distinguished by their
label-free, highly sensitive, and real-time detection capabilities
[430-432]. These biosensors ingeniously leverage the intricate
interaction of light with free electrons within engineered metallic
nanostructures. This interaction, upon biomolecular binding,
translates into detectable changes in the local refractive index,
providing a direct and quantifiable readout of the binding event.
The successful implementation of plasmonic biosensors in thin-
film formats has been pivotal, enabling their seamless integration
into flexible and implantable devices that are ideally suited for
chronic neural interface applications.

6.3.1 | SPR Principles

SPR is a captivating optical phenomenon that occurs when p-
polarized (transverse magnetic, TM) light, incident at a specific
angle, strikes a thin metallic film (typically gold or silver) at
a metal-dielectric interface (Figure 7A). At this precise angle,
the incident light’s evanescent field resonantly couples with
and excites surface plasmons, coherent, collective oscillations of
the free electrons (plasmons) at the metal surface [433]. This
resonance condition is sensitive to the refractive index of the
dielectric medium immediately adjacent to the metal surface.
Consequently, when biomolecules bind to the functionalized
surface of the metal film, they induce a minute change in
the local refractive index within the evanescent field region
(typically extending ~200-300 nm from the surface). This shift
in refractive index perturbs the resonance condition, altering
the precise angle or wavelength at which the resonance occurs,

which is then optically detected. Modern SPR sensors employ
various interrogation schemes, including angular interrogation
(scanning the incident angle at a fixed wavelength and detecting
the minimum reflected intensity) [434], wavelength modulation
(scanning the incident wavelength at a fixed angle and detecting
the minimum reflected intensity) [435], or intensity detection
(monitoring changes in reflected light intensity at a fixed angle
and wavelength) [436].

Key parameters that influence the performance of an SPR sensor
include: the thickness of the metal film (typically 40-60 nm
for gold, optimized for maximum resonance dip); the surface
roughness of the metal film (which can scatter plasmons and
broaden the resonance); the polarization of the incident light
(only p-polarized light can efficiently excite surface plasmons);
and the prism coupling configuration, most commonly the
Kretschmann-Raether geometry, which facilitates efficient
excitation of surface plasmons by matching the momentum
of the incident light with that of the surface plasmons. SPR
has found widespread application in the label-free detection
and kinetic analysis of a vast array of biomolecules, including
proteins, nucleic acids, and small molecules. For the specific
detection of neurotransmitters and disease biomarkers relevant
to neural interfaces, the sensor surface is functionalized with
highly specific biorecognition elements such as antibodies,
aptamers, or molecularly imprinted polymers (MIPs) designed
to selectively capture the target analyte [437-440].

6.3.2 | Localized Surface Plasmon Resonance (LSPR)
and Nanostructures

In contrast to the propagating surface plasmons on planar
interfaces characteristic of conventional SPR, Localized Surface
Plasmon Resonance (LSPR) occurs when incident light interacts
with metallic nanoparticles or specifically engineered nanostruc-
tures (e.g., nanorods, nanodisks, nanoholes) whose dimensions
are smaller than the wavelength of light [441] (Figure 7A). In
this scenario, the resonant oscillation of conduction electrons is
confined to the nanoparticle scale, leading to non-propagating
plasmonic modes localized at the nanoparticle surfaces.

LSPR sensors exhibit several distinct advantages [442-445]: they
create strong field enhancement (often referred to as “hotspots™)
immediately adjacent to the nanoparticle surface, which signif-
icantly amplifies the local electromagnetic field; they display
sharp and tunable resonance peaks typically in the UV-visible
to near-infrared (NIR) range, whose position is highly sensitive
to the nanoparticle’s material, size, shape, and surrounding
dielectric environment; and they possess high sensitivity to the
local refractive index within a very confined region (typically
within ~10-30 nm from the nanoparticle surface), making them
ideal for detecting molecular binding events.

These plasmonic nanostructures can be precisely fabricated using
either “top-down” (EBL, nanoimprint lithography) or “bottom-
up” (colloidal synthesis, self-assembly) approaches. Regardless
of the fabrication method, the specific geometries (e.g., aspect
ratio of nanorods, diameter of nanodisks), material compositions
(e.g., gold, silver, copper), and subsequent surface functional-

Advanced Sensor Research, 2026

31 of 64



A SPRAND LSPR B

Analyte binding

Not to scale

Spectra analysis. 35x10* -
55/—» BT
(s 30x0¢ #
g 785nm_DC: "
Neurotransmitters —_— 25x10*
B ?
= & 20x10° 2
v 8 A/ \0PROW 5+5nm| 2
Y Z1500° FS
Analyte binding T Serotonin | 2 i
| BT nec Seronin| g i H
Dopamine | < 1.0x10° 0pSOW Snm | £
5 50x10° /N A Aufilm 10nm |
o
S - i i1 BlankTF

o1 1
800 1000 1200 1400 1600 1800 2000 2200 1200 1400 1600 1800

Raman shift(cm™") Raman shift cm')
20x10°

Subtracted dopamine

1500¢
1E;1

TE3M

TE4M

1ESM

™ A 1E6M

i it =T
2 Py i ammmmt oo v— <1

120 400 1600 180 120 140 160 180

Raman shif en ") Raman it (cm”)

Intensity (counts)

ntensity (counis)

50x10°

FIGURE 7 | Optical biosensors (cont.): (A) SPR and LSPR, (C) Raman and SERS. (B) Metal-coated tapered optical fiber hosting a plasmonic
nanostructure with footprint comparable to the soma of a single neuron (the scale bar is 25 um). When broadband light guided in the taper illuminates
the nanograting, the superficial component kg of the guided light couples with the grating periodicity. An SPR is then generated at the dielectric-metal
interface. Close-ups of different nanostructures milled on the fiber are shown: (left) minimum feature size of 40 nm for a curved (top) and crossing curved
lines on the taper surface; top left and bottom left scale bars are 1 um. Middle: a 2D curved array of nanoplatelets (top) and a zoom on the nanoplatelets
(bottom); top middle and bottom middle scale bars are 1 um. Right: a curved array of nanoholes (top, inverted grayscale) and a close-up on 100 nm
diameter nanoholes on the fiber’s surface; top right scale bar is 2 um, bottom right scale bar is 2 um. Reprinted with permission from [62]. Copyright
2021. John Wiley and Sons. (D) Tapered optical fibers decorated with gold nanoislands by nonplanar repeated dewetting, for neurotransmitters’ SERS
signal detection. The probes were functionalized with BT molecule, R6G, and soaked in neurotransmitters (dopamine and serotonin) aqueous solutions.
SERS response of BT molecule functionalized repeadet-dewetting (red curve), single-dewetting (green curve), 10 nm gold film coated (black curve),
and blank (gray curve) TFs, the dashed vertical lines indicate the molecular signature peaks at 992, 1015, 1065, 1465, and 1567 cm~!. Detection of R6G,
serotonin, and dopamine aqueous solutions is reported with concentrations varying from 1071° to 107 M, from 1078 to 10~* M, and from 10~ to 107! M,
respectively. Reprinted with permission from [432]. Copyright 2022, John Wiley and Sons.

fluorescent or radioactive labels, simplifying assays and reducing
potential phototoxicity.

ization strategies critically determine the LSPR sensor’s overall
sensing performance. Key configurations include gold nanorods
[446], whose LSPR peaks are highly dependent on their aspect
ratio, allowing for tunable resonances; nanohole arrays in thin
metal films [447], which exhibit extraordinary optical transmis-

sion phenomena highly sensitive to surface modifications; and
nanosphere lithography-based arrays, which provide a scalable
way to create ordered arrays of plasmonic nanoparticles [448].
LSPR biosensors are particularly well-suited for integration into
flexible and implantable devices due to their miniaturized format,
compatibility with low-temperature fabrication processes, and
inherent potential for multiplexed readout on a single platform.
Crucially, they offer real-time monitoring without the need for

6.3.3 | Label-Free Optical Detection of
Neurotransmitters and Biomarkers

Plasmonic thin-film biosensors are exceptionally effective for
detecting a wide array of neurochemical targets without the
necessity of additional labeling agents [432, 449]. This label-
free nature is a significant advantage, as it simplifies the assay
protocol, reduces processing time, and, importantly, preserves the
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native biological activity and conformation of the analyte, leading
to more accurate measurements.

For the detection of neurotransmitters, plasmonic sensors have
been functionalized with various biorecognition elements [301].
For dopamine, this includes highly specific dopamine-binding
aptamers or even conductive polymer layers like polyaniline,
which can undergo redox changes upon dopamine interaction
that subtly alter the local refractive index [450]. Serotonin
can be detected using anti-serotonin antibodies or molecularly
imprinted polymers (MIPs) engineered to selectively bind sero-
tonin [451]. For glutamate and acetylcholine, which are not
directly electroactive for plasmonic detection, sensors typically
integrate enzymatic coatings (e.g., glutamate oxidase for gluta-
mate, or acetylcholinesterase/choline oxidase for acetylcholine).
The enzymatic reactions produce by-products (like H,0,) or
consume oxygen, leading to localized changes in refractive index
or pH that can be detected as a shift in the plasmonic resonance.
The label-free detection extends to various small molecules
crucial for metabolic monitoring. Glucose and lactate sensing
involves the integration of their respective enzyme layers (glucose
oxidase, lactate oxidase) with plasmonic nanostructures.

