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Abstract

Chemical sensors have undergone transformative advances in recent years, driven by
the convergence of nanomaterials, advanced fabrication strategies, and state-of-the-art
characterization methods. This review emphasizes recent developments, with particular
attention to progress achieved over the past decade, and highlights the role of the United
States as a major driver of global innovation in the field. Nanomaterials such as graphene
derivatives, MXenes, carbon nanotubes, metal–organic frameworks (MOFs), and hybrid
composites have enabled unprecedented analytical performance. Representative studies
report detection limits down to the parts-per-billion (ppb) and even parts-per-trillion (ppt)
level, with linear ranges typically spanning 10–500 ppb for volatile organic compounds
(VOCs) and 0.1–100 µM for biomolecules. Response and recovery times are often below
10–30 s, while reproducibility frequently exceeds 90% across multiple sensing cycles. Sta-
bility has been demonstrated in platforms capable of continuous operation for weeks to
months without significant drift. In parallel, additive manufacturing, device miniatur-
ization, and flexible electronics have facilitated the integration of sensors into wearable,
stretchable, and implantable platforms, extending their applications in healthcare diag-
nostics, environmental monitoring, food safety, and industrial process control. Advanced
characterization techniques, including in situ Raman spectroscopy, X-ray Photoelectron
Spectroscopy (XPS, Atomic Force Microscopy (AFM), and high-resolution electron mi-
croscopy, have elucidated interfacial charge-transfer mechanisms, guiding rational material
design and improved selectivity. Despite these achievements, challenges remain in terms
of scalability, reproducibility of nanomaterial synthesis, long-term stability, and regulatory
validation. Data privacy and cybersecurity also emerge as critical issues for IoT-integrated
sensing networks. Looking forward, promising future directions include the integration of
artificial intelligence and machine learning for real-time data interpretation, the develop-
ment of biodegradable and eco-friendly materials, and the convergence of multidisciplinary
approaches to ensure robust, sustainable, and socially responsible sensing platforms. Over-
all, nanomaterial-enabled chemical sensors are poised to become indispensable tools for
advancing public health, environmental sustainability, and industrial innovation, offering
a pathway toward intelligent and adaptive sensing systems.
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1. Introduction
Chemical sensors play a central role in modern analytical science, offering real-time,

selective, and sensitive detection of chemical species across gas, liquid, and solid phases.
These devices typically consist of three key components: a recognition element (such as a
nanostructured material), a transduction system (electrical, optical, thermal, or piezoelec-
tric), and a signal-processing module. The fundamental operation involves capturing a
molecular interaction or binding event and converting it into a measurable output. Over
the past two decades, a significant transformation has occurred in the field, driven largely
by the development of novel nanomaterials and their integration into compact, portable,
and often wearable sensing platforms [1,2].

Historically, chemical sensors were dominated by metal oxide semiconductors such as
SnO2, ZnO, and TiO2, especially for gas detection [3]. These materials are still widely used
today but have been surpassed in performance by nanostructured materials with higher
specific surface areas, tunable surface chemistries, and advanced electronic or photonic
properties. Carbon nanotubes (CNTs), for instance, have been implemented in chemiresis-
tive and field-effect transistor (FET) sensor architectures, demonstrating parts-per-billion
(ppb) detection limits for NO2, NH3, and volatile organic compounds (VOCs) [4]. Graphene-
based materials—including graphene oxide and reduced graphene oxide—have shown
exceptional promise for both chemical and biosensing, particularly when modified with
functional groups or metallic nanoparticles [5,6]. More recently, metal–organic frameworks
(MOFs) have emerged as a class of crystalline, porous materials with high surface area and
chemical tunability. Their potential in gas sensing is increasingly recognized, especially
when integrated with transducers like QCM, SPR, or electrochemical cells [7–9]. MOFs
such as ZIF-8, HKUST-1, and MIL-101 have been used to detect CO2, SO2, H2S, and various
VOCs under ambient conditions, often outperforming conventional sensors in selectivity
and stability [10–12]. Meanwhile, two-dimensional (2D) materials like MoS2, WS2, and
MXenes have shown promise in flexible sensing applications due to their high electronic
mobility and mechanical robustness [5,13,14]. In the United States, sensor technologies
are considered strategic across environmental, healthcare, industrial, defense, and infras-
tructure sectors. The Environmental Protection Agency (EPA), for example, supports the
deployment of low-cost air quality sensors to monitor ozone, particulate matter, and NO2

in urban and rural environments, as part of its “Air Sensor Toolbox” initiative [15,16]. The
National Institutes of Health (NIH) and National Science Foundation (NSF) have funded
numerous projects focusing on wearable sensors for health diagnostics, such as glucose,
lactate, cortisol, and hydration levels from sweat and interstitial fluid [17,18]. These sensors
are also finding applications in early disease detection, remote patient monitoring, and
pandemic preparedness.

The integration of chemical sensors into smart infrastructure is advancing rapidly.
Cities such as New York, Los Angeles, and San Francisco are incorporating networks
of air quality and environmental sensors to manage urban mobility, public health, and
emergency response systems [19]. Furthermore, smart homes and industrial facilities now
include embedded chemical sensors for detecting gas leaks, VOC emissions, or equipment
degradation in real-time, feeding data into machine learning platforms for predictive main-
tenance [20]. The global chemical sensors market reflects this expansion. Recent market
analyses estimate the 2024 market value at USD 24.9 billion, with projections exceeding
USD 55 billion by 2034 [21]. North America holds a substantial share (~35%), and within
the United States, the sector is growing at a compound annual rate of 8.6%, driven by
environmental regulations, healthcare diagnostics, and industrial automation [22]. No-
tably, startups and academic spinoffs in Boston, San Diego, and the Bay Area are at the
forefront of commercializing chemical sensor technologies for portable and personalized
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use. Another major trend is the shift toward flexible, stretchable, and biodegradable sensor
platforms. Advances in additive manufacturing—such as aerosol jet printing, inkjet print-
ing, and extrusion-based 3D printing—have enabled the fabrication of low-cost, scalable
sensor arrays on substrates like polyimide, PDMS, and paper [23]. These developments
facilitate mass production of wearable devices that conform to the human body, essen-
tial for next-generation medical diagnostics, athletic performance tracking, and military
applications [23]. Simultaneously, artificial intelligence (AI) and machine learning are
increasingly integrated into sensor systems, improving signal classification, drift correction,
and real-time decision-making. AI-enhanced “electronic nose” systems, for example, are
used for complex odor and VOC pattern recognition in environmental and food quality
monitoring [24,25]. In healthcare, AI algorithms are being applied to predict dehydration,
blood glucose fluctuations, or infectious disease onset from multivariate sensor datasets.
A crucial element supporting these developments is the use of advanced characterization
techniques. Methods such as Raman spectroscopy, X-ray photoelectron spectroscopy (XPS),
Fourier-transform infrared spectroscopy (FTIR), scanning electron microscopy (SEM), trans-
mission electron microscopy (TEM), atomic force microscopy (AFM), and electrochemical
impedance spectroscopy (EIS) are routinely employed to understand material–analyte
interactions, sensor surface chemistry, and degradation mechanisms. These insights are
vital for rational sensor design and reliability under diverse operating conditions.

Despite these advances, challenges remain. Sensor drift over time, reproducibility
across batches, power consumption, cross-sensitivity to interferents, and calibration under
variable conditions all require further study. Moreover, regulatory frameworks for wearable
chemical sensors, particularly in healthcare applications, are still evolving and can delay
commercialization. Sustainability is also emerging as a key concern, with increasing interest
in green synthesis methods, biodegradable substrates, and recycling of spent devices [26].
This review aims to provide a comprehensive analysis of recent progress (2019–2025) in
U.S.-led chemical sensor technologies, focusing on four main dimensions: (1) novel sensing
materials, (2) advanced fabrication methods, (3) characterization and performance evalua-
tion, and (4) real-world applications in healthcare, environment, food safety, and industrial
systems. We highlight synergies between nanomaterial science, engineering design, data
science, and translational research. Furthermore, we outline future perspectives and tech-
nological bottlenecks that must be addressed to enable wide-scale deployment of smart,
robust, and sustainable sensor platforms. This convergence of application-driven demand
and materials innovation sets the stage for a detailed examination of the nanomaterials that
underpin state-of-the-art chemical sensors.

2. Materials for Advanced Chemical Sensors
The performance of chemical sensors is intimately linked to the properties of the

materials used in their construction. Over the past decade, the discovery and engineering
of nanostructured materials have led to major breakthroughs in sensitivity, selectivity,
response time, and device stability. This section reviews the main classes of sensing
materials that have shaped the evolution of next-generation chemical sensors, highlighting
their structural features, functional advantages, and integration potential.

2.1. Carbon-Based Nanomaterials

Carbon-based nanomaterials have emerged as one of the most prominent platforms
for advanced chemical sensor development due to their exceptional physicochemical prop-
erties, tunable electronic structure, high specific surface area, and versatile functionalization
capabilities [27]. Among these, graphene, reduced graphene oxide (rGO), and carbon nan-
otubes (CNTs) are the most extensively explored materials in the field of chemical sensing.
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Graphene, a single-atom-thick two-dimensional (2D) sheet of sp2-hybridized carbon
atoms arranged in a hexagonal lattice, exhibits outstanding electrical conductivity, mechan-
ical strength, and thermal stability [28]. Its high electron mobility at room temperature
(~200,000 cm2/Vs) makes it particularly attractive for electronic sensing applications where
rapid and sensitive transduction of molecular interactions is required [29]. The large spe-
cific surface area of graphene (~2630 m2/g) provides abundant sites for analyte adsorption,
thus enhancing sensor response [30]. Furthermore, the zero bandgap of pristine graphene
can be tuned via chemical doping, defect engineering, or hybridization with other materials
to improve its sensitivity and selectivity towards target analytes [31].

Laser-induced graphene (LIG) is a porous, three-dimensional graphene material pro-
duced by direct laser writing on polymeric substrates such as polyimide or paper, where
the photothermal conversion process transforms the precursor polymer into a turbostratic
graphene network with high electrochemically active surface area, excellent conductiv-
ity, and abundant defects and heteroatom doping (e.g., N-doping from polyimide) [32].
These properties make LIG highly attractive for chemical and biosensing applications,
while the mask-free, digital, and solvent-free nature of the laser process enables rapid
prototyping of electrodes with tailored geometries on flexible and low-cost substrates. LIG
has demonstrated outstanding performance in both chemiresistive and electrochemical
sensing platforms, with applications ranging from gas detection (NH3, NO2, VOCs) to
heavy metal ion and biomarker monitoring; a representative case is the development of a
wearable sweat sensor fabricated by laser writing of polyimide, which enabled the real-time
electrochemical detection of metabolites such as uric acid and tyrosine, highlighting the
potential of LIG for portable, on-skin devices that integrate microfluidics and wireless
electronics. Its main advantages include direct patterning capability without chemical
etching or transfer steps, a hierarchical porous structure that enhances analyte accessibility
and reduces charge-transfer resistance, surface chemistry enriched with functional groups
and heteroatoms that facilitate immobilization of receptors for selective detection, and
excellent mechanical flexibility for integration into wearable sensors. Nonetheless, LIG-
based devices may exhibit batch-to-batch variability depending on laser parameters and
precursor substrates, which is often addressed by post-treatments such as nanoparticle
decoration or polymer coatings to improve stability, surface wettability, and selectivity [33].

Reduced graphene oxide (rGO), derived from the chemical or thermal reduction of
graphene oxide (GO), combines some of the electrical conductivity of pristine graphene
with residual oxygen-containing functional groups that facilitate chemical modification
and functionalization [34]. These functional groups (e.g., hydroxyl, epoxy, carboxyl) not
only impart hydrophilicity, enabling stable aqueous dispersions, but also serve as active
sites for covalent or non-covalent immobilization of recognition elements such as enzymes,
antibodies, or aptamers [35]. Consequently, rGO-based sensors have demonstrated superior
performance in detecting gases [36], heavy metal ions [37], and biomolecules [38] compared
to unmodified graphene-based platforms, due to the synergy between conductive domains
and functional anchoring sites.

