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The analysis of drug material in the field is an important function of law
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enforcement agencies, forensic drug laboratories, and drug checking services.
Portable testing techniques employed by these different groups range from

tive chemical color tests, to more sophisticated portable analytical techniques
Edited by: Simon Elliott, Editor that behave as miniaturized versions of their laboratory counterparts, such as
gas chromatography-mass spectrometry (GC-MS). Rapid non-destructive anal-
ysis in the field and non-laboratory environments is afforded by portable and
handheld Fourier transform infrared (FTIR) spectrometers with little to no
sample preparation, while handheld Raman analyzers have the added poten-
tial for drug material identification through sealed packaging using spatially
offset Raman spectroscopy (SORS). Utilization of the most suitable testing
technique for the given environment is demonstrated at international borders
and airports wherein ion mobility spectroscopy (IMS) is frequently employed
for the detection of drug (and explosive) residues owing to its ease of operation
and rapid analysis. Advances in technology and materials have provided ana-
lysts with new portable testing techniques, including paper spray ionization—
MS (PSI-MS), an ambient MS technique that provides sensitive, rapid, and reli-
able analysis without the need for sample preparation steps. A growing area of
research and interest in the development of sensitive and selective optical and
electrochemical portable (bio)sensors for in-field analysis of drug material indi-
cates that new commercial sensors for drug detection will be available in the
foreseeable future.
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1 | INTRODUCTION

Drug use and abuse proliferates around the world and across most demographics as licit and illicit substances are
sought-after for the psychoactive effects afforded to the user. Over the last decade, substances available on drug markets
have undergone significant diversification and expansion from traditional plant-based substances such as cannabis,
cocaine, and heroin, to a dynamic market for synthetic drugs (e.g., amphetamine-type substances) and non-medical use
pharmaceuticals (e.g., opioids) (UNODC, 2021c). Adding to this expanding drug market are the more than 1000 new
psychoactive substances (NPS) that have appeared in recent years as stimulants, cannabinoids, hallucinogens, and opi-
oids (e.g., fentanyl analogs). These NPS are a particularly concerning group of substances owing to their unpredictable
and often severe health consequences. The innovation of drug supply chains has witnessed the transition to selling and
purchasing drugs via online platforms, resulting in an increase in the use of mail courier services delivering drug mate-
rials. These drug materials come in a variety of forms including powders, tablets, capsules, liquids, oils, sprays, botani-
cal material, and impregnated blotter paper.

The analysis of drug material is performed by law enforcement agencies, customs services, drug testing ser-
vices, and drug checking services. Subject to the aim and scope of testing, the analysis will include screening,
identification, and/or quantification techniques, each providing an increasing level of information about the
drug material to the analyst. Color tests remain the most commonly used screening technique for testing seized
material in a forensic drug laboratory, while identification and confirmation of drugs is typically performed
using gas chromatography-mass spectrometry (GC-MS) (UNODC, 2021a, 2021b). The highest level of selectivity
is afforded by analytical techniques that can provide structural information such as infrared spectroscopy, MS,
nuclear magnetic resonance (NMR) spectroscopy, Raman spectroscopy, and X-ray diffractometry. Identification
can be achieved by combining these techniques with less selective methods that provide chemical and physical
characteristics, such as capillary electrophoresis, gas chromatography, ion mobility spectrometry, liquid (and
supercritical fluid) chromatography, microcrystalline tests, thin layer chromatography, and ultraviolet/visible
spectroscopy (SWGDRUG, 2019). The least amount of selectivity is afforded by techniques that only provide
general or class information such as color tests, fluorescence spectroscopy and immunoassays. The quantifica-
tion of drugs in seized material is mostly performed using gas chromatography-flame ionization detection,
followed by high performance liquid chromatography-diode array detection and gas chromatography or liquid
chromatography coupled to single stage or tandem mass spectrometry (UNODC, 2021a, 2021b). Many of the
techniques performed in a laboratory for identification and quantitative analysis are expensive to run and
require trained personnel to operate the instruments and interpret the results. A growing area of interest lies in
the development of portable and rapid testing techniques that can provide the same level of selectivity as their
laboratory counterparts. Portable drug analysis techniques, by design, should be low cost and easy to use while
still providing rapid results for law enforcement agencies and other analysts in the field. Herein, we provide an
overview of the current technologies, in use and emerging, for the portable detection and analysis of drug mate-
rial. These technologies include presumptive chemical color tests, field portable vibrational spectroscopic instru-
ments, compact ambient mass spectrometers, point-of-care (bio)sensors, and other techniques that involve
instrument miniaturization.

2 | CHEMICAL COLOR TESTS

Chemical color tests are presumptive screening tools typically used in the initial stages of drug analysis to determine
the presence or absence of a particular drug or drug class in a sample. In these tests, chemical reagents are added to a
small sample of drug material and the resulting color changes are observed with the naked eye and compared with a
reference color chart. The chemistry underpinning color tests varies between color test reagents as the drug of interest
reacts with the test reagent(s) to produce colored metal complexes or charged organic species (Philp & Fu, 2018). Color
test reagents can be classified into three main types: general screening, drug class selective, and functional group
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selective. General screening color tests react with a wide range of compounds to produce a different color for each
broad class of drug compounds, while the drug class selective reagents will only show a color change with the
targeted drug of interest and the functional group selective reagents indicate the presence of certain functional
groups in the drug material. Commonly used color test reagents and their targeted compounds are provided in
Table 1.

Chemical color test reagents are often employed in a pre-determined sequence to allow analysts to presumptively
identify the drug of interest using a minimum number of tests. For example, the presence of methamphetamine in an
unknown sample could be presumptively identified by a red to brown color change with the Marquis reagent, followed
by a blue color change with the Simon's reagent.

Chemical color test reagents have been manufactured by several companies into portable drug of abuse test kits that
are designed to be used in the field. These kits are mostly used by law enforcement agencies, however, they are also
advertised on harm reduction websites for use in at home drug checking or pill testing. These simple test kits come in a
variety of fabrications, including reagent bottles, ampoules, pouches, cartridges, wipes, paper strips and sprays. The lack
of sample preparation required, ease of use, rapid results afforded, and low cost make commercial color test kits an
ideal portable presumptive identification technique. However, false positive and false negative color test results can
occur as a result of incorrect application of the color test kit, harsh environmental conditions under which the test is
performed, and complex sample mixtures. The emergence of NPS, often disguised as traditional recreational drugs,

TABLE 1 Reagent chemicals and targeted compounds of commonly used color tests
Type Name Reagent chemicals Targeted compounds
General Marquis Sulfuric acid, formaldehyde, and water Alkaloids and other compounds (e.g., opiates,
screening amphetamines, and phenethylamines)
Liebermann's  Sulfuric acid, sodium (or potassium) nitrite, and Alkaloids and other compounds (e.g.,
water amphetamines and some synthetic
cathinones)

Mandelin's Sulfuric acid, ammonium vanadate, and water Alkaloids and other compounds (e.g.,
amphetamines, some phenethylamines, and
ketamine)

Mecke Sulfuric acid and selenous acid Alkaloids and other compounds (e.g., opiates,
some amphetamines and synthetic
cathinones)

Froehde's Sulfuric acid and sodium molybdate Alkaloids and other compounds (e.g., opiates
and some synthetic cathinones)

Drug class Duquenois— Acetaldehyde, vanillin, ethanol, hydrochloric acid, A°-Tetrahydrocannabinol (THC) and other
selective Levine and chloroform cannabinoids