Beyond neurotransmitters and small molecules, plasmonic
biosensors are highly capable of detecting a range of biomarkers
associated with neurological disorders. For cytokines such as IL-
6 and TNF-a, SPR chips functionalized with specific antibodies
enable highly sensitive detection down to sub-nanomolar con-
centrations, providing crucial insights into neuroinflammatory
processes [452]. Similarly, for key neurodegenerative hallmarks
like Af peptides and Tau proteins, peptide- or antibody-modified
gold nanostructures are employed. The binding of these proteins
to the functionalized surface induces a detectable refractive index
change, offering a promising avenue for early Alzheimer’s disease
diagnosis and monitoring.

6.3.4 | Integration With Flexible and Implantable
Substrates

The successful integration of plasmonic biosensors with flex-
ible, stretchable, and ultimately implantable substrates is not
merely an engineering convenience but an absolute necessity for
developing devices that can conform intimately to and mechan-
ically interact harmoniously with soft, curvilinear biological
tissues, such as the brain parenchyma, peripheral nerves, or
the spinal cord, minimizing mechanical mismatch and chronic
inflammation.

The selection of appropriate substrate materials is paramount:
the most ideal candidates are polydimethylsiloxane (PDMS)
(excellent biocompatibility, inherent mechanical flexibility, opti-
cal transparency), Parylene-C (conformality, transparency, bio-
compatibility, ability to be deposited as very thin, pinhole-free
layers), polyimide (PI) (thermal stability, mechanical flexibility).
Various fabrication approaches are employed to achieve this
integration. Transfer printing is a versatile technique where pre-
fabricated plasmonic nanostructures (e.g., gold nanoparticles,
nanohole arrays) are precisely transferred from a rigid growth
substrate onto a soft, flexible polymeric substrate [453, 454].

In situ nanoparticle growth directly on flexible surfaces allows
for direct fabrication without transfer steps [455]. Furthermore,
nanopatterning via soft lithography techniques, such as nanoim-
print lithography or microcontact printing, enables the direct
patterning of plasmonic features onto flexible substrates at low
temperatures. Mechanical considerations are critical for long-
term in vivo performance. Designing devices with thin films
minimizes bending strain and mechanical stress on the delicate
surrounding tissues. The use of serpentine or kirigami-inspired
patterns in the interconnects and active areas significantly
enhances the overall stretchability and conformability of the
device, accommodating tissue movements without fracturing.
Moreover, effective encapsulation with permeable but protective
layers (e.g., thin films of parylene, or even biocompatible biopoly-
mers like silk fibroin) is essential to shield the active plasmonic
elements from the harsh biofluid environment while allowing
analyte diffusion [274, 282, 456].

Implantable plasmonic devices have already demonstrated
compelling in vivo functionality. Examples include real-time
dopamine detection in the striatum of freely moving rats,
providing dynamic insights into neurochemical signaling [447,
457]; the continuous monitoring of IL-6 levels in cerebrospinal
fluid, offering a window into neuroinflammatory processes [458];
and the successful implementation of multiplexed biomarker
detection using flexible SPR arrays in small animal models
[459], showcasing the potential for comprehensive neurochem-
ical profiling. By combining these advanced sensing capabilities
with emerging wireless readout technologies (e.g., miniaturized
smartphone-based detectors, integrated photodiodes for direct
signal conversion), plasmonic thin-film biosensors are poised
to revolutionize neurological diagnostics and research, serving
as intelligent, continuous implants for monitoring complex
biochemical dynamics within the nervous system.

An advantageous combination is the coupling of optical fibers
with plasmonic nanostructures, which have emerged as powerful
tools for biosensing and photometry in the brain, offering highly
sensitive, minimally invasive methods for probing neural activity
and biochemical dynamics [460-462]. These hybrid systems
exploit the unique light-guiding properties of optical fibers and
the LSPR effects of metallic nanostructures, such as gold or
silver nanoparticles, which dramatically enhance the detection of
molecular interactions (Figure 7B). When integrated into brain
tissue, the optical fibers serve as conduits for delivering light
and collecting signals, while the plasmonic components amplify
the optical responses of biomolecular binding events, enabling
real-time monitoring of neurochemical fluctuations at picomolar
concentrations [62, 432]. This is particularly valuable for detecting
neurotransmitters, peptides, or other biomarkers associated with
neurological function and disease. In photometry, the same
configuration allows for precise measurement of fluorescence or
optogenetic signals deep within brain regions, facilitating the
correlation of neuronal activity with behavioral states or drug
interventions [418, 422]. When combined with neuropharmacol-
ogy, these platforms offer a transformative approach to studying
drug effects on neural circuits with unprecedented spatial and
temporal resolution [463]. For instance, the dynamic monitoring
of dopamine release in response to pharmacological agents can
be achieved with high fidelity, informing both basic neuroscience
and therapeutic development. Moreover, the integration of func-
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tionalized plasmonic surfaces with targeted ligands permits
selective detection of specific analytes, expanding the capability
to simultaneously study multiple neurochemical pathways. The
versatility of this technology also supports closed-loop systems,
where biosensing data can guide on-demand drug delivery via
microfluidic channels or light-activated release mechanisms.

6.4 | Raman and Surface-Enhanced Raman
Spectroscopy (SERS) Biosensors

Raman spectroscopy is a powerful analytical technique based on
the inelastic scattering of monochromatic light (typically from
a laser) by molecules [464-466]. When photons interact with
a molecule, most are elastically scattered (Rayleigh scattering),
but a small fraction undergoes inelastic scattering, losing or
gaining energy. This energy shift corresponds to the vibrational,
rotational, and other low-frequency modes of the molecule,
producing a unique “fingerprint” spectrum characteristic of its
chemical structure. This molecular fingerprint provides highly
specific chemical information, enabling the identification and
quantification of analytes without the need for labels. However,
the inherent weakness of the normal Raman scattering signal
(typically 107° to 1078 of the incident light intensity) severely
limits its applicability for detecting low-concentration analytes in
complex biological matrices [467]. This limitation has been dra-
matically overcome by the advent of Surface-Enhanced Raman
Spectroscopy (SERS) [468] (Figure 7C). SERS leverages the
unique optical properties of plasmonic nanostructures (typically
noble metals like gold or silver) to enormously amplify the
Raman signal, often by factors ranging from 10° to an astounding
10" or even higher. This extraordinary enhancement allows for
the detection of molecules at ultra-low concentrations, down to
single-molecule levels in some cases.

The SERS mechanism is primarily attributed to two synergis-
tic effects [469]. The first and dominant mechanism is the
electromagnetic (EM) enhancement, arising from the excitation
of localized surface plasmons (LSPs) on the metallic nanos-
tructures when illuminated by the incident laser. These LSPs
create highly confined and intensely amplified electromagnetic
fields (the “hotspots”) at the nanostructure surface. Molecules
adsorbed within these hotspots experience a vastly enhanced
incident field and a similarly enhanced scattered field, leading
to a multiplicative increase in the Raman signal. A secondary
mechanism is the chemical (CM) enhancement, which involves
charge transfer interactions between the adsorbed molecule and
the metal surface. This can alter the polarizability of the molecule,
further contributing to the Raman signal enhancement.

SERS biosensors for neural sensing are advantageous [470-472]:
they are label-free, simplifying assay development and avoiding
potential perturbations to biological systems; they offer highly
specific molecular fingerprinting, allowing for unambiguous
identification of analytes even in complex mixtures; they enable
multiplexing by detecting multiple analytes simultaneously based
on their distinct Raman spectra; and they exhibit minimal
interference from water, which is a strong absorber in other
optical techniques but a weak Raman scatterer, making them
ideal for aqueous biological samples.

On the other hand, implementing in vivo SERS for neural
applications presents unique challenges, primarily related to
light scattering and absorption by biological tissues, which limit
penetration depth, and potential photothermal effects at high
laser powers. Strategies to overcome these include using near-
infrared (NIR) excitation lasers, which penetrate tissue more
deeply [473]; developing miniaturized fiber optic SERS probes for
targeted delivery and collection of light from deep brain regions
[432] (Figure 7D); and fabricating biocompatible SERS substrates
that minimize foreign body response and maintain long-term
stability in vivo.

The reproducibility of SERS substrate fabrication remains a
significant engineering challenge, as the enhancement factor is
highly dependent on the precise morphology and arrangement of
the plasmonic nanostructures. Achieving consistent and uniform
“hotspots” across large areas is difficult. Furthermore, quantita-
tive analysis with SERS can be challenging due to variations in
enhancement factors and molecular orientation on the surface.
Finally, while NIR lasers reduce photothermal effects, careful
control of laser power is still necessary to prevent photothermal
damage to delicate neural tissues during prolonged in vivo
measurements.

6.5 | Photonic Crystal and Interferometric
Biosensors

Photonic crystal (PhC) biosensors and interferometric biosen-
sors represent advanced optical sensing modalities that exploit
light’s interaction with nanostructured materials or precisely
controlled optical paths. These label-free techniques offer high
sensitivity to changes in the refractive index of the surrounding
medium, making them powerful for detecting biomolecular
binding events.

