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Opioid sensing at point-of-need
Check for updates

Thinh Q. Bui1 , Edward R. Sisco2, Kyle D. Chapkin1,3, Wenqi Zhu1, Junyeob Song1, Dhruv Forma4,
Anthony J. Kearsley5 & Henri J. Lezec1

The opioid epidemic—headlined by synthetic fentanyl—is a growing international crisis. NIST has
been tasked with leading the analytical effort to better understand the evolving illicit drug landscape.
We describe initiatives to advance portable mass spectrometry and develop metamaterial-enhanced
spectroscopy, integrated with advanced modeling. Together, these programs support a
comprehensive strategy that emphasizesmeasurement science anddata standardization as essential
tools for combating the growing threat of synthetic opioids.

Opioids for pain management and treatment are prevalent in medicinal
therapeutics for a wide range of health conditions. Unfortunately, this
reliance has also driven opioid dependence and abuse, resulting in an epi-
demic affecting major nations across the world1. In the United States alone,
the surge in influx and abuse of opioids, especially illicitly manufactured
fentanyl, nitazenes, and more recently orphines, pose a major health crisis,
causing over 54,000 opioid deaths (≈ 80,000 drug overdose deaths in total)
in 20242 and inflicting an economic impact of nearly 1.5 trillion USD3.

As drug overdose deaths continue to remain near historic highs,
understanding the dynamic illicit drug landscape has become a priority for
both law enforcement and public health agencies. In December 2023, the
Testing, Rapid Analysis, and Narcotic Quality (TRANQ) Research Act
(https://www.congress.gov/bill/118th-congress/house-bill/1734.) was
signed into law that mandates the National Institute of Standards and
Technology (NIST) to (1) undertake research activities to develop emerging
technologies for rapid, real-time drug detection of novel synthetic opioids
and (2) engage with government (local, state, and federal) and law enfor-
cement agencies to help advance their detection capabilities and establish
standardized dataworkflows to keep upwith the evolving illicit drug supply.
Most importantly, this law calls for NIST to engage with public health
entities, emergency responders, and law enforcement agencies at the fore-
front of the opioid crisis to amplify their research efforts and missions.

The analysis of illicit drugs is a monumental undertaking - involving
agencies from border interdiction to law enforcement to public health and
emergency medicine at the local, state, federal, academic, and non-profit
levels. Eachentitywithin this ecosystem is trying to address aparticular need
(e.g., prevent mass overdoses or interdict illicit substances at the border) in
varying operational conditions. To provide some context to the size of this
effort, in 2024, the approximately 400 state and local forensic science
laboratories in the U.S. analyzed 1.1 million drug items submitted by law
enforcement (https://www.nflis.deadiversion.usdoj.gov/home.xhtml.). This
volume of samples, alone, is enough to drive up backlogs at laboratories.
Add to it the fact that the drug landscape is constantly changing4 - driven by

the synthesis of novel, oftenmore potent compounds - and one can see why
detection and identification efforts have become difficult in both in the field
and in the laboratory.

As the drug epidemic continues, cracks in the analytical backbone
supporting detection and identification efforts grow. Today, the main
analytical tools for identification and quantification of drug samples are
mass spectrometry (typically laboratory based and coupled with chroma-
tography) and spectroscopy (typically field-based and either Fourier-
transform infrared spectroscopy (FTIR) or Raman spectroscopy). There is
an urgent need for the next generation of advanced analytical methods
better suited for rapid analysis of chemically-complex and ever-changing
samples. Tools that have potential formobile applications (rapiddiagnostics
at point-of-need) will be advantageous, but must meet many needs
including low cost, low sensitivity, high specificity, and low operational
complexity. In this work, we discuss current efforts at NIST to develop or
accelerate and emerging technologies and standardized data workflows to
advance portable drug sensing to meet the encompassing goals of the
TRANQ Research Act.