Carbon nanotubes (CNTs), both single-walled (SWCNTs) and multi-walled (MWC-
NTs), represent another widely explored class of carbon nanostructures for chemical sensing
applications. CNTs are quasi one-dimensional materials with extraordinary mechanical
strength, chemical stability, and electrical conductivity, enabling efficient electron transfer
between analytes and electrodes [39]. SWCNTs, in particular, possess tunable electronic
properties (metallic or semiconducting) depending on their chirality and diameter, which
can be exploited to design sensors with tailored performance characteristics [40]. The
hollow tubular morphology of CNTs provides internal and external adsorption sites for
analytes, thereby enhancing their sensitivity [41].
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A critical aspect in the design of high-performance chemical sensors based on carbon
nanomaterials is surface functionalization to improve both sensitivity and selectivity. For
instance, functionalization of graphene or rGO with metal nanoparticles (e.g., Au, Pt, Pd) en-
hances catalytic activity towards specific analytes and facilitates charge transfer between the
nanomaterial and the target molecules, resulting in improved sensing performance [42,43].
Non-covalent functionalization using π-π stacking interactions with aromatic compounds
or surfactants preserves the conjugated electronic structure of graphene while introduc-
ing specific recognition capabilities [44]. Covalent functionalization, although potentially
disrupting the sp2 network, enables strong attachment of molecular recognition elements,
which is essential in biosensor designs [45,46]. In the case of CNTs, functionalization
strategies include acid treatment to introduce carboxyl and hydroxyl groups on the surface,
enabling further conjugation with biomolecules or polymers [47]. Additionally, decorat-
ing CNTs with conducting polymers such as polyaniline (PANI) or polypyrrole (PPy)
has been shown to enhance selectivity towards gases like ammonia and nitrogen dioxide
by synergistically combining the redox responsiveness of polymers with the conductive
properties of CNTs [48,49]. Recent advancements also involve the development of hy-
brid nanocomposites, where carbon-based nanomaterials are combined with metal oxides
(e.g., ZnO, TiO2, SnO2) to achieve enhanced sensitivity, stability, and selectivity towards a
broad range of analytes [50,51]. Such hybrid systems leverage the high surface area and
conductive network of carbon nanomaterials with the inherent catalytic or adsorption
capabilities of metal oxides, resulting in superior sensing performance in terms of response
time, limit of detection (LOD), and operational stability [52]. For example, a graphene/ZnO
nanocomposite-modified electrode has been reported to exhibit remarkable sensitivity
towards hydrogen peroxide with a low detection limit and rapid response time due to the
synergistic catalytic activity of ZnO nanoparticles and the high conductivity of graphene
sheets [53]. Similarly, rGO-TiO2 composites have been employed in photoelectrochemical
sensors, where rGO enhances charge separation and transport under illumination, thereby
improving the photocurrent response upon analyte binding [54].

In summary, carbon-based nanomaterials, particularly graphene, rGO, and CNTs, offer
a versatile platform for chemical sensor development due to their intrinsic electronic prop-
erties, high surface area, and amenability to surface functionalization. Ongoing research
focuses on optimizing functionalization strategies to tailor their surface chemistry towards
specific analytes while maintaining or enhancing their electrical properties. Moreover, the
integration of these nanomaterials into flexible, wearable, and miniaturized sensor devices
is opening new avenues for their application in environmental monitoring, healthcare
diagnostics, and industrial process control [55,56].

2.2. Metal and Metal Oxide Nanostructures

Metal and metal oxide nanostructures form a cornerstone of modern chemical sensing
technologies due to their intrinsic physicochemical properties, versatile morphologies, and
well-established synthesis methods that facilitate integration into practical devices. Their
widespread use arises from their high surface-to-volume ratios, tunable electronic struc-
tures, catalytic activity, and chemical stability, which collectively enable highly sensitive
and selective detection of a broad spectrum of chemical analytes, including gases, ions,
and biomolecules. Among these materials, zinc oxide (ZnO) has emerged as one of the
most widely studied metal oxides for chemical sensors. ZnO is an n-type semiconductor
with a wide bandgap of 3.37 eV and a large exciton binding energy (~60 meV), properties
that confer high electron mobility and strong optical absorption in the UV region [57].
The ability to synthesize ZnO in various nanostructured morphologies, such as nanorods,
nanowires, nanosheets, nanobelts, hollow spheres, and hierarchical flower-like assemblies,
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has been pivotal in tuning its sensing performance [58]. For example, ZnO nanorods and
nanowires provide one-dimensional electron transport pathways, enhancing charge carrier
mobility, while hierarchical flower-like structures formed by radially oriented nanorods
dramatically increase the surface area available for analyte adsorption. This combination of
structural features enables ZnO-based sensors to achieve high sensitivity, rapid response,
and low detection limits for target gases such as NO2, ethanol, and VOCs [59,60]. Simi-
larly, tin dioxide (SnO2) is a prominent n-type semiconducting metal oxide extensively
employed in gas sensing applications. Its wide bandgap (~3.6 eV) and high conductivity
modulation in the presence of adsorbed gases make it ideal for detecting reducing gases
like CO, H2, CH4, and various alcohol vapors [61]. The fundamental sensing mechanism
in SnO2 involves chemisorption of oxygen species on the surface, which creates electron
depletion layers; upon exposure to reducing gases, these oxygen species are removed via
surface reactions, leading to an increase in electrical conductivity [62]. The fabrication of
SnO2 into nanostructures such as nanorods, nanowires, hollow spheres, and mesoporous
architectures enhances the density of active sites, promotes efficient gas diffusion, and
improves the kinetics of adsorption–desorption processes [63]. Moreover, doping SnO2

with noble metals such as Pt, Pd, or Au (see Figure 1), can significantly lower the operating
temperature of sensors while enhancing selectivity and catalytic activity towards specific
analytes, an aspect critical for energy-efficient and targeted sensing applications [64]. In
addition to noble metal additives, rare-earth elements such as lanthanum (La) have also
been explored as dopants in SnO2. La-doping can alter grain size, oxygen vacancy con-
centration, and catalytic activity, thereby modulating gas-sensing performance. Figure 1
illustrates the morphological evolution of SnO2 fibers at different La-doping levels, high-
lighting how dopants can significantly influence microstructure and, consequently, sensing
properties [63]. Both low- and high-magnification SEM images are presented to provide
complementary perspectives of fiber morphology. As reported in ref. [63], quantitative
analyses, including size distribution and surface roughness, further support the observed
structural modifications.

Figure 1. SEM images at low magnification for (a) PVP nanofibers, (c) SnO2 without La doping,
(e) SnO2 doped with 16% La, (g) SnO2 doped with 32% La, and (i) SnO2 doped with 48% La. Panels
(b,d,f,h,j) display the respective high-magnification SEM micrographs of each sample, illustrating
the morphological changes induced by La doping. Quantitative details, including fiber diameter
distribution and surface roughness, are provided in ref. [63]. (Adapted with permission from ref. [63],
MDPI 2024).
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Another noteworthy example is copper oxide (CuO), a p-type semiconductor with
a narrow bandgap (~1.2 eV). CuO’s sensing capabilities stem from its strong surface
adsorption and redox reactivity, enabling effective detection of gases such as H2S, NH3,
and NO2 [65]. The synthesis of CuO nanostructures in diverse morphologies—including
nanoflakes, nanorods, nanoplatelets, and porous microspheres—further enhances their
sensing performance. In particular, porous microspheres provide interconnected voids
that increase the density of accessible reactive sites and facilitate rapid analyte diffusion
within the sensing matrix. Reported pore sizes for such CuO-based porous architectures
typically fall in the mesoporous range (5–50 nm), which has been correlated with improved
gas adsorption and faster response–recovery characteristics [65]. Additionally, combining
CuO with other metal oxides to form heterojunctions, such as CuO–ZnO or CuO–TiO2,
improves sensor performance through the formation of p–n junctions that facilitate charge
separation and modulate conductivity upon analyte exposure [66,67].

Titanium dioxide (TiO2) is another metal oxide widely used in chemical sensing,
particularly in photo-assisted applications due to its strong photocatalytic activity and
chemical inertness. TiO2 exists in three crystalline phases (anatase, rutile, brookite), with
anatase being preferred for sensing applications because of its higher electron mobil-
ity and photocatalytic efficiency [68,69]. Nanostructured TiO2, fabricated as nanotubes,
nanorods, nanobelts, mesoporous films, or hierarchical assemblies, offers enhanced analyte
adsorption and fast charge transport [70]. Under UV illumination, TiO2 generates electron-
hole pairs that can participate in surface redox reactions, enabling photoelectrochemical
sensing with improved sensitivity and minimal interference from ambient conditions [9].
This characteristic is particularly advantageous for the detection of organic vapors, toxic
gases, and biomolecules in aqueous environments [71]. Beyond metal oxides, noble metal
nanoparticles such as gold (Au) and silver (Ag) play a crucial role in chemical sensor devel-
opment due to their unique localized surface plasmon resonance (LSPR) properties [72].
LSPR results in strong absorption and scattering of light at characteristic wavelengths,
which are highly sensitive to changes in the surrounding dielectric environment. This
forms the basis of various optical sensing strategies, including colorimetric and refractive
index-based detection [73,74]. Gold nanoparticles are particularly attractive for biosensing
applications due to their excellent chemical stability, ease of functionalization with thiol-
linked biomolecular recognition elements, and biocompatibility. They have been widely
used in sensors for detecting proteins, nucleic acids, and small biomolecules with high
sensitivity and selectivity [75]. Silver nanoparticles, on the other hand, exhibit stronger
plasmonic enhancement effects, making them ideal substrates for surface-enhanced Raman
scattering (SERS) sensors capable of detecting analytes down to single-molecule levels [1].
A defining feature that underpins the superior performance of metal and metal oxide
nanostructures in sensing applications is their structural design, which directly influences
material–analyte interactions, charge transfer processes, and sensor stability. For example,
hierarchical morphologies, such as flower-like assemblies of nanorods or hollow sphere
structures, provide exceptionally high surface areas and facilitate rapid mass transport
of analytes, resulting in enhanced sensitivity and faster response-recovery cycles [76]. In
ZnO nanoflower-based sensors, the radial arrangement of nanorods not only increases
active site availability but also creates open diffusion pathways that promote efficient
gas molecule adsorption and desorption [77]. Core–shell architectures represent another
powerful design strategy to combine complementary material properties in a single nanos-
tructure. In such systems, the core material often imparts desirable electronic or optical
properties, while the shell material governs surface reactivity and analyte selectivity. For
instance, Au@TiO2 core–shell nanoparticles leverage the high conductivity and LSPR effects
of gold with the photocatalytic activity of TiO2, leading to enhanced charge separation and
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improved photoelectrochemical sensing performance [78]. Similarly, SnO2@SiO2 core–shell
structures have been shown to improve selectivity by modulating surface chemistry and
preventing interference from non-target species, a feature critical for accurate detection
in complex matrices [79]. Moreover, facet engineering and shape control of nanostruc-
tures can significantly influence their sensing properties. Different crystal facets exhibit
distinct atomic arrangements and electronic densities, affecting the adsorption energy and
catalytic activity towards analytes. For example, SnO2 nanocubes exposing <100> facets
have demonstrated higher CO sensing performance than nanorods exposing <101> facets
due to increased surface oxygen vacancy densities and lower activation energies for gas
adsorption reactions [80].

Finally, the design of porous and hollow nanostructures enhances analyte accommo-
dation within internal voids while preserving structural integrity. This leads to improved
sensitivity, faster analyte diffusion, and reduced sensor fouling, all essential for prolonged
sensor operation with minimal degradation in performance [1]. In summary, metal and
metal oxide nanostructures offer a rich design landscape for chemical sensing applications.
Their inherent electronic and catalytic properties, coupled with sophisticated structural
engineering strategies such as hierarchical morphology construction, core–shell formation,
facet control, and porosity tuning, enable the development of sensors with superior sensi-
tivity, selectivity, and operational stability. These materials serve as an essential foundation
for integrating advanced functionalities into miniaturized, flexible, and wearable sensor
devices, facilitating real-time and accurate detection in environmental monitoring, health-
care diagnostics, food safety assurance, and industrial process control—domains that will
be explored in subsequent sections of this review.