PhC are periodic dielectric nanostructures that control the flow
of light in a similar way that semiconductors control the flow
of electrons. They possess a “photonic bandgap,” a range of
frequencies that cannot propagate through the crystal. Defects
or cavities introduced into this periodic structure can localize
light at specific wavelengths within the bandgap, creating highly
sensitive resonant modes [474, 475]. For biosensing, the surface of
a PhC structure (e.g., a 1D grating, a 2D slab with a periodic array
of holes) is functionalized with a biorecognition element [476].
When a target analyte binds to the surface, it causes a change
in the local refractive index within the evanescent field of the
localized light mode. This minute refractive index change leads
to a measurable shift in the resonance wavelength or the intensity
of the light transmitted or reflected by the photonic crystal. The
sharp resonance peaks associated with PhCs allow for extremely
precise detection of these wavelength shifts, translating into very
high sensitivity for biomolecular binding, often in the picomolar
to femtomolar range.

Interferometric biosensors operate on the principle of optical
interference, where a phase difference is introduced between two
coherent light beams (or two parts of the same beam) due to an
interaction with the analyte, leading to a measurable change in
interference pattern or intensity [477]. Common configurations
include Mach-Zehnder interferometers, Young’s interferometers,
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and surface grating couplers [478]. In a typical Mach-Zehnder
interferometer, light is split into two paths: a sensing arm and a
reference arm. The surface of the sensing arm is functionalized
with a biorecognition layer. When the target analyte binds to the
sensing arm, it causes a localized change in the effective refractive
index of the waveguide or optical path. This change introduces
a phase shift in the light propagating through the sensing arm
relative to the reference arm, resulting in a detectable change in
the interference pattern observed at the detector. Interferometric
sensors offer high sensitivity, as phase changes can be measured
with very high precision. Like PhCs, they are label-free, compact,
and compatible with integrated photonics, allowing for mul-
tiplexing and miniaturization suitable for implantable devices.
Both PhC and interferometric biosensors are being explored for
detecting neurotransmitters, proteins, and DNA biomarkers in
neural fluids, offering promising avenues for high-performance,
integrated optical neurochemical sensing.

7 | Ultrasound-Assisted and Acoustic Biosensors

The application of ultrasound in biomedical engineering has
evolved beyond imaging and therapeutic interventions, establish-
ing itself as a compelling strategy for powering and enhancing
implantable biosensing platforms [490-493]. Within the land-
scape of neural interfaces, ultrasound-assisted and acoustic
biosensors offer a promising avenue for non-invasive, deep-tissue
operation, wireless communication, and signal amplification.
These biosensors rely on the mechanical and acoustic prop-
erties of ultrasound waves to enable detection of biochemical
and physiological signals relevant to brain health and function
(Table 6).

7.1 | Mechanisms of Ultrasound-Driven Sensing
Ultrasound-based  biosensing exploits the interactions
between acoustic waves and soft biological tissues or
micro/nanostructures embedded within implantable sensors.
At the core of many ultrasound-responsive biosensors lies
the principle of piezoelectricity, where materials such as zinc
oxide (ZnO), barium titanate (BaTiO;), or lead zirconate
titanate (PZT) generate electrical potentials in response to
mechanical deformation [494-497]. When integrated into thin-
film biosensors, these piezoelectric elements can convert incident
ultrasound waves into electric signals, providing a power source
or transduction mechanism for sensing events.

In particular, ultrasound can modulate the behavior of biosensors
in several ways. For passive systems, it induces mechanical
vibrations or displacement of sensing membranes, which can be
transduced into an electrical signal by piezoelectric or triboelec-
tric effects. For active biosensors, focused ultrasound can trigger
localized heating, induce cavitation effects, or modulate the
permeability of hydrogel matrices, thereby enhancing molecular
diffusion and signal kinetics. This approach has been effectively
employed to improve the temporal resolution and sensitivity
of neurotransmitter detection, particularly for dopamine and
glutamate in deep-brain structures.

Furthermore, the development of microbubble-based or gas
vesicle-based sensing elements provides additional layers of
functionality [498, 499]. These gas-filled structures can oscillate
in response to ultrasound waves, producing mechanical signals
or changing their optical properties. When combined with func-
tionalized films, such as enzyme- or aptamer-coated layers, they
enable biochemical sensing with acoustic readouts or actuation
[500].

7.2 | Ultrasound for Wireless Actuation and
Signal Enhancement

One of the most attractive features of ultrasound in neural
implantable biosensors is its capability for wireless energy
transfer and data modulation. Acoustic energy can penetrate
deep tissues with low attenuation and without the electromag-
netic interference associated with RF or inductive powering
[16]. This makes ultrasound a suitable modality for chronically
implanted neural sensors, especially in regions shielded by bone
or cerebrospinal fluid.

Wireless powering using ultrasound is typically realized through
the use of miniaturized piezoelectric transducers integrated
into the biosensor platform [501]. These transducers harvest
incident ultrasonic waves and convert them into electrical energy
that can sustain the operation of low-power electronics such
as signal amplifiers, microcontrollers, or even electrochemical
sensing modules [502]. Compared to conventional batteries, these
ultrasonic power sources allow for reduced device size, increased
longevity, and elimination of percutaneous wires or connectors.

Additionally, acoustic modulation can be used to encode sensing
signals for data transmission. This is accomplished by modulating
the amplitude, phase, or frequency of ultrasound backscatter
from the implanted device in response to biochemical analyte
levels. Techniques such as pulse-echo time-of-flight or acoustic
backscatter modulation have been demonstrated in proof-of-
concept devices for glucose and lactate sensing [502].

Beyond power and telemetry, ultrasound can directly enhance
the sensitivity of biosensors by improving analyte transport.
For example, low-intensity pulsed ultrasound (LIPUS) has been
shown to increase tissue permeability and enhance interstitial
fluid movement [503-505]. This can facilitate the diffusion of
target analytes such as interleukins or neurotransmitters toward
the sensor surface, reducing the response time and improving the
lower detection limit.

7.3 | Applications in Biochemical Monitoring
Ultrasound-assisted biosensors are particularly well-suited for
monitoring biochemical events, where traditional optical or
electromagnetic methods face limitations. These sensors, pow-
ered and interrogated acoustically, can operate without wired
connections or large external hardware, allowing for experiments
in freely moving animals.

Furthermore, these biosensors have been applied in models of
neurodegenerative diseases such as Alzheimer’s and Parkinson’s
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TABLE 6 | Examples of acoustic and FET-based biosensors for neurotransmitters, biomarkers and small molecules.

Sensitivity/Limit Application
Category/Description Target analyte Platforms/Materials of detection stage Refs.
Acoustic
Surface Acoustic Wave (SAW)  Botulinum toxin Quartz SAW device (120 MHz) n/a In vitro [534]
Love-wave immunosensor for A (BoNT-A) with gold electrodes, antibody
BoNT-A monolayer receptor layer
SAW dopamine sensor (CoPc Dopamine Quartz SAW device (110 MHz)  ~1.6° phase shift In vitro [532]
nanopillars) coated with cobalt per nM (LOD
phthalocyanine nanopillars ~0.1 nM)
(sensing film)
SAW-assisted SERS for Dopamine LiNbO; SAW device + Ag ~10 fM with SAW In vitro [535]
dopamine nanoparticle aerosol (forming (~1 pM without
SERS clusters) SAW)
FET
Graphene aptamer transistor Dopamine CVD-grown graphene channel LOD ~1 aM; range In vitro [536]
with dopamine-specific DNA up to 100 uM
aptamer, integrated on Si
substrate
Polysilicon nanowire FET Dopamine Low-temperature poly-Si fM-level sensitivity In vitro [537]
nanowires (sidewall spacer
technique) on silicon substrate
Single-CNT aptasensor Serotonin Single-walled carbon Single-molecule In vitro [538]
(smFET) nanotube with covalently detection
attached aptamer (SmFET (1 molecule)
configuration)
Dual-gate SOI FET with Dopamine Silicon-on-insulator dual-gate Sensitivity In vitro [508]
extended gate (EGFET) FET + dopamine-sensitive 373.98 mV/decade
extended gate (10 fM-1 uM)

disease, where monitoring chronic changes in cytokine levels or
oxidative stress markers like H,O, is crucial [506] (Figure 8A).
Recent studies have also explored the integration of ultrasound
biosensors with neuromodulatory systems. [12, 71] By coupling
sensing modules with ultrasonic neural stimulators, closed-loop
systems can be developed wherein the detection of a specific
biochemical threshold (e.g., a spike in IL-6 or nitric oxide) triggers
an adaptive therapeutic response. Such systems are envisioned
as the foundation of intelligent neural implants capable of
personalized, autonomous intervention.

