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Abstract

The demand for timely, on-site toxicological evidence across poisoning investigations, drug
enforcement, and public health emergencies has driven the development of rapid detection
technologies in forensic toxicology. This review critically assesses the current landscape of
rapid detection technologies, including portable chromatography-mass spectrometry,
handheld spectrometers, lateral flow immunoassays, aptamer-based sensors, and
electrochemical devices. Instrument-based methods offer definitive identification but face
limitations in cost, complexity, and sensitivity for trace analysis. Sensor-based platforms
prioritize simplicity and accessibility yet struggle with matrix interference, quantitative
accuracy, and differentiation of new psychoactive substances (NPS) isomers. Despite
significant advances, key translation barriers include a lack of standardization and limited
field-relevant validation. We outline priority areas for future research, such as validation
using authentic forensic specimens, integration of machine learning for adaptive data
processing, and sustained collaboration to establish standardized protocols and evidentiary
frameworks. Rapid detection technologies are not poised to replace laboratory analysis but
to complement it, extending the reach of forensic toxicology into the field and enabling
real-time decision-making for public health and safety.
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INTRODUCTION

As an integral component of modern forensic science, forensic toxicology contributes critically to elucidating
the cause and manner of death in suspected poisoning cases, assessing impairment in driving under the
influence of drugs investigations, monitoring drug abuse, and providing critical evidence in criminal
prosecutions. Over the past two decades, the scope of forensic toxicology has expanded substantially, driven
by the escalating global drug crisis, the emergence of new psychoactive substances (NPS), and the increasing
demand for timely toxicological evidence to support law enforcement and public health interventions™?..
This expansion has imposed increasing demands on detection methods, which must reconcile high
sensitivity and specificity with the flexibility to address diverse forensic scenarios, ranging from crime scenes
and emergency departments to public health incident responses™.

Beyond traditional laboratory-based analysis, contemporary forensic toxicology requires analytical tools
capable of meeting the immediate detection needs of multiple operational contexts”!. In postmortem
investigations, the concentrations of drugs and their metabolites undergo dynamic changes with increasing
postmortem interval (PMI), which are influenced by complex factors including putrefactive degradation,
tissue redistribution, and postmortem redistribution (PMR)"*”. These factors lead to discrepancies between
measured drug concentrations and the original doses present at the time of death. In poisoning incidents,
rapid identification of toxic substances provides immediate case characterization and enables prompt
differentiation of toxicants to guide clinical treatment®”. In traffic accident cases, on-site screening of blood
for ethanol, drugs of abuse, and other addictive substances can significantly shorten detection time, thereby
enhancing investigation efficiency"’’. Consequently, rapid detection technologies have emerged as a
transformative force, not only within forensic toxicology but also across public health and public safety
domains"!. Traditional forensic toxicology workflows typically involve a sequential chain of operations,
including sample collection, transportation, and preparation (separation, purification, and extraction),
instrumental analysis, data processing, and final report issuance, which inevitably introduces time delays and
increases turnaround times. On-site analytical methods transcend the spatial and temporal limitations
inherent to conventional laboratory-based analysis, achieving “sample-in, result-out” capabilities and
substantially shortening the decision cycle from sample acquisition to result interpretation>”. Thus, the on-
site analytical testing method is fundamentally reshaping the practice paradigm of forensic toxicology from a
predominantly retrospective to a reactive model, an intelligence-generating framework embedded directly
within law enforcement, emergency medical, and public health response workflows. In this context, rapid
detection technologies are operationally defined as analytical methods that, by virtue of being deployable at
the site of sample collection, can provide a qualitatively or quantitatively interpretable result significantly
faster than traditional laboratory workflows, typically within 30 min of sample collection or sample
introduction. This operational definition reflects the practical reality that rapid methods are not merely faster
versions of laboratory techniques.

Over the past decade, the field of rapid detection has witnessed unprecedented growth, driven by parallel
advances in multiple disciplines, including analytical chemistry, materials science, and nanotechnology"*'”.
In particular, the development of portable and field-deployable analytical devices has accelerated markedly,
fueled by the miniaturization of optical and electronic components, the commercial availability of low-cost
lasers and detectors, and the proliferation of smartphone-based readout systems''®"). Importantly, the
progress in rapid detection methods for clinical diagnostics, food safety monitoring, environmental
surveillance, and point-of-care medical testing has provided platform technologies readily adaptable for drug
detection applications"”**?. For forensic toxicology analysis, rapid detection methods can be classified into
instrument-based field-deployable systems and sensor-based rapid screening platforms. The former category
includes portable chromatographic-mass spectrometric instruments and handheld spectrometers,
representing the direct translation of established laboratory gold standards into field-ready tools*. These
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instrument-based methods offer the significant advantage of identifying unknown substances through mass
spectral interpretation or spectral library matching. In practice, however, instrument and consumable costs
vary substantially depending on the manufacturer, model, and whether the device is domestically produced
or imported. Operational costs are also influenced by sample preparation, maintenance, and operator
training, which should be considered alongside analytical performance. Sensor-based platforms encompass a
wide array of biosensors and chemical sensors, including lateral flow immunoassay (LFIA)-based Kkits, as well
as emerging recognition-element platforms utilizing antibodies or aptamers coupled with colorimetric,
fluorescent, or electrochemical signal transduction mechanisms”***. These sensor-based approaches
prioritize simplicity, low cost, and accessibility over instrumentation, enabling minimally trained personnel
to obtain results rapidly within minutes.

Recently, the Shi group provided an overview of current rapid detection methods for toxicological analysis
across diverse forensic scenarios, offering a valuable framework that connects emerging technologies to
forensic toxicology practice”. Building upon this foundational review, the present review aims to extend the
discussion by providing a more detailed examination from the perspective of sensor design principles and
signal transduction mechanisms, critically evaluating the relative advantages, limitations, and suitability for
specific forensic scenarios. We further summarize the key challenges facing practical deployment of these
methods, including matrix effects, sensitivity limitations, standardization gaps, and outline future directions
for advancing rapid detection technologies in forensic toxicology.

ADVANCES IN RAPID DETECTION METHODS

It is instructive to recognize that rapid detection methods in forensic toxicology can be broadly divided into
instrument-based analytical systems [including portable chromatography-mass spectrometry, handheld
Raman spectrometers, and portable near-infrared (NIR)/Fourier transform infrared (FTIR) spectrometers]
and sensor-based detection platforms. These instruments offer the significant advantage of definitive or
near-definitive identification of unknown substances through mass spectral interpretation or spectral library
matching. Consequently, a relatively high level of technical maturity and regulatory acceptance can be
achieved, particularly in applications such as drug crime scene investigation, customs inspection, and border
enforcement actions.