2.3. Silicon Nanowires and Semiconductor Materials

Silicon-based nanostructures, particularly silicon nanowires (SiNWs), represent a cor-
nerstone in the development of next-generation chemical sensors due to their superior
electronic properties, high surface-to-volume ratios, and compatibility with established
semiconductor fabrication technologies. These attributes make SiNWs ideal candidates for
highly sensitive, label-free, and real-time detection platforms applicable to environmental
monitoring, biomedical diagnostics, and industrial process control. Silicon nanowires are
one-dimensional semiconductor structures with diameters ranging from a few to hundreds
of nanometers and lengths extending to several micrometers. Their high aspect ratio dra-
matically increases the density of surface atoms relative to bulk silicon, enabling substantial
modulation of their electronic properties upon adsorption of target analytes [81]. The
ability to tailor their electrical characteristics through controlled doping further enhances
their versatility for sensor design. A particularly impactful integration strategy involves
incorporating SiNWs into field-effect transistor (FET) platforms. In such configurations, the
nanowire acts as the semiconducting channel bridging source and drain electrodes, while
the gate potential is modulated by the adsorption of charged analytes or biomolecules on
the nanowire surface. This surface-induced field effect alters the carrier density within
the channel, leading to measurable changes in current that directly correlate with ana-
lyte concentration [82]. This principle enables label-free detection, eliminating the need
for fluorophores or enzymatic amplification, thus simplifying device architecture and fa-
cilitating real-time analysis. Seminal work by Cui et al. in 2001 demonstrated the first
SiNW-FET biosensor capable of detecting streptavidin through biotin functionalization
with high sensitivity [81]. Since then, extensive advances have been made in device archi-
tectures, including back-gated, top-gated, and electrolyte-gated FETs. Electrolyte-gated
configurations have proven especially suitable for biosensing applications due to their high
gate capacitance and direct exposure of the nanowire surface to the analyte-containing
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solution [83,84]. The fabrication of SiNW-based sensors benefits from both top-down and
bottom-up approaches. Top-down fabrication involves defining nanowire structures from
silicon-on-insulator (SOI) wafers using lithographic patterning and etching techniques such
as electron-beam lithography and reactive ion etching. This method offers precise control
over nanowire dimensions, alignment, and doping profiles, and is fully compatible with
CMOS processing, enabling large-scale production and integration into microelectronic
circuits [83]. However, it requires advanced facilities and is cost-intensive. Bottom-up
synthesis, primarily achieved via vapor–liquid–solid (VLS) growth mechanisms using
metal nanoparticle catalysts (typically Au), enables the production of single-crystalline
SiNWs with excellent electronic properties and tunable dimensions [85]. These nanowires
can be assembled onto pre-patterned electrodes using techniques such as dielectrophoresis
or contact printing, although challenges remain in achieving precise large-scale alignment
for device integration. Advances in microfabrication have also facilitated the incorporation
of SiNWs into microelectromechanical systems (MEMS) and nanoelectromechanical sys-
tems (NEMS). These hybrid devices combine electrical and mechanical sensing modalities,
enabling enhanced performance and multifunctionality. For example, MEMS cantilever
arrays coated with SiNWs allow for mass-based sensing through deflection or resonance fre-
quency shifts upon analyte binding, providing high sensitivity and multiplexed detection
capabilities [86]. NEMS devices employing ultra-thin SiNWs can achieve attogram-level
mass resolution, enabling the detection of individual virus particles or nanoparticles by
monitoring resonance frequency shifts as target analytes adsorb onto the nanowire sur-
face [87]. Additionally, integration of SiNW sensors with on-chip microfluidic systems
and wireless readout electronics has led to the development of portable diagnostic devices
capable of rapid, real-time analysis of biomarkers, pathogens, and environmental pollu-
tants [88]. The combination of SiNWs with plasmonic nanoparticles or quantum dots has
also been explored to create hybrid optoelectronic sensors with enhanced sensitivity and
tailored spectral responses for specific analytes [89].

In addition to silicon nanowires, which have been widely investigated for their high
surface-to-volume ratio and semiconducting properties, metallic nanostructures such as
silver nanowires (AgNWs) and gold nanoparticles (AuNPs) have also attracted signif-
icant attention in the field of chemical sensing [90]. AgNWs offer excellent electrical
conductivity and optical transparency, making them ideal for integration in flexible gas
sensors and electrochemical platforms. Their one-dimensional morphology facilitates rapid
charge transport and abundant adsorption sites for analytes, enabling sensitive detection of
VOCs, ammonia, and other hazardous gases [91]. Likewise, AuNPs have been extensively
employed as functional building blocks in sensors due to their tunable size-dependent
electronic and optical properties, strong catalytic activity, and biocompatibility. AuNP-
based sensors have demonstrated high selectivity and sensitivity toward heavy metal ions,
pesticides, and a wide range of biomolecules when used as catalytic enhancers, plasmonic
transducers, or immobilization sites for biomolecular recognition elements [92]. Together
with other nano-sized metals, these materials complement silicon-based nanowires by
offering superior conductivity, plasmonic features, and facile surface modification, thereby
broadening the range of detection strategies and enhancing device performance across gas,
electrochemical, and biosensing applications.

2.4. MOFs and Hybrid Composites

MOFs have emerged as a powerful class of materials in chemical sensing due to
their exceptionally high surface areas, tailorable pore structures, and versatile chemical
functionalities. MOFs are crystalline porous materials formed by the self-assembly of
metal ions or clusters (nodes) with organic linkers (ligands), resulting in frameworks with
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well-defined pore sizes and tunable chemical environments [93]. This structural modularity
enables precise control over adsorption selectivity, molecular recognition, and catalytic
activity, which are critical for the design of high-performance chemical sensors. A key
advantage of MOFs is their tailorable pore structures, which can be engineered to achieve
size- and shape-selective sensing of target analytes. For instance, modification of organic
linkers or choice of metal centers allows tuning of pore dimensions to match specific gas or
vapor molecules, enhancing both selectivity and adsorption capacity [94]. Furthermore, the
incorporation of functional groups within the framework, such as amine, thiol, or carboxyl
moieties, introduces specific chemical affinities, facilitating selective detection via strong
host–guest interactions or coordination chemistry [95]. This tunability enables MOFs to
act as molecular sieves and pre-concentration layers in sensor architectures, improving
sensitivity and lowering detection limits.

Despite these advantages, the intrinsic insulating nature of many pristine MOFs
initially limited their direct use as transducer materials. Recent strategies to overcome
this limitation include the synthesis of electrically conductive MOFs, incorporation of
redox-active metal centers or ligands, and formation of hybrid composites with conductive
materials such as graphene, carbon nanotubes, or metal nanoparticles [96]. For example,
conductive 2D MOFs based on metal bis(dithiolene) or bis(dithiolene diimine) motifs have
demonstrated electrical conductivities up to 100 S/cm, enabling their direct integration
into chemiresistive sensor devices [97].

A recent U.S.-based study by Campbell et al. demonstrated the development of a
Cu3(HHTP)2 (HHTP = 2,3,6,7,10,11-hexahydroxytriphenylene) conductive MOF thin film
sensor for ammonia detection [98]. The device exhibited a linear and reversible response
to NH3 at parts-per-million levels with rapid response times (<30 s), attributed to the
strong interaction between NH3 molecules and open copper sites within the MOF structure
combined with its intrinsic electrical conductivity (see Figure 2). This represents a signif-
icant advance towards practical MOF-based gas sensors operable at room temperature
with low power consumption. Hybrid composites combining MOFs with other functional
nanomaterials have further enhanced sensor performance by leveraging synergistic effects.
For instance, the integration of MOFs with graphene oxide (GO) or reduced graphene oxide
(rGO) improves electrical conductivity and mechanical stability while maintaining the high
porosity and selective adsorption properties of MOFs [99]. An example is the ZIF-8/rGO
composite sensor developed for VOC detection, where ZIF-8 provides selective adsorp-
tion of target vapors while rGO enables efficient charge transport, resulting in enhanced
sensitivity and rapid response [100–102]. Moreover, MOF–metal nanoparticle composites
have been utilized for catalytically assisted sensing. The encapsulation or deposition of
noble metal nanoparticles (e.g., Au, Pt, Pd) within MOF structures facilitates catalytic
decomposition or redox reactions of analytes, producing measurable electrical or optical
signals [95]. For example, a recent study reported Au@MIL-101 composites for hydrogen
peroxide sensing, where the Au nanoparticles catalyze the decomposition of H2O2 while
MIL-101 ensures high dispersion and accessibility of active sites [103]. The integration
of MOFs with microfabrication and printing techniques has also advanced rapidly in the
United States. Researchers have successfully fabricated MOF thin films via layer-by-layer
deposition, spray-coating, and inkjet printing, enabling scalable production of flexible
and miniaturized sensors compatible with wearable and portable devices [104,105]. For
example, microfabricated MOF-coated quartz crystal microbalance (QCM) sensors have
demonstrated highly selective and sensitive detection of aromatic VOCs such as benzene,
toluene, and xylene (BTX) through size-selective adsorption within the MOF pores [106].
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Figure 2. Chemical structure of the conductive 2D MOF Cu3(HITP)2 (a), indicating its pore size
(~2 nm) and electrical conductivity in pressed pellet form; Atomistic model illustrating the hexagonal
porous arrangement of Cu3(HITP)2 (b); and chemiresistive response profile of a Cu3(HITP)2-based
sensor upon exposure to decreasing concentrations of ammonia (NH3) from 10 ppm to 0.5 ppm,
demonstrating high sensitivity and reversible detection behavior (c). (Adapted with permission from
ref. [98], Wiley-VCH Verlag GmbH & Co, 2015).

Additionally, the development of MOF-derived materials, where MOFs serve as sacri-
ficial templates for synthesizing porous metal oxides, carbons, or metal–carbon composites,
has expanded the range of functional sensing materials. These MOF-derived structures
often retain the high porosity and tunable morphology of the parent MOF while exhibiting
enhanced conductivity and stability, making them suitable for electrochemical and gas
sensing applications [107]. MOFs and hybrid composites offer unique opportunities for
chemical sensor development due to their structural tunability, high porosity, and versatile
functionalization strategies. Recent U.S.-based research continues to drive innovations in
conductive MOF design, integration with electronic transducers, and scalable fabrication
approaches, paving the way for next-generation sensors with high sensitivity, selectivity,
and operational stability suitable for environmental monitoring, industrial safety, and
biomedical diagnostics.

In parallel to the rapid development of MOFs and hybrid materials, covalent organic
frameworks (COFs) have recently emerged as another class of crystalline, porous materials
with great promise in chemical sensing [108]. Constructed entirely from light elements
(C, H, O, N, B) through strong covalent bonds, COFs combine high surface area, ordered
pore channels, and structural tunability with enhanced chemical and thermal stability [108].
Their modular design allows the incorporation of functional linkers and active sites directly
into the framework, which can be tailored for specific interactions with gases, volatile or-
ganic compounds, ions, and biomolecules. Moreover, the extended π-conjugated networks
of many COFs impart semiconducting or photoconductive properties, facilitating their
integration into electrochemical, optical, and chemiresistive sensor devices [109]. Recent
studies have demonstrated COF-based sensors with high sensitivity and selectivity for
volatile amines, toxic gases such as NO2, and even biomarker molecules, often outper-
forming traditional porous materials in terms of stability and reusability [108]. Although
still a younger field compared to MOFs, COFs represent a cutting-edge platform that
is rapidly expanding the toolbox of porous crystalline materials available for advanced
sensing applications.
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2.5. Emerging Materials

In recent years, the exploration of emerging materials for chemical sensing applica-
tions has expanded beyond traditional semiconductors and noble metals, with a focus on
advanced two-dimensional (2D) materials, conductive polymers, and bioinspired platforms.
Among 2D materials, graphene was the initial focus due to its exceptional surface area,
mechanical strength, and electronic properties. However, research has rapidly diversified
towards other 2D materials such as transition metal dichalcogenides (TMDs), MXenes, and
black phosphorus, which offer tunable band gaps, rich surface chemistries, and synergistic
functionalities that are highly attractive for chemical sensor development [110].

Molybdenum disulfide (MoS2), a prototypical TMD, exhibits a direct band gap in its
monolayer form (~1.8 eV), high on/off current ratios in field-effect transistors (FETs), and
significant chemical sensitivity due to abundant edge sites and defect-mediated interactions
with analytes. Recent studies have demonstrated MoS2-based FET sensors with femtomolar
detection limits for biomolecules such as dopamine, enabled by surface functionalization
with aptamers or metal nanoparticles to enhance specificity and electronic transduction
efficiency [111,112].

MXenes, a class of early transition metal carbides and nitrides with the general
formula Mn+1XnTx, have emerged as highly promising candidates for chemical sensing
due to their metallic conductivity, hydrophilic nature, and surface termination versatility
(–OH, –F, –O groups). For example, Ti3C2Tx MXene-based sensors have exhibited rapid
response times (<1 s) and low detection limits (ppb range) towards volatile VOCs such
as ethanol and acetone, attributed to strong analyte adsorption and high carrier mobil-
ity [113,114]. Recent advances have demonstrated the potential of MXene-based hybrids in
agricultural sensing. For instance, Kumar et al. [115] developed a chemoresistive sensor
combining SnO2 nanoparticles with Ti3C2Tx MXene sheets to detect methyl jasmonate
(MeJA), a volatile ester released by plants under insect attack. The SnO2/MXene nanocom-
posite formed a p–n heterojunction, enhancing charge separation and catalytic oxidation of
MeJA, achieving a detection limit as low as 120 ppb with high selectivity and rapid response
even at 125 ◦C (Figure 3). Remarkably, real-time testing on tomato plants infested with Tuta
absoluta revealed sensor responses 10 times higher than uninfested controls, underscoring
its applicability in precision agriculture and early pest detection systems [115].