Needs and challenges
The need for advanced instrumental and data analytics is driven by both the
challenges in chemical composition of the sample itself and the desired end
use of the data. In recent years, the complexity of the street drugmarket has
increased, and this has been especially prominent with opioids. The
TRANQ Research Act explicitly targets fentanyl and related opioids as a
national security priority and calls for the development of validated and
standardized approaches towards active detection, identification, and
monitoring of these drugs in the United States. In the 2010’s, a rapid rise in
the number of fentanyl analogs (compounds with one or more structural
modifications to the core fentanyl backbone), highlighted limitations in
analytical techniques that are based on spectral libraries. During this time,
laboratories and instrument manufacturers were unable to obtain chemical
standards and update spectral libraries at the pace of new compounds
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emerging. This issue continues to this day, now driven by the influx of
synthetic opioids belonging to the nitazene5 and orphine6 classes. Many of
these compounds are more potent than fentanyl, leading to lower overall
concentrations of synthetic opioids in street samples, often hindering
detection capabilities. This also leads to ahighproportionof other active and
inactive ingredients in a street drug sample. These other compounds can
encompass everything from inert ingredients like mannitol or micro-
crystalline cellulose to active ingredients like benzodiazepines or other
sedatives designed to extend the high, numb the injection site, or reduce the
negative side effects of withdrawal. Synthesis byproducts and unreacted
precursors are also often present.

While analytically challenging, the complexity of thedrugmixtures can
provide a wealth of information7. The adulterants in the drug mixture, and
their relative proportions, may provide information on samples coming
from similar sources or information on what point in the supply chain a
material was interdicted. The byproduct and precursor information can
provide insights into how the opioids were manufactured. Other chemical
information (e.g., isotope measurements) can potentially geolocate manu-
facturing. This type of information, which canmap themovement of drugs
within the drug supply, is critical not only for intelligence and interdiction
efforts but also for overdose prediction and prevention.

Current real-time analysis of drugs, today, often relies on fentanyl
immunoassay test strips8, or color tests9. Test strips only provide informa-
tion on the presence or absence of fentanyl, and may be prone to false
positive or negative results. Color tests have similar limitations, as they
provide information on the presence of specific chemical moieties9. FTIR or
Raman spectroscopy is often used in conjunction for more expedited che-
mical screening, but these techniques typically only provide information
about major components in the mixture and may lack the detection sen-
sitivity for minor and potentially toxic synthetic opioids4. Due to its
impressive detection sensitivity, mass spectrometry, typically coupled with
gas or liquid chromatography, is the gold standard for confirmatory drug
analysis, but the instrumentation is costly, complex, and bulky (limited
mobility), and is typically housed in sophisticated laboratories. Perhaps
most importantly, for all of these analytical techniques there are no standard
methods or analysis protocols, which complicates the ability to combine
data from multiple data streams or multiple entities using the same
analytical tool.

The importance of real-time data drug data cannot be understated, as
up-to-date data can inform immediate appropriate action (overdose pre-
vention, interdiction, etc.), and long-term aggregated data can provide
insights on broader questions (trend analysis, forecasting, and datamining).
This urgent need continues to drive advances in analytical techniques to
provide rapid access to accurate and quantitative chemical data. New tools
for drug screening are always desirable, but one that can be readily adopted,
validated, and implemented are other difficult barriers to entry. Despite
these challenges, emerging tools that overcome a number of key limitations
of existing technologieswhile providingfit-for-purpose capabilities can play
a key role for the task at hand. In response to theTRANQResearchAct’s call
for near real-time drug monitoring, NIST is pursuing a dual-track strategy:
(1) developing novel metamaterial-based spectroscopic technologies for
rapid, field-deployable drug detection and (2) accelerating portable mass
spectrometry platforms as pilot systems for next-generation mobile drug
checking. Achieving comprehensive testing also requires quantitative con-
centration information for understanding potency and dosage, rather than
just compound identification, and therefore is also being studied. Creation
of a mobile laboratory, to provide comprehensive point-of-need analysis
and aid in technology development, is also underway.

Analytical tools
Portable mass spectrometry
Mass spectrometry is currently themost prevalent tool for bothpresumptive
and confirmatory identification of drugs. Measurement of opioids using
mass spectrometry involves highly sensitive and selective analytical tech-
niques that enable qualitative identification and/or quantitative

determination of opioid compounds in complex biological or drug product
samples. Driving needs for continued development in mass spectrometry
are focused on improving speed, specificity, and real-time detection across
diverse matrices (chemical or biological).

A growing body of research has demonstrated that ambient ionization
mass spectrometry (AI-MS)10 has the potential to address the speed and
real-time detection needs. Figure 1 provides an overview of NIST’s current
mass spectrometry capabilities. This growing technology space, where
samples are directly desorbed or dissolved under ambient conditions before
transport to a mass spectrometer encompass many prototype and several
commercially-available systems.One type ofAI-MS system that has been of
particular interest, due to its adoption by forensic laboratories, is direct
analysis in real-time mass spectrometry (DART-MS11,12). DART-MS has
become a workhorse for rapid, chromatography-free screening directly
from bulk or trace samples. Adoption of this type of analysis was driven, in
part, by efforts at NIST to lower the implementation barriers of new tech-
nologies, through the creation of validation templates13, spectral libraries14,
and spectral search algorithms15,16 to streamline implementation of AI-MS
by relevant agencies.