Portable chromatography-mass spectrometry and handheld spectrometers

Portable gas chromatography-mass spectrometry (GC-MS) has matured substantially over the past decade,
evolving from laboratory-bound instruments to field-deployable systems capable of delivering laboratory-
grade performance at the point of need'*'!. Recent advances have focused on expanding compound
coverage and simplifying field operation through integration of advanced sample introduction techniques,
including solid-phase microextraction (SPME), purge-and-trap, and thermal desorption, enabling trace-level
detection in complex forensic matrices such as biological fluids and seized drug residues”***. Recent efforts
have concentrated predominantly on the identification of fentanyl and its synthetic opioids in seized
powderst***. Beyond direct sampling, innovations in sample introduction have expanded the application
scope of portable mass spectrometry (MS). The coupling of automated solid-phase extraction (SPE) devices
with portable MS has enabled rapid on-site screening of illicit drugs in wastewater, eliminating analyte
degradation risks during transport". For direct analysis of biological specimens, a portable solvent-assisted
thermal desorption ionization source has been developed for hair analysis, achieving detection limits as low
as 0.2 ng/mg for ketamine, cocaine, and morphine””’. Complementary enrichment strategies, such as
integrating SPME with nano-electrospray ionization in a single kit, allow on-site extractive sampling from
complex liquid samples and living organisms!*’. Additionally, dedicated microcolumns featuring ionic
liquid-based hybrid gel stationary phases have enabled effective separation of multiple narcotics prior to
micro-GC detection, enhancing both resolution and sensitivity for complex samples'*'l. Collectively, these
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advancements have transitioned portable chromatography-MS from a specialized tool for seized powder
analysis to a versatile system capable of handling diverse forensic matrices, including wastewater and
biological fluids.

Raman spectroscopy is a rapid, non-destructive, cost-effective technique that provides molecular fingerprint
information, receiving widespread attention in forensic science'*>*!. Compared with portable
chromatography-MS, handheld Raman spectroscopy offers distinct advantages in cost, operational
simplicity, and speed, benefiting from significant advances in domestic manufacturing****.. Currently,
commercially available handheld Raman spectrometers, both domestic and international, have established
spectral libraries covering virtually all traditional drugs of abuse, including cocaine, heroin,
methamphetamine, 3,4-methylenedioxymethamphetamine (MDMA), ketamine, and cannabis, as well as a
broad range of emerging NPS such as synthetic cannabinoids, synthetic cathinones, and fentanyl analogs'*=**.
The localization of Raman spectrometer production has achieved remarkable progress, with domestic
instruments now delivering sensitivity and spectral resolution comparable to their international
counterparts. However, the analytical performance of handheld Raman diminishes in complex biological
matrices due to low analyte concentrations, background fluorescence, and spectral interference from matrix
components**. To overcome sensitivity limitations, studies have explored the combination of handheld
Raman with MS to achieve complementary analytical capabilities, making their integration particularly
attractive for forensic applications where both speed and accuracy are required**°". Besides, surface-
enhanced Raman scattering (SERS) has emerged as a transformative approach in diverse forensic scenarios,
including traditional drugs of abuse (cocaine, heroin, methamphetamine, MDMA, ketamine), NPS (which
encompass a broad range of substance classes such as synthetic cannabinoids, synthetic cathinones, synthetic
opioids including fentanyl analogs and nitazenes, phenylethylamines, piperazines, and tryptamines),
pesticides, and even non-traditional forensic targets such as exosomal biomarkers for sudden cardiac
death®™ . Given the continuous evolution of the NPS landscape, the integration of machine learning with
SERS has become increasingly necessary. For instance, machine learning algorithms can learn subtle,
nonlinear patterns from SERS data, enabling classification of trace-level NPS and their isomers despite
spectral overlaps and signal variability, and recent research has focused on constructing machine learning
models specifically for the differentiation and identification of diverse NPS!***”/. Despite these promising
applications, current machine learning models remain largely at the proof-of-concept stage, typically
validated under controlled conditions with limited datasets. Their generalizability to new instruments,
matrices, and emerging NPS classes, as well as their performance on authentic forensic specimens, requires
further investigation.

As a complementary vibrational technique to Raman, FTIR spectroscopy has gained increasing attention for
on-site forensic drug detection. Unlike Raman spectroscopy, which measures inelastic light scattering and
can be severely hindered by sample fluorescence, FTIR measures the absorption of mid-infrared radiation
(typically 4,000-400 cm™) by molecular bonds, and is inherently immune to fluorescence interference,
thereby offering superior molecular specificity and more reliable compound identification. However, field
deployment of portable FTIR instruments is constrained by high manufacturing costs, stringent mechanical
stability requirements, and inherently heavier, more expensive hardware. Although handheld products such
as the Agilent 4300 (weighing ~2.2 kg) are commercially available, their adoption in routine field operations
remains limited compared to NIR devices. By contrast, portable NIR spectrometers feature a substantially
simpler hardware configuration. Broadband sources such as tungsten-halogen lamps and InGaAs detectors
are inexpensive and readily miniaturized, enabling compact, lightweight devices, some of which are even
available as smartphone-attachable modules. This cost-effectiveness and ease of integration have made NIR
the dominant choice for portable spectroscopic screening, offering complementary information through
infrared absorption with distinct advantages for on-site forensic drug detection®* !, Kranenburg et al.
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achieved > 97% true positive rates for cocaine, brown heroin, and colored MDMA tablets using a
1,300-2,600 nm portable NIR analyzer, and demonstrated differentiation of isomeric NPS with different legal
statuses'**?l. Similar to Raman spectroscopy, machine learning has become essential for portable NIR
spectroscopy to overcome its inherent limitations of broad, overlapping spectral bands, which enable
effective differentiation of drugs and isomers from low-resolution data/*>**. True-positive and true-negative
rates of 97.2% and 98.2%, respectively, were also achieved for cocaine detection using a multistage k-nearest-
neighbor (kNN)-artificial neural network (ANN)-bagged-tree model across > 10,000 spectra'®!. Moreover,
machine learning enables dynamic model updating as new laboratory-confirmed data are added, allowing
portable NIR devices to adapt to the evolving drug market in near real-time'*. Compared to Raman, NIR is
immune to fluorescence and enables smaller, cheaper sensors, but offers lower spectral resolution.
Recognizing their complementarity, several studies have combined handheld Raman and NIR. Raman
provides high molecular specificity for definitive identification, while NIR offers rapid, fluorescence-free
screening through packaging. Together, they reduce false positives and enable robust characterization of
complex or colored samples, forming a tiered forensic workflow where NIR serves as a rapid triage tool,
Raman as a confirmatory screening tool, and portable MS as a tool for definitive trace analysis.