Figure 3. GC-MS chromatogram of volatiles emitted by Tuta absoluta-infested tomato plants showing
MeJA peaks (a). Photographs of control and infested plants (b). Sensor response profiles over
time for control and infested plants demonstrating >10-fold increase upon infestation (c,d). Energy
diagram illustrating the SnO2/MXene p–n heterojunction mechanism for MeJA detection (e). FTIR
spectra confirming oxidation of MeJA after exposure to the sensor (f). (Reprinted with permission
from ref. [115], Royal Society of Chemistry, 2024).
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Additionally, recent approaches integrate MXenes with conductive polymers or MOFs
to achieve synergistic enhancements in sensitivity, selectivity, and environmental sta-
bility [116]. Conductive polymers such as polyaniline (PANI), polypyrrole (PPy), and
poly(3,4-ethylenedioxythiophene) (PEDOT) remain versatile platforms due to their tunable
conductivity, facile synthesis, and ability to incorporate functional dopants or biomolec-
ular recognition elements [117,118]. Recent innovations include the fabrication of PANI
nanofiber networks for ammonia sensing with detection limits down to sub-ppm lev-
els [119], and PPy-based nanocomposites integrated with carbon nanomaterials for elec-
trochemical detection of heavy metal ions with enhanced preconcentration and electron
transfer capabilities [120,121]. Beyond synthetic materials, bioinspired and biomimetic
sensing platforms are gaining momentum, leveraging natural recognition mechanisms and
hierarchical architectures. For instance, silk fibroin and peptide-functionalized nanostruc-
tures have been employed to detect volatile analytes and biomolecules with high selectivity
under ambient conditions [122,123]. Additionally, the incorporation of natural enzymes or
synthetic enzyme-mimicking nanozymes into sensor architectures provides catalytic am-
plification and specificity, enabling ultrasensitive detection of glucose, organophosphates,
and other clinically or environmentally relevant targets [124]. The integration of these
emerging materials with microfabrication technologies, flexible substrates, and wireless
readout systems is paving the way for next-generation wearable, implantable, and environ-
mental monitoring devices with unprecedented sensitivity, selectivity, and real-time data
acquisition capabilities. Continued progress in controlled synthesis, interfacial engineering,
and scalable processing remains essential to translate the intrinsic advantages of these
novel materials into robust, commercially viable chemical sensor platforms [110,125].

The rich variety of nanomaterials explored for chemical sensing—ranging from carbon-
based structures and metal oxides to MOFs and emerging 2D systems—has opened unprece-
dented opportunities for performance enhancement. However, the successful deployment
of these materials in real-world sensing platforms critically depends on the development of
suitable fabrication technologies and device architectures that preserve material functional-
ity while enabling integration, scalability, and mechanical adaptability.

3. Fabrication Technologies and Sensor Architectures
The translation of novel sensing materials into practical devices requires equally

innovative fabrication strategies. Advances in micro- and nanofabrication techniques,
combined with the emergence of flexible and biodegradable substrates, have enabled
the development of miniaturized, stretchable, and wearable sensor architectures with
enhanced functionality and user adaptability. This section discusses the main fabrication
approaches and design strategies that underpin the next generation of chemical sensors,
with emphasis on scalable production, structural integration, and compatibility with real-
world applications.

3.1. Miniaturization Techniques

The progressive miniaturization of chemical sensors has been a fundamental driver
in advancing analytical performance, integration capabilities, and application versatility.
Key fabrication strategies enabling miniaturization include soft lithography, nanoimprint
lithography, and self-assembly, each offering distinctive advantages in resolution, scalability,
and cost-effectiveness.

Soft lithography encompasses a suite of techniques that utilize elastomeric stamps,
molds, or conformable photomasks, typically fabricated from polydimethylsiloxane
(PDMS), to pattern features at micro- and nanoscale dimensions [126]. It includes mi-
crocontact printing (µCP), replica molding, and microtransfer molding, among others. Soft
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lithography allows for high-throughput patterning of organic, inorganic, and biological
materials onto diverse substrates under relatively mild conditions, enabling the fabrication
of flexible, stretchable, and biointegrated sensors. For instance, microcontact-printed gold
or SAM-based patterns have been used to define electrode architectures in electrochemical
sensors with submicron resolution [127].

Nanoimprint lithography (NIL) is a high-resolution, high-throughput patterning tech-
nology that relies on mechanical deformation of a resist material using a rigid mold to repli-
cate nanoscale features down to sub-10 nm [128]. Thermal NIL involves heating the resist
above its glass transition temperature before imprinting, while UV-NIL uses photocurable
resists under ambient conditions. NIL offers advantages over conventional photolithogra-
phy, such as bypassing diffraction limits and achieving cost-effective patterning without
expensive optics or masks. Its applications in sensor fabrication include the creation of
periodic nanostructures for surface-enhanced Raman scattering (SERS) substrates, photonic
crystals for optical sensors, and nanofluidic channels for molecular detection [129].

Self-assembly leverages the spontaneous organization of molecules, nanoparticles, or
block copolymers into ordered structures driven by non-covalent interactions such as van
der Waals forces, electrostatic interactions, and hydrogen bonding [130]. This bottom-up
approach enables the formation of well-defined architectures without external patterning
tools. For example, self-assembled monolayers (SAMs) of alkanethiols on gold provide
molecularly precise functionalization layers in electrochemical and optical sensors, impart-
ing selectivity towards specific analytes [131]. Additionally, block copolymer micelles and
colloidal nanoparticle arrays have been utilized to fabricate nanostructured sensing films
with tunable porosity and surface area, enhancing analyte diffusion and binding capac-
ity [132]. The convergence of these miniaturization techniques with advanced materials and
flexible substrates underpins the development of next-generation wearable, implantable,
and portable chemical sensors. Future directions include hybrid approaches that integrate
top-down lithographic precision with bottom-up self-assembly to achieve hierarchical
multiscale architectures with optimized sensing performance and manufacturability.

Recent advances in miniaturization have also been driven by the integration of mi-
crofluidic technologies, which enable precise handling of microliter- or nanoliter-scale
liquid samples, reduce reagent consumption, and allow multiplexed detection in portable
formats [133]. Microfluidic chips coupled with electrochemical or optical transducers
provide powerful platforms for real-time monitoring of metabolites, environmental con-
taminants, and biomarkers, and are increasingly being combined with flexible substrates
for wearable sensing applications [134]. In parallel, the integration of chemical sensors with
on-chip electronics has facilitated compact devices with low power consumption, wireless
readout, and high-throughput data acquisition, paving the way for point-of-care testing and
Internet-of-Things (IoT)-enabled analytical systems [135]. Within this context, recent exam-
ples have also demonstrated that covalent organic frameworks (COFs) can be successfully
incorporated into miniaturized devices, where their ordered porosity and semiconducting
properties enable sensitive gas detection and selective biomolecule recognition when embed-
ded in microfluidic channels or hybridized with conductive electrodes [108,136]. To provide a
clearer overview of these fabrication strategies, Table 1 summarizes the main miniaturization
and patterning techniques employed in chemical sensor development. The table compares
their typical resolution, processing complexity, accuracy, and representative applications,
highlighting the advantages and limitations of each approach as discussed in the text.



Chemosensors 2025, 13, 345 15 of 44

Table 1. Comparison of representative miniaturization and patterning techniques for chemical sensors.

Technique Resolution
(Typical)

Processing
Complexity

Accuracy/
Reproducibility Advantages Limitations

Soft lithography [127] ~100 nm–few µm Low (elastomeric
stamps, PDMS) Moderate

Low-cost,
flexible substrates,

biointegration

Limited long-term
stability, deformation

Nanoimprint
lithography (NIL) [128,129] <10 nm Medium–high

(thermal/UV curing) High Sub-10 nm resolution,
high throughput

Mold fabrication cost,
resist compatibility

Self-assembly [130–132] Molecular–50 nm Low (bottom-up,
spontaneous) Variable

Simple, scalable,
tunable chemical
functionalization

Less precise control,
batch variability

Microfluidics
integration [137] ~10–100 µm Medium (chip

fabrication) High Precise liquid handling,
multiplexed sensing

Fabrication requires
cleanroom/PDMS handling

On-chip integration
(electronics) ~µm–mm scale High (semiconductor

processes) High Wireless, compact,
low-power

Expensive, CMOS
compatibility needed

3.2. Additive Manufacturing and Printing Technologies

Additive manufacturing (AM) and printing technologies have revolutionized the
fabrication of chemical sensors by enabling rapid prototyping, design versatility, and direct
integration on flexible and unconventional substrates. These techniques are especially
attractive for low-cost, scalable production of customized sensor architectures tailored
for wearable, implantable, and environmental monitoring applications. In addition to
conventional printing approaches, direct laser writing on polyimide or paper substrates
enables the formation of laser-induced graphene (LIG), a porous and conductive graphene
network. This mask-free and digital process allows the rapid fabrication of patterned
electrodes, which can be directly integrated into flexible and wearable sensing platforms
(see Section 2.1).

Inkjet printing is a non-contact, digitally controlled technique that deposits picoliter
droplets of functional inks onto substrates with high precision [137]. It is compatible
with a wide range of materials including metallic nanoparticle inks, carbon nanomaterials,
conductive polymers, and biomolecule solutions. Inkjet printing has been employed to
fabricate interdigitated electrodes, conductive traces, and sensing films for applications
such as glucose sensing, heavy metal ion detection, and gas sensing. For instance, inkjet-
printed silver nanoparticle electrodes have enabled flexible amperometric biosensors with
low detection limits and stable operation [138].

Aerosol jet printing offers higher resolution (down to ~10 µm) and greater versatility
in ink viscosity compared to inkjet printing, by focusing an aerosolized ink stream with a
sheath gas before deposition [139]. This allows for conformal printing onto 3D or uneven
surfaces, critical for integrating sensors onto complex geometries or flexible substrates.
Aerosol jet printing has been utilized to produce highly sensitive gas sensors based on
printed networks of carbon nanotubes or graphene, as well as to fabricate microelectrode
arrays for electrochemical biosensing [140].

3D printing, including techniques such as fused deposition modeling (FDM), stere-
olithography (SLA), and direct ink writing (DIW), enables layer-by-layer construction of
three-dimensional sensor platforms [141]. DIW, in particular, allows printing of viscoelastic
inks containing conductive fillers or biomolecules to create functional microstructures
with embedded sensing capabilities. Applications include fully printed electrochemi-
cal cells, microfluidic-integrated sensors, and customizable wearable patches for sweat
analysis [142,143].

A key advantage of these AM technologies is their compatibility with flexible and un-
conventional substrates, such as polyethylene terephthalate (PET), polyimide (PI), textiles,
paper, and biodegradable polymers. Printing on flexible substrates enables the develop-
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ment of conformal sensors capable of monitoring physiological parameters with minimal
discomfort, such as epidermal sensors for electrolytes or metabolites [144]. Furthermore,
printing on biodegradable or eco-friendly substrates supports sustainable sensor tech-
nologies, critical for disposable environmental monitoring devices [145]. Despite their
potential, challenges remain in ensuring ink-substrate compatibility, maintaining functional
stability under mechanical deformation, and achieving high-resolution multilayer struc-
tures without cross-contamination. Ongoing advances in ink formulation, printer design,
and hybrid integration strategies are expected to address these limitations, paving the
way for the widespread adoption of additive manufacturing in the scalable production of
next-generation chemical sensors.

3.3. Wearable and Stretchable Sensor Designs

The development of wearable and stretchable chemical sensors has revolutionized
personalized healthcare, real-time physiological monitoring, and human–machine inter-
faces. These sensors are designed to conform to the dynamic surfaces of the human body
while maintaining reliable performance under mechanical deformation.

Electronic skin (e-skin) refers to sensor systems that mimic the tactile sensing capabili-
ties and mechanical properties of human skin, integrating arrays of pressure, temperature,
and chemical sensors onto ultrathin, flexible substrates [146]. For chemical sensing, e-skin
platforms incorporating pH sensors, sweat electrolyte analyzers, and gas sensors have
been demonstrated. For example, graphene-based e-skin devices have been fabricated
to detect ammonia and VOCs relevant to skin health and environmental exposure [147].
These systems often utilize stretchable interconnects, serpentine-patterned electrodes, or
intrinsically stretchable materials to accommodate strains exceeding 20%, enabling robust
operation during body movements.

Textile-based sensors integrate conductive fibers, yarns, or printed patterns into fabrics,
offering a seamless interface with clothing for unobtrusive monitoring [148]. Techniques
such as embroidery with metallic threads, dip-coating with conductive polymers, or direct
inkjet printing of nanomaterial-based inks have been used to fabricate textile sensors for an-
alytes such as sweat metabolites (e.g., glucose, lactate) and respiratory gases. Recent studies
demonstrated knitted textile sensors incorporating carbon nanotube fibers for continuous
ammonia sensing with high mechanical durability under bending and washing cycles [149].

Implantable and on-body sensing platforms extend wearable sensor capabilities to
invasive and minimally invasive configurations for continuous monitoring of internal
biochemical markers [150]. Implantable electrochemical sensors, often fabricated using
biocompatible polymers, flexible electronics, and microfabricated electrodes, have been
developed to detect analytes such as glucose, lactate, oxygen, and electrolytes within tissues
or bodily fluids. For example, microneedle-based electrochemical sensors enable minimally
invasive interstitial fluid analysis, providing real-time glucose monitoring with reduced
patient discomfort compared to traditional needle-based methods [151]. Similarly, flexible
implantable sensors based on polyimide or PDMS substrates integrated with enzyme-
functionalized electrodes have demonstrated stable operation for days to weeks with
minimal tissue inflammation [152].