8 | Field-Effect Transistor (FET)-Based Biosensors
Field-Effect Transistor (FET)-based biosensors represent a highly
sensitive and versatile class of electrochemical transducers,
leveraging the sensitivity of a semiconductor channel’s electrical
conductivity to changes in its immediate dielectric environment
[507]. These devices are particularly attractive for microfabricated
biosensors aimed at detecting neurotransmitters, biomarkers,
and small molecules due to their inherent signal amplification
capabilities, miniature footprint, and compatibility with standard
microfabrication processes [508-510] (Table 6). The core principle
involves a gate electrode (or the analyte itself acting as a gate)
modulating the charge carrier density within a semiconductor
channel, leading to a measurable change in current flowing

between the source and drain electrodes (Figure 8B). FETs and
OECTs are both used as biosensors, but they differ fundamentally
in their operating mechanisms and materials [511]. OECTs (a
specific variant of organic field-effect transistors, OFETs) operate
through bulk ion penetration into an organic semiconductor,
making them highly sensitive to ionic and biochemical signals
in aqueous environments. In contrast, FET sensors modulate
current through an electric field applied at a gate, with signal
detection occurring primarily at the interface, which makes them
faster but generally less sensitive to ionic concentration changes.
Additionally, OECTs offer better biocompatibility and lower
operating voltages, while FETs typically provide higher-speed
responses and better integration with traditional electronics.

Despite their optimal sensitivity under controlled in vitro con-
ditions, the performance of FET-based biosensors in clinically
relevant biofluids remains a critical challenge for translation.
In complex matrices such as serum, interstitial fluid, or cere-
brospinal fluid, high ionic strength leads to strong Debye
screening that attenuates charge-based signal transduction, while
electroactive interferents (e.g., ascorbic acid, uric acid, glucose)
and nonspecific protein adsorption introduce signal drift and
false positives [512, 513]. These effects are further compounded
over time by biofouling and changes in the local biochemical
environment, which can obscure analyte-specific responses. To
mitigate these limitations, specificity can be improved through
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FIGURE 8 | Acoustic (A)and (B) FET-based sensors. (A) LiTaO; surface acoustic wave sensor for detection of dopamine. The AFM images show
a 2D scan of 50 nm thick cobalt phthalocyanine (CoPc) film grown over the gold sensing platform of the SAW sensor, and the 3D view of the high-
magnification image of CoPc films. Response of the CoPc-based SAW sensor is shown for different ascorbic acid concentrations. Reprinted from [532].
Copyright 2014, American Chemical Society. (B) FET-based Si neuroprobe for detection of serotonin. Representative transfer characteristics (Ipg-Vgs;
left) and leakage current (Igs-Vgs; right) for two transistors (curves are overlaid) on a single probe in phosphate-buffered saline. Representative transfer
characteristics (Ipg-Vpg) is also shown at different gate voltages showing typical transistor behavior with saturation. A surface functionalization for
In, O3 transistor channels is based on PTMS, trimethoxy(propyl)silane, APTES, (3-aminopropyl)triethoxysilane, MBS, 3-maleimidobenzoic acid N-
hydroxysuccinimide ester. Serotonin aptamer-FET response curve in artificial cerebrospinal fluid (aCSF) is shown, together with its responsiveness to
biologically relevant concentrations of interferents versus serotonin in aCSF (100 nM): 100 uM 1-5-hydroxytryptophan (1-5-HTP), 5-hydroxyindoleacetic
acid (5-HIAA), DA, I-tryptophan (I-Trp), 50 uM uric acid (UA), or 200 uM ascorbic acid (AA). Reproduced from [533]. Creative Commons CC-BY.
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surface functionalization strategies that minimize the effective
sensing distance and suppress nonspecific interactions, including
the use of short recognition elements (e.g., aptamers, nanobodies,
or antibody fragments), antifouling polymer and zwitterionic
coatings, and PEGylated or biomimetic passivation layers [308,
514]. Additional approaches such as differential reference archi-
tectures, charge-modulation schemes, and operation in low-
ionic-strength microenvironments have enabled partial recovery
of sensitivity in real biofluids. However, these demonstrations
typically involve short-term measurements, underscoring the
need for further validation of long-term stability, specificity, and
reproducibility before FET biosensors can be reliably deployed in
chronic clinical settings.

8.1 | Silicon Nanowire FETs for Neurochemical
Sensing

Silicon Nanowire (SiNW) FETs have emerged as a promi-
nent platform for high-performance neurochemical sensing,
capitalizing on the unique electrical and physical properties
of silicon nanowires [515-517]. These devices utilize a semi-
conductor channel fabricated from silicon, typically grown or
patterned into a one-dimensional (1D) nanowire geometry. The
defining characteristic of SINW FETs for sensing is their high
surface-to-volume ratio. This geometric advantage maximizes the
interaction between the sensing surface and the analyte in the
surrounding solution, enhancing sensitivity significantly. The
transduction mechanism in a SINW FET involves a change in
the local electric field near the nanowire surface, induced by
the binding of charged analytes or by biochemical reactions that
alter the local charge density or dielectric constant. This change
directly modulates the electrostatic potential along the nanowire
channel, leading to a substantial and quantifiable change in the
drain current (current flowing from source to drain).

The operational principle for neurochemical sensing typically
involves modifying the surface of the SiNW with a specific
recognition layer [517]. For instance, neurotransmitter detection
can be achieved by functionalizing the silicon dioxide (SiO, )
native oxide layer on the nanowire surface with specific receptors
or enzymes [518]. For example, for dopamine detection, the
SiNW surface can be modified with a dopamine receptor, or with
an enzyme like tyrosinase which catalyzes dopamine oxidation,
generating products that alter the local potential [519]. The
binding of charged dopamine molecules or the products of its
enzymatic reaction would directly gate the nanowire, causing a
detectable change in its conductance. Similarly, for ion detection,
such as H+ (pH sensing), K+, or Na+, the SINW surface can be
functionalized with ion-selective membranes or ionophores. The
binding of these ions to the functional layer leads to a change
in the surface potential that directly modulates the conductance
of the underlying silicon nanowire channel [520, 521]. The high
sensitivity of SINW FETs allows for the detection of physiological
and even sub-physiological concentrations of these critical ions,
essential for monitoring neuronal excitability and pathological
conditions like ischemia.

SiNW FETs offer several compelling advantages for neural sens-
ing. Their inherent signal amplification means that small changes
in surface charge or potential result in large, easily measurable

changes in drain current, leading to ultra-high sensitivity, often
achieving picomolar (pM) to femtomolar (fM) limits of detection
for certain analytes. The miniature size of nanowires (typically
tens to hundreds of nanometers in diameter) allows for high-
density integration into arrays, enabling multiplexed detection
of various analytes simultaneously within a localized area,
crucial for understanding complex neurochemical interactions.
Furthermore, their compatibility with standard silicon fabrica-
tion processes facilitates batch production and integration with
sophisticated on-chip signal processing circuitry, paving the way
for compact, autonomous sensing systems.

8.2 | Graphene and 2D Material-Based FETs

The advent of two-dimensional (2D) materials, particularly
graphene, has revolutionized the field of FET-based biosensors,
offering unprecedented levels of sensitivity and flexibility for
neurochemical sensing [522]. Graphene, a single layer of carbon
atoms arranged in a hexagonal lattice, possesses extraordinary
electrical properties, including exceptionally high electron mobil-
ity and ambipolar (electron and hole) conduction. Crucially for
sensing, every atom in graphene is a surface atom, making its
electrical properties sensitive to changes in the surrounding envi-
ronment. Beyond graphene, other 2D materials like molybdenum
disulfide (MoS,) [523], tungsten disulfide (WS,) [524], and black
phosphorus (BP) [525] are also being explored, each offering
unique bandgap characteristics and surface chemistries.

The transduction mechanism in a graphene FET (GFET) biosen-
sor is similar to SINW FETs, where the binding of an analyte or
a local biochemical event alters the surface charge density or the
local dielectric constant in the vicinity of the graphene channel.
This change directly shifts the Dirac point (the gate voltage at
which graphene’s conductivity is minimal) or modulates the
conductivity of the graphene channel itself, leading to a mea-
surable change in the source-drain current [526]. For instance,
the adsorption of charged neurotransmitters or proteins onto the
graphene surface directly acts as an electrostatic gate, inducing
charge carriers in the graphene and changing its conductance.
For dopamine or serotonin, aptamers can be immobilized onto
graphene. Upon binding of the target neurotransmitter, the
conformational change of the aptamer or the charge of the bound
molecule itself directly alters the electrical properties of the
underlying graphene. Similarly, for metabolic small molecules
like glucose or lactate, enzymes (e.g., glucose oxidase, lactate oxi-
dase) are immobilized onto the graphene surface. The enzymatic
reaction produces electroactive species (like H,0,) or changes
local pH, both of which can be detected as a shift in the GFET’s
transconductance. For biomarker detection, such as proteins (e.g.,
cytokines like IL-6, etc.), antibodies or peptide receptors can be
linked to the graphene [527].