Lateral flow immunoassays

LFIA, commonly implemented using immunochromatographic test strips, represents the most commercially
mature and operationally accessible sensor-based platform for rapid drug screening in forensic
toxicology'°”**). These devices operate on the principle of capillary-driven fluid transport along a
nitrocellulose membrane, where target analytes are captured by antibodies immobilized on test lines,
generating a visual signal typically through gold nanoparticles (AuNPs)"*”. Owing to the small molecular size,
commercial LFIA kits for drugs predominantly employ a competitive immunoassay format, in which target
analytes compete with immobilized antigen conjugates for binding to limited labeled antibodies, resulting in
an inverse relationship between analyte concentration and test line intensity. The analytical performance of
LFIA in forensic applications has been extensively validated for common drugs, NPS, pesticides,

67,69-72]

benzodiazepines, and other emerging forensic toxicants'

In recent years, the proliferation of opioid analogs, particularly fentanyl and its derivatives, has driven
increased development of LFIA kits targeting this class of substances. Numerous commercial test strips for
fentanyl, norfentanyl, carfentanil, and furanylfentanyl are now available”’. Despite their widespread use,
LFIA kits face sensitivity limitations when applied to complex biological matrices such as whole blood,
serum, or postmortem specimens. This sensitivity gap has motivated substantial research efforts focused on
improving detection limits and expanding target coverage”*”?. The most widely explored strategy involves
replacing AuNPs with alternative signal reporters. Various fluorescent materials, including organic dyes,
quantum dots, and upconversion nanoparticles, have been successfully integrated into LFIA platforms.
Figure 1 illustrates the competitive immunoassay format commonly used in LFIA!"""*). For example,
fluorescent dye-labeled LFIA significantly enhances sensitivity for morphine and methamphetamine,
enabling detection at concentrations substantially lower than AuNP-based counterparts”’. Similarly,
persistent luminescence nanoparticles that emit long-lived afterglow have been employed for
methamphetamine detection, demonstrating markedly improved sensitivity by eliminating background
autofluorescence through time-gated measurement”. Beyond fluorescence-based readouts, alternative signal
transduction modalities have been integrated with LFIA to overcome the sensitivity limitations of
colorimetric detection. LFIA coupled with SERS provides immunological specificity, high sensitivity, and
molecular fingerprinting capability”®. LFIA coupled with electrochemistry replaces visual readout with
amperometric or impedimetric measurement using screen-printed electrodes (SPEs), offering quantitative
capability and enhanced sensitivity at the cost of increased device complexity”™"..
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Figure 1. (A) Schematic illustration of the LFIA principle based on a competitive immunoassay format; (B) Signal output. LFIA: Lateral flow
immunoassay.

A more fundamental innovation involves replacing antibodies with nucleic acid aptamers as recognition
elements. Aptamers offer several distinct advantages over antibodies because they are chemically synthesized,
eliminating batch-to-batch variability inherent to biological production, and they exhibit excellent thermal
stability and ready modification”*!. While aptamer-LFIA has been more extensively developed for clinical
diagnostics, its application to forensic toxicology remains relatively limited'***. Nevertheless, proof-of-
concept studies have demonstrated promise, with aptamer-based LFIA for methamphetamine and cocaine
achieving detection limits comparable to or better than antibody-based counterparts while offering superior
batch consistency and thermal stability'*”. However, the selection of high-affinity aptamers against small-
molecule drug targets remains technically challenging and time-consuming, and aptamers may exhibit
reduced affinity in complex biological matrices due to nuclease degradation or matrix-induced
conformational changes.

LFIA technology has been successfully adapted for forensic toxicology targets outside the classical drug-of-
abuse panel. Commercial and research-based test strips for pesticides, particularly paraquat and
fluoroacetamide, have been reported, addressing the need for rapid screening in acute poisoning cases,
occupational exposure incidents, and intentional contamination events®*). These assays typically employ
competitive formats analogous to LFIA and have been validated in urine and gastric contents. Notably, LFIA
methods for pesticides generally achieve substantially higher sensitivity than their drug-detecting
counterparts, with detection limits often reaching the low parts-per-billion (ng/mL) range, compared to the
parts-per-million (ug/mL) range typical for traditional drugs of abuse!*”. This sensitivity advantage reflects
the availability of high-affinity antibodies generated against pesticide immunogens, as well as the greater
structural diversity of pesticide molecules, which present more epitopes for antibody recognition than the
relatively small, compact drug molecules'*®’. Nonetheless, sensitivity limitations in complex biological
matrices, particularly blood and postmortem tissues, remain.
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Specificity-engineered sensing methods

Unlike instrument-based methods, sensor platforms rely on molecular recognition between a recognition
element and its target analyte, converting this binding event into a measurable signal®’. The flexibility of
synthetic recognition elements and tunable signal output modalities enable sensor performance tailored to
specific forensic scenarios. The recognition part has expanded substantially beyond traditional antibodies to
include nucleic acid aptamers, molecularly imprinted polymers (MIPs), and engineered functional
materials”>**. Aptamers are single-stranded DNA or RNA oligonucleotides selected through systematic
evolution of ligands by exponential enrichment (SELEX)®*). They are chemically synthesized, eliminating
batch-to-batch variability, exhibit excellent thermal stability, and can be readily modified with functional
groups for surface immobilization or signal labeling"”>*!. MIPs, synthesized by polymerizing functional
monomers around a template molecule, provide robust, low-cost recognition cavities with physical and
chemical stability that exceeds most biological recognition elements, typically with lower affinity and
selectivity"®”). Functional materials including metal-organic frameworks (MOFs), covalent organic
frameworks (COFs), and graphene-based nanomaterials can interact with target analytes through non-
specific or semi-specific mechanisms such as hydrogen bonding, n-n stacking, electrostatic interactions, and
hydrophobic effects***!.