Beyond embroidery and knitting approaches, textile-based sensors encompass a much
broader diversity of fabrication techniques and functional modalities. Methods such as
weaving, printing, dip-coating, and electrospinning have been successfully applied to inte-
grate conductive nanomaterials, polymers, and metallic fibers into fabrics, enabling scalable
and customizable architectures [148,153]. These strategies allow the development of textiles
capable of monitoring a wide range of stimuli, including strain, pressure, temperature,
humidity, volatile gases, ions, and metabolites [153,154], thus extending their functionality
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far beyond structural deformation sensing. Textile-based platforms have been employed
for healthcare and fitness monitoring, environmental surveillance, and even personalized
medicine, where comfort, breathability, and long-term wearability are crucial [153,154].
While this review does not aim to provide an exhaustive overview of textile technologies,
it is important to acknowledge that the form factors and measurable outputs of textile
sensors are highly diverse, and their continued evolution is expected to complement other
wearable sensing modalities such as e-skin and implantable devices.

Wearable and stretchable sensor designs demand materials and fabrication strategies
that balance mechanical compliance, biocompatibility, electrical performance, and long-
term stability. Future directions include integrating multifunctional sensing (e.g., combined
chemical, electrophysiological, and mechanical monitoring), wireless data transmission,
and energy harvesting modules to achieve fully autonomous, closed-loop healthcare sys-
tems. These fabrication strategies, when combined with the latest advances in nanomate-
rials, are enabling the creation of highly integrated, flexible, and multifunctional sensor
platforms. However, to fully exploit their potential and ensure reliable operation across
diverse applications, it is essential to employ advanced characterization techniques that
can elucidate material properties, interface behavior, and sensing mechanisms.

4. Advanced Characterization and Performance Evaluation
In this section, we summarize advanced characterization techniques relevant to chemi-

cal sensors. It is important to emphasize that some of these methods serve a dual role: they
are used both for material characterization and as analytical transduction mechanisms in
sensors. For instance, Raman spectroscopy, electrochemical impedance spectroscopy (EIS),
or photoluminescence (PL) can provide structural or optical information about the material
while simultaneously being exploited as sensor readouts. In contrast, other techniques
such as X-ray photoelectron spectroscopy (XPS), transmission electron microscopy (TEM),
or X-ray diffraction (XRD) are restricted to structural or compositional characterization
and are not employed as direct sensing outputs. Throughout this section, we explicitly
indicate the role of each technique to facilitate comprehension of how material properties
and sensor performance are interconnected. Rather than reproducing representative spectra
or micrographs, which are abundantly available in the cited literature, we focus here on
integrating and comparing their principles and applications to provide a comprehensive
conceptual framework.

4.1. Spectroscopic and Microscopic Tools

Comprehensive characterization of sensor materials, surfaces, and interfaces is indis-
pensable for elucidating structure–function relationships, optimizing fabrication processes,
and ensuring reproducibility in chemical sensing performance. Spectroscopic and mi-
croscopic techniques provide complementary insights across length scales ranging from
atomic to macroscopic levels.

X-ray photoelectron spectroscopy (XPS) is a powerful surface-sensitive analytical tool
that probes the elemental composition, oxidation states, and chemical environments within
the top ~5–10 nm of materials [155]. In carbon-based sensing platforms, XPS is widely
employed to confirm the reduction of graphene oxide through the decrease of oxygen-
containing functional groups and the restoration of sp2 domains [156]. For metal oxides and
semiconductor nanostructures, XPS enables precise identification of surface stoichiometry,
defect states, and dopant incorporation, which directly impact the electronic properties and
catalytic behavior relevant to sensor performance [157]. Importantly, XPS is exclusively
employed as a characterization method; while it plays a critical role in correlating material
chemistry with sensor behavior, it is not used as a direct sensing transduction output.
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Raman spectroscopy provides vibrational fingerprints of materials, enabling non-
destructive assessment of chemical bonding, molecular structure, crystallinity, and defect
density [158]. In carbon-based sensing materials, Raman is indispensable for analyzing
graphene oxide reduction (ID/IG ratios), layer number (2D peak shape), and functional
group changes after surface modification. For example, electrochemical sensors based on
reduced graphene oxide utilize Raman to confirm the partial restoration of sp2 carbon
networks, correlating with enhanced electrical conductivity and sensor performance [159].
In semiconductor nanostructures (e.g., MoS2, WS2), Raman modes (E2g and A1g) reveal
layer thickness, strain, and doping effects, which directly influence their electronic sensing
mechanisms [160]. Thus, Raman spectroscopy not only provides vibrational and structural
insights, but is also widely exploited as a sensing transduction method, particularly in
surface-enhanced Raman spectroscopy (SERS)-based chemical and biosensors.

Surface plasmon resonance (SPR) is an optical technique that detects changes in the
refractive index near a metal–dielectric interface, typically on thin gold films. The resonance
angle shift correlates with the adsorption of molecules, enabling highly sensitive, label-free
detection of biomolecular interactions, small molecules, and environmental analytes [161].
Beyond refractive index probing, SPR is extensively exploited as a direct sensing output
in affinity-based chemical and biosensors [162]. The technique is particularly valuable for
studying binding kinetics and interfacial chemistry in real time, and has been combined
with nanomaterial modifications to enhance sensitivity and specificity.

Fourier-transform infrared spectroscopy (FTIR) identifies characteristic vibrational
modes of functional groups and molecular interactions, serving as a versatile tool for
verifying surface modifications, polymer composition, and analyte binding [163]. In
polymer-based sensors, FTIR detects incorporation of dopants, cross-linking degrees, or
incorporation of nanoparticles. Moreover, FTIR has been used to study adsorption of VOCs
or biomolecules onto MOFs and porous sensing films, revealing specific interaction sites
that dictate selectivity and response kinetics [164]. FTIR provides vibrational fingerprints
and chemical information, but it is employed only for material characterization rather than
as a direct transduction signal.

Scanning electron microscopy (SEM) provides high-resolution topographical and
compositional imaging, essential for visualizing surface morphology, nanostructured ar-
chitectures, and film uniformity [165]. For printed or coated sensors, SEM ensures ho-
mogenous deposition and reveals crack formation or delamination risks. In chemiresistive
sensors, SEM characterizes percolation networks of nanomaterials such as carbon nan-
otubes or metal nanoparticle assemblies, influencing electron transport pathways and
sensitivity [166]. SEM provides morphological information, surface texture, and particle
distribution at the microscale and nanoscale, but it is exclusively employed for structural
characterization and not as a direct sensing transduction method.

Transmission electron microscopy (TEM) enables atomic-resolution imaging and crys-
tallographic analysis through selected area electron diffraction (SAED) or high-resolution
TEM (HRTEM) [167]. TEM characterizes nanoparticle size distributions, core–shell struc-
tures, and lattice fringes in catalytic nanomaterials, providing insights into active sites for
sensing reactions. For instance, in electrochemical sensors employing Pt or Pd nanoparti-
cles, TEM elucidates particle dispersion on carbon supports, which determines electroactive
surface area and detection limits [168]. TEM offers high-resolution imaging of lattice fringes,
crystal domains, and defects, providing structural and compositional insights, but it is
restricted to material characterization and not used as a sensor output.

Atomic force microscopy (AFM) offers nanoscale surface topography mapping with
sub-nanometer vertical resolution, as well as mechanical property and electrical property
measurements using specialized modes [169]. Tapping-mode AFM characterizes roughness
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and morphology of thin-film sensors, crucial for analyte diffusion and surface interactions.
Conductive-AFM maps local conductivity variations, identifying grain boundaries or
defects affecting sensor response. Kelvin probe force microscopy (KPFM) measures surface
potential, relevant for semiconductor-based FET sensors to understand work function
modulations upon analyte adsorption [170]. AFM enables nanoscale topography and
nanomechanical mapping, allowing correlation with sensing behavior, although it is not
applied as an analytical signal itself.

Integrated application of these tools allows holistic characterization of sensor materials,
correlating chemical composition, structure, morphology, and functional properties to
sensing performance. For instance, combining XPS and Raman provides chemical state and
structural information on graphene derivatives, while SEM and AFM collectively elucidate
micro- and nanoscale surface morphology. Such comprehensive analyses are critical to
rationally design high-performance, stable, and selective chemical sensors for diverse
applications in environmental monitoring, healthcare, and industrial process control.

4.2. Electrochemical and Impedance-Based Techniques

Electrochemical techniques are fundamental to characterizing and understanding
the sensing mechanisms, analytical performance, and interfacial processes of chemical
sensors. Among these, electrochemical impedance spectroscopy (EIS), voltammetry, and
amperometry remain the most widely employed methodologies, each offering unique
insights into sensor behavior.

Electrochemical impedance spectroscopy (EIS) is a versatile frequency-domain tech-
nique that applies a small alternating voltage perturbation to an electrode while measuring
the resulting current over a range of frequencies [171]. This enables the deconvolution
of interfacial processes such as charge transfer resistance, double-layer capacitance, and
diffusional impedance, which collectively govern the sensor’s response characteristics. EIS
is particularly powerful for probing the kinetics of redox reactions at sensor surfaces, as
well as for evaluating the properties of thin films, modified electrodes, and nanostructured
interfaces. In biosensing applications, for instance, EIS has been widely used in label-free
detection platforms, where the binding of analytes such as proteins or DNA strands to
recognition elements like aptamers or antibodies induces measurable changes in the charge
transfer resistance and capacitance at the electrode–electrolyte interface [172]. This princi-
ple underpins many modern impedimetric biosensors that achieve detection limits down
to the femtomolar range for biomarkers relevant to cancer diagnosis or infectious disease
monitoring [172]. Moreover, EIS is essential for evaluating the stability and reproducibility
of sensing interfaces, providing insights into degradation mechanisms under repeated
analyte exposure or mechanical stress, particularly in wearable sensors [173].

Voltammetry, encompassing cyclic voltammetry (CV), differential pulse voltammetry
(DPV), and square-wave voltammetry (SWV), is extensively employed to characterize
the redox behavior of sensing materials and quantify analyte concentrations [174]. CV
is particularly useful for obtaining qualitative information regarding redox reversibility,
diffusion coefficients, and electron transfer kinetics. For example, it allows the evaluation
of the electroactive surface area of modified electrodes, which directly correlates with sensi-
tivity in amperometric detection [175]. DPV and SWV, on the other hand, offer enhanced
analytical sensitivity by minimizing capacitive background currents, making them suitable
for trace detection of analytes such as heavy metals, pharmaceuticals, and neurotrans-
mitters [176]. In chemical sensors employing carbon-based nanomaterials, voltammetry
provides crucial evidence of successful material functionalization, as observed through
shifts in peak potentials or enhanced current densities corresponding to increased electron
transfer rates [144]. Furthermore, voltammetry is instrumental in evaluating selectivity
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by enabling the simultaneous detection of multiple analytes based on their distinct ox-
idation or reduction potentials, a feature particularly valuable in complex biological or
environmental matrices [177].

Amperometry remains a cornerstone technique for chemical sensors due to its simplic-
ity, rapid response, and suitability for real-time continuous monitoring [178]. By applying
a constant potential and measuring the resulting current, amperometry directly quantifies
analyte concentrations based on Faradaic processes at the electrode surface. This approach
underpins classic enzymatic biosensors, such as glucose sensors, where the enzymatic
reaction produces an electroactive species (e.g., H2O2) that is oxidized at the electrode,
generating a current proportional to glucose concentration [174]. Recent developments in
amperometric sensors have leveraged nanostructured electrodes incorporating materials
like gold nanoparticles, carbon nanotubes, and graphene to enhance electron transfer kinet-
ics, increase electroactive surface area, and lower detection limits [173]. The integration
of amperometric sensors into flexible and stretchable platforms has enabled their use in
wearable devices for non-invasive monitoring of biomarkers in sweat, tears, or interstitial
fluid, with demonstrated applications in personalized healthcare and fitness tracking [150].

Complementary to amperometric and impedance-based methods, quartz crystal mi-
crobalance (QCM) provides a transduction mechanism based on resonant frequency shifts
upon mass adsorption. Quartz crystal microbalance (QCM) is a mass-sensitive technique
based on the resonant frequency shift of a quartz crystal upon adsorption of molecules on
its surface. The method enables label-free, real-time monitoring of interfacial processes with
nanogram sensitivity, making it particularly suitable for affinity sensing of biomolecules,
volatile organic compounds, and environmental contaminants [179]. In chemosensing,
QCM has been widely used to investigate thin-film deposition, catalytic activity, and analyte
adsorption on nanomaterial-modified electrodes [180]. While it does not provide chemical
information about the analyte, QCM remains a robust transduction method for evaluating
binding kinetics, molecular recognition, and interfacial interactions in sensor platforms.

In addition to these methods, chemosensors often rely on changes in electrical re-
sistance or capacitance as the primary analytical signal. Resistive and capacitive sensing
approaches are widely applied in gas sensors, humidity detectors, and biosensing platforms,
where analyte adsorption or interfacial processes alter the charge distribution, dielectric
constant, or charge carrier mobility of the active material [181]. Capacitive sensors, in
particular, are valued for their low power consumption, simple device architecture, and
compatibility with flexible substrates [182,183]. For example, nanomaterials such as carbon
nanotubes, graphene, and metal oxides have been incorporated into capacitive devices
to enhance sensitivity and selectivity toward specific gases and biomolecules. These ap-
proaches complement other electrochemical transduction mechanisms and broaden the
range of strategies available for chemical sensing.