Scott's Cobalt thiocyanate, water, glycerin, hydrochloric Cocaine

acid, and chloroform
Dille- Cobalt acetate, methanol, glacial acetic acid, and Barbiturates
Koppanyi 2-propylamine

Chen-Kao Acetic acid, water, copper sulfate, and sodium Ephedrine

hydroxide

Ehrlich's p-Dimethylaminobenzaldehyde, methanol (or Ergot alkaloids, indoles, aromatic amines, and

ethanol), and hydrochloric acid (or phosphoric LSD
acid)

Fast Blue B Diazotized o-dianisidine, chloroform, sodium A°-Tetrahydrocannabinol (THC) and other

salt hydroxide, and water cannabinoids

Zwikker Copper sulfate, water, pyridine, and chloroform Barbiturates

Functional Simon's Acetaldehyde, sodium nitroprusside, sodium Secondary amines (e.g., methamphetamine)
group carbonate, and water
selective Zimmermann  1,3-dinitrobenzene, methanol, potassium hydroxide, ~ Ketones (e.g., synthetic cathinones and

and water

benzodiazepines)
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have led to color test validation studies to determine the effectiveness and potential cross-reactivities of current test
methods (Cuypers et al., 2016), and the introduction of new chemical color test methods for NPS such as piperazine
derivatives (Philp et al., 2013), synthetic cathinones (Philp et al, 2016), and N-methoxybenzyl-
methoxyphenylethylamines (NBOMes) (Clancy et al., 2021).

Despite the relatively low selectivity of chemical color tests, their use has continued for decades owing to their sim-
plicity, rapidity, and portability. Advances in colorimetric analysis, solid colorimetric sensors and microfluidic devices
have increased the interest in chemical color tests.

2.1 | Colorimetric analysis

Qualitative chemical color test results are limited by the inherent subjective nature of the naked eye determination
made by the analyst. This is compounded by the issue of uncontrolled lighting conditions under which a color test
is likely to be performed, for example, a test performed under fluorescent lighting in a laboratory may appear dif-
ferently to a test performed outside on an overcast day. Attempts to increase the objectivity of results have seen the
application of colorimetric, spectrophotometric, and digital image-based procedures to a chemical color test. The
use of portable colorimeters and spectrophotometers for the analysis of color spot test results in the field is limited,
however, there is a growing area of research in the digital image-based analysis space owing to its simplicity, ease
of use, and low cost.

Choodum et al. first applied digital image analysis to the products of simple presumptive color tests for amphet-
amine, methamphetamine (Choodum & Nic Daeid, 2011a), and opiates (Choodum & Nic Daeid, 2011b), and demon-
strated its potential for semiquantitative analysis. In these early studies, a digital camera was used to collect the digital
image under controlled lighting conditions, and after transferring the image to a computer, image processing software
was used to obtain the Red Green Blue (RGB) color values. The relationship between the intensity of RGB values and
the concentration of the illicit drug is exploited and used to produce calibration curves. Advancements made in the
functionality and technology of mobiles phones provided a faster, portable, more convenient, and real-time approach to
digital image analysis. The built-in camera and freely available applications on a portable smartphone
(e.g., ColorAssist) are used to capture the digital image of the color test, and extract the RGB components in one step.
This approach to digital-image analysis has been successfully employed in the quantitative analysis of methamphet-
amine using presumptive color tests (Choodum et al., 2014) and sol-gel sensors (Choodum et al., 2015). Despite digital
image analysis extending the value of a simple chemical color test for illicit drugs, the inherent limitations of these pre-
sumptive tests remain.

Some smartphone applications (e.g., PhotoMetrix) further increase the portability and convenience of the system by
converting RGB coordinates into histograms and employing the chemometric techniques of simple linear correlation
for univariate analysis, and principal components analysis (PCA) for multivariate exploratory analysis (Bock
et al., 2020). The four essential components of an analytical colorimetric system are: a sample holder, an illumination
source, an image capturing device, and a computer for extraction of color histograms and construction of chemometric
models (Goncalves Dias Diniz, 2020). Quantitative analysis associated with variations in the concentration of the col-
ored chemical species cannot be determined with the naked eye, however, studies have shown this can be achieved
using digital image-based analysis (Tosato et al., 2016).

2.2 | Solid sensors

The instability of a chemical reagent will negatively affect its application in the field for presumptive drug testing, as
color test kits require storage of chemicals. To overcome this, solid sensors have been developed by incorporating the
chemical reagents into polymeric networks. Additional advantages include its ease of use and minimized handling of
solutions. Recent developments have included the immobilization of cobalt(II) thiocyanate onto polydimethylsiloxane
(PDMS) for the detection and quantification of ketamine in drug material based on the sensor color change from brown
to blue-purple in the presence of a ketamine solution (Argente-Garcia et al., 2017). Similarly, the detection of
amphetamine-type substances has been realized using polydimethylsiloxane/tetraethylorthosilicate/silicon dioxide
(PDMS/TEOS/SiO,) nanoparticles doped with 1,2-naphthoquinone-4-sulfonate (NQS) reagent (Argente-Garcia
et al., 2016). Building on from this study, a colorimetric device capable of distinguishing amphetamines from
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scopolamine in beverages was prepared by incorporating a second potassium permanganate sensor (Jornet-Martinez
et al., 2021).

2.3 | Colorimetric microfluidic devices

Microfluidic devices are an attractive portable alternative to traditional automated and high-throughput lab-based ana-
lytical techniques due to the small volumes of sample and chemical reagents used, low cost per analysis, compact size,
rapid analysis times, and the ability to perform multiplexed assays. Color test reagents have been incorporated as the
detection method in microfluidic devices for the analysis of drug material, with paper being the most used substrate
material in colorimetric microfluidic devices due to its low cost, availability, and being environmentally friendly. Paper-
based analytical devices (WPADs) for the detection of seized drugs and cutting agents typically consist of a series of wax
channels printed on chromatographic paper. The sample solution moves through the channels via capillary action
toward the immobilized chemical reagent(s), wherein a chemical reaction occurs and produces a color change visible to
the naked eye. The immobilization of a different chemical reagent in each channel allows for multiplexing. Several dif-
ferent pPAD designs have been developed for the portable analysis of drug material (Figure 1).

The limitations of this technique include the requirement for samples to be applied as solutions and the inability to
impregnate the paper with concentrated acid, which is a common reagent in a number of chemical color tests (McNeill
et al., 2021). In one study, Fast Blue B salt was used as an alternative chemical reagent to Mandelin's or Marquis due to
the concentrated sulfuric acid reagent reacting with the paper, and ninhydrin was used as an alternative to the Simon's
reagent due to the high volatility of the acetaldehyde reagent (Musile et al., 2015). Attempts to increase field usability
have removed the need for samples to be in solution and instead, the drug material is applied to the pPAD directly
(Lockwood et al., 2020). The use of chemoresponsive dyes in lieu of specific chemical color test reagents have also been
used to create pPADS capable of discriminating eight alkaloid drugs (Dias et al., 2021). It should also be noted that in
many cases, colorimetric analysis using smartphones or other digital image capturing device and software is used to
analyze the color test results, and in some cases provide semi-quantitative results. Paper-based microfluidics for identifi-
cation of seized drugs can employ more selective and advanced detection procedures based on recognition elements
and optical or electrochemical signals (Musile et al., 2021). These techniques will be explored further in the section on
(bio)sensors.