The signal transduction module encompasses a diverse array of readout modalities. Colorimetric sensors
offer visual interpretation without specialized instrumentation, enabling rapid, cost-effective screening in
resource-limited settings. Fluorescent sensors achieve significantly higher sensitivity through various signal
modulation mechanisms, including quenching, enhancement, or ratiometric response, though they may be
susceptible to photobleaching and autofluorescence interference’®. Electrochemical sensors offer excellent
sensitivity, quantitative capability, and miniaturization potential, making them well-suited for portable
devices. Each modality presents distinct trade-offs between sensitivity, speed, cost, and operational
complexity, with optimal choice depending critically on the specific forensic application. The following
sections summarize each category, evaluating their working principles, practical advantages and limitations,
and forensic toxicology applications.

Colorimetric sensors

Colorimetric sensors generate visually detectable color changes upon target analyte binding, enabling semi-
quantitative or qualitative analysis. Colorimetric presumptive testing in forensic drug analysis has historically
relied on well-established chemical spot tests, such as the Marquis test for opiates and amphetamines, the
Scott test for cocaine, and the Prussian blue reaction for cyanide, which exploit characteristic color-
producing reactions between specific reagents and functional groups of target analytes®"*?l. However,
classical color tests suffer from poor specificity, producing false positives from structurally similar cutting
agents and limited applicability to emerging novel psychoactive substances. These shortcomings have
motivated the development of nanomaterial-based colorimetric sensors that offer improved sensitivity,
selectivity, and adaptability!®>**). AuNPs represent the most extensively employed nanomaterial for
colorimetric sensing due to their distance-dependent optical properties. LFIA produces visible color signals
through AuNP-labeled detection antibodies, enabling rapid on-site screening for drugs of abuse in urine,
saliva, and hair matrices”**". Various antibody-based colorimetric sensors have been widely developed for
illicit drugs and NPS detection**”). With the advances in aptamer selection, aptamer-functionalized AuNP
sensors have been developed for cocaine, methamphetamine, and ketamine, achieving detection limits in the
low micromolar range with response times under 10 min'****!. Notably, Xiao’s group has pioneered the
development of aptamer-based colorimetric assays for rapid on-site detection of opioids such as heroin and
oxycodone, achieving detection limits as low as the nM level®. Moreover, MIP-based colorimetric sensors
offer an alternative recognition strategy with enhanced chemical and thermal stability”.. By incorporating
vinyl-functionalized chromophores into the polymer matrix during synthesis, analyte binding to imprinted
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Figure 2. (A) Schematic of the aptamer-based MTC-displacement assay; (B) Principle of aptamer-based colorimetric cocaine tests. MTC:
Methylene tripeptide complex; TMB: 3,3",5,5'-Tetramethylbenzidine; G4: G-quadruplex; PPIX: protoporphyrin IX; oxTMB: oxidized
3,3',5,5'-Tetramethylbenzidine.

cavities induces measurable color changes through conformational rearrangement or charge transfer. For
example, a MIP-based sensor for methamphetamine employed a methacrylic acid-co-ethylene glycol
dimethacrylate polymer with incorporated bromophenol blue, producing a blue-to-yellow color change
upon analyte binding with a detection limit of 1.4 uM in biological samples"”’. The unique physicochemical
properties of nanomaterials have spurred rapid advances in colorimetric sensing. Noble metal nanoparticles
possess high extinction coefficients, size- and shape-dependent surface plasmon resonance (SPR)
characteristics, and facile surface functionalization chemistry, enabling highly sensitive and selective
detection®**>*". Nanozymes, nanomaterials with intrinsic enzyme-like catalytic activity, have emerged as a
powerful signal-amplification strategy. For instance, researchers developed a nanozyme-based lateral flow
strip using 3,3’-diaminobenzidine (DAB) as a signal output for trace bloodstain detection in real criminal
cases where commercial strips failed"*?. Figure 2 presents two representative colorimetric sensing strategies,
each demonstrating a distinct transduction mechanism for different forensic targets as described

98,99,103]
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Despite their operational simplicity, colorimetric sensors face several inherent limitations. Sensitivity is
typically lower than that of fluorescent or electrochemical counterparts, with detection limits generally in the
micromolar to sub-millimolar range, which is adequate for urine screening where drug concentrations are
often elevated, but insufficient for trace analysis in hair or blood where nanomolar sensitivity may be
required”. Quantitative accuracy is compromised by subjective visual color interpretation, though
smartphone-based red-green-blue (RGB) analysis can mitigate this issue!"**'**.. Matrix effects, particularly
from colored or turbid biological specimens, can obscure color changes and produce false results!"*°.
Nonetheless, the exceptional simplicity and cost-effectiveness of colorimetric sensors position them as
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Figure 3. (A) Schematic diagram of ratiometric fluorescence for visualizing THC and its metabolite; (B) A smartphone-based portable
fluorescence capture device; (C) Signal response of the sensor upon exposure to different target concentrations. THC:
Tetrahydrocannabinol; THC-COOH: 11-nor-9-carboxy-tetrahydrocannabinol; QDs: quantum dots.

valuable frontline screening tools, particularly where immediate information suffices to guide subsequent
action. From a practical standpoint, LFIA kits are among the most cost-effective and user-friendly rapid
detection tools, requiring minimal operator training and no specialized instrumentation, which facilitates
their adoption in routine field screening.

Fluorescent sensors

Fluorescent sensors achieve significantly higher sensitivity than colorimetric counterparts by exploiting
efficient fluorescence signal transduction. While their construction, recognition element coupled with a
signal reporter, remains analogous to colorimetric sensors, fluorescence-based methods offer distinct
advantages in forensic toxicology”*. Notably, the Dou group has made outstanding contributions to the
direct fluorescence detection of synthetic cannabinoids by ingeniously designing intermolecular interactions,
enabling highly sensitive and selective turn-on sensing of these compounds, such as JWH-018 and MDMB-
type compounds with exceptional performance"*'*®. Building upon this foundation, aptamer-functionalized
fluorescent sensors have been extended to a broader range of NPS and other forensic targets, including
opioids (fentanyl, morphine, codeine, methadone), stimulants (cocaine, methamphetamine, amphetamine),
and other emerging NPS such as synthetic cathinones, with detection limits in the low nanomolar to
picomolar range, to which the Xiao group has made particularly significant contributions*'**""l. As shown
in Figure 3, our group has advanced the field by developing a label-free, aptamer-based fluorescent sensor for
rapid detection of THC and its metabolites'"'>'**). Unlike conventional labeled strategies requiring
fluorophore-modified aptamers, our approach eliminates covalent labeling, substantially reducing assay costs
while maintaining low nanomolar sensitivity. Integrated with a portable fluorescence readout device, this
platform enabled rapid on-site detection in saliva and urine, demonstrating potential for cost-effective, field-