Key performance metrics evaluated using these electrochemical techniques include
limit of detection (LOD), selectivity, and response/recovery time. The LOD defines the
lowest analyte concentration that can be reliably distinguished from noise, often deter-
mined using DPV or EIS due to their high signal-to-noise ratios [172]. Recent advances in
nanomaterial-modified electrodes and surface engineering have enabled electrochemical
sensors to achieve LODs in the picomolar to femtomolar ranges, supporting ultra-sensitive
detection of biomarkers or environmental pollutants [172]. Selectivity, essential for sen-
sor reliability in complex matrices, is assessed by comparing responses to target analytes
against potential interferents. This is achieved through material functionalization strategies
that incorporate selective recognition elements, tuning of operating potentials to minimize
interference, or leveraging the distinct electrochemical signatures provided by voltammet-
ric methods [177]. Response time, defined as the interval required to reach 90% of the
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steady-state signal upon analyte exposure, and recovery time, representing the duration
for the sensor to return to baseline after analyte removal, are critical for real-time moni-
toring applications. Rapid response and recovery are particularly valued in wearable and
environmental sensors where dynamic changes in analyte concentrations must be captured
accurately [150]. Electrochemical characterization not only validates sensor functionality
but also guides rational design and optimization by revealing fundamental insights into
material properties, interface stability, and transduction mechanisms. The integration of
electrochemical methods with microfabrication, flexible electronics, and wireless data ac-
quisition systems is accelerating the development of next-generation wearable, implantable,
and portable chemical sensors with high sensitivity, selectivity, and operational stability.
Future directions are expected to focus on the combination of electrochemical techniques
with optical, spectroscopic, and mass-based transduction in hybrid multimodal platforms,
further enhancing analytical performance for diverse applications in health, environmental
monitoring, and industrial process control [150].

4.3. In-Field and Real-Time Validation

The ultimate goal of chemical sensor development lies in their successful deployment
for in-field and real-time applications, which requires rigorous validation under opera-
tional conditions. Laboratory-based characterization provides fundamental insights into
sensor behavior; however, translation to real-world environments necessitates additional
assessments of robustness, reliability, and practicality. Deployment protocols are crucial to
ensure standardized testing and reliable performance data across diverse field conditions.
These protocols typically include pre-deployment calibration using known standards, vali-
dation against established analytical techniques (e.g., ICP-MS for metal ion sensors, HPLC
for organic analytes), and controlled exposure tests under simulated field environments.
For environmental monitoring sensors, deployment often involves integration into flow
systems, drones, buoys, or wearable patches, depending on target analytes and application
contexts [184]. For example, heavy metal ion sensors designed for river monitoring are
commonly tested within flow-through cells or directly submerged, with periodic sampling
for laboratory validation [185].

Environmental robustness is a critical parameter determining sensor suitability for
real-time deployment. Sensors must maintain performance under fluctuating temperature,
humidity, light exposure, and mechanical stresses. In the case of wearable chemical sensors,
mechanical deformation such as bending or stretching during body movements can affect
signal stability. Strategies to enhance robustness include encapsulation with permeable pro-
tective coatings, use of intrinsically flexible substrates (e.g., PDMS, Ecoflex), and integration
of strain-insensitive electrode architectures [186]. For environmental sensors, robustness
also entails resistance to biofouling, sediment accumulation, and chemical interferences
from complex matrices, often addressed by incorporating antifouling coatings or selective
membranes [187,188].

Calibration methods are indispensable for accurate and reproducible measurements
in the field. Traditional calibration approaches involve laboratory-based standard curves,
which may not account for matrix effects or environmental variabilities. To address this, in
situ calibration methods such as standard addition protocols, internal standards, or auto-
matic on-board calibration using stored standards have been employed [189]. Calibration
methods, including on-chip standard addition and drift correction strategies, are critical
for ensuring accuracy and stability in field-deployed and wearable sensor platforms [190].
Recent advances in real-time calibration leverage machine learning models trained on large
datasets to dynamically adjust calibration curves, compensating for environmental factors
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such as temperature, humidity, or pH variations, thereby enhancing measurement accuracy
under variable conditions [191].

Successful in-field validation also requires assessment of sensor response and recovery
times under realistic analyte concentration changes, long-term stability over operational
periods ranging from days to months, and evaluation of power consumption and data
transmission reliability in wireless or remote sensing platforms [147]. For instance, wear-
able sweat sensors must demonstrate continuous operation over multiple hours with
minimal signal drift, while environmental VOC sensors deployed on drones require rapid
stabilization times to enable spatial mapping of analyte distributions during flight [192].

Finally, deployment studies often include user feedback and operational feasibility
analysis, particularly for wearable and point-of-care devices, to ensure ergonomic design,
user comfort, and minimal interference with daily activities or workflows. The integration
of sensors with data processing units, wireless transmission modules, and user interfaces
further determines their practical utility in real-world settings [150]. In-field and real-time
validation bridges the gap between laboratory innovation and impactful application, re-
quiring interdisciplinary approaches that combine materials science, device engineering,
data analytics, and user-centered design to ensure that chemical sensors fulfill their in-
tended societal and environmental roles effectively. These insights not only support the
rational design of advanced sensors but also enable their successful deployment in critical
real-world scenarios. The following section explores how these technologies are currently
being applied across major sectors in the United States.

5. Application Domains in the United States
The practical impact of chemical sensors is ultimately measured by their performance

in real-world settings. In recent years, the United States has led numerous efforts to
translate advances in materials, fabrication, and characterization into field-deployable
sensing systems. These systems address critical national priorities such as environmental
protection, public health, food safety, industrial optimization, and smart infrastructure.
This section highlights the major application domains where chemical sensors are currently
being implemented across the U.S., providing representative examples of how cutting-edge
technologies are shaping decision-making, regulatory compliance, and societal outcomes.

5.1. Environmental Monitoring

Environmental monitoring represents a critical and expanding application domain
for chemical sensors in the United States, driven by the need to assess and manage risks
associated with anthropogenic and natural sources of pollution. Chemical sensors provide
real-time, in situ, and often low-cost alternatives or complements to traditional analytical
techniques such as gas chromatography-mass spectrometry (GC-MS) or inductively cou-
pled plasma mass spectrometry (ICP-MS), enabling continuous monitoring across wide
geographic areas.

Air quality monitoring has seen substantial integration of chemical sensors to detect
gaseous pollutants such as nitrogen oxides (NOx), sulfur dioxide (SO2), ozone (O3), carbon
monoxide (CO), and VOCs, as well as particulate matter (PM) fractions including PM10 and
PM2.5 [193]. The traditional paradigm relies on fixed-site regulatory monitoring stations
equipped with highly accurate reference analyzers, which, while providing robust data,
suffer from limited spatial resolution due to installation and maintenance costs [194]. To
address this, low-cost sensor networks based on electrochemical, metal oxide semicon-
ductor (MOS), or optical sensing principles are being deployed to provide high-resolution
pollutant mapping. For instance, MOS-based NO2 and O3 sensors have been mounted on
public transport vehicles and bicycle fleets to map urban air quality with unprecedented
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spatial granularity [195]. Similarly, VOC sensors based on photoionization detection and
metal oxide arrays have been utilized for monitoring industrial emissions and detecting
hazardous leaks.

Particulate matter monitoring has also advanced significantly through optical particle
counters (OPCs) employing light scattering techniques. These sensors, while requiring
frequent calibration and correction for humidity effects, offer compact and energy-efficient
solutions for personal exposure monitoring, enabling epidemiological studies linking PM
exposure to cardiovascular and respiratory diseases [196]. Portable PM2.5 sensors have been
validated for personal exposure assessments and indoor air monitoring, although calibra-
tion and drift correction remain critical challenges [197]. Integration of PM sensors into UAVs
has further expanded their application, enabling aerial mapping of smoke plumes, assessment
of pollutant dispersion models, and optimization of emergency response efforts [192].

Water quality monitoring employs chemical sensors to detect a broad spectrum of
contaminants including heavy metals such as lead (Pb), arsenic (As), mercury (Hg), and
cadmium (Cd), as well as nitrates, phosphates, and organic micropollutants such as pes-
ticides, pharmaceuticals, and endocrine disruptors [198]. Electrochemical sensors based
on anodic stripping voltammetry (ASV) with bismuth or gold nanoparticle-modified elec-
trodes have demonstrated high sensitivity and low detection limits for trace metal analysis,
facilitating rapid on-site measurements that are critical in contamination events such as lead
leaching in municipal water systems [199]. Citizen sensing initiatives have transformed
environmental monitoring by empowering communities with low-cost sensors, though
challenges in calibration and data interpretation remain [193].

Structured citizen science frameworks and participatory environmental monitoring
programs have greatly enhanced public engagement and expanded data collection for air
quality assessments in the United States [200]. These platforms are designed for long-term
deployment in surface waters, stormwater systems, and wastewater treatment facilities,
supporting regulatory compliance, pollutant source identification, and assessment of reme-
diation efficacy.

Recent advances in low-cost air quality monitoring tools have facilitated their adop-
tion in community-based sensing programs, bridging research and public engagement
for environmental health assessments [201]. Socioeconomic disparities in air pollution
exposure highlight the importance of integrating environmental justice considerations into
sensor deployment and monitoring strategies [202].

Wildfire monitoring represents a rapidly growing area of sensor application due to the
health impacts of smoke exposure, which include exacerbation of asthma, cardiovascular
events, and increased mortality rates [203]. Chemical sensors deployed during wildfire
events measure smoke-associated pollutants such as VOCs, CO, and PM2.5, providing
real-time exposure data for public health agencies and supporting epidemiological studies
on respiratory outcomes [204]. Integration of sensors into autonomous platforms such as
drones and stationary sensor networks facilitates rapid mapping of pollutant dispersion,
identification of fire hotspots, and evaluation of containment strategies [205]. Additionally,
research initiatives are exploring the deployment of chemical sensors for early detection
of wildfire ignition through monitoring of combustion gases and thermal signatures, con-
tributing to rapid response systems [206,207].

The deployment of chemical sensors for environmental monitoring in the United
States is further supported by interdisciplinary collaborations involving federal agencies,
academic institutions, private companies, and community organizations. These collabora-
tions facilitate technology transfer, ensure adherence to quality standards, and accelerate
the adoption of sensor data in regulatory frameworks and environmental management
practices [208].
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Future directions in environmental monitoring include the development of calibration-
free or self-calibrating sensors that maintain accuracy under variable environmental condi-
tions, integration of sensor data streams with artificial intelligence and machine learning
models for predictive pollution mapping, and expansion of sensor networks into under-
served and rural areas to address environmental justice disparities. Advances in material
science, nanotechnology, and data analytics will continue to drive innovation in sensor
sensitivity, selectivity, and durability, enhancing their impact on public health protection,
ecosystem conservation, and climate resilience.

5.2. Healthcare and Biomedical Diagnostics

The application of chemical sensors in healthcare and biomedical diagnostics has
advanced significantly over the past decade, driven by the demand for rapid, non-invasive,
and personalized monitoring tools that enable early disease detection, therapy optimization,
and improved patient outcomes. Among the biological fluids targeted for chemical sensing,
breath, sweat, and saliva have emerged as attractive matrices due to their accessibility,
minimal invasiveness, and rich biochemical information reflective of systemic health status.

Breath analysis has attracted substantial interest for the detection of VOCs and gaseous
biomarkers associated with metabolic and respiratory diseases [209]. Exhaled nitric oxide
(NO) is an established biomarker for airway inflammation in asthma, measured using
chemiluminescent and electrochemical sensors to guide corticosteroid therapy adjust-
ments [210]. Furthermore, acetone detection in breath has been explored as a non-invasive
diagnostic for diabetes mellitus, as breath acetone levels correlate with blood ketone bodies
produced during altered glucose metabolism [211], demonstrating the clinical potential of
exhaled breath analysis for diabetes mellitus. MOS sensors, quartz crystal microbalance
(QCM) devices, and colorimetric sensor arrays have been developed for these applications,
with recent advances focusing on enhancing selectivity through nanostructured sensing
films, molecularly imprinted polymers, or catalytic filters that minimize cross-interferences
from humidity and other VOCs [212].

Sweat analysis offers another promising avenue for continuous health monitoring.
Sweat contains electrolytes such as sodium, potassium, and chloride, as well as metabolites
including glucose, lactate, and urea, which reflect hydration status, metabolic activity, and
renal function [213]. Flexible electrochemical sensors integrated onto wearable platforms,
including epidermal patches and textile-based devices, have enabled real-time monitoring
of sweat analytes during exercise, occupational tasks, or daily activities [214]. For instance,
lactate sensors based on enzyme-functionalized electrodes provide insights into anaerobic
threshold and muscle fatigue, relevant for athletic performance optimization [147]. Glucose
sensors for sweat have been investigated as potential non-invasive alternatives to blood
glucose monitoring in diabetes management, although challenges remain due to the low
and variable concentrations of glucose in sweat compared to blood [135]. Strategies such as
sweat induction via iontophoresis, signal amplification using nanomaterials, and incorpo-
ration of microfluidic sweat collection channels are being developed to improve detection
limits and sampling efficiency [215].