Active research is also focused on integrating miniaturized, portable
mass spectrometers for on-site opioid testing in clinical, forensic, and law
enforcement settings. These systems can reduce analysis times from hours
tominuteswhile providing front-line personnelwith information-rich data.
For example, a recent study demonstrated rapid in-field drug analysis using
a field-deployable DART-MS platform17. The ruggedized time-of-flight
mass spectrometer was shown to have similar performance metrics to
laboratory-based systems.Given the complexity of samples, and the fact that
isobaric interferences can be problematic on unit-resolution mass spectro-
metry systems, the ability to collect high-resolution measurements in the
field may provide a way to minimize false positive identifications without
advanced data analytics.

A complementary area of research focuses on developing algorithms
andmachine learning (ML) tools to streamline data processing, improve the
objectivity of data interpretation, and enable exploratory analyses. Recent
advances in uncertainty quantification have producedpracticalmethods for
assessing confidence in ML predictions, allowing researchers not only to
classify samples but also to evaluate the reliability of those classifications18.
These approaches will help ensure consistency across laboratories and
maximize the information extracted from mass spectrometry data. More
broadly,ML-enabled analysis of drugmass spectral signatures could be used
to track drug movement across geographic regions or identify emerging
opioids before reference spectra become available, enabling public health
and law enforcement agencies to respond proactively to changes in the drug
supply.

Portable spectroscopy
Alongside efforts to advance portable mass spectrometry, NIST is
exploring nascent spectroscopic technologies that enable non-destructive
analysis with minimal sample preparation. Within this application
domain, multiple spectroscopy-based platforms have been developed for
drug screening, including Raman19–22, infrared23–25, near-infrared26, and
NMR27. Among these techniques, the most widely used are FTIR and
Raman spectroscopy, which probe the highly sensitive fundamental
vibrational modes of molecules. These modes generate characteristic
“molecular fingerprint” spectra, enabling differentiation of structurally
similar opioid compounds such as morphine, codeine, oxycodone, and
fentanyl. Portable, commercial Raman and FTIR spectrometers are
routinely used by customs and law enforcement for rapid screening.
Despite their popularity, these generally benchtop devices lack the
detection sensitivity and chemical specificity for real street samples where
key analytes like fentanyl are present at low concentrations28, requiring
additional validation with mass spectrometry to achieve meaningful
accuracy29. Finally, FTIR provides limited discrimination of mixture
constituents and often require more sophisticated chemometric techni-
ques to detect subtle differences30.
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Metamaterial-enhanced spectroscopy. Emerging portable technolo-
gies capable of near real-time analysis of drug mixtures can transform
opioid detection, provided they meet the stringent sensitivity and che-
mical specificity requirements of real-world samples. For increasing
sensitivity, modern advances in signal enhancement, e.g., surface-
enhanced Raman spectroscopy (SERS), have achieved a few-percent
level detection sensitivity for fentanyl: As an example, electrochemically-
driven SERS (EC-SERS) uses roughened metal nanostructures to
enhance the Raman signal of drug analytes22. Even though synthesis-
based (colloidal) nanostructures provide the highest signal enhancement,
limitations in sample spatial uniformity and reproducibility are impor-
tant sources of measurement uncertainties31,32.

The concept of exploiting signal enhancement from engineered
nanostructureshasmotivated anemerging theme inchemical andbiological
sensing: metamaterials. Metamaterials represent a powerful and versatile
nanophotonic platform for manipulating electromagnetic waves—in
amplitude, phase, polarization, direction and spectrum. Flat metamaterials,
ormetasurfaces, are comprised of structures at the sub-wavelength scale that

can confine and amplify electromagnetic fields, enabling dramatic signal
enhancements for increasing light-matter interaction. Nanofabrication
techniques can now mass produce metamaterial with high uniformity at
nanometer resolution, paving a new path towards enhanced detection
sensitivity with exceptional reproducibility, not to mention exciting pro-
spects formass production and deviceminiaturization. As a newmodalities
for molecular detection in a small form factor, metasurfaces have seen a
growing adoption for surface-enhanced spectroscopy methods: surface-
enhanced IR absorption (SEIRA)33–36 and Raman spectroscopy (SERS)22,32.
When combined with chip-scale light sources and detectors, the complete
infrared integrated photonics system37 could translate to real-world, field-
deployable sensing applications.