114-116]

deployable screening!
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Beyond recognition elements, the diversity of fluorescent materials, including quantum dots, carbon dots,
aggregation-induced emission (AIE) fluorescence, and MOFs provides a rich toolbox for sensor design,
enabling tunable emission wavelengths, high quantum yields, and excellent photostability!'”"*°!. These
innovations render fluorescent sensors suitable for trace analysis in challenging matrices such as hair extracts
(pg/mg sensitivity), blood, and wastewater samples***?. Like colorimetric sensors, fluorescent methods can
be adapted for visual or semi-quantitative readout under portable UV-vis lamps, and miniaturized
fluorescence readers (e.g., smartphone-based or handheld fluorometers) are increasingly available,
facilitating on-site deployment. In recent years, the integration of machine learning with fluorescent sensing
has emerged as a powerful strategy to address limitations in complex forensic matrices where spectral
overlap, background autofluorescence, and environmental variability compromise analytical accuracy'"..
Despite their sensitivity advantages, fluorescent sensors face challenges that have slowed routine forensic
practice. Photobleaching is the irreversible destruction of fluorophores under illumination, which
complicates quantitative comparisons across different measurements"*!. Autofluorescence from endogenous
fluorophores in biological matrices elevates backgrounds and reduces signal-to-noise ratios, particularly in
blood and tissue homogenates. Nonetheless, the exceptional sensitivity and multiplexing capability of
fluorescent sensors make them well-suited for trace-level detection applications where colorimetric methods
prove inadequate. However, their performance in complex forensic matrices such as whole blood and
decomposed tissue is substantially compromised by autofluorescence and light scattering. Sample
pretreatment is often required, although this may partially negate the “minimal sample preparation”
advantage. Time-gated or NIR detection has been explored to reduce autofluorescence, and ratiometric
probes can correct for matrix-induced signal fluctuations"**. Nevertheless, validation using authentic
forensic specimens remains limited.

Electrochemical sensors

Electrochemical sensors transduce molecular recognition events into quantifiable electrical signals, including
current, voltage, or impedance, using compact, portable potentiostats. Target analyte interactions at the
working electrode surface generate electron transfer processes that are recorded as characteristic signals
proportional to analyte concentration. This transduction mechanism offers exceptional advantages for
forensic toxicology, such as detection limits that routinely reach low nanomolar to picomolar ranges and
rapid response times (typically 30 s to 5 min)"*!. The working electrode, typically screen-printed carbon,
gold, or platinum, serves as the platform for recognition element immobilization and signal generation.
Modification of the electrode surface with nanomaterials (including graphene, carbon nanotubes, AuNPs,
and metal oxides) enhances surface area, improves electron transfer kinetics, and provides anchoring sites
for recognition elements, substantially improving sensitivity"**'**/. While direct electrochemical detection
exploits the intrinsic redox activity of target analytes to generate measurable signals without the need for
surface-immobilized recognition elements, this approach is fundamentally limited by poor specificity. The
integration of MIPs with electrochemical transduction represents one of the most promising strategies for
achieving selectivity without compromising robustness, offering a unique combination of selectivity,
stability, and cost-effectiveness, making them particularly attractive for field-deployable forensic
applications*”. Complementing MIP-based approaches, aptamer-integrated electrochemical sensors exploit
the conformational switching properties of synthetic oligonucleotides to achieve exceptional specificity.
Target binding induces a conformational rearrangement that alters the proximity of the redox reporter to the
electrode, producing a quantifiable change in faradaic current. This signal-on/signal-off transduction
mechanism has been extensively exploited in recent years for the sensitive and selective detection of
opioids"*>**"). For instance, electrochemical aptamer-based sensors have been successfully developed for
fentanyl, achieving sub-nanomolar detection limits in undiluted serum and whole blood, with the ability to
continuously monitor dynamic concentration fluctuations in real time"”***?. These methods leverage the
inherent advantages of aptamers, including SELEX selection against novel targets, excellent batch-to-batch
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reproducibility, and resilience to matrix effects, positioning aptamer-electrochemical hybrid technologies as a
versatile and rapidly adaptable toolkit for combating the evolving landscape of illicit drug abuse. Despite
their promising advantages, MIP- and aptamer-based electrochemical sensors present several critical
limitations that warrant consideration. For MIP-based sensors, the major drawbacks include heterogeneous
binding-site distribution, incomplete template removal, which leads to false-positive signals, and
compromised reproducibility across batches. For aptamer-based sensors, the principal limitation is the
intrinsic susceptibility of oligonucleotides to nuclease degradation in complex biological matrices.
Additionally, aptamer conformational switching is highly sensitive to buffer composition and pH, making
sensor performance vulnerable to environmental fluctuations in real-world forensic settings. Batch-to-batch
variability in aptamer immobilization density and orientation further hinders reproducibility.

Beyond laboratory-based configurations, the translation of electrochemical sensors to forensic practice has
been greatly accelerated by the development of diverse portable and wearable device formats. Among these,
SPEs stand out as the most mature and widely adopted platform, with the advantages of single-use
disposability, low cost, and plug-and-play operation without the need for electrode pretreatment or
maintenance*”. When coupled with handheld potentiostats, SPEs enable law enforcement personnel to
perform on-site drug screening within minutes. As shown in Figure 4, 3D-printed electrochemical cells
represent another innovative platform, allowing modular, customizable, and rapid prototyping of sensor
housings tailored to specific forensic scenarios'**. Fabricated from conductive filaments such as graphene-
doped polylactic acid or carbon black composites, these 3D-printed devices integrate sample reservoirs,
fluidic channels, and electrode alignment features into a single compact unit, facilitating field-deployable,
point-of-need testing. USB-integrated smartphone-based detectors have further miniaturized
electrochemical analysis by embedding potentiostat circuitry into USB-drive form factors that connect
directly to mobile devices!"*".. Powered by custom Android or iOS applications, these systems enable real-
time voltammetric data acquisition, wireless transmission, and cloud-based storage, transforming
smartphones into portable forensic laboratories!"**. In parallel, wearable electrochemical sensors have
emerged as a transformative class of devices for direct evidence collection and real-time monitoring. Glove-
based sensors integrate printed electrode arrays onto nitrile glove fingertips, enabling officers to swipe
suspicious powders or liquids (e.g., fentanyl, cocaine, methamphetamine) and immediately perform
electrochemical analysis without separate sampling tools!">>'*”.. Skin patches and temporary tattoo sensors
conform to the skin surface for noninvasive monitoring of drugs excreted in sweat, including alcohol,
nicotine, levodopa, and caffeine!***,

Collectively, electrochemical sensors are transitioning from laboratory prototypes to practical field-
deployable tools. Through the synergistic integration of nanomaterial-modified electrodes, MIP/aptamer-
based recognition chemistries, flexible and wearable form factors, smartphone connectivity, and artificial
intelligence-driven data analytics, these platforms enable rapid, sensitive, portable, and real-time detection of
diverse illicit drugs. This technological convergence holds great promise for broad applications in crime
scene investigation, roadside drug-impaired driving enforcement, wastewater-based epidemiology for
community drug use surveillance, and clinical toxicology for emergency overdose diagnosis'*"***l. As
portable potentiostats become increasingly affordable and regulatory frameworks adapt to accommodate
these innovations, electrochemical sensors show considerable potential for future forensic applications,
though further validation with real-world samples is needed.