3 | VIBRATIONAL SPECTROSCOPY

Portable vibrational spectroscopy has become popular in the analysis of drug materials by law enforcement and drug
checking services, as these techniques are rapid and non-destructive. There are two main vibrational spectroscopy

—— Wax printed channels

- == Carrier solution level

Direction of capillary action
Impregnated chemical reagent

Drug material sample

Color change spot

(@) (b) (©)

FIGURE 1 Example designs of colorimetric paper-based analytical devices using capillary action to bring drug material into contact
with immobilized chemical reagents. (a) pPAD is placed in carrier solution containing the unknown drug material;( b) unknown drug
material is applied to each channel and the pPAD is placed in carrier solution; (c) unknown drug material in a carrier solution is applied to
the center of the pPAD
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techniques which have been explored for portable analysis of drug material; Fourier transform infrared (FTIR) and
Raman spectroscopy.

3.1 | Fourier transform infrared spectroscopy

Infrared activity arises from the changes in dipole moment of bonds as they absorb the energy of the incident radiation
(Atkins & de Paula, 2013). The sample is irradiated with infrared radiation, the sample absorbs some of the radiation
and the remainder is transmitted through the sample. This results in a unique fingerprint spectrum being obtained
which is characteristic of the functional groups present within the sample. FTIR is a complementary technique often
used in addition to other analytical techniques for structure elucidation and identification of unknown compounds
(Shevyrin et al., 2014; Simolka et al., 2012; Zuba et al., 2013). FTIR is an ideal technique for on-site analysis as it is non-
destructive, cost-effective, rapid, and requires minimal sample preparation (da Silva et al., 2018; Zuba et al., 2013).

There are four sampling techniques which can be used with FTIR: transmission, attenuated total reflectance (ATR),
specular reflection, and diffuse reflectance. The most common method used for portable drug detection and identifica-
tion applications is ATR. The technique of ATR-FTIR has the infrared beam directed into an optically dense crystal cre-
ating an evanescent wave which extends into the sample held in contact with the crystal (Larkin, 2011). ATR-FTIR has
been shown to be useful in detecting NBOMes and lysergic acid diethylamide (LSD) on blotter papers. However, given
that blotter papers are a mixture of the active ingredient and the paper matrix, the discriminating power of the tech-
nique is reduced (Coelho Neto, 2015). The use of ATR-FTIR for analysis of powders, pills and liquids in a drug check-
ing setting revealed the presence of potentially harmful adulterants in street drugs (Tupper et al., 2018). FTIR has also
been combined with chemometric techniques for the determination of purity and chemical form, and to reduce the
need for specialized interpretation. ATR-FTIR combined with multivariate curve resolution (MCR) with alternating
least squares discriminated between forms of cocaine rapidly and with minimal sample preparation (da Silva
et al., 2018). Cocaine forms and adulterants have also been investigated by combining ATR-FTIR with hierarchical
cluster analysis (HCA), principal component analysis (PCA), partial least squares-discriminant analysis (PLS-DA) and
support vector machines-discriminant analysis (SVM-DA). Cocaine salt was found to possess high purity, adulterated
with caffeine and lidocaine, while cocaine base was less pure and adulterated with phenacetin (Marcelo et al., 2015).
ATR-FTIR with SVM classification model showed high specificity, sensitivity, and efficiency. The SVM quantification
model had low error over a wide working concentration range. The use of ATR-FTIR and SVM together resulted in a
straightforward, user-friendly approach (cocaine detected or cocaine not detected) for routine classification and quanti-
fication (Eliaerts et al., 2017). Trained PLS regression models used with spectral pre-processing of ATR-FTIR spectra
have also been used to rapidly determine fentanyl concentrations in complex mixtures (Ramsay et al., 2021). Blotters
have also been investigated through combinations of ATR-FTIR and PLS-DA. The combination of the two techniques
allowed for discrimination of NBOMe and NBOH with <10% misidentification (Custddio et al., 2021). NBOMe,
2,5-dimethoxyphenethylamine (2C-H), LSD, methallylescaline on blotter papers have been classified and submodels
used to discriminate three NBOMes. There were high correct classification rates for three of the four tested classes
(Pereira et al., 2017). Although FTIR has been found to be useful for the detection of some drugs there are still issues
with widespread use as a sole detection method. These issues include lower sensitivity for some analytes, including fen-
tanyl (Ti et al., 2020) and LSD (Pereira et al., 2017), at low concentrations. Another issue is that the library of com-
pounds varies with manufacturer, and therefore may require analyst expertise for interpretation, especially when
mixtures are being analyzed.

3.2 | Raman spectroscopy

Raman spectroscopy was first tested and described by Raman and Krishnan (1928). Raman spectroscopy requires the
incident light to be monochromatic (White, 2000). Raman spectra are produced as the absorbed energy from the inci-
dent light is emitted. Most of the emission is at the same wavelength as the incident light; this is called Rayleigh scatter-
ing (Harris, 2010). The Rayleigh scattering is removed by holographic filters on modern instruments (White, 2000).
However, some of the scattered emission radiation has a slightly higher, anti-stokes, or slightly lower, stokes, frequency
which is called Raman scattering (Harris, 2010). Changes in polarizability as the molecule vibrates gives rise to Raman
active functional groups (Atkins & de Paula, 2013). Through this Raman spectroscopy can provide information on the

9sSUddIT suowwo) aAnea.) ajqedijdde ayy Aq pasuitsnob ale sapdipie yQO 9sn Jo sa|nJ a0y Aseidi] auljuQ As|ip\ UO (Ssuonipuod-pue-swidl/wod Asim-Aleiqijauljuo//:sdny)
SUOIIPUOD pue swid) 3y} 39S “[€202/70/8L] uo Aieiqri sulju As|iM ‘elfensny dueiyd0) jeuoneN DUINHN Ag "L9¥LZsim/200L 0L/1op/wod Aajim Aieiqiauljuosaim//:sdiy wouly papeojumoq ‘9 ‘2202 ‘8976€L52



ALONZO ET AL. 7D WIREs —Wl LEY. | 7 of 18

FORENSIC SCIENCE

structure of a compound based on the visible vibrational bands (Atkins & de Paula, 2013). However, one major problem
is that weak signals can be drowned out by fluorescence of samples. Since water has a weak Raman signal, aqueous
solutions can be analyzed by Raman (Harris, 2010). Another advantage of Raman spectroscopy is the spectra are gener-
ated quickly (White, 2000). Portable Raman spectrometers are versatile as a fast and safe option as they simplify the
testing process through the elimination of sample preparation and allowing for the analysis of a range of chemicals and
packaging (Cooman et al., 2021).

Portable Raman spectrometers range in size from small 2.4-30 kg instruments which can include a microscope and
are considered person-portable (CBRNE Tech Index, 2018; JASCO, 2017) to 0.8-3.4 kg handheld instruments to the
even smaller 0.330-0.785 kg pocket-sized instruments (CBRNE Tech Index, 2018). The development of portable Raman
spectrometers has allowed for the rapid on-site non-destructive identification of chemicals. Some of the portable spec-
trometers include barcode scanners to decrease the processing time and determine what should be inside a certain
package (Agilent Technologies, 2021). Many of the handheld spectrometers allow for analysis without opening con-
tainers by using spatially offset Raman spectroscopy (SORS); which reduces the exposure risk for the analyst. The num-
ber of drug analytes in a given library database varies with manufacturer and the purpose of analysis. For example,
individual databases exist for controlled and prescription drugs, inorganic materials, explosives, and hazardous
analytes. According to Kelly et al., there are three main considerations which must be taken into account when choos-
ing a portable Raman spectrometer fit for the required analysis: excitation wavelength and power, spectroscopic resolu-
tion, and numerical aperture (Kelly et al., 2012).