The ultra-high sensitivity of 2D material-based FETs stems
from the atomic thinness of the channel, meaning even minute
surface charge variations significantly impact overall conduc-
tance, leading to exceptionally low limits of detection (often
at the fM to aM range). Their inherent mechanical flexibility
and optical transparency make them ideal for integration onto
flexible and transparent substrates, enabling conformable neural
interfaces that minimize tissue damage and allow for multimodal

38 of 64

Advanced Sensor Research, 2026



integration (e.g., with optical imaging). Furthermore, graphene’s
unique electronic properties, including its ambipolarity, offer
new avenues for engineering highly efficient sensors. Despite
their favorable electrical properties and atomically thin sens-
ing interfaces, 2D material FETs face significant challenges,
including the precise and reproducible functionalization of 2D
material surfaces, scalable fabrication of high-quality, pristine
2D materials for large-scale sensor array, and long-term sur-
face stability in biological environments [528, 529]. Wafer-scale
synthesis and transfer processes often introduce defects, grain
boundaries, and interfacial contamination that lead to variabil-
ity in device performance and hinder reproducible large-area
integration. These issues are compounded in chronic implant
settings, where biofouling and protein adsorption can rapidly
degrade sensitivity and baseline stability. Approaches to address
these limitations include: material-specific antifouling strategies,
e.g., ultrathin polymeric or zwitterionic coatings that preserve
electrostatic coupling [514]; dynamic or stimuli-responsive sur-
face layers that adapt to changing biological conditions [530];
and nanostructured or textured interfaces that reduce nonspecific
adsorption while maintaining analyte accessibility [531]. These
approaches represent promising directions, however, their com-
patibility with wafer-scale processing and their durability over
long implantation times remain largely unvalidated.

9 | Magnetic Biosensors

Magnetic and magnetoresistive biosensors represent a rapidly
advancing class of analytical tools, distinguished by their ability
to detect biomolecular interactions through changes in mag-
netic fields or electrical resistance under magnetic influence.
These sensors offer unique advantages for applications in neuro-
science, particularly for in vivo monitoring of neurotransmitters,
biomarkers, and small molecules, due to their potential for
high sensitivity, low background noise from biological samples,
and compatibility with miniaturization and implantable designs
[539]. Unlike optical or electrochemical methods that can be
susceptible to sample turbidity or electrochemical interferences,
magnetic sensing often provides a cleaner signal in complex
biological matrices [540].

9.1 | Principles of Magnetic Sensing

The fundamental principle behind magnetic biosensors lies in
the precise detection of magnetic nanoparticles (MNPs), which
are functionalized as labels to bind specifically to target ana-
lytes [541]. These MNPs, typically superparamagnetic iron oxide
nanoparticles [542], possess unique magnetic properties: they
exhibit strong magnetic responses when an external magnetic
field is applied but show no residual magnetism when the field
is removed, preventing aggregation and non-specific magnetic
interactions. This superparamagnetic behavior is crucial for their
application as highly sensitive tags in biosensing. The detection
scheme involves a biorecognition event that brings these MNPs
into close proximity with a magnetic sensor. The presence and
concentration of these MNPs, and thus the target analyte, are
then quantified by measuring their effect on a magnetic field or
a magnetic sensor’s electrical properties [543]. This is achieved
through various magnetic sensing techniques, which differ in

their underlying physics and readout mechanisms. One common
approach involves measuring the stray magnetic field generated
by the MNPs after they have bound to the target on the sensor
surface. When an external magnetic field is applied, the MNPs
become magnetized, producing a local stray field. The magnitude
of this stray field is directly proportional to the number of bound
MNPs and, consequently, the concentration of the target analyte.
Sensors like Hall effect sensors [544], Giant Magnetoresistance
(GMR) sensors [545, 546], or Tunnel Magnetoresistance (TMR)
sensors [547] are sensitive to these localized magnetic field
changes. Hall effect sensors, for instance, detect the voltage
generated perpendicular to both a current flow and an applied
magnetic field in a semiconductor. While effective, GMR and
TMR sensors generally offer significantly higher sensitivities for
biosensing applications.

GMR sensors are based on the quantum mechanical phe-
nomenon observed in multilayer structures composed of alter-
nating ferromagnetic (FM) and non-magnetic (NM) conductive
layers (e.g., Fe/Cr, CoFe/Cu). The electrical resistance of such a
multilayer stack changes dramatically depending on the relative
orientation of the magnetization vectors in adjacent ferromag-
netic layers. When the magnetizations are aligned parallel,
resistance is low; when they are antiparallel, resistance is high.
This “giant” change in resistance is exploited for sensing. In an
implantable GMR biosensor, the surface of the GMR stack is
functionalized with a capture probe (e.g., antibodies, aptamers).
When the target analyte is present in the biological fluid (e.g.,
cerebrospinal fluid, interstitial fluid), it binds to the capture
probe. Subsequently, magnetic nanoparticles (MNPs), conjugated
to a detection probe (e.g., another antibody), bind to the captured
analyte, bringing the MNPs into close proximity to the GMR
sensing element. These MNPs generate a localized stray magnetic
field, which perturbs the magnetization alignment within the
GMR stack’s “free layer.” This perturbation causes a measurable
change in the GMR device’s electrical resistance, directly correlat-
ing with the number of bound MNPs and thus the concentration
of the target analyte. GMR sensors offer high sensitivity (often in
the picomolar to femtomolar range for biomolecules), excellent
signal-to-noise ratio, and are relatively stable in physiological
environments. They can be fabricated into miniaturized arrays,
allowing for multiplexed detection of multiple targets from a
small sample volume. For neural applications, GMR sensors
have been explored for detecting neurotransmitters labeled with
MNPs, or for inflammatory biomarkers and proteins associated
with neurodegenerative diseases.

TMR sensors represent an even more sensitive class of magne-
toresistive devices. A TMR sensor is typically a magnetic tunnel
junction (MTYJ), consisting of two ferromagnetic layers separated
by an ultrathin insulating barrier (e.g., CoFeB/MgO/CoFeB)
[548]. Electrons quantum mechanically “tunnel” through this
insulating barrier. The tunneling probability, and thus the elec-
trical resistance of the MTJ, is sensitive to the relative alignment
of the magnetization vectors of the two ferromagnetic layers.
Similar to GMR, parallel alignment results in low resistance,
while antiparallel alignment leads to high resistance. TMR
sensors generally exhibit a larger magnetoresistance ratio (the
percentage change in resistance) compared to GMR, translating
into even higher sensitivity [549]. This enhanced sensitivity
makes TMR sensors particularly attractive for detecting extremely
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low concentrations of neural biomarkers. For implantable TMR
biosensors, the insulating barrier or one of the ferromagnetic
layers can be functionalized. As MNPs bind to the recognition
layer on the TMR sensor surface, their stray magnetic fields
directly influence the magnetization of the sensing ferromagnetic
layer, leading to a measurable change in the tunneling current or
resistance. TMR sensors offer extremely low power consumption,
high bandwidth, and can be fabricated into very small footprints,
making them highly suitable for power-constrained, miniatur-
ized implantable neural probes. Researchers are exploring TMR
biosensors for the detection of subtle changes in neurotrans-
mitter levels, cytokines indicative of neuroinflammation, and
protein biomarkers associated with traumatic brain injury or
neurodegenerative disorders [549, 550].

Another principle involves detecting changes in the magnetic
susceptibility or magnetic relaxation of the MNPs. Nuclear Mag-
netic Resonance (NMR) relaxometry, for example, can exploit the
superparamagnetic properties of MNPs [551, 552]. When MNPs
are present, they induce local magnetic field inhomogeneities
that accelerate the relaxation of nearby water protons (T,
relaxation). The change in the measured T, relaxation rate of
water molecules in the sample is directly proportional to the
concentration of MNPs, which are indirectly linked to the target
analyte. This approach is particularly advantageous as it is less
susceptible to background biological noise.

Furthermore, some magnetic biosensors operate by detecting the
magnetic moments of cells or other biological entities directly
labeled with MNPs, or by using MNPs to exert mechanical
forces on biomolecules, which can then be detected optically
or electrically. The key advantage across all these principles
is the low magnetic background noise inherently present in
biological samples, as most biological tissues are diamagnetic
or weakly paramagnetic. This provides a high signal-to-noise
ratio compared to optical or electrochemical methods, which can
suffer from autofluorescence or electrochemical interferences.

9.2 | Emerging NMR Microprobes for Neural
Biomarkers

Nuclear Magnetic Resonance (NMR) spectroscopy is a power-
ful analytical technique widely used for structural elucidation
and quantitative analysis of metabolites in complex biological
samples. Its strengths include high reproducibility, quantitative
accuracy, and the ability to non-destructively analyze native tis-
sue specimens. While traditional high-field NMR spectrometers
are bulky and confined to laboratory settings, the emergence of
miniaturized NMR microprobes is opening new avenues for in
vivo or near-in vivo detection of neural biomarkers and small
molecules, leveraging the principles of magnetic resonance in a
microfabricated format [553].

The core concept of NMR microprobes involves shrinking the
key components of an NMR system, primarily the RF coil
used for both exciting and detecting nuclear spins, to the
microscale. These microcoils, often planar or solenoid in design,
are fabricated using microelectromechanical systems (MEMS)
technology. By dramatically reducing the coil size, the mass
sensitivity (sensitivity per unit mass of analyte) of the NMR

system is significantly enhanced because the magnetic coupling
between the RF coil and the tiny sample volume it interrogates
is maximized. This allows for the detection of metabolites and
biomarkers from very small sample volumes (e.g., nanoliters to
microliters), which is crucial for in vivo neural applications where
sample availability is limited [554].