Comparison of analytical performance

In conclusion, these methods can be broadly categorized into instrument-based systems (portable GC-MS,
handheld Raman and NIR/FTIR spectrometers) and sensor-based platforms (LFIA, colorimetric, fluorescent,
and electrochemical sensors). Instrument-based methods are commercially mature technologies that provide
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Potentiostat Readout

3D-printed cell

Figure 4. 3D-printed electrochemical cell and assembled system connected to a portable potentiostat via the custom cable developed and
controlled by a laptop. WE: Working electrode; RE: reference electrode; CE: counter electrode.

definitive or near-definitive identification of unknown substances through spectral library matching or mass
spectral interpretation. They are well-established in forensic workflows, with regulatory acceptance and
established evidentiary value. However, they are constrained by higher costs, greater operational complexity,
and maintenance requirements, making them best suited for scenarios where definitive identification is
paramount, such as customs inspection, crime scene triage, and seized drug analysis. In contrast, sensor-
based platforms are generally more accessible, low-cost, and operationally simple, making them attractive for
point-of-care testing, roadside screening, and resource-limited settings where instrument-based methods are
impractical. However, most sensor platforms remain at the research and development stage, with limited
commercial availability and insufficient field validation. Their performance is highly dependent on the
specific target analyte and matrix, and they generally lack the standardization and regulatory acceptance of
their instrument-based counterparts. Instrument-based methods such as portable GC-MS typically achieve
limits of detection (LODs) in the ng/mL to ug/mL range, while handheld Raman and NIR/FTIR
spectrometers are suitable for identifying pure substances or major components at the pg/mL level. For
sensor-based platforms, the sensitivity follows a rough hierarchy: colorimetric sensors typically achieve
LODs in the ug/mL to ng/mL range, fluorescent sensors offer higher sensitivity in the ng/mL to sub-ng/mL
range, and electrochemical sensors provide the highest sensitivity, typically reaching ng/mL to pg/mL levels.
It is noted that actual LODs vary considerably depending on the target analyte and matrix, and these ranges
serve only as general references rather than absolute performance indicators. The typical time-to-result for
all method categories is summarized and shown in Table 1, along with their suitable sample types and key
factors affecting analysis time. In brief, handheld Raman and NIR/FTIR spectrometers provide results within
seconds to a few minutes, suitable for seized powders and pills. Portable GC-MS requires 10-30 min
depending on analyte complexity, applicable to biological fluids and wastewater, among sensor-based
platforms, electrochemical sensors are the fastest (seconds) and compatible with complex matrices such as
whole blood, while LFIA offers well-documented < 10 min results in urine and oral fluid; colorimetric and
fluorescent sensors typically fall within 30 min, with time depending on assay design and target analyte.
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Table 1. Typical time-to-result of reported detection methods

Method category  Time-to-result Sample types Key factors affecting analysis time Ref.
. . . . Number of target analytes; thermal
Portable GC-MS 10-30 min S‘?IZEd pgwders, biological fluids (blood, desorption or SPME pre-concentration [32-35]
urine, hair extracts), wastewater
steps
Seized powders, pills, liquids, drug . .
Handheld Raman Sgconds toafew paraphernalia; limited in colored/turbid No sample pr'epa'ra't|on required; spectral [44-48]
minutes . . . library matching is instantaneous
biological fluids
Seconds to a few Seized powders, pills, colored samples,
Portable NIR/FTIR - packaging materials, beverages; No sample preparation required [58-62]
minutes . - .
biological fluids
. . . Antigen-antibody binding kinetics;
LFIA <10 min Urine, oral fluid, serum, whole blood, hair analysis time is the most well- [67-72]
extracts
documented
Urine, serum, water, seized samples; Target analyte and assay format;
Colorimetric Sensors ~ ~30 min limited in colored/turbid biological fluids  incubation time; varies considerably [95-99]
(hemoglobin, bilirubin interference) across studies
Urine, serum, hair extracts, wastewater; Depends on the design of the signal
Fluorescent Sensors ~ ~30 min limited in blood due to autofluorescence  reporter probe; precise timing often not ~ [107-113]
from endogenous fluorophores explicitly reported across studies
Electrochemical Seconds to a few Whole blood, serum, urine, oral fluid, Fastest transduction mechanism; no
sweat; compatible with complex separation or labeling required; [125-129]

Sensors

minutes

biological matrices

instantaneous electrochemical readout

GC-MS: Gas chromatography-mass spectrometry; SPME: solid-phase microextraction; NIR: near-infrared; FTIR: Fourier transform infrared; LFIA:
lateral flow immunoassays.

PRACTICAL APPLICATIONS AND SCENARIOS IN FORENSIC TOXICOLOGY

Clinical emergency toxicology

In emergency settings, rapid identification of ingested or injected toxicants directly influences patient
management decisions, including antidote administration, decontamination procedures, and disposition
(admission and discharge). Overdose presentations, particularly involving opioids, stimulants, and sedative-
hypnotics, require immediate intervention, yet clinical diagnosis based on signs and symptoms alone is
frequently unreliable, particularly for mixed overdoses or atypical presentations!"*"’. Rapid detection
technologies designed for clinical toxicology applications prioritize simplicity of operation (minimal hands-
on time for busy clinicians), compatibility with whole blood or serum matrices (rather than urine, which
does not reflect current impairment), and rapid turnaround (results within 15 min of sample collection).
Point-of-care immunoassay platforms, similar to lateral flow devices but with integrated readers for
quantitative or semi-quantitative output, have been implemented in many emergency departments for drugs
of abuse screening***7”?. Electrochemical sensors capable of detecting opioids and stimulants in whole blood
within minutes are under development, offering the potential for true point-of-care therapeutic guidance'*.
The integration of portable mass spectrometry into emergency toxicology workflows remains limited by cost
and complexity but may become feasible as devices become more user-friendly and affordable’™.