Although deployable sensors will ultimately require continued
advances in chip-scale infrared light sources and detector readout tech-
nologies, the presentwork focuses onmetasurface design—the core element
of molecular sensing that largely determines overall sensing performance.
Within the field of infrared plasmonics, the generation and control of
plasmons provide a versatile platform for surface-enhanced infrared

Fig. 1 | Mass spectrometry tools for analyzing drug mixtures. a Traditional gas
chromatography-mass spectrometry (GC-MS) of a drug sample containing fentanyl
and medetomidine. This analysis requires more than 10 min. b Ambient ionization
mass spectrometry (AIMS); in this case, direct analysis in real time mass

spectrometry (DART-MS). Low/High fragmentation in-source collision-induced
dissociation (is-CID) is used to control the level of fragmentation for DART-MS.
Next-generation techniques include (c) DART coupled with quadrupole time-of-
flight mass spectrometry (Q-TOF MS) and d portable ion trap mass spectrometry.
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absorption (SEIRA) spectroscopy38,39. Here, we adopt gold metasurfaces
because of their chemical stability, robustness, and compatibility with the
liquid and solid samples commonly encountered in drug sensing. To
maximize detection sensitivity across a broad wavelength range, we employ
a multi-pixel resonator architecture in which each pixel is designed to
achieve maximal electromagnetic field enhancement at a specific wave-
length. Our sensor consists of an array of ninety 1mm× 1.5mmpixels (Fig.
2a), each engineered to produce a sharp reflection (“resonance”) dip at a
targetwavelengthλp spanning≈5 to11 μm.Eachpixel is a linear rectangular
groove grating patterned by electron beam lithography into an opaque gold
film with fixed 500 nm groove depth. Near λp, the grating supports a
standing plasmonic surface mode, but because a pure Bragg grating (period
≈ λp/2) is dark to free-space excitation, alternating groovewidths are slightly
perturbed (to Wd and Wg in Fig. 2b) to break symmetry and couple to a
quasi-bound-state-in-continuummode. The structure was optimized using
finite-difference time-domain (FDTD) simulations to maximize coupling
between normally incident light and a trapped surface plasmon standing
wave at target wavelengths. Starting from a non-coupling Bragg reflector
geometry with weakly scattering deep-subwavelength grooves, the width of
every second groove (Wd) was iteratively reduced to break symmetry,
producing near-unity reflection dip and narrow linewidth (Q ≈ 200 to 300)
with surface-field enhancement ≈ 50 relative to the incident field. The
reproducibility of the sensor fabrication process andmolecular responsivity
are discussed in Figs. S1–S3 of the Supplementary Information (SI). Addi-
tional details of the FDTD simulations used for device design and optimi-
zation are presented in Figs. S4–S5 of the SI. By leveraging surface-enhanced

infrared spectroscopy using pixelated metasurfaces that span the molecular
fingerprint region40,41, this platformwas designed to quantify constituents of
complex drug mixtures by their unique spectral signatures.

When coherent light illuminates a pixel, an array of periodic “hot
spots” with sub-wavelength scale mode volume is formed as a standing
wave, leading to a resonance reflection dip at λp. The top panel of Fig. 2c
shows the measured reflectance spectrum of the ninety pixel sensor using a
pulsed QCL laser (MIRcat, λ ≈ 5.5–10.5 μm) and a MCT detector (VIGO
Photonics). To demonstrate molecular detection, spin-coated poly(methyl
methacrylate) (PMMA) films were used as a model system. This well-
defined polymer system facilitates quantitative analysis by enabling (1)
direct determination of the absorption path length from thin-film thickness
and (2) development of quantitative models for the analysis of complex
mixtures.