Saliva-based sensing has gained attention for its potential in monitoring a wide
range of analytes, including hormones (e.g., cortisol), electrolytes, metabolites, and
pathogens [216]. In the United States, saliva has been validated as a reliable and non-
invasive matrix for SARS-CoV-2 detection, supporting its integration into diagnostic and
surveillance protocols [217]. Additionally, saliva offers a medium for rapid viral detection,
as demonstrated during the COVID-19 pandemic, where lateral flow assays and electro-
chemical sensors were adapted for SARS-CoV-2 antigen and antibody detection [218]. The
integration of saliva sensors into mouthguards or intraoral devices has further expanded
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their application prospects for continuous monitoring in sports medicine and chronic
disease management [219].

The broader paradigm of non-invasive biosensing aligns with the principles of person-
alized medicine, enabling tailored healthcare interventions based on an individual’s real-
time biochemical profile [220]. Wearable and implantable sensors capable of continuously
tracking physiological and biochemical parameters can inform early diagnosis, optimize
drug dosing, and detect adverse responses before clinical symptoms manifest [221]. For
example, wearable platforms integrating sweat glucose sensors with transdermal insulin
delivery modules represent a closed-loop system for diabetes management under inves-
tigation [222]. Despite these advances, challenges remain in ensuring sensor accuracy,
selectivity, and stability in complex biological matrices, as well as addressing inter- and
intra-individual variability in analyte concentrations [223]. Calibration strategies, antifoul-
ing surface modifications, and advanced data processing algorithms, including machine
learning approaches for pattern recognition and analyte prediction, are being employed to
overcome these limitations [224].

Future directions in healthcare chemical sensing include the development of multi-
analyte platforms capable of simultaneous detection of biomarkers panels, integration
with wireless data transmission for telemedicine applications, and incorporation into smart
textiles and minimally invasive microneedle arrays for continuous interstitial fluid analy-
sis [225,226]. Such innovations are poised to transform disease prevention, diagnosis, and
management towards more proactive, data-driven, and patient-centered healthcare systems.

5.3. Food Safety and Quality Assurance

Ensuring food safety and quality is a critical public health and economic priority in
the United States, where chemical sensors have found increasing applications in detecting
contaminants, pathogens, and spoilage indicators across the food supply chain. Traditional
food safety testing relies on laboratory-based chromatographic, spectrometric, and micro-
biological assays, which, while sensitive and accurate, are time-consuming, costly, and
require specialized personnel and infrastructure [227]. Emerging Point-of-care Technologies
for Food Safety Analysis. The integration of chemical sensors into food safety workflows
offers rapid, portable, and potentially real-time detection capabilities to complement these
conventional techniques.

Detection of chemical contaminants such as pesticides, heavy metals, and veterinary
drug residues has been a major focus of sensor development. Electrochemical sensors
employing nanostructured electrodes functionalized with recognition elements, such as
aptamers or molecularly imprinted polymers (MIPs), have demonstrated high sensitivity
and selectivity for pesticide residues including organophosphates and carbamates [228,229].
For example, screen-printed carbon electrodes modified with gold nanoparticles and
acetylcholinesterase enzymes enable rapid detection of organophosphate pesticides by
monitoring inhibition of enzymatic activity [230]. Similarly, voltametric sensors incorporating
bismuth film electrodes have been developed for trace detection of heavy metals such as lead
and cadmium in food samples, providing portable alternatives to ICP-MS analysis [199].

Biosensors targeting microbial pathogens, including Escherichia coli, Salmonella spp.,
and Listeria monocytogenes, are of particular relevance due to the risks posed by foodborne
illnesses. Electrochemical impedance spectroscopy (EIS)-based immunosensors have been
employed for label-free detection of bacterial antigens, with detection limits down to
102 CFU/mL achieved within one hour [231]. Optical sensors based on surface plasmon
resonance (SPR) and fluorescence transduction have also been adapted for pathogen detec-
tion in food matrices, with advances in nanoparticle-based signal amplification enhancing
sensitivity and enabling multiplexed detection of multiple pathogens simultaneously [232].
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Monitoring of spoilage indicators such as biogenic amines, volatile sulfur compounds,
and organic acids is critical for assessing food freshness and quality assurance during
storage, transport, and retail display. Colorimetric sensors employing pH-responsive or
amine-reactive dyes integrated into packaging films have been developed to provide visual
freshness indicators for meat, fish, and dairy products [233]. For instance, polydiacetylene-
based colorimetric films undergo visible blue-to-red transitions in response to protein
degradation, providing intuitive spoilage indication to consumers [234]. Integration of sen-
sors into packaging materials and handheld devices represents a significant advancement
towards real-time food monitoring. Smart packaging systems incorporating printed electro-
chemical or optical sensor arrays enable continuous assessment of product quality without
the need to open packaging, preserving sterility and extending shelf-life [235]. Handheld
devices equipped with electrochemical or colorimetric sensor cartridges provide portable,
user-friendly platforms for on-site screening by food inspectors, distributors, and retailers,
reducing reliance on centralized laboratory testing and enabling rapid decision-making [236].

Future directions in food safety sensing focus on the development of multi-analyte
platforms capable of simultaneous detection of diverse contaminants and spoilage indica-
tors, improving sensor selectivity in complex food matrices, and ensuring biocompatibility
and regulatory compliance of sensor materials used in direct food contact applications.
These innovations are anticipated to enhance food safety management systems, reduce
food waste by extending shelf-life through freshness monitoring, and increase consumer
confidence in food quality.

5.4. Industrial Process Control

The implementation of chemical sensors in industrial process control has become
increasingly critical for ensuring operational safety, process optimization, regulatory com-
pliance, and cost efficiency across sectors such as petrochemical refining, chemical manufac-
turing, energy production, and aerospace engineering. Chemical sensors enable real-time
monitoring of key process parameters, detection of hazardous leaks, and early identification
of corrosion and material degradation, providing essential data for predictive maintenance
and process automation.

Leak detection is a primary application where chemical sensors play a vital role in
safeguarding personnel, equipment, and the environment. Gas sensors based on elec-
trochemical, MOS, and infrared absorption principles are widely used for the detection
of flammable and toxic gases such as methane (CH4), hydrogen sulfide (H2S), carbon
monoxide (CO), ammonia (NH3), and VOCs [237]. For instance, MOS sensors employing
SnO2 or ZnO nanostructures exhibit high sensitivity to methane and propane, making
them suitable for deployment in natural gas pipelines and refinery environments [238].
Optical fiber-based distributed sensing systems utilizing Raman or Brillouin scattering
have been employed for pipeline leak detection over long distances, providing spatially
resolved concentration profiles with minimal maintenance requirements [239]. The integra-
tion of wireless sensor networks with leak detection systems further enhances coverage in
large industrial facilities, enabling rapid response to accidental releases and minimizing
environmental impacts [240].

Corrosion monitoring is another critical application area, as corrosion-induced failures
can lead to significant safety hazards and economic losses. Electrochemical sensors based
on linear polarization resistance (LPR), electrochemical impedance spectroscopy (EIS), and
electrochemical noise analysis (ENA) have been widely adopted for in situ corrosion moni-
toring in pipelines, storage tanks, and heat exchangers [241]. For example, LPR probes pro-
vide quantitative measurements of corrosion rates in real-time by determining polarization
resistance, which inversely correlates with corrosion current density [242]. Recent advances
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include the development of microfabricated corrosion sensors with integrated reference
and counter electrodes on flexible substrates, enabling deployment in confined or curved
surfaces within process equipment [243]. Additionally, fiber optic corrosion sensors em-
ploying fiber Bragg gratings coated with corrosion-sensitive materials provide distributed
corrosion mapping capabilities, supporting predictive maintenance strategies [244].

Inline chemical process surveillance relies on sensors that provide continuous mon-
itoring of critical process parameters such as pH, dissolved oxygen, conductivity, and
specific analyte concentrations. Electrochemical sensors, optical sensors based on UV-Vis,
near-infrared (NIR), and Raman spectroscopy, and mass-based sensors such as quartz
crystal microbalance (QCM) devices are commonly employed for this purpose [245]. For
instance, inline NIR spectroscopy sensors are used for monitoring reactant and product
concentrations in pharmaceutical and polymer synthesis processes, enabling real-time
adjustments to maintain optimal reaction conditions and product quality [246]. In fermen-
tation and bioprocessing industries, electrochemical sensors for pH, dissolved oxygen, and
carbon dioxide provide essential data for process control, ensuring high yields and prod-
uct consistency [247]. Recent innovations in industrial sensing include the integration of
chemical sensors with Internet of Things (IoT) frameworks, cloud computing, and machine
learning algorithms for advanced process analytics and decision support systems [248].
Smart sensor platforms capable of self-calibration and drift correction are under develop-
ment to reduce maintenance demands and enhance long-term reliability in harsh industrial
environments [249]. Moreover, the incorporation of sensors into robotic inspection systems
and autonomous drones is expanding their application for remote and hazardous area
monitoring, enhancing operational safety and efficiency [250].

The continued advancement of chemical sensor technologies for industrial process
control is expected to drive significant improvements in plant safety, environmental pro-
tection, operational reliability, and regulatory compliance. Future directions include the
development of multi-analyte sensor arrays for comprehensive process monitoring, en-
hanced sensor materials with improved stability under extreme conditions, and seamless
integration with digital twin platforms for real-time process simulation and optimization.

5.5. Smart Cities and IoT-Integrated Sensing Networks

The integration of chemical sensors within smart city frameworks has emerged as a
transformative approach for urban infrastructure management, environmental monitoring,
mobility optimization, and energy efficiency. Smart cities leverage interconnected sensor
networks, data analytics, and automated control systems to enhance quality of life, resource
utilization, and sustainability. Chemical sensors, as integral components of these networks,
provide critical real-time data on environmental pollutants, public health indicators, and
infrastructure integrity.

Recent advances in direct printing of MXene-based wireless electronic systems have
accelerated their deployment within IoT-enabled smart city infrastructures. For instance,
Shao et al. [251] demonstrated a fully printed flexible wireless sensing platform using
aqueous Ti3C2Tx MXene inks at room temperature. As shown in Figure 4, this system
integrates micro-supercapacitors for energy storage, temperature and humidity sensors,
and Bluetooth communication modules onto a single flexible PET substrate. The printed
device exhibited high electrical conductivity (~6900 S·cm−1), rapid sensing response, and
robust mechanical flexibility, enabling real-time environmental monitoring and wireless
data transmission to smartphones. Such platforms exemplify the convergence of advanced
nanomaterials, energy storage, and wireless communication for scalable deployment in smart
city air quality monitoring, wearable health devices, and connected agricultura networks [251].
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Figure 4. Diagram illustrating the wireless sensing platform incorporating three fully MXene-printed
functional components (a). Block diagram depicting the configuration and working mechanism of
the integrated system (b). Cyclic voltammetry (CV) curves at varying scan rates (c), galvanostatic
charge–discharge (GCD) profiles at different current densities (d), and calculated areal capacitance
values derived from CV (top) and GCD (bottom) analyses (e) for the micro-supercapacitor (MSC)
unit. Ragone plots comparing the areal energy and power densities achieved in this work with
previously reported MSC devices (f). Real-time electrical response of the MXene-based temperature
sensor measured between 20 and 55 ◦C (g). Normalized resistance variation when in contact with
and removed from the palm, with inset showing response changes for different contact durations (h).
Resistance changes in the MXene humidity sensor under multiple humidity levels (i). Repetitive dy-
namic response and recovery curves recorded between 20% RH and 80% RH, with inset highlighting
response time (j). (Reprinted with permission from ref. [251], Springer Nature, 2022).

Sensor grids deployed in urban environments enable continuous monitoring of air
quality, including concentrations of nitrogen oxides (NOx), ozone (O3), carbon monoxide
(CO), sulfur dioxide (SO2), particulate matter (PM), and VOCs [252]. Dense networks of
low-cost air quality sensors have been established in cities such as Chicago, Los Angeles,
and New York to identify pollution hotspots, inform traffic management strategies, and
support epidemiological studies on respiratory and cardiovascular health outcomes [195].
For example, the Array of Things project in Chicago integrates chemical sensors with
meteorological and mobility sensors to provide hyperlocal environmental data accessible
to city planners and researchers [253].