There are many different types of Raman spectroscopy which have been developed to overcome issues, such as fluo-
rescence, which have arisen from conventional Raman spectroscopy. These other methods include Fourier transform
Raman spectroscopy (FT-Raman), SORS, resonance Raman spectroscopy (RR), surface enhanced Raman spectroscopy
(SERS) and surface enhanced resonance Raman spectroscopy (SERRS), and tip-enhanced Raman spectroscopy (TERS).
Dispersive Raman spectroscopy is the conventional Raman spectroscopy method. Dispersive Raman uses an ultraviolet
(UV), visible or near infrared (NIR) laser, a dispersive spectrometer and a charged coupled device (CCD) for detection
(White, 2000). Raman used in an airport environment portable Raman was able to discriminate between cocaine,
3,4-methylenedioxymethamphetamine and amphetamine salts even in the presence of cutting agents (Hargreaves
et al.,, 2008). High quality spectra were able to be acquired in less than 30 s and were identified without spectral
processing (Hargreaves et al., 2008). SORS collects Raman spectra from below the surface of a sample (Matousek
et al., 2005). The development of the SORS method has allowed for the development of methods which do not require
packaging to be opened for analysis to occur. The advantages of the SORS is that it is non-destructive to both the sam-
ple and the packaging, it has short analysis times, and concealed substances can be identified (Olds et al., 2011). SORS
combined with direct analysis in real time mass spectrometry (DART-MS) has been shown to provide a rapid and accu-
rate method for seized drugs analysis (Cooman et al., 2021). Raman spectroscopy has the added benefit that it be con-
ducted through packaging on both solids and liquids without compromising precision or accuracy and provide high
discrimination between drug structures (Cooman et al., 2021). However, spectral deconvolution is an issue with porta-
ble and handheld spectrometers with most identifications being of the diluent of a mixture rather than the target drug
(Cooman et al., 2021). This highlights the need for complementary techniques and further spectral deconvolution. SERS
was discovered while studying pyridine on a silver electrode (Rodger et al., 1998). The sensitivity of the analysis is
increased by six orders of magnitude (White, 2000). The effect is observed when the sample is adsorbed to a roughened
metal or metal colloid surface. The metals used are gold, silver, or copper (Rana et al.,, 2011). The metal surface
quenches the fluorescence of the adsorbed sample (White, 2000). Illicit drugs have been detected both directly and indi-
rectly using SERS technology. SERS combined with paper spray ionization-mass spectrometry (PSI-MS) has been used
for identification and quantification of fentanyl analogs within a realistic concentration range which allowed for in situ
analysis at point of seizure (Fedick et al., 2020). The combination of two analysis techniques is required by many foren-
sic regulations and the use of updatable spectral databases simplifies the adoption of these techniques in the field
(Fedick et al., 2020). The combination of SERS and PSI-MS is further discussed in the section on PSI-MS.

It has been suggested by several research groups that combining Raman spectroscopy data with chemometric analy-
sis is beneficial when differentiating samples as well as for quantification. There are two main chemometric methods
used with Raman spectroscopy: PLS (Been et al., 2011; Katainen et al., 2007; Ryder et al., 1999) and PCA (de Veij
et al., 2007; Noonan et al., 2009; Ryder et al., 1999; Wilson et al., 2021). Quantification by PLS and direct use of an inter-
nal standard to peak height ratio were compared by Katainen et al. (2007). Textiles impregnated with drugs have been
able to be analyzed rapidly without pre-treatment or extraction when Raman was combined with automatic spectral
recognition and PCA (Ali & Edwards, 2014). Novel SERS has been used with handheld Raman spectrometers to
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discriminate between fentanyl analogs using PCA. Fentanyl concentration was determined with 70% accuracy and trace
fentanyl was also detected in high concentrations of heroin and caffeine (Wilson et al., 2021).

4 | AMBIENT MASS SPECTROMETRY

Portable mass spectrometry (MS) has become of forensic interest, as it can alleviate pressure on forensic laboratories
and provide accurate results in the field (Lawton et al., 2017; O'Leary et al., 2015). Advancements in collection and ioni-
zation methods have improved the potential for these techniques to be used easily in a forensic context with the cou-
pling of ambient ionization methods of particular significance (Lawton et al., 2017; McCullough et al., 2020). Ambient
ionization mass spectrometry is beneficial for on-site forensic analysis, as samples can be detected directly without pre-
treatment or extraction (Green et al., 2010). Several ambient methods have gained forensic interest, including desorp-
tion electrospray ionization (DESI) (Morelato et al., 2013), direct analysis in real-time (DART) (Lesiak &
Shepard, 2014), and PSI (Domingos et al., 2017). Combining these ionization methods with portable mass spectrometers
is of forensic importance to allow sensitive and reliable on-site detection of analytes of interest (Lawton et al., 2017).
The importance of sensitive techniques and their availability in field settings has increased with the rise of highly
potent drugs such as synthetic opioids, which are found in trace quantities (Abonamah et al., 2019; Vandergrift
et al., 2018). The development of portable mass spectrometry to detect and identify these substances has been investi-
gated using various methods (Kang et al., 2020). A miniature MS method analyzed several matrices from beverages to
surfaces such as plastic bags with limits of detection (LOD) as low as 10 ppb or 1 ng/cm?, respectively, for fentanyl ana-
logs (Kang et al., 2020). Portable DART-MS methods have been explored for traditional and designer drugs of abuse
(Brown et al., 2016), including fentanyl analogs (Sisco et al., 2017). It has been shown to be successful in the separation
and identification of drugs in mixtures (Brown et al., 2016; Sisco et al., 2017) which can assist in overdose treatment
and general harm reduction services. Similarly, DESI-MS is also capable of detecting designer drugs in complex mix-
tures with the examination of synthetic cathinone analogs at trace levels from authentic forensic samples (Vircks &
Mulligan, 2012). LOD values for these methods vary, often dependent on the substrate analyzed (Vircks &
Mulligan, 2012). The miniaturization of MS instruments does have its disadvantages in comparison to benchtop labora-
tory instrumentation, including reduced mass accuracy, which can impact the rapid identification of compounds, even
if a library is available (O'Leary et al., 2015). Despite this, the recent advancements of these methods show excellent
potential for prominence in the on-site testing of illicit substances in forensic casework and harm reduction settings.

4.1 | Paper spray ionization mass spectrometry

PSI is an easy to use and well-established ambient ionization method that uses triangular paper as the substrate
(Domingos et al., 2017). Analyte ions are generated through the application of a spray solvent and high voltage to the
paper through a metal clip (de Paula et al., 2018; Silva et al., 2019). It is ideal for detecting small molecules such as illicit
substances and shows good potential for use as a field-based forensic tool when coupled with portable MS techniques
(Domingos et al., 2017). Its high sensitivity and reproducibility also make it a viable method for drug checking for harm
reduction services (Borden et al., 2022). PSI can detect a wide variety of substances at low levels, from traditional illicit
drugs to fentanyls, synthetic cannabinoids, and other NPS in field settings (Lawton et al., 2017; O'Leary et al., 2015).
The simplicity of the method and the absence of sample preparation requirements make it a useful technique in the
field (Lawton et al., 2017), and direct analysis of blotter papers has been reported (Carvalho et al., 2016; Domingos
et al., 2017). A range of designer drugs were able to be detected, including LSD, NBOMes, and phenethylamines, DOC
and DOB (Carvalho et al., 2016).