Poisoning-related death investigations

In forensic death investigations where poisoning is suspected, the accurate determination of toxicant identity
and concentration is essential for establishing cause and manner of death. However, postmortem specimens
present unique analytical challenges. Toxicant concentrations undergo dynamic changes during the PMI, the
time between death and sample collection, due to putrefactive degradation, tissue redistribution, and
PMR®". Tt is important to distinguish PMI from laboratory turnaround time: once samples are properly
collected and preserved, PMR ceases, and subsequent reporting delays do not constitute continued PMR.
However, prolonged storage may affect sample stability, particularly for unstable toxicants. Rapid detection
technologies address this challenge by being deployed directly at the autopsy suite or immediately following
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specimen collection, thereby minimizing the PMI before analysis and enabling sample collection within the
early postmortem window. For instance, portable GC-MS systems have been employed for on-site screening
of gastric contents and liver homogenates for common poisons, providing preliminary results that guide
subsequent targeted laboratory confirmation!*'**". This rapid screening capability is particularly valuable for
toxicants that are prone to postmortem degradation, such as synthetic cannabinoids (e.g., JWH-200, 5F-AB-
PINACA) and certain antipsychotics (e.g., olanzapine), which have been shown to undergo significant
concentration losses in stored blood samples due to instability and degradation°”'**). Handheld
spectrometers can rapidly screen suspicious materials recovered at death scenes, including drug
paraphernalia, unidentified pills, or beverage residues, offering immediate investigative leads before autopsy
findings are available!***!. Furthermore, quantitative rapid methods such as electrochemical sensors, when
properly validated, can provide concentration estimates that, while less precise than laboratory liquid
chromatography-tandem mass spectrometry (LC-MS/MS), may be sufficient to distinguish therapeutic use
from lethal intoxication in acute poisoning cases. For instance, validated electrochemical sensors have
enabled quantitative detection of THC-COOH in authentic urine, ADB-BUTINACA in seized samples, and

71,133,134]

ketamine in biological matrices!

Border inspection and customs enforcement

Border inspection and customs enforcement represent the frontline of efforts to intercept illicit drugs and
emerging psychoactive substances before they enter the drug supply. Rapid detection technologies have been
increasingly deployed in this domain to address the operational demands of high sample throughput, rapid
decision-making, and non-destructive analysis that preserves evidentiary integrity. Handheld Raman and
FTIR spectrometers can be deployed to screen suspicious powders, pills, and liquids directly through sealed
containers without opening packages, minimizing both safety risks and chain-of-custody concerns. These
instruments, equipped with onboard spectral libraries, can identify known controlled substances within
seconds. For NPS not yet included in spectral libraries, transportable mass spectrometers provide valuable
structural information through mass spectral interpretation. However, when an entirely unknown NPS
emerges, definitive identification faces the same fundamental challenge as laboratory-based MS, requiring
reference standards and a series of confirmatory experiments. Therefore, on-site analysis has inherent
limitations for unknown NPS, and laboratory confirmation remains necessary for legally defensible results.
The increasing prevalence of drug-laced products, including cannabis-infused edibles, vape cartridges
containing synthetic cannabinoids, and blotter papers impregnated with potent psychedelics, has further
driven the demand for versatile rapid screening tools capable of analyzing diverse sample matrices without
extensive preparation.

Driving under the influence of drugs enforcement

Driving under the influence of drugs (DUID) has emerged as a major public safety concern, with prevalence
approaching or exceeding that of alcohol-impaired driving in many jurisdictions. Unlike alcohol, which can
be rapidly measured using portable breathalyzers, drug impairment requires the detection of a wide range of
substances, including cannabis, stimulants, opioids, benzodiazepines, and dissociative anesthetics, presenting
a more complex analytical challenge. Rapid detection technologies are characterized by noninvasive or
minimally invasive sampling (typically oral fluid or sweat), analysis time under 10 min to avoid delaying
traffic stops, and sufficient sensitivity to detect drugs at concentrations associated with impairment. Oral
fluid LFIA have been explored for roadside screening, though practices vary considerably, with commercial
devices enabling simultaneous detection of several drugs from a single swab. Confirmatory analysis of
positive oral fluid samples by portable mass spectrometry has been explored in preliminary studies. Despite
these advances, challenges persist, including variable correlation between oral fluid and blood drug
concentrations, false positives from passive contamination, and the absence of universally accepted
concentration thresholds for drug-impaired driving. Additionally, an analytical limitation arises when NPS
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or other emerging compounds are not represented in available spectral libraries. Although library-
independent or suspect-screening approaches can partially mitigate this issue, definitive identification may
remain challenging in the absence of appropriate reference spectra or authentic standards, which are often
unavailable for newly emerging substances.

Additional emerging applications

Emerging applications include workplace drug testing, where rapid oral fluid or urine screening devices may
enable on-site collection and analysis, eliminating the logistical burden and costs associated with sending
specimens to centralized laboratories. In probation and parole supervision, rapid testing may support
compliance monitoring with immediate results that inform supervision decisions. In wastewater-based
epidemiology, rapid detection technologies are beginning to complement laboratory methods for near-real-
time monitoring of community drug use. Finally, in disaster victim identification, rapid toxicological
screening of postmortem specimens from mass casualty events (natural disasters, terrorist attacks,
transportation accidents) may assist in prioritizing confirmatory analyses and guiding victim identification
efforts. These expanding applications underscore the versatility of rapid detection technologies across diverse
forensic and public health contexts, from routine compliance monitoring to emergency response scenarios.

CHALLENGES

Sensitivity limitations of portable instrumental methods

While portable chromatography-mass spectrometry systems have achieved detection limits approaching
those of laboratory instruments for volatile and semi-volatile compounds, they generally remain less sensitive
than their benchtop counterparts, particularly for trace analysis in complex biological matrices. This
sensitivity gap would be particularly pronounced for miniaturized liquid chromatography-mass
spectrometry systems, as the reduction in size of pumps, columns, and detectors inevitably compromises
chromatographic resolution and signal-to-noise ratios, even though such compact systems remain less
commercially mature than portable GC-MS. For analytes requiring sub-ng/mL detection limits, such as
certain synthetic cannabinoids, fentanyl analogs at low-dose exposures, or drug concentrations in hair and
wastewater samples, portable systems may fail to detect relevant concentrations, producing false negatives
with significant legal and public health consequences. Furthermore, the sensitivity of handheld Raman and
infrared spectrometers is inherently limited by the physics of photon scattering and absorption; these
instruments reliably identify pure substances or major components but cannot detect trace adulterants or
low-concentration analytes in mixtures. This limitation is particularly problematic given the increasing
prevalence of potent synthetic opioids and the common practice of diluting drugs with inactive cutting
agents, where the active pharmaceutical ingredient may constitute only a small fraction.