The transduction mechanism relies on the fundamental prin-
ciples of NMR. Atomic nuclei with a net nuclear spin (such
as 1H, 31P, 13C) behave like tiny magnets. When placed in a
strong external static magnetic field (B, ), these nuclear spins
align either with or against the field, creating a slight population
difference. Applying a resonant RF pulse tips these aligned spins,
causing them to precess and emit their own characteristic RF
signal, which is detected by the microcoil. The frequency of this
signal (chemical shift) is unique to the chemical environment
of the nucleus, allowing for direct identification of specific
molecules (e.g., lactate, glucose, glutamate, choline metabolites).
The intensity of the signal is proportional to the concentration
of the molecules. For neural biomarker detection, NMR micro-
probes can be designed to perform highly localized metabolomics,
providing a “metabolic fingerprint” of specific brain regions
[554, 555]. For instance, lactate accumulation is a key biomarker
for ischemic injury or anaerobic metabolism, while glutamate
and GABA levels reflect excitatory and inhibitory neurotrans-
mission. Choline-containing compounds (e.g., phosphocholine,
glycerophosphocholine) are indicators of membrane turnover,
often associated with neuroinflammation or tumor growth. The
NMR microprobe can provide quantitative, spatially resolved
information on these metabolites, crucial for understanding
pathological states.

A particularly promising approach involves Diagnostic Magnetic
Resonance (DMR), which combines micro-NMR (uUNMR) chips
with magnetic nanoparticles (MNPs) as proximity sensors to
amplify molecular interactions [556, 557]. In this scheme, specific
antibodies or aptamers are conjugated to MNPs. When a target
biomarker (e.g., peptides, inflammatory cytokines) is present, it
bridges these MNP-bioreceptor conjugates, causing the MNPs
to aggregate. These aggregates significantly increase the local
magnetic field inhomogeneity, leading to a much stronger per-
turbation of the T, relaxation time of surrounding water protons
compared to dispersed MNPs. The uNMR microcoil then detects
this enhanced T, relaxation, providing a highly sensitive readout
amplified by the collective magnetic field of the MNP aggregates.
This method allows for highly sensitive (down to picomolar to
femtomolar range) and selective multiplexed detection of various
biomarkers in unprocessed biological samples (e.g., CSF, blood
plasma), even in turbid media, without relying on optical signals
or bulky fluidics.

Current limitations of NMR microprobes for neural applications
include their relatively lower sensitivity compared to optical
or electrochemical methods for in vivo detection of very low-
concentration analytes (nM- uM range for direct NMR, lower
for MNP-amplified DMR), and the need for stronger mag-
netic fields (even if from miniaturized permanent magnets)
and sophisticated RF electronics. The development of more
sensitive microcoils, integration with microfluidics for sample
handling, and miniaturization of the entire NMR system for truly
implantable designs are active areas of research, paving the way
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for NMR to provide real-time, comprehensive metabolic profiling
within the nervous system.

10 | Self-Powered Biosensors and Energy
Harvesting

The vision of truly autonomous, long-term, and implantable
biosensors for continuous monitoring of neurotransmitters,
biomarkers, and small molecules within the human body is
critically dependent on addressing the fundamental challenge of
power supply. Traditional battery-powered devices are limited by
battery size, lifespan, and the need for invasive replacement surg-
eries [16]. Self-powered biosensors directly address this limitation
by integrating energy harvesting capabilities, drawing power from
the biological environment itself. This paradigm shift enables
the creation of devices that are perpetually operational, reducing
maintenance, increasing patient comfort, and minimizing the
risk of complications associated with power source depletion.
Various energy harvesting modalities exist [225]: a detailed review
of all of them is out of the scope of this work. Two main examples
will be considered, i.e., piezoelectric and triboelectric nanogener-
ators. The integration of energy harvesters with microfabricated
biosensors paves the way for truly self-sustained wireless neural
interfaces.

10.1 | Piezoelectric and Triboelectric
Nanogenerators for Autonomous Sensing

The human body is a rich source of various forms of mechanical
energy, primarily generated by physiological movements such
as heartbeat, breathing, blood flow, muscle contraction, and
everyday activities. Piezoelectric Nanogenerators (PENGs) and
Triboelectric Nanogenerators (TENGs) are emerging technolo-
gies that efficiently convert this ambient mechanical energy into
usable electrical power, making them ideal candidates for pow-
ering autonomous biosensors. These nanogenerators operate on
distinct physical principles, yet both offer high energy conversion
efficiency at small scales, making them suitable for implantable
applications.

PENGs exploit the piezoelectric effect, where certain materials
generate an electric potential when subjected to mechanical
stress or strain. Conversely, they deform when an electric field
is applied. For energy harvesting, piezoelectric materials (e.g.,
PZT, ZnO, polyvinylidene fluoride (PVDF), BaTiO;, aluminium
nitride (AIN)) are designed to undergo repeated mechanical
deformation from physiological movements [225, 558-561]. When
a piezoelectric material is compressed or stretched, its internal
crystal structure distorts, leading to a separation of positive and
negative charges and the generation of an electric potential across
the material. When this stress is released, the charges recombine,
producing an alternating current.

In the context of biosensors, PENGs can be designed as thin films
or nanowire arrays integrated directly onto or near regions of the
body experiencing rhythmic movements. For example, PENGs
positioned near the diaphragm or heart can harvest energy from
breathing or heartbeat, respectively [562]. PENGs incorporated
into flexible neural probes can convert the micro-movements of

brain tissue or surrounding cerebrospinal fluid flow into electrical
power [563]. The generated voltage and current can then be
rectified and stored in a micro-supercapacitor or thin-film battery
to continuously power the biosensing elements. The specific
material choice, geometry (e.g., nanowires, thin films, composite
structures), and encapsulation are critical for maximizing energy
output and ensuring biocompatibility.

TENGs, on the other hand, convert mechanical energy into
electrical energy based on the coupling of triboelectrification
(charge transfer between two materials upon contact and separa-
tion) and electrostatic induction [564, 565]. When two materials
with different electron affinities repeatedly come into contact
and separate, charges are transferred, creating static electricity.
If electrodes are placed on the surfaces of these materials, the
periodic change in the separation distance between the charged
surfaces induces an alternating current flow in the external circuit
as charges move to screen the separated surface charges.

TENGs are typically constructed from two distinct triboelectric
layers (often polymeric, e.g., PDMS, polyimide, nylon) that are
brought into contact and separated, or slid against each other
[566-569]. The specific design can be based on contact-separation
mode, sliding mode, single-electrode mode, or freestanding
triboelectric-layer mode. For in vivo applications, TENGs can
harvest energy from skin stretching, muscle contraction, blood
vessel pulsation, or even the movement of internal organs. For
instance, a flexible TENG patch implanted near a pulsing artery
can continuously generate power. The materials used must be
robust, biocompatible, and possess a high triboelectric disparity
to maximize charge transfer. TENGs generally produce higher
output voltages but lower currents compared to PENGs, requiring
different power management circuitry [225, 564, 570, 571].

10.2 | Integration of Energy Harvesters With
Electrochemical and FET Sensors

The successful realization of self-powered biosensors lies in the
effective and efficient integration of these energy harvesting units
with the actual biosensing elements, such as electrochemical and
FET sensors.

For electrochemical biosensors, which typically require a low
but continuous current bias or potential for their operation (e.g.,
amperometric sensors) or for short pulses (e.g., voltammetric
sensors), the harvested energy needs to be rectified and stored.
A common integration strategy involves connecting the PENG or
TENG to a rectifier circuit (e.g., a full-wave bridge rectifier) for
AC/DC conversion. This DC power is then fed into a power man-
agement unit (PMU), which typically includes a voltage regulator
and an energy storage component like a micro-supercapacitor or
a thin-film rechargeable battery. The micro-supercapacitor, due to
its high power density and rapid charge/discharge cycles, is well-
suited for buffering the intermittent energy harvested from body
movements and providing stable power to the electrochemical
sensor. For example, a flexible PENG harvesting energy from
respiration can trickle-charge a micro-supercapacitor, which
then provides the stable potential for an amperometric glucose
or lactate sensor, enabling continuous metabolic monitoring
without external power [572]. The challenges in this integration
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include matching the output impedance of the nanogenerator to
the input impedance of the power management unit, minimizing
conversion losses, and ensuring the stability of the harvested
voltage/current for the sensitive electrochemical measurements.

Similarly, for FET-based biosensors, which typically operate at
low voltages (a few volts) and low currents but require stable
gate biasing and source-drain voltage, the integration strategy
follows a similar rectification and storage principle. The PENG
or TENG generates the raw AC power, which is rectified and
regulated by the PMU. The regulated DC voltage is then applied
to the source and drain terminals, and a precise gate voltage
can be generated internally or from the PMU. The ultralow
power consumption of modern FETs, especially those fabricated
with 2D materials, makes them highly compatible with energy
harvesting solutions. For instance, a flexible TENG integrated
into a subcutaneous neural probe could harvest kinetic energy
from body movements to power a graphene FET array for contin-
uous detection of neurotransmitters or inflammatory cytokines
[573]. A key aspect here is managing the power duty cycle:
the nanogenerators generate power intermittently, while the
biosensors may require continuous or pulsed operation. The
energy storage element acts as a buffer, ensuring the biosensor
always receives the necessary power, even during periods of
low mechanical activity. Furthermore, advanced integration can
involve self-gating mechanisms, where the triboelectric charges
directly modulate the gate of an FET, potentially eliminating the
need for complex external gate control circuits, leading to truly
simplified and highly efficient self-powered sensing [574]. The
choice of packaging and encapsulation is crucial for both energy
harvester and sensor to withstand the physiological environment
and maintain long-term functionality.