When molecules are distributed across the hot spots, their vibrational
spectrum is imprinted on the reflectance spectrumof each pixel, as shown in
the bottom panel of Fig. 2c. The difference between the reflectance spectra
measured with and without molecules is analogous to a conventional FTIR
absorption spectrum. In the metasurface structure, however, the periodic
array of hot spots drives all molecules in phase, leading to a large number of
coupled transitions referred to as a macroscopic collective dipole42. When
this coherent coupling occurs at the frequency corresponding to the mole-
cular vibrational mode with a strong transition dipole moment, this col-
lective effect manifests as an observed Rabi splitting. This is commonly
referred to as the strong-coupling regime. Shown in the bottom panel of Fig.
2c, this splitting ismost conspicuous at theC=O stretchmolecular transition

Fig. 2 | Spectroscopy with pixelatedmetasurfaces. a 90 pixel plasmonic sensor (top
left) and scanning electron microscopy (SEM) images at increasing magnification
show the periodic nanostructures that form resonant standing waves at IR wave-
lengths. The highest magnification images (bottom panels) show the nanostructures
for two different wavelengths (pixels). b Side-view cartoon of the metasurface with
labeled design parameters to achieve resonance at target wavelength λp. The

molecular polymer film for SEIRA spectroscopy is shown in green. The periodic hot
spots (COMSOL modeling) are the sites where the electric field is enhanced to
increase the light-matter coupling strength and detection sensitivity. c 90 pixel
spectrum without molecular sample and d with 250 nm PMMA polymer. Shown in
red is the PMMA FTIR spectrum.
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frequency of PMMA near 1730 cm−1. This regime of quantum-based
molecular sensing43,44 occurs when themetasurface resonator andmolecules
exchange energy faster than dissipative and/or radiative losses, which differs
from traditional FTIR and Raman spectroscopy where the probe light only
weakly interacts with molecules (perturbative or weak-coupling regime).
Strong-coupling has been shown for SEIRA using metasurfaces different
from our own: see the following reviews34,45. When both the weak-coupling
and strong-coupling signatures are simultaneously present, there will be
added benefits to detection sensitivity43, enhanced dynamic range, and
molecular specificity for identifying unknown compounds. In the next
sections, we discuss the specific advantages in more detail.

(1) Quantitative analysis using traditional absorption spectroscopy
relies on the Beer-Lambert law to relate absorbance to molecular con-
centration. Because absorbance depends linearly on concentration, the
usable dynamic range is constrained at high absorbance values—particularly
in FTIR measurements within the fingerprint region, where strong transi-
tions are common. Restricting analysis to the linear Beer-Lambert regime
(absorbance <1) and considering a strong vibrationalmode such as theC=O
stretch, the achievable dynamic range is approximately 103−104, assuming a
typical FTIRabsorbancenoisefloor of 10−4. This limitation canbe significant
for real-world samples, where potent and potentially toxic adulterants in
opioid mixtures may be present at only a few percent concentration.

Measurements over a broad spectral range reveals both weakly- and
strongly-coupled features in the PMMA absorption spectrum. Figure 3a
shows some selected pixels that highlight the weak- and strong-coupling
features at three different PMMA polymer thickness: 155 nm (i and iv),
250 nm (ii and v), and 350 nm (iii and vi). The strong-coupling splitting as a

function of increasing concentration is most apparent in panels iv to vi. By
observing signals from weak-coupling (linear absorption) and strong-
coupling (Rabi splitting),we can extend the detectiondynamic range to>104

by achieving low noise (≈ 1 × 10−4) on the low absorbance end while
extending the dynamic range on the high absorbance from strong-coupling.
Figure 3b shows the linear absorption (weak-coupling feature) and the
square-root dependence of the Rabi splitting (strong-coupling feature) as a
function of PMMA concentration (thickness). Whereas the linear absorp-
tion feature near 1380 cm−1 is approaching the saturation limit of Beer-
Lambert (≈ 50%absorbance), theRabi splitting continues to increase� ffiffiffiffi

C
p

and is only limited by the wavelength coverage of our laser to measure both
the upper and lower branches of the Rabi splitting. The detection limit for
thePMMApolymerfilm is approximately50 nmin thickness, definedas the
point at which a change can be observed in the strong C=O stretching band
near 1730 cm−1. The limit of quantification is approximately 78 nm, at
which bothweakly and strongly absorbing spectral features can be observed
across the entire measured spectral range (5.5–10.5 μm). Finally, it is
instructive to compare the increased molecular detection sensitivity based
on SEIRA compared to traditional absorption spectroscopy (e.g., FTIR).
This SEIRA enhancement factor, defined as a ratio of the absorbance with a
metasurface to a reference absorbance without a metasurface, is ≈ 70 by
using the C=O stretchmode of 78 nm thick PMMA film (Fig. 3c). Note that
this comparison is only valid in the weak-coupling regime where the reso-
nator andmolecule retain their individual characteristics (coupling between
molecules and resonator mode is a weak perturbation). Rabi splitting in the
strong-coupling regime has no direct analogue to traditional linear
absorption spectroscopy.