Combining swabbing techniques with PSI-MS has been used for drugs, explosives, and toxins in a variety of settings
(Ma et al., 2015; Nguyen et al., 2021). This is important as forensically relevant surfaces could be swabbed, making the
collection process non-destructive and straightforward. The use of a commercial paper strip containing a pressure-
sensitive adhesive has been explored to swab surfaces such as clothing, glass and concrete before analysis is completed
with a portable PSI-MS (Nguyen et al., 2021). Distribution environments could benefit considerably from this type of
technology and the use in prisons, where drugs are often smuggled via absorption into paper letters, is apparent
(Nguyen et al., 2021). Swabbing techniques have proven successful with trace amounts of illicit substances as described
with the identification of synthetic cannabinoids from a benchtop where the LOD was estimated at 2 ng (Ma
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et al., 2015). The integration of SERS technology with PSI-MS has been shown successful for on-site analysis for
fentanyls (Fedick et al., 2020) and other illicit drugs (Burr et al., 2020). This combination of techniques displays great
potential as a field-based approach incorporating two highly discriminating methods, which would replace the need to
analyze samples in a laboratory while still maintaining required levels of analysis (Burr et al., 2020). The use of two
techniques that can subsequently analyze the same substrate allows for more accurate and reliable results. The PSERS
substrate can double as a collection swab and was demonstrated on various forensically relevant surfaces such as syrin-
ges (Fedick et al., 2020). The substrate can be enhanced and changed to suit these techniques as required to allow for
better results. As these techniques can identify components of samples in different ways, this allows even more differen-
tiation between analogs and even isomers, demonstrated through the separation of synthetic cannabinoid, JWH-018,
isomers using these methods (Burr et al., 2020). Limitations are still common with these techniques, particularly with
the ever-changing nature of NPS. While some fragmentation patterns in MS data and Raman shifts may be indicative of
a compound class, it may still be necessary for library searches and matches to identify analogs of substances such as
fentanyls. Samples that are complex mixtures or contain trace levels of the drug of interest may present further limita-
tions to the analysis, including low sensitivity, ion suppression and narrow dynamic range, with these being the motiva-
tion for further optimization of paper substrates (Silva et al., 2019).

PSI-MS has been evaluated as a tool useful in harm reduction settings, with a particular focus on the opioid crisis
(Vandergrift & Gill, 2019). The detection of trace amounts of highly potent fentanyl analogs and other synthetic opioids
in drug samples would assist in reducing overdose and death from these substances. PSI-MS is sensitive and selective
enough, with LODs for portable instruments reported in low nanogram range (Nguyen et al., 2021), making it an ideal
candidate for the detection of small quantities of drugs of abuse. It also has the potential to quantify substances which
enhances its use as a harm minimization tool to inform those who use drugs, pre-consumption (Borden et al., 2022).

5 | SENSORS

The identification and quantification of illicit drugs in seized material using sensing techniques is a growing area of inter-
est and development due to the rapidity, sensitivity, and accuracy it affords as an analytical technique. In this context, a
sensor is a device or instrument that can determine the presence, concentration, or quantity of an analyte. All sensors are
comprised of the same basic components: a receptor, a transducer, an electronic system, and a display. The receptor is
responsible for specifically recognizing the analyte of interest and therefore determines the selectivity and sensitivity of
the device. Upon interaction between the receptor and target analyte a signal is generated in a process known as a recog-
nition event. The most well-known examples of receptors are the bioreceptors such as enzymes, cells, aptamers, and anti-
bodies that are used in biosensors, such as the enzyme-linked immunosorbent assay (ELISA) tests. Other receptors
include molecularly imprinted polymers (MIP), modified nanoparticles, and modified electrodes. The second component
of a sensor is the transducer, a material capable of converting one form of energy into another through a process known
as signalization. The energy from the recognition event is converted to a measurable signal proportional to the number of
analyte-receptor interactions. Photodiodes and various electrodes are used as transducers in optical and electrochemical
sensors, respectively. The electronic system processes the transduced signal and prepares it for display to the end-user.
Current and emerging trends in the use of sensing techniques for the analysis of illicit drugs has been evaluated in the lit-
erature (Ahmed et al., 2020; Dagar et al., 2022; De Rycke et al., 2020; Mao et al., 2020). Receptors and transduction events
used in point-of-care optical or electrochemical sensors are shown in Table 2.

Numerous receptors have been employed in the optical detection of illicit drugs, from MIP functionalized quantum
dots for the selective detection of methamphetamine (Masteri-Farahani et al., 2020) and cocaine (Chantada-Vazquez

TABLE 2 Receptors and transduction events that have been employed in the fabrication of (bio)sensors for illicit drug analysis

Transduction event

Receptor Optical Electrochemical
Antibodies Photoluminescence Voltammetry

Aptamers Chemiluminescence Amperometry
Molecularly imprinted polymers Colorimetric Potentiometry

Modified nanoparticles Impedance spectroscopy
Modified electrodes
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et al., 2018), to a modified gold nanoparticle aptasensor for the rapid detection of amphetamine-type stimulants
(Adegoke et al., 2020), and chromium metal-organic framework nanoparticles for the highly sensitive detection of mor-
phine (Alhaddad & Sheta, 2020).

In recent years, electrochemical sensing has seen rapid developments and applications as a result of the numerous
advantages afforded by the technique, such as high precision, high sensitivity, ease of use, and the capability for auto-
mation. Electrochemical sensors can be classified based on the type of electrochemical transducer employed.
Voltammetry is the most widely used transduction event for the rapid quantitative sensing of illicit drugs with studies
performed on NBOMes in blotter samples (Oiye et al., 2017), cocaine residue (Tavakkoli et al., 2019), and A°-
tetrahydrocannabinol in plant matter (Balbino et al., 2016). Highly sensitive amperometric detection of morphine has
used a modified screen-printed electrode (Maccaferri et al., 2019), while the sensitive impedimetric detection of cocaine
using molecularly imprinted polymer nanoparticle receptors showed no cross reactivity with morphine (D'Aurelio
et al., 2020). A highly selective potentiometric sensor for amphetamine (Gallardo-Gonzalez et al., 2018) has also been
developed. Sensing of illicit drugs using point-of-care devices is currently mostly limited to academic research, with lim-
ited translation into commercial devices. Advancements in technology and materials suggest that sensors could offer a
relatively cheap, rapid, and sensitive alternative to other portable techniques in the near future.

6 | OTHER TECHNIQUES

The success of instrument miniaturization is evident with a range of different methods and instruments available for
portable use. These instruments allow for fast and accurate detection of a variety of substances and mixtures, however
are still expensive and not commonplace (de Araujo, 2019). Further advancement of such techniques and their com-
mercialization would allow them to be commonly used as on-site forensic tools and reduce pressure on laboratories.
Complementary methods to common vibrational spectroscopy and mass spectrometry are of recent interest for forensic
applications and include ion mobility spectrometry, chromatography, electrophoresis, and X-ray diffraction (Jurdsek
et al., 2020; Patel & Lurie, 2021).