Table 7 provides a comparative power-budget framework that
relates physiologically achievable harvested power to the typical
consumption of sensing, signal conditioning, data processing,
wireless communication, and actuation modules in closed-loop
implants. This analysis clarifies which system functions can
be supported continuously, which may require duty cycling or
event-driven operation, and where hybrid energy strategies (e.g.,
harvesting combined with microstorage or intermittent wireless
replenishment) are likely necessary.

11 | Other Biosensor Modalities

Beyond the established electrochemical, optical, magnetic, and
self-powered platforms, a diverse array of other biosensor modal-
ities are actively being explored and developed for neurochemical
sensing.

11.1 | Micro- and Nanoelectromechanical Systems
(MEMS/NEMS) for Neural Sensing

MEMS and their nanoscale counterparts, Nanoelectromechani-
cal Systems (NEMS), represent a class of integrated devices that
combine electrical and mechanical components at the micro- and
nanoscale [581]. These systems transduce a physical or chemical
input into a mechanical response (e.g., deflection, resonance
frequency shift) that is then converted into an electrical signal.

For neural sensing, MEMS/NEMS offer unique advantages, par-
ticularly for label-free, mass-sensitive detection, and for creating
integrated platforms capable of both sensing and actuation.

The core principle of MEMS/NEMS biosensors for neural applica-
tions often revolves around resonant sensors [582]. These devices
typically consist of a micro- or nanocantilever, resonator, or
diaphragm, coated with a specific biorecognition layer [583].
When the target analyte binds to the recognition layer, it increases
the mass of the resonator. This mass addition causes a detectable
shift in the resonator’s fundamental resonance frequency, which
can be precisely measured using piezoelectric, piezoresistive,
or capacitive transduction methods. The extremely small mass
of NEMS resonators (e.g., carbon nanotube resonators) allows
for detection of incredibly small mass changes, enabling ultra-
high sensitivity, potentially down to single-molecule detection
[584]. For example, a nanocantilever functionalized with an
antibody specific to a neurodegenerative biomarker like A would
show a frequency shift upon AS binding, allowing for label-free
quantification [585].

Beyond mass sensing, MEMS/NEMS devices can also be designed
to measure other physical changes induced by biochemical
interactions. For instance, surface stress-based sensors utilize
the differential surface stress induced on a functionalized can-
tilever upon molecular binding, causing the cantilever to bend.
This bending can be detected optically or piezoresistively [586].
Moreover, MEMS can form the basis of miniaturized fluidic
systems for sample handling, drug delivery, or integrated cell
culture platforms for in vitro neural studies. For in vivo neural
interfaces, MEMS/NEMS technology enables the fabrication of
highly integrated probes that can simultaneously perform electro-
physiological recording (via microelectrodes), chemical sensing
(via integrated biosensors), and even local drug delivery (via
microfluidic channels), all on a single, compact, and flexible
device [587].

11.2 | Hybrid Biosensors for Multimodal
Detection

The complexity of the neural environment, characterized by
dynamic interactions between electrical activity, diverse neuro-
chemical signals, and ongoing cellular processes, often neces-
sitates a more holistic approach to sensing. Hybrid biosensors
for multimodal detection represent a powerful paradigm shift,
integrating two or more distinct biosensing modalities onto a
single platform. This synergistic combination provides a more
comprehensive and accurate picture of complex biological events,
allowing for simultaneous measurement of different types of
signals (e.g., electrical and chemical, or chemical and physical),
cross-validation of results, and enhanced robustness against
individual sensor limitations.

A common and highly impactful form of hybrid biosensor
in neural interfaces is the electrochemical-electrophysiological
probe. These devices combine microelectrode arrays (MEAs)
for recording neuronal electrical activity (local field potentials,
single-unit spikes) with integrated electrochemical biosensors
(e.g., amperometric or voltammetric sensors) for simultaneous
detection of neurotransmitters (e.g., dopamine, serotonin, gluta-
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TABLE 7 | Realistic continuous average power budgets (typical ranges), key variability factors and feasibility for continuous operation, for common
energy harvesters described in literature [14, 16, 24, 225, 567, 575-580].

Realistic continuous

Energy average power (typical Feasibility for continuous
harvester/Subsystem range) Key variability factors operation
Harvesters

Inductive (near-field,
dedicated external TX)

Dedicated RF power transfer
(focused)

Ambient RF harvesting

Thermoelectric (TEG; body
gradient)

Mechanical / piezo (motion,
heartbeat)

Triboelectric (TENGs)

Biofuel cell (glucose,
enzymatic)

Subdermal photovoltaic
(with external light)

Subsystems (typical
ranges)

Sensing (low-bandwidth
biochemical, low-noise front
end)

Signal conditioning / ADC

Processing / ML inference
(tinyML)

Wireless telemetry (BLE,
low-rate)

Closed-loop electrical
actuation (neural stim)

Drug-delivery actuator
(microvalve, pump)

0.5-50 mW (practical: 1-20
mWw)

10 yW - 5 mW
nW-10 pW

0.1 uyW-100 uW (typical
implant: 1-20 uW)

0.1 yW-1 mW (typical: 1-500
uW, highly intermittent)
~uW-mW (motion
dependent)

0.5 uUW-500 uW (typical
continuous: 1-10% uW)
1 pyW-10 mW (with strong
illumination: mW range)

1 uW-500 uW (typical low:
10-100 pW)

1 pyW-1 mW (depending on
sampling rate and
resolution)

1 uW-10 mW (typical sleep
uW; active inference 10-10°
uwW)

Active TX: 5-50 mW;
duty-cycled average: <100
uW — few mW

Pulse instantaneous power:
mW-10?> mW; average
depends on duty cycle (uUW
up to mW)

Mostly uW average, but
occasional pulses can be
mW-10> mW

Coupling, alignment,
distance, coil size;
continuous if external TX
present

Tx power limits, alignment,
regulatory limits
RF environment, distance to
emitters

Local temp gradient, surface
area, thermal interface

Motion amplitude/frequency
and coupling
Contact mechanics,
encapsulation losses

Local glucose concentration,
enzyme lifetime, fouling

Skin attenuation,
illumination, external light
source

Bandwidth, multiplexing,

sensor type

ADC resolution, sampling
duty cycle

Model complexity, duty cycle

TX duty cycle, transmit
power, link budget

Stim amplitude, pulse width,
frequency, electrode
impedance

Type of actuator, dosing
schedule

Yes (with external
transmitter)

Maybe (lower mW with
careful link)

No (insufficient for active
wireless/actuation)

Maybe for ultra-low power
nodes

Maybe (for intermittent or
duty-cycled loads)
Maybe (for intermittent or
duty-cycled loads)

Maybe for low-power
systems; hard for mW loads

Yes if reliable external
illumination; otherwise No

Often compatible with
enzymatic / TEG / motion

Depends on duty cycling

Often requires harvesting +
storage or duty cycling

Continuous streaming
requires inductive/dedicated
RF; suitable for intermittent

Usually requires inductive or
stored energy + recharge

Feasible with harvesting +
storage if actuation rare

mate) [588]. For example, a flexible polyimide probe might embed
both platinum microelectrodes for neuronal firing and carbon
fiber microelectrodes functionalized with oxidase enzymes for
real-time glucose and lactate monitoring [589, 590]. This mul-
timodal approach allows researchers and clinicians to directly
correlate neural electrical activity with concurrent neurochem-
ical changes, providing deeper insights into brain function in

health and disease (e.g., how specific firing patterns relate to
neurotransmitter release, or how metabolic changes influence
neuronal excitability during ischemia or seizure).

Another emerging type of hybrid sensor combines optical sensing
with electrochemical detection. For instance, an SPR or LSPR
plasmonic chip (for label-free protein biomarker detection) could
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be integrated with electrochemical electrodes (for neurotrans-
mitter analysis) on the same platform [591]. Such a device
could simultaneously monitor real-time protein binding kinetics
and also quantify specific electroactive small molecules from a
single sample. Some advanced concepts also explore integrating
MEMS/NEMS devices (for mass sensing or physical manipula-
tion) with optical waveguides or electrochemical cells, creating
intricate lab-on-a-chip systems for highly parallelized and com-
prehensive analysis of neural samples. For example, a MEMS-
based microfluidic system could sort and deliver individual cells
to an optical waveguide-based sensor for real-time analysis of
intracellular biomarkers, while simultaneously, electrochemical
sensors quantify extracellular neurotransmitters [592, 593].

The key advantages of hybrid biosensors are manifold. First, the
simultaneous acquisition of diverse data types provides a more
complete understanding of neurobiological processes. The cross-
validation between modalities can also improve the confidence in
detected signals and reduce false processes. By combining sensors
with different selectivity mechanisms, the overall specificity of
the system can be improved, helping to deconvolute signals in
complex biological environments. Additionally, the ability to inte-
grate multiple functions onto a single, compact microfabricated
platform minimizes device footprint and surgical invasiveness
for implantable applications. Hybrid designs can be customized
to specific research questions or clinical needs, ranging from
combining neural recording with optogenetic stimulation, or
chemical sensing with localized drug delivery. Table 8 summa-
rizes advantages and limitations of all the sensing modalities
described in this review, including hybrid ones.