Fig. 3 | Weak- and strong-coupling effects as a function of molecular con-
centration. a Panels (i–iii) show selected pixels that coincide with molecular
absorption features to demonstrate the evolution from weak- to strong-coupling
with increasing concentration. Panels (iv–vi) show the zoomed in C=O stretch near
1730 cm−1 (vertical dashed line), with the bare pixel overlaid in red to show the Rabi
splitting when molecules are introduced. bWeak- vs strong-coupling comparison

for features indicated by arrows in a(i) as a function of increasing PMMA con-
centration. Rabi splitting of the strongly absorbing feature near 1730 cm−1 (`s' in
a(i)) and fit to

ffiffiffiffi
C

p
(red line). Absorbance of the weakly absorbing feature near 1380

cm−1 (`w' in a(i)) and linear fit (black dashed line). c Comparison of the SEIRA
absorbance (with metasurface) with reference FTIR absorbance (on gold surface
without metasurface) for 78 nm thick PMMA film.
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To obtain quantitative information for the analysis of complex
mixtures, we developed a theoretical model for interpreting SEIRA
spectra. When molecules are located within the resonator’s mode
volume, they modify the resonance response through their contribution
to the effective permittivity and absorption losses of the resonator. To
model this behavior, we begin with the base temporal coupled-mode
theory model35,36 (TCMT, Fig. 4a) that describes a single resonator mode
a (with angular frequency ωr and losses γr and γa) coupled to a single
molecular mode b (with angular frequency ωb and loss γb) via the cou-
pling term μ. s+ and s− are the incident and reflected fields, respectively.
The presence of multiple molecular species, each possessing distinct
vibrational modes, further perturbs the resonator response. In the multi-
absorber TCMT framework, this effect is incorporated by (1) introducing
additional absorber modes and (2) explicitly including a molecular
concentration (C) dependence in both the sample’s effective bulk
refractive index and the coupling parameter, μ. The former produces a
trivial frequency shift arising from mass-loading-induced changes in the
bulk refractive index, whereas the latter effect dominates when ωr ≈ ωb.
Assuming there are M independent molecular absorbers with con-
centration Cj (j = 1, …, M) coupling to a single resonator mode a, the
resulting multi-absorber TCMT model is given by:

da
dt ¼ �i½ωr þ αCtot �a� ðγr þ γaÞaþ i

PM
j¼1μjbj þ

ffiffiffiffiffiffiffi
2γr

p
sþ;

dbj
dt ¼ �iωb;jbj � γb;jbj þ iμja;

s� ¼ �sþ þ ffiffiffiffiffiffiffi
2γr

p
a:

8>><
>>:

ð1Þ

HereΔωr(C) = αCtot describes the resonator frequency shift as a function of
total molecular concentration, expressed through the effective refractive
index (neff). The magnitude of the shift depends on the proportionality
constant α = dneff/dCtot. The concentration-dependence of strong-coupling
is introduced via the resonator-molecule coupling term μj ¼

ffiffiffiffiffi
Cj

p
, since

intrinsic resonator losses (γa and γr) are unaffected by the introduction of
molecules. Finally, an analytical expression for the reflectance function (r =
s−/s+) is derived for direct comparison with experimental reflectance data:

rðωÞ ¼ �1þ 2γr
iðω� ½ωr þ αCtot � �ΩμÞ þ ðγr þ γa þ ΓμÞ ð2Þ

where

ΩμðωÞ ¼
XM
j¼1

μj ðω� ωb;jÞ
ðω� ωb;jÞ2 þ γ2b;j

; ð3Þ

ΓμðωÞ ¼
XM
j¼1

μjγb;j

ðω� ωb;jÞ2 þ γ2b;j
: ð4Þ

Figure 4b, c compare the experimental and simulated spectra (computed
using Eqs. (2)–(4)), respectively, assuming a linear scaling of concentration
with PMMA film thickness.