6.1 | Ion mobility spectrometry

Ion mobility spectrometry (IMS) is a highly sensitive analytical method that can identify analytes in a range of matrices
without the need for complex sample preparation procedures (Metternich et al., 2019). It is currently used in prisons,
airport security and customs as preliminary testing for illicit drugs and explosives (Armenta et al., 2015; Metternich
et al., 2019). IMS utilizes the differences in drift velocity of ionic species through a gas under a weak electric field to sep-
arate analytes (Keller et al., 2006). Collection is commonly completed by swabbing a sample surface with a Teflon mem-
brane, often with a sampling wand, and the membrane is placed onto the sample tray of the instrument (Armenta
et al., 2015). Recently, other sample introduction techniques have been explored, including sonic spray for liquid sam-
ples (Pevzner et al., 2021). This method is ideal for field use as the apparatus is simple enough not to require an energy
source. IMS has been shown to be a valuable tool in the detection of several classes of NPS, including cathinones
(Armenta et al., 2015; Gwak & Almirall, 2015; Sysoev et al., 2014), cannabinoids (Armenta et al., 2015; Gwak &
Almirall, 2015; Sysoev et al., 2014), tryptamines (Armenta et al., 2015), and phenethylamines (Armenta et al., 2015;
Gwak & Almirall, 2015). It is advantageous in the identification of NPS in prison drug trafficking as IMS can detect sub-
stances such as synthetic cannabinoids in matrices that other instrumentation cannot (Metternich et al., 2019). This has
been evaluated through a study of synthetic cannabinoids infused on papers seized from Scottish prisons (Norman
et al., 2021). Two IMS instruments were utilized to detect a range of synthetic cannabinoids, including compounds
which had not been previously detected in this setting. Due to the size and dynamic nature of NPS, it is recommended
that confirmatory laboratory analysis is carried out and library databases are updated regularly to ensure identification
of emerging drugs and drug threats (Norman et al., 2021). IMS is recommended for the analysis of synthetic cannabi-
noids due to its simplicity for sampling herbal mixtures and rapid detection in the field (Tettey et al., 2021).

There have been some reported issues regarding the portable IMS relating to its selectivity, especially between ana-
logs with highly similar chemical structures. However, adjustments to the instrument and methods can allow for even
drug mixtures to be detected at a high sensitivity (Chen et al., 2019) and this may not pose significant issues as IMS is
most commonly used as a screening tool (Norman et al., 2021). Temperature and humidity can also affect the resulting
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shift of analytes, and these are difficult to control in field settings, indicating a potential disadvantage for this technique
(Verkouteren & Staymates, 2011). The combination of portable IMS and mass spectrometry has been reported for illicit
drug and explosive detection (Du et al., 2018) to help overcome issues regarding separation ability and the high false
positive and false negative rates seen with IMS.

6.2 | Portable separation techniques

Extensive reviews of the use of portable separation techniques for forensic applications (Patel & Lurie, 2021) and analy-
sis of drugs of abuse (Fanali et al., 2022) have recently been presented and highlight the advantages of portable instru-
mentation for illicit drug identification.

Chromatography based methods are often advantageous due to the higher resolving power compared with tech-
niques such as IMS and CE, although they are more difficult to make portable (Patel & Lurie, 2021). Coupling portable
chromatography with miniaturized MS is commonly seen and can provide good resulting sensitivity (Patel &
Lurie, 2021). Portable GC-MS has been used in drug checking to detect highly potent synthetic opioids (Gozdzialski
et al., 2021), including the differentiation of fentanyl analogs which is not always possible with fentanyl test strips and
other portable instrumentation, such as FTIR, in the field. Similar methodology has been used for illicit drug detection
and the identification of adulterants in seized samples (Fiorentin et al., 2020). This study compared and evaluated the
use of this portable method compared with conventional benchtop GC-MS instrumentation [36]. This is a common
practice completed to ensure the applicability of portable counterparts (Fanali et al., 2022).

The use of capillary LC coupled with UV-absorbance detection has been assessed for a range of illicit drugs (Foster
et al., 2020; May et al., 2020). The capability of this instrument, which contains an internal battery supply to be utilized
remotely, has been shown for both seized drug identification and screening for illicit substances in clinical settings
(Foster et al., 2020). The use of multiple detectors, emitting light at different wavelengths, may improve the identifica-
tion of analytes as the ratio of the two absorptivity coefficients can provide a signature for the analyte more reliable
than retention time alone.

Capillary electrophoresis (CE) is a rapid separation technique that uses electromigration of the analyte through a
capillary under an electrical field (Nguyen et al., 2015). It can be applied to a wide variety of samples using small quan-
tities of reagents, analytes, and energy, allowing easy miniaturization of many systems reagents (Moini, 2018; Patel &
Lurie, 2021). CE can be coupled with detection sources such as MS and capacitively coupled contactless conductivity
(C*D), which will maintain the possibility for portability, ideal for the analysis of illicit drugs (Nguyen et al., 2015).
Microchip electrophoresis methods are promising for the on-site analysis of illicit drugs, and their capability has been
shown with the detection of seized synthetic cathinone samples (Lloyd et al., 2014). The portability of these methods
may require further optimization, as derivatization steps may be necessary prior to analysis.

6.3 | X-ray diffraction

X-ray diffraction (XRD) uses X-ray radiation to cause incident beams from crystalline atoms to diffract, allowing the
determination of the spatial structure of the molecules present in the sample (Harper et al., 2017). It is used in border
control for both illicit drug and explosive screening, and the advancements in the portability of instruments are ongoing
(Drakos, 2015). Recently, an investigation into the use of a portable energy-dispersive XRD to reduce the time to screen
parcels has been of interest to ideally bring the parcel screening time at UK borders down from the current 30 min
(Drakos et al., 2017). This method can determine the concentration of diamorphine in a range of parcels containing
other materials such as sodium bicarbonate and textiles, which is advantageous for border control.

The ability of X-ray powder diffraction (XRPD) to identify NPS, including synthetic cathinones and synthetic canna-
binoids, is apparent (Jurasek et al., 2019). It could be used as an ideal screening method due to its non-destructive
nature, rapid analysis and simplicity, and the potential to be used in the field (Jurasek et al., 2019). XRPD can, in the-
ory, identify any substance present in a sample, however, this would require the use of a database. Compared with IR
and Raman spectroscopy, XRPD has some advantages to be used as a complementary technique (Jurasek et al., 2020).
XRPD can avoid issues with fluorescence and complex mixtures that are faced by conventional vibrational spectros-
copy. However, it should be noted that XRD can only analyze solid samples, meaning it will not be a suitable method
for some illicit drug materials (Jurasek et al., 2020).
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7 | CONCLUSION