12 | Conclusions and Future Perspectives

The burgeoning demand for adaptive bioelectronic systems,
highly personalized diagnostics, and responsive neuromodula-
tion platforms has firmly established thin-film biosensors as
a pivotal technology. These innovative devices enable the cre-
ation of multifunctional, minimally invasive, and multimodal
neural interfaces, offering unprecedented windows into the
dynamic complexities of the nervous system. Our exploration
has detailed the fundamental principles, advanced materials,
and sophisticated transduction mechanisms that underpin the
development of electrochemical, plasmonic, and even emerging
ultrasound-based thin-film biosensors, all tailored for the precise
detection of neurotransmitters, minute small molecules, and
critical disease-relevant biomarkers. Seamlessly integrated into
flexible, implantable, and wearable systems, these sensing modal-
ities unlock extraordinary opportunities for real-time monitoring
and sophisticated closed-loop feedback in a broad spectrum of
neurological and systemic disorders.

The profound impact of thin-film materials and sophisticated
surface functionalization strategies cannot be overstated; they are
absolutely critical for enhancing sensitivity, ensuring biocompati-
bility, and enabling radical device miniaturization. This dynamic
field is experiencing an exhilarating pace of progress, propelled
by groundbreaking innovations across nanomaterials, ultrasoft
substrates, and ingenious biointerface designs. Together, these
advancements are fundamentally transforming the performance
metrics and clinical potential of chemical biosensors, steadily

bridging the gap from conceptual studies to robust in vivo
applications and, ultimately, to clinically viable systems.

Advancing functional materials. There is an urgent need to forge
advanced functional materials that simultaneously exhibit tissue-
like mechanical properties, unwavering long-term biostability,
and biochemical specificity. These functional layers must be
engineered to reliably detect incredibly low-abundance analytes
within the constantly shifting and complex biological milieu,
all while avoiding detrimental immune responses and debil-
itating sensor biofouling. The intrinsic complexity of neural
tissues, soft, wet, and dynamically moving, demands ultrasoft
and conformal materials for implantable interfaces to prevent
mechanical mismatch, chronic inflammation, and gliosis. Mate-
rials like parylene C, polyimide, PDMS, and hydrogels form
the bedrock of next-generation flexible and stretchable probes,
designed to undergo large deformations without compromising
integrity. Furthermore, incorporating antifouling strategies, such
as hydrophilic coatings (e.g., PEG, zwitterionic polymers) or
dynamic surface chemistries, is crucial for resisting non-specific
protein adsorption and cellular encapsulation that degrade
sensor performance over time. Continued breakthroughs in
organic electronics, novel 2D materials, and bioinspired interface
designs will be indispensable in actualizing these next-generation
biosensors, often involving thin films or serpentine patterns to
minimize mechanical strain and improve conformability with
neural tissues.

Improving integration with wireless and closed-loop systems. For
thin-film biosensors to truly ascend as integral components of
intelligent therapeutic platforms, they must seamlessly merge
with efficient wireless powering and robust data telemetry.
Wireless technologies like RF, Bluetooth Low Energy (BLE), and
ultrasonic links enable untethered operation, reducing patient
discomfort and infection risks. Wireless power transfer modalities
such as inductive coupling and ultrasonic power delivery are
critical for battery-free operation, ensuring power reaches even
deep-brain implants [16]. Beyond just transmitting data, future
systems are envisioned to support bidirectional communication,
where the rich data streamed from the biosensors directly informs
real-time decision-making within adaptive, closed-loop architec-
tures. This enables automated therapeutic interventions, such as
precisely timed electrical stimulation or localized drug release, in
response to detected neurochemical changes or abnormal neural
activity. These self-sustained wireless neural interfaces, powered
by energy harvesting from physiological movements or body heat,
aim for continuous, long-term, and minimally invasive opera-
tion, promising transformative impact on neurological disease
management and research.

Enhancing sensor robustness and longevity. The pursuit of chronic
implantation demands materials and device architectures that
can steadfastly endure sustained mechanical deformation, con-
stant fluid exposure, and persistent biological degradation over
extended periods, often spanning years. This requires moving
beyond merely biocompatible materials to those with inher-
ent durability and corrosion resistance. Research efforts must
intensify on designing fatigue-resistant sensor architectures, pio-
neering more effective and hermetic encapsulation strategies
using materials like parylene C or ALD-grown alumina, and
even exploring self-healing materials capable of autonomously
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repairing minor damage, all aimed at preserving optimal sensor
function in vivo. However, hermeticity contrasts the intrinsic
function of a biosensor, which has to interact with the external
surroundings. For applications where permanent implants are
undesirable, bioresorbable (transient) systems offer a compelling
alternative, designed to degrade harmlessly after a temporary
functional period, eliminating the need for surgical removal.
Regardless of the intended lifespan, integrating all sensor com-
ponents, electronics, and encapsulation layers into a cohesive,
mechanically robust structure is vital for sustained function and
clinical acceptance.

Expanding sensing targets and multiplexing. While current
endeavors have commendably concentrated on pivotal neuro-
transmitters and essential metabolic molecules, the next gen-
eration of biosensors should broaden its scope to include the
multiplexed detection of a far wider spectrum of biomarkers.
This encompasses inflammatory cytokines, subtle oxidative stress
markers, and crucial hormonal signals. The ability to precisely
monitor these diverse neurochemical signals in real-time could
unlock deeper insights into disease progression, therapeutic
response, and fundamental brain function. Combining such
multi-analyte readout with sophisticated machine learning-based
data analysis will dramatically elevate diagnostic precision and
enable more finely tuned therapeutic adaptation, moving beyond
single-analyte snapshots to comprehensive neurochemical profil-
ing.

Leveraging multi-modality and multifunctionality. The ambition
extends to leveraging multi-modality and multifunctionality
within a single, integrated platform. The elegant integration of
chemical biosensing with complementary modalities such as
electrophysiology (for real-time neural activity recording), optical
stimulation (for precise neuronal control), and mechanotrans-
duction (for physical tissue properties) will unlock remarkably
powerful tools for both studying and precisely modulating
complex physiological processes. Hybrid systems that harmo-
niously combine sensing, electrical stimulation, and targeted
therapeutic release within a singular, unified microfabricated
platform are poised to define the very essence of next-generation
bioelectronic medicine. These sophisticated devices will enhance
brain-machine interfaces by adding chemical context to elec-
trical signals, paving the way for adaptive neuromodulation,
personalized medicine, and advanced disease monitoring.

Paving the way for clinical translation. Finally, a dedicated and
concerted effort to pave the way for clinical translation is non-
negotiable. For thin-film biosensors to genuinely impact human
health, collaborative efforts must converge on improving man-
ufacturability to enable scalable production, diligently ensuring
rigorous regulatory compliance (a complex and lengthy process),
and conclusively validating their long-term safety and efficacy in
human subjects. Manufacturing scalability remains a concern,
particularly for devices relying on complex nanomaterials or
custom microfabrication. Furthermore, critical considerations for
systems transmitting sensitive biological information wirelessly
include robust data privacy and cybersecurity.

Beyond signal drift and acute biofouling, the long-term clinical
viability of thin-film biosensors is fundamentally constrained
by challenges associated with chronic implantation. Prolonged

exposure to the physiological environment can lead to gradual
degradation of thin-film materials and encapsulation layers
through hydrolysis, corrosion, or mechanical fatigue, as well
as the release of leachables that may compromise both sensor
performance and tissue compatibility [285, 595, 596]. In parallel,
the foreign body response evolves over months to years from acute
inflammation toward chronic fibrotic encapsulation, altering the
mechanical, chemical, and transport properties of the tissue-
sensor interface. The formation of dense collagenous capsules
and adherent cellular layers increases diffusion distances and
electrical insulation, resulting in progressive attenuation of signal
amplitude, reduced sensitivity, and delayed temporal response
[597].

Encapsulation-induced changes in the local microenvironment,
such as altered pH, oxygen availability, and analyte transport,
further decouple the sensor from the target physiological signal,
particularly for thin-film electrochemical and chemical sensing
modalities [598]. Emerging strategies to address these limitations
include the use of mechanically compliant and tissue-matched
substrates to reduce micromotion-induced inflammation, anti-
fibrotic and immunomodulatory surface chemistries to mitigate
capsule formation, and adaptive calibration, redundancy, or self-
diagnostic architectures to compensate for gradual performance
degradation [599]. While these approaches have shown promise
in short-term or preclinical studies, their long-term efficacy
and reliability in chronic human implantation remain largely
unproven, underscoring the need for extended in vivo validation
and system-level design approaches that explicitly account for
biological evolution over time.

All this necessitates close collaborations across diverse dis-
ciplines, including materials science, biomedical engineering,
neurosciences, clinical medicine, and regulatory science, all
working in concert to achieve real-world deployment and unlock
their full clinical promise.
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