(2) Achieving molecular specificity to identify unknown, and
potentially emergent substances is a longstanding goal in drug forensics.
As drug trafficking naturally evolves to reflect the changing supply/

Fig. 4 | Multi-absorber temporal coupled-mode theory for quantitative analysis.
a Schematic for themulti-absorber TCMTmodel. A resonator withmassma couples
to different absorbers with massmb,1 tomb,jwhere j = 1:M by the coupling constant
μj. b Experimental spectrum for (i) 155 nm, (ii) 250 nm, and (iii) 350 nm thick

PMMA (top to bottom). c Calculated spectrum for data in (b) using the reflectance
function from Eq. (2) with molecular concentration as the only adjustable para-
meter. The concentration ratios correspond to the PMMA thickness ratios in (b).
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demand dynamics and regulatory landscape, new compounds are rapidly
introduced into circulation that compel immediate action46. Rapidly
evolving drug supplies across large geographic regions pose significant
challenges for analytical instruments requiring high sensitivity, wide
dynamic range, and rapid measurement of complex mixtures. Modern
metamaterial-based sensing platforms, such as our pixelated plasmonic
metasurfaces, are fully configurable and offer a promising pathway to
meet these demands. As an example, we have introduced a mixture of
PMMA, polystyrene (PS), and polycaprolactone (PCL) polymer. PMMA
and PCL polymers have strong C=O vibrational transitions near
1730 cm−1, but are slightly shifted from one another by about 5 cm−1.
Figure 5a shows a clear distinctive shift in the strong-coupling splittings
for PCL and PMMA polymers, indicating that the Rabi splitting can
differentiate the two despite the close proximity of their transition fre-
quencies. TCMT simulations in Fig. 5b reproduces this shift. Figure 5c is a
simulated concentration dependence of the three polymer mixture based
on the TCMT model that again reveals the richness of both weak- and
strong-coupling signatures across the wholemolecular fingerprint region.
We note that, although the TCMT framework has thus far seen limited
validation using real drug samples, our refinement of the model for

molecular analysis demonstrates its potential utility for quantitative
SEIRA spectroscopy.

Despite their utility for benchmarking sensor performance, spin-
coated polymers do not accurately capture the complexity of real drug
samples or the ways in which such samples are collected and analyzed in
the field. We present initial results showing that our drug-sensing
approach remains effective under a more realistic sampling scheme using
drop-cast ibuprofen. Because ibuprofen exhibits a strong C=O stretching
mode similar to those of PMMA and PCL, it serves as an ideal test case
for demonstrating strong coupling with drop-cast sample preparation.
Figure 6a shows the bare sensor and the sensor after deposition of 20 μl of
ibuprofen dissolved in acetonitrile. After the solvent evaporates, a solid
ibuprofen film remains, covering the entire sensor area. Figure 6b pre-
sents the reflectance spectra for three different ibuprofen concentrations,
expressed as mass normalized to a 1 mm2 pixel area. Despite the less
controlled sampling methodology compared to spin-coated polymer
films, we successfully achieved chemical sensing in the strong-coupling
regime. The inset demonstrates a similar square-root dependence on
concentration. However, because the drop-cast method is susceptible to
sampling-induced systematic uncertainties, we defer reporting detection

Fig. 5 | Resolving molecular mixtures from strong-coupling signatures.
a Experimental spectra of the pixel in the C=O stretch region for a mixture of
polystyrene: polycaprolactone:poly(methyl methacrylate) or PS:PCL:PMMA.

b Simulations of PS:PCL:PMMA mixture in (a). c(iii) shows the absorption spec-
trum for the three polymers used to calculate the reflectance in (i) and (ii) for a 1:1:1
concentration ratio. The concentration for data in (ii) is double of that in (i).
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metrics until a comprehensive quantitative analysis is conducted in
follow-up work.

As strong-coupling depends on molecular concentration, increasing
the amount of deposited material from real samples is straightforward and
canbe accomplishedbyapplying additional aliquotsof a dissolved sample to
themetasurface sensor. For street-level drug samples, however, the primary
challenge is not necessarily extremely low analyte concentrations, but rather
the substantial variability in both the concentrations of individual compo-
nents and the number of different components present in a mixture.
According to NIST’s RaDAR database (https://content.govdelivery.com/
accounts/USNIST/bulletins/416d5ef.), drug samples collected in 2026 had a
median fentanyl concentration of 7% by weight, with concentrations
reaching nearly 30% in some samples. In most cases, these drug mixtures
contained more than ten components. Nevertheless, this initial demon-
stration suggests that a practical drop-casting-based drug samplingmethod
can benefit from enhanced sensing performance, particularly when weak-
and strong-coupling effects are observed within the same detection
platform.