The analysis of drug material is common practice in forensic drug laboratories, law enforcement agencies, forensic
research laboratories, and drug checking services. Advancements in technology have witnessed a growing interest
in bringing the performance of sophisticated benchtop instrumentation from the controlled environment of a labo-
ratory to the field through portable techniques. Chemical color tests have been used for decades for the presump-
tive identification of drugs in the field owing to their simplicity and low cost per analysis. Colorimetric analysis,
particularly using smartphones, has been shown to improve the objectivity of the test results while maintaining
ease of use and portability. The use of colorimetric microfluidic devices allows for multiplexing and thus the ability
to incorporate more than one chemical test into each device. Despite the advancements in the fabrication of chemi-
cal color test devices the selectivity of the chemical test is not enhanced, and these tests must still be used as a
screening tool only. Portable ATR-FTIR and Raman spectrometers provide a rapid and non-destructive analysis of
drug material, with minimal sample preparation required. The use of spectral library databases and chemometric
tools allows for quantification in complex mixtures making these two spectroscopic techniques ideal for applica-
tions in the field. A particularly useful application of the SORS method in handheld Raman spectrometers allows
for the analysis of drug material through packaging, while SERS methods provide increased sensitivity during field
analysis. High discriminating power and sensitivity previously only attained in the laboratory can be achieved with
the use of more complex portable ambient mass spectrometry techniques that can detect samples directly. PSI-MS
can detect drug analytes at low levels in the field and can be combined with swabbing sample collection techniques
using commercial paper strips to produce a test method highly suitable for use in the field. Another technology
that is widely employed in the field for drug and explosives analysis in complex matrices is IMS. The straightfor-
ward sample collection process and instrument ease of use make this instrument highly valuable in the field. The
analyte separation power of chromatography and capillary electrophoresis can be used in the field through avail-
able portable instrumentation. Coupling these separation techniques with previously discussed portable mass spec-
trometers affords a higher level of discriminating power for drug analysis in the field. The non-destructive nature
of XRD has seen its use by customs and border control for rapid screening of packages suspected of containing drug
material. Research into the growing area of sensing technologies for the detection of drug analytes in seized mate-
rial has demonstrated the potential for rapid, sensitive, and selective detection of drug analytes using optical and
electrochemical (bio)sensors. However, apart from immunoassays, these techniques have not yet been developed
into commercial devices for use in the field.

ACKNOWLEDGEMENTS
Open access publishing facilitated by University of Technology Sydney, as part of the Wiley - University of Technology
Sydney agreement via the Council of Australian University Librarians.

CONFLICT OF INTEREST
The author has declared no conflicts of interest for this article.

AUTHOR CONTRIBUTIONS

Morgan Alonzo: Conceptualization (equal); visualization (lead); writing - original draft (equal); writing - review and
editing (equal). Rhiannon Alder: Writing - original draft (equal); writing - review and editing (equal). Laura Clancy:
Writing — original draft (equal); writing — review and editing (equal). Shanlin Fu: Conceptualization (equal); writing —
review and editing (equal).

DATA AVAILABILITY STATEMENT
Data sharing is not applicable to this article as no new data were created or analyzed in this study.

ORCID

Morgan Alonzo ‘2 https://orcid.org/0000-0001-6308-1635
Rhiannon Alder ‘© https://orcid.org/0000-0002-1619-1636
Laura Clancy ‘© https://orcid.org/0000-0002-1702-8363
Shanlin Fu ‘2 https://orcid.org/0000-0002-6238-3612

9sSUddIT suowwo) aAnea.) ajqedijdde ayy Aq pasuitsnob ale sapdipie yQO 9sn Jo sa|nJ a0y Aseidi] auljuQ As|ip\ UO (Ssuonipuod-pue-swidl/wod Asim-Aleiqijauljuo//:sdny)
SUOIIPUOD pue swid) 3y} 39S “[€202/70/8L] uo Aieiqri sulju As|iM ‘elfensny dueiyd0) jeuoneN DUINHN Ag "L9¥LZsim/200L 0L/1op/wod Aajim Aieiqiauljuosaim//:sdiy wouly papeojumoq ‘9 ‘2202 ‘8976€L52



ALONZO ET AL. 7D WIREs —Wl LEY. | 13 of 18

FORENSIC SCIENCE

RELATED WIREs ARTICLES
The evolution of environmental forensics: From laboratory to field analysis

REFERENCES

Abonamah, J. V., Eckenrode, B. A., & Moini, M. (2019). On-site detection of fentanyl and its derivatives by field portable nano-liquid
chromatography-electron ionization-mass spectrometry (nLC-EI-MS). Forensic Chemistry, 16, 100180. https://doi.org/10.1016/j.forc.2019.
100180

Adegoke, O., Zolotovskaya, S., Abdolvand, A., & Daeid, N. N. (2020). Biomimetic graphene oxide-cationic multi-shaped gold nanoparticle-
hemin hybrid nanozyme: Tuning enhanced catalytic activity for the rapid colorimetric apta-biosensing of amphetamine-type stimulants.
Talanta, 216, 120990. https://doi.org/10.1016/j.talanta.2020.120990

Agilent Technologies. (2021). RapID raw material ID verification system. https://www.agilent.com/en/product/molecular-spectroscopy/
raman-spectroscopy/raman-pharmaceutical-analysis-systems/rapid-raw-material-id-verification-system

Ahmed, S. R., Chand, R., Kumar, S., Mittal, N., Srinivasan, S., & Rajabzadeh, A. R. (2020). Recent biosensing advances in the rapid detection
of illicit drugs. Trends in Analytical Chemistry, 131, 116006. https://doi.org/10.1016/j.trac.2020.116006

Alhaddad, M., & Sheta, S. M. (2020). Dual naked-eye and optical Chemosensor for morphine detection in biological real samples based on
Cr(III) metal-organic framework nanoparticles. ACS Omega, 5(43), 28296-28304. https://doi.org/10.1021/acsomega.0c04249

Ali, E. M. A,, & Edwards, H. G. M. (2014). Screening of textiles for contraband drugs using portable Raman spectroscopy and chemometrics.
Journal of Raman Spectroscopy, 45(3), 253-258. https://doi.org/10.1002/jrs.4444

Argente-Garcia, A., Jornet-Martinez, N., Herrdez-Hernandez, R., & Campins-Falco, P. (2016). A solid colorimetric sensor for the analysis of
amphetamine-like street samples. Analytica Chimica Acta, 943, 123-130. https://doi.org/10.1016/j.aca.2016.09.020

Argente-Garcia, A., Jornet-Martinez, N., Herrdez-Hernandez, R., & Campins-Falcd, P. (2017). A passive solid sensor for in-situ colorimetric
estimation of the presence of ketamine in illicit drug samples. Sensors and Actuators B: Chemical, 253, 1137-1144. https://doi.org/10.
1016/j.snb.2017.07.183

Armenta, S., Garrigues, S., de la Guardia, M., Brassier, J., Alcala, M., Blanco, M., Perez-Alfonso, C., & Galipienso, N. (2015). Detection and
characterization of emerging psychoactive substances by ion mobility spectrometry. Drug Testing and Analysis, 7(4), 280-289. https://
doi.org/10.1002/dta.1678

Atkins, P., & de Paula, J. (2013). Elements of physical chemistry (6th ed.). Oxford University Press.