Matrix interference in sensor-based methods

Sensor-based platforms face substantial challenges when applied to real forensic specimens beyond simple
buffer or urine matrices. Whole blood, serum, postmortem tissue, and putrefied biological samples contain
diverse interferents (proteins, lipids, salts, cellular debris, and degradation products) that can significantly
alter sensor performance. In colorimetric assays, hemoglobin and bilirubin mask target-induced color
changes, while turbidity scatters incident light. In fluorescent sensors, endogenous fluorophores generate
autofluorescence that compromises signal-to-noise ratios. Electrochemical sensors suffer from electrode
fouling due to nonspecific protein adsorption, leading to signal drift and irreproducibility. While sample
dilution, filtration, or SPE can mitigate these effects, such preprocessing steps negate the “minimal sample
preparation” advantage of rapid detection methods. Furthermore, the selectivity of many sensor platforms,
particularly those relying on functional materials or non-specific recognition mechanisms, may be
insufficient to distinguish structurally similar NPS isomers that differ by a single substituent but carry vastly
different legal statuses and toxicological profiles. Most published studies are method-development oriented,
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with insufficient characterization of specific samples and application scenarios. Besides, the reported analysis
times converge within a narrow rapid window (typically < 10 min), and the limits of detection not only vary
across different matrices but are also highly dependent on the specific target analyte and analytical
methodology. Complex forensic matrices such as whole blood, decomposed tissue, and putrefied specimens
contain endogenous electroactive species that can generate interfering faradaic signals overlapping with the
target analyte’s redox potential. Nonspecific protein adsorption and degradation products may further foul
the electrode surface. While antifouling coatings and sample dilution can partially mitigate these effects, they
may compromise sensitivity or negate the advantage of minimal sample preparation. Most cited
electrochemical studies were performed in buffer or spiked samples, and validation using authentic forensic
specimens remains necessary. Accordingly, the choice of an optimal rapid detection method should be
contextualized, with due consideration given to the specific matrix, intended use scenario, and target analyte.

Lack of standardization and quality assurance

Unlike established forensic methods (GC-MS, LC-MS/MS), which rely on validated protocols, calibrated
instruments, certified reference materials, and routine proficiency testing, rapid detection technologies lack
comparable standardization frameworks. Significant variability exists across different commercial devices
and even across different lots of the same device, due to differences in antibody sourcing, nanoparticle
synthesis, membrane composition, and manufacturing tolerances. For LFIA, cutoff concentrations vary
substantially between manufacturers, leading to discrepant results that complicate result interpretation and
cross-jurisdictional data comparison. For handheld spectrometers, onboard spectral libraries may lack
reference spectra for emerging NPS, contain spectra of structurally similar but legally distinct compounds, or
fail to account for batch-to-batch variability in illicit drug composition. The absence of external quality
assessment schemes for field-deployable rapid methods means that end users, law enforcement officers,
customs inspectors, or emergency physicians have no mechanism for verifying device performance before
use, increasing the risk of uncorrected analytical errors.

Legal admissibility and evidentiary status

Perhaps the most fundamental barrier to broader adoption of rapid detection technologies in forensic
toxicology is their uncertain legal status and limited evidentiary weight. In most jurisdictions, courts require
analytical methods to satisfy established admissibility criteria, such as demonstrated error rates, peer-
reviewed validation, and quality control procedures. Few rapid detection technologies have undergone the
rigorous, multi-laboratory validation studies needed to meet these thresholds. Consequently, results from
portable instruments and sensor-based devices are generally treated as screening information rather than
definitive evidence, and confirmatory laboratory analysis is typically required. This “screen-and-confirm”
paradigm diminishes the operational value of rapid detection technologies in time-sensitive legal contexts.
While some jurisdictions have begun to explore pathways for admitting certain rapid test results under
limited circumstances, a general legal framework for field-deployed rapid toxicological methods remains
absent.

FUTURE PERSPECTIVE

The rapid detection technologies reviewed herein have collectively transformed forensic toxicology from a
laboratory-centric, retrospective discipline into a field-deployable, intelligence-driven discipline. Yet, their
full potential remains unrealized, constrained by persistent challenges in sensitivity, standardization, legal
admissibility, and translation from research prototypes to operational tools. It is important to reiterate that
rapid detection technologies are not intended to replace conventional laboratory-based confirmatory
analysis, but rather to complement it. Rapid methods serve primarily as frontline screening and triage tools
for timely field decision-making, while definitive identification, accurate quantification, and legally
admissible interpretation still require laboratory-based methods such as GC-MS and LC-MS/MS. To
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translate this promise into routine forensic practice, future research efforts should focus on the following
three priority areas. First, transitioning portable and miniaturized methods from proof-of-concept to
practically deployable tools, rapid detection methods need to be validated in the complexity of real forensic
specimens. Future work must prioritize the integration of miniaturized sample pretreatment modules.
Second, the combination of machine learning and artificial intelligence into spectral and electrochemical
data processing will be indispensable. While machine learning has shown promise in specific applications
such as SERS-based NPS differentiation and NIR spectral interpretation, several critical limitations remain
unresolved, including model generalizability, the need for representative training datasets, performance with
authentic forensic specimens, robustness across instruments and matrices, and validation for routine forensic
applications. Addressing these challenges is essential for translating current proof-of-concept applications
into validated, routine forensic tools. These tools can compensate for the inherent limitations of miniaturized
sensors by extracting subtle diagnostic features from noisy, low-resolution data, while also enabling adaptive
algorithms that evolve with the dynamic NPS landscape. Finally, the successful translation of rapid detection
technologies from academic prototypes to routine forensic practice requires sustained collaboration among
forensic practitioners, analytical chemists, regulatory agencies, and instrument manufacturers. Field-relevant
validation studies using authentic forensic specimens, rather than idealized laboratory samples, are essential
to bridge the gap between proof-of-concept and operational deployment.
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