Mobile testing platform
Implementation of new technology for drug detection and identification can
be a difficult task. Even if cost, training, and spectral library barriers are
overcome, new technology has to be demonstrated as fit-for-purpose using
real-world samples in operationally relevant scenarios. This can be difficult
for industry to access and navigate. To address this need, NIST is currently
developing a deployable mobile testing laboratory equipped with portable
mass spectrometry and spectroscopy tools. In addition to the instrumenta-
tion housed within the mobile laboratory, larger vehicle-mounted mass
spectrometry systems with full laboratory-grade capabilities will be used to
better understand the limitations of portable devices through the simulta-
neous analysis of samples on both portable and laboratory-grade platforms.

Once completed, the mobile laboratory will provide the necessary
controls and safety features to enable in-field analysis of drug samples. The
laboratory is designed to allow rapid interchange of instrumentation,
enabling researchers and industry partners to evaluate how analytical
equipment performs under real-world field conditions. By collaborating
with stakeholder communities (i.e., law enforcement agencies and harm
reduction organizations), analysis of real-world samples using a variety of
validated and next-generation technologies can occur in real-time, closing a
critical loophole in the research and development and ensuring technology
being developed can adequately meet the needs of the community.

Future directions
While developing tools to lower implementation barriers of new mass
spectrometry and spectroscopy tools remains a priority, ongoing and
future research efforts in this space are more focused on increasing speed,
enhancing specificity, and extracting maximum data from a single mea-
surement. To accelerate the adoption ofmaturemass spectrometry, we are

Fig. 6 | Strong-coupling effects in drop-cast ibu-
profen. a Twenty microliters of ibuprofen dissolved
in acetonitrile were drop-cast onto the metasurface
sensor, leaving behind a dry film covering all 90
pixels. b Reflectance spectra of a pixel near the C=O
stretch transition (ωibuprofen) as a function of mole-
cular concentration (black = 20 ng/mm2,
red = 50 ng/mm2, and blue = 100 ng/mm2). The gray
dashed line shows the spectrum of a bare pixel
without molecules. The inset shows the Rabi split-
ting as a function of concentration; the red line is a
square-root fit.

Fig. 7 | Ionmobility mass spectrometry. Implementing ion mobility tools provides
an additional dimension of data without increasing analysis time. In this example, a
ten compoundmixture is analyzed by DART trapped ionmobility quadrupole time-
of-flight mass spectrometry (DART-timsTOF). a Full scan mass spectrum.
b Broadband collision induced dissociation (CID) spectrum. c Extracted ion
mobiligram for the protonatedmolecules for each of the ten listed compounds. Data
for the sample was collected in under ten seconds.
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actively investigating the use of AI-MS for simultaneous qualitative and
quantitative analysis of sample-providing information to end-users on
how much opioid is present in a sample, not just which opioid. One
ongoing strategy is to increase the data rate for gas chromatography (GC)
and liquid chromatography (LC) withmass spectrometry. Recently, rapid
gas chromatography-mass spectrometry (GC-MS) methods were vali-
dated and implemented using rapid-heating ovens, reducing the chro-
matographic run time to under two minutes47. In addition, the use of
separation or pseudo-separation techniques such as ion mobility or
ramped thermal desorption could provide further dimensionality to the
data-increasing specificity without significantly increasing analysis time
(see Fig. 7).

To potentially reduce cost, size, and measurement time, our
spectroscopy-based efforts are focused on exploring an imaging-based
metasurface sensor platform where all pixels are viewed by a cost-effective
microbolometer camera, enabling single shot measurement of the broad-
band spectrum in under 1 s. A current limitation of reflection-mode
detection is the high background brightness from the IR source, which can
overwhelm the reflection contrast of each pixel when imaged on a camera
(bright-fieldmode).As shown inFig. 8, incorporating transmission slits into
the grooves of the plasmonic pixels converts the device to transmission
mode, enabling dark-field spectroscopy and enhancing the spectral contrast
of the resonator relative to the background.

Finally, the area for greatest advancement, however, is in improving
data analytics. Using novel algorithms48–51, machine learning models, and
uncertainty quantification to drive novel opioid discovery could enable the
community to be alerted to new drugs in the supply more quickly. More-
over, such techniques can provide actionable information about when
additional scrutiny or measurement of a sample is required, e.g., when its
status as an opioid is uncertain. Merging spectral data with metadata
(geographic location, sample type, samplemarkings, etc.) could increase our
knowledge of how samples move - enabling predictive analytics that could
allowpublic health entities to proactive position resources thatminimize the
negative impacts of this epidemic.

Data availability
All data generated or analyzed during this study are included in this pub-
lished article and its Supplementary Information files and can be made
available from the corresponding author on reasonable request.
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