In the context of mobility, chemical sensors contribute to intelligent transportation
systems by monitoring vehicular emissions and detecting hazardous gas leaks in under-
ground subway systems or tunnels [254,255]. Integration of gas sensors into traffic lights or
roadside units enables dynamic traffic control based on pollution levels, promoting envi-
ronmental sustainability and compliance with air quality regulations [256]. Additionally,
wearable chemical sensors for personal exposure monitoring are increasingly utilized by
cyclists, pedestrians, and vulnerable populations to assess their daily pollutant exposure
and optimize commuting routes [193]. Infrastructure monitoring is another critical applica-
tion, where chemical sensors are embedded into concrete structures, pipelines, and storage
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tanks to detect corrosion, leaks, or material degradation [184]. For instance, electrochemical
corrosion sensors integrated into bridges and parking structures provide early warnings of
reinforcement deterioration, enabling proactive maintenance and extending structural lifes-
pan [242]. Combined with structural health monitoring systems, these sensors enhance the
resilience and safety of urban infrastructure. Energy systems within smart cities also benefit
from sensor integration. Chemical sensors in smart grids monitor gas compositions in
energy production and distribution, ensuring safety and efficiency in natural gas networks,
fuel cells, and hydrogen storage systems [237]. Sensor data informs demand-response
strategies, fault detection, and optimization of energy usage patterns, supporting grid
stability and sustainability goals [248].

Key technological challenges in implementing IoT-integrated chemical sensing net-
works include ensuring reliable connectivity, minimizing power consumption, and achiev-
ing efficient data fusion and analysis. Wireless communication protocols such as LoRaWAN,
ZigBee, and NB-IoT have been employed to connect large numbers of distributed sensors
with minimal energy demands [257]. Ultra-low-power sensor designs utilizing energy
harvesting from ambient sources, such as solar or vibrational energy, further extend opera-
tional lifetimes and reduce maintenance needs [258]. Data fusion approaches, combining
inputs from heterogeneous sensor types, leverage machine learning algorithms to derive
actionable insights for urban management and planning [259]. For example, integrating air
quality data with traffic flow, meteorological, and health data supports predictive modeling
of pollution episodes and targeted mitigation strategies.

Future directions include the development of self-calibrating chemical sensors with
long-term operational stability, integration with edge computing for on-site data process-
ing, and deployment of multimodal sensor platforms combining chemical, physical, and
biological sensing capabilities. These innovations will enable smart cities to achieve compre-
hensive environmental monitoring, efficient resource management, and enhanced public
health protection, contributing to the realization of sustainable, resilient, and equitable
urban ecosystems.

Despite these promising applications, quantitative performance metrics reveal both
progress and persistent limitations. In environmental monitoring, state-of-the-art MOS-
and electrochemical-based sensors typically achieve detection limits in the 10–50 ppb
range for NO2 and O3, with response times of 30–60 s, yet calibration drift under vary-
ing humidity and temperature remains a challenge [182–184]. In biomedical diagnostics,
sweat glucose sensors report LODs of 10–50 µM and linear ranges up to 1 mM, but oper-
ational stability rarely exceeds 24–48 h of continuous use due to fouling and enzymatic
degradation [201–203]. Food safety sensors employing aptamers or molecularly imprinted
polymers can detect pesticide residues at nM levels within minutes, although reproducibil-
ity across complex food matrices is limited [215–217]. Industrial process sensors such as
electrochemical probes achieve corrosion rate detection with sensitivities of ~1 µm/year,
but long-term stability in harsh environments is often compromised [228–230]. Smart
city sensor networks demonstrate sub-ppm sensitivity to CO and VOCs, but ensuring
reliable wireless connectivity and energy autonomy in large-scale deployments remains
unresolved [238–240]. Overall, while chemical sensors are capable of ppb-level detection for
gases, nM-level sensitivity for biomolecules, and real-time response on the order of seconds
to minutes, reproducibility, scalability, regulatory validation, and durability continue to
limit their widespread translation. Addressing these challenges requires calibration-free
operation, robust antifouling strategies, standardized protocols, and multi-site validation
studies to bridge laboratory prototypes with real-world deployment.
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6. Challenges, Limitations, and Future Perspectives
Despite remarkable advances in the design, fabrication, and application of chemical

sensors, numerous challenges and limitations persist. These barriers still hinder large-
scale deployment, commercialization, and impact across sectors such as environmental
monitoring, healthcare, food safety, industrial process control, and smart cities. Addressing
them is critical to translating laboratory innovations into robust, user-friendly, and scalable
technologies that serve societal needs.

Scalability and reproducibility remain foremost challenges. Laboratory-scale demon-
strations often rely on precise synthesis methods (e.g., hydrothermal or solvothermal
growth, lithographic patterning) that are difficult to adapt to mass production [260]. Achiev-
ing uniform deposition of nanostructured layers such as graphene, MoS2, MXenes, or
metal oxide nanowires with controlled morphology and functionalization is still a bottle-
neck [144]. Variations in synthetic conditions produce inconsistencies that affect calibration
and reproducibility. To overcome this, roll-to-roll CVD, scalable sputtering, and additive
manufacturing methods (inkjet or aerosol jet printing) are being explored for cost-effective
production [261].

Cost of manufacturing is closely tied to scalability. Sensors incorporating noble
metals (Pt, Pd, Au), complex biorecognition elements (antibodies, enzymes), or multi-step
microfabrication are often expensive, limiting widespread use, particularly in low-resource
settings [184]. Alternative materials such as conductive polymers, carbon nanocomposites,
and synthetic receptors (aptamers, molecularly imprinted polymers) provide potential
routes to cost reduction without sacrificing sensitivity [133].

Long-term stability is another persistent limitation. Sensors exposed to harsh
environments—temperature fluctuations, humidity, UV radiation, or chemical interferents—
often degrade, drift, or lose sensitivity [174]. Examples include denaturation of enzyme-
based biosensors and humidity-induced variations in metal oxide sensors [262]. Strategies
under development include protective encapsulation, stabilizing agents for biomolecules,
and the integration of reference elements for real-time calibration [263].

Fouling and biofouling are specific limitations in biosensors deployed for continuous
monitoring in biological fluids or environmental waters. Adsorption of proteins, salts, or
organic contaminants onto sensing surfaces can impede analyte diffusion, reduce active
surface area, and lead to erroneous readings [178]. The development of antifouling coatings,
such as polyethylene glycol (PEG) derivatives, zwitterionic polymers, or hydrophilic self-
assembled monolayers, has shown promise in enhancing operational lifetimes [187,264].

Selectivity also remains a challenge in complex matrices with similar interferents.
While nanomaterials improve sensitivity through large surface area and conductivity,
they often lack intrinsic molecular recognition [184]. Hybrid approaches that combine
nanomaterials with aptamers, molecularly imprinted polymers, or synthetic receptors are
promising, though issues remain with stability and scalable immobilization [147].

Sustainability is an increasingly important consideration. Many sensors rely on mate-
rials with environmental or health concerns (e.g., heavy metal oxides, fluoropolymers, toxic
solvents) [265]. Moreover, single-use devices contribute to e-waste. Applying green chem-
istry, biodegradable substrates (cellulose nanofibers, chitosan, silk fibroin), and eco-friendly
fabrication is essential for sustainable sensing [266].

Regulatory challenges constitute a significant barrier to commercialization, particularly
for medical diagnostics and food safety applications. Devices intended for clinical use
require rigorous validation and approval from agencies such as the US Food and Drug
Administration (FDA), involving extensive studies to demonstrate accuracy, repeatability,
biocompatibility, and safety [267]. Similarly, environmental sensors intended for regulatory
monitoring must comply with standards set by the US Environmental Protection Agency
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(EPA), which require performance evaluations against reference-grade instruments [268].
These processes are resource- and time-intensive, slowing down commercialization.

Data privacy and security are critical in wearable, citizen science, and IoT-enabled
sensing. Continuous monitoring of health and environmental exposures raises risks of
breaches and misuse [220]. Ensuring encryption, secure cloud storage, user consent, and
compliance with GDPR and HIPAA regulations is essential [269].

Looking forward, artificial intelligence (AI) and machine learning (ML) are poised to
revolutionize chemical sensing by enabling advanced signal processing, drift compensation,
calibration, and interpretation of complex multivariate datasets. AI/ML algorithms have
been employed to deconvolute overlapping signals in VOC sensor arrays for disease diag-
nostics [270], predict analyte concentrations under varying environmental conditions [271],
and automate quality control in manufacturing sensor components [259]. Combining AI
with edge computing can enable on-device data processing, reducing latency and depen-
dency on cloud infrastructures, particularly critical for real-time healthcare monitoring or
industrial process control.

Future perspectives in chemical sensing include the development of:

(a) Self-calibrating and self-powered sensors leveraging energy harvesting technologies
(e.g., triboelectric, piezoelectric, or biofuel cells) to enable autonomous long-term
operation [258].

(b) Multimodal sensing platforms integrating chemical, physical, and biological transduc-
tion mechanisms for comprehensive environmental and physiological monitoring [272].

(c) Flexible, stretchable, and biodegradable sensors to expand wearable and implantable
applications while minimizing environmental impact [273].

(d) Digital twin frameworks, combining sensor data with real-time simulation models for
predictive maintenance, disease progression modeling, and smart city management [274].

Achieving these visions will require interdisciplinary collaborations spanning material
science, device engineering, data science, regulatory policy, and social sciences to ensure
that chemical sensor technologies are technically robust, environmentally sustainable,
economically viable, and socially acceptable.

7. Conclusions
Over the past two decades, chemical sensing has evolved from simple laboratory

devices into sophisticated platforms capable of real-time, high-resolution monitoring across
diverse fields. This transformation has been largely driven by advances in nanomaterials,
novel fabrication methods, and high-precision characterization tools. The result has been
remarkable improvements in sensitivity, selectivity, and device integration. However,
the central challenge moving forward is not the discovery of ever more exotic materials,
but rather the translation of promising laboratory prototypes into reliable, scalable, and
sustainable technologies.

Looking ahead, several directions appear particularly critical. Reproducibility and
scalability remain the foremost hurdles. Complex nanomaterial syntheses may yield
outstanding performance in controlled experiments but often lack robustness in large-scale
production. Efforts in additive manufacturing, inkjet and aerosol jet printing, and roll-to-
roll deposition are promising avenues to bridge this gap. Long-term stability is equally
essential: future sensors must withstand harsh environments and continuous operation
without loss of functionality, which will require advances in encapsulation strategies,
antifouling coatings, and real-time calibration mechanisms.

Another decisive factor will be sustainability by design. Many high-performance mate-
rials raise environmental and health concerns, while single-use sensor formats contribute to
waste streams. Future research should embrace green chemistry principles, biodegradable
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substrates, and low-energy fabrication routes, ensuring that new technologies are not only
effective but also environmentally responsible.

At the same time, the field is entering a phase where intelligence and integration
will redefine its boundaries. Chemical sensors are no longer stand-alone devices, but
nodes in broader digital ecosystems. Artificial intelligence and machine learning will be
indispensable for deconvoluting complex datasets, compensating for drift, and enabling
predictive analytics. Combined with edge computing, these tools can transform sensors into
autonomous decision-making units, essential for applications in personalized healthcare,
environmental surveillance, and smart infrastructure.

From our perspective, the most significant opportunity lies in the convergence of
disciplines. Progress will increasingly depend on collaboration between materials scientists,
engineers, data scientists, and policymakers. The design of multifunctional, adaptive, and
ethically aligned sensing systems requires not only technical innovation but also careful
consideration of regulatory pathways, data privacy, and societal trust.

In conclusion, nanomaterial-enabled chemical sensors stand at a turning point. Rather
than merely pursuing incremental improvements in sensitivity, the challenge is to create
scalable, intelligent, and sustainable systems that integrate seamlessly into daily life. If these
challenges are met, chemical sensors will form an invisible but indispensable backbone
of 21st century society—protecting human health, safeguarding the environment, and
powering the technological infrastructures of the future.
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DPV Differential Pulse Voltammetry
EIS Electrochemical Impedance Spectroscopy
EPA Environmental Protection Agency
FDM Fused Deposition Modeling
FET Field-Effect Transistor
FDA Food and Drug Administration
FTIR Fourier-Transform Infrared Spectroscopy
GC-MS Gas Chromatography–Mass Spectrometry
GDPR General Data Protection Regulation
GO Graphene Oxide
HIPAA Health Insurance Portability and Accountability Act
ICP-MS Inductively Coupled Plasma Mass Spectrometry
IoT Internet of Things
KPFM Kelvin Probe Force Microscopy
LD Linear Dichroism
LOD Limit of Detection
LPR Linear Polarization Resistance
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ML Machine Learning
MOF Metal–Organic Framework
MOS Metal Oxide Semiconductor
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OPC Optical Particle Counter
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PET Polyethylene Terephthalate
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PPy Polypyrrole
QCM Quartz Crystal Microbalance
rGO Reduced Graphene Oxide
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SEM Scanning Electron Microscopy
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SLA Stereolithography
SPR Surface Plasmon Resonance
STEM-EELS Scanning Transmission Electron Microscopy–Electron Energy Loss Spectroscopy
SWCNT Single-Walled Carbon Nanotube
TMD Transition Metal Dichalcogenide
UV Ultraviolet
VOC Volatile Organic Compound
XPS X-ray Photoelectron Spectroscopy
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