Balbino, M. A., de Oliveira, L. S., Eleotério, I. C., Oiye, E. N., Ribeiro, M. F. M., McCord, B. R., Ipolito, A. J., & de Oliveira, M. F. (2016). The
application of voltammetric analysis of A9-THC for the reduction of false positive results in the analysis of suspected marijuana plant
matter. Journal of Forensic Sciences, 61(4), 1067-1073. https://doi.org/10.1111/1556-4029.13059

Been, F., Roggo, Y., Degardin, K., Esseiva, P., & Margot, P. (2011). Profiling of counterfeit medicines by vibrational spectroscopy. Forensic Sci-
ence International, 211(1-3), 83-100. https://doi.org/10.1016/j.forsciint.2011.04.023

Bock, F. C., Helfer, G. A, Costa, A. B., Dessuy, M. B., & Ferrdo, M. F. (2020). PhotoMetrix and colorimetric image analysis using
smartphones. Journal of Chemometrics, 34(12), e3251. https://doi.org/10.1002/cem.3251

Borden, S. A., Saatchi, A., Vandergrift, G. W., Palaty, J., Lysyshyn, M., & Gill, C. G. (2022). A new quantitative drug checking technology for
harm reduction: Pilot study in Vancouver, Canada using paper spray mass spectrometry. Drug and Alcohol Review, 41(2), 410-418.
https://doi.org/10.1111/dar.13370

Brown, H., Oktem, B., Windom, A., Doroshenko, V., & Evans-Nguyen, K. (2016). Direct analysis in real time (DART) and a portable mass
spectrometer for rapid identification of common and designer drugs on-site. Forensic Chemistry, 1, 66-73. https://doi.org/10.1016/j.forc.
2016.07.002

Burr, D. S., Fatigante, W. L., Lartey, J. A., Jang, W., Stelmack, A. R., McClurg, N. W., Standard, J. M., Wieland, J. R., Kim, J.-H., &
Mulligan, C. C. (2020). Integrating SERS and PSI-MS with dual purpose plasmonic paper substrates for on-site illicit drug confirmation.
Analytical Chemistry, 92(9), 6676—-6683. https://doi.org/10.1021/acs.analchem.0c00562

Carvalho, T. C., Oliveira, I. F., Tose, L. V., Vanini, G., Kill, J. B., Neto, A. C., Machado, L. F., Ambrosio, J. C. L., Lacerda, V., Vaz, B. G., &
Romao, W. (2016). Qualitative analysis of designer drugs by paper spray ionisation mass spectrometry (PSI-MS). Analytical Methods,
8(3), 614-620. https://doi.org/10.1039/C5AY01265A

CBRNE Tech Index. (2018). Raman spectroscopy (Raman). MRIGlobal. https://cbrnetechindex.com/Chemical-Detection/Technology-CD/
Molecular-Spectroscopy-CD-T/Raman-CD-MS

Chantada-Vazquez, M. P., De-Becerra-Sanchez, C., Fernandez-del-Rio, A., Sinchez-Gonzdlez, J., Bermejo, A. M., Bermejo-Barrera, P., &
Moreda-Pifieiro, A. (2018). Development and application of molecularly imprinted polymer: Mn-doped ZnS quantum dot fluorescent
optosensing for cocaine screening in oral fluid and serum. Talanta, 181, 232-238. https://doi.org/10.1016/j.talanta.2018.01.017

Chen, H., Chen, C., Huang, W., Li, M., Xiao, Y., Jiang, D., & Li, H. (2019). Miniaturized ion mobility spectrometer with a dual-compression
tristate ion shutter for on-site rapid screening of fentanyl drug mixtures. Analytical Chemistry, 91(14), 9138-9146. https://doi.org/10.
1021/acs.analchem.9b01700

Choodum, A., Kanatharana, P., Wongniramaikul, W., & NicDaeid, N. (2015). A sol-gel colorimetric sensor for methamphetamine detection.
Sensors and Actuators B: Chemical, 215, 553-560. https://doi.org/10.1016/j.snb.2015.03.089

Choodum, A., & Nic Daeid, N. (2011a). Digital image-based colourimetric tests for amphetamine and methylamphetamine. Drug Testing and
Analysis, 3(5), 277-282. https://doi.org/10.1002/dta.263

9sSUddIT suowwo) aAnea.) ajqedijdde ayy Aq psuisnob ale sapdipie yQO asn Jo sa|nJ uoy Adeidi] auljuQ As|ip\ Uo (suonipuod-pue-swidl/wodAsim-Aleaqijauljuo//:sdny)
SUOIIPUOD pue swid) 3y} 39S “[€202/70/8L] uo Aieiqri sulju As|iM ‘elfensny dueiyd0) jeuoneN DUINHN Ag "L9¥LZsim/200L 0L/1op/wod Aajim Aieiqiauljuosaim//:sdiy wouly papeojumoq ‘9 ‘2202 ‘8976€L52



14 of 18 Wl LEY— A WIREs ALONZO ET AL.

FORENSIC SCIENCE

Choodum, A., & Nic Daeid, N. (2011b). Rapid and semi-quantitative presumptive tests for opiate drugs. Talanta, 86, 284-292. https://doi.
org/10.1016/j.talanta.2011.09.015

Choodum, A., Parabun, K., Klawach, N., Daeid, N. N., Kanatharana, P., & Wongniramaikul, W. (2014). Real time quantitative colourimetric
test for methamphetamine detection using digital and mobile phone technology. Forensic Science International, 235, 8-13. https://doi.
org/10.1016/j.forsciint.2013.11.018

Clancy, L., Philp, M., Shimmon, R., & Fu, S. (2021). Development and validation of a color spot test method for the presumptive detection of
25-NBOMe compounds. Drug Testing and Analysis, 13(5), 929-943. https://doi.org/10.1002/dta.2905

Coelho Neto, J. (2015). Rapid detection of NBOME's and other NPS on blotter papers by direct ATR-FTIR spectrometry. Forensic Science
International, 252, 87-92. https://doi.org/10.1016/j.forsciint.2015.04.025

Cooman, T., Ott, C. E., Dalzell, K. A., Burns, A., Sisco, E., & Arroyo, L. E. (2021). Screening of seized drugs utilizing portable Raman spec-
troscopy and direct analysis in real time-mass spectrometry (DART-MS). Forensic Chemistry, 25, 100352. https://doi.org/10.1016/j.forc.
2021.100352

Custddio, M. F., Magalhdes, L. O., Arantes, L. C., & Braga, J. W. B. (2021). Identification of synthetic drugs on seized blotter papers using
ATR-FTIR and PLS-DA: Routine application in a forensic laboratory. Journal of the Brazilian Chemical Society, 32(3), 513-522. https://
doi.org/10.21577/0103-5053.20200205

Cuypers, E., Bonneure, A. J., & Tytgat, J. (2016). The use of presumptive color tests for new psychoactive substances. Drug Testing and Analy-
sis, 8(1), 136-140. https://doi.org/10.1002/dta.1847

da Silva, A. F., Grobério, T. S., Zacca, J. J., Maldaner, A. O., & Braga, J. W. B. (2018). Cocaine and adulterants analysis in seized drug samples
by infrared spectroscopy and MCR-ALS. Forensic Science International, 290, 169-177. https://doi.org/10.1016/j.forsciint.2018.07.006

Dagar, M., Yadav, S., Sai, V. V. R,, Satija, J., & Bhatia, H. (2022). Emerging trends in point-of-care sensors for illicit drugs analysis. Talanta,
238, 123048. https://doi.org/10.1016/j.talanta.2021.123048

D'Aurelio, R., Chianella, I., Goode, J. A., & Tothill, I. E. (2020). Molecularly imprinted nanoparticles based sensor for cocaine detection. Bio-
sensors, 10(3), 22. https://doi.org/10.3390/bios10030022

de Araujo, W. R. (2019). Point-of-need and portable miniaturized devices for forensic chemical sensing. Forensic Analytical Methods, 13, 244.
https://doi.org/10.1039/9781788016117-00244

de Paula, C., Jurisch, M., Piccin, E., & Augusti, R. (2018). Recognizing drug-facilitated crimes: Detection and quantification of benzodiaze-
pines in beverages using fast liquid-liquid extraction with low temperature partitioning and paper spray mass spectrometry. Drug Testing
and Analysis, 10(9), 1348-1357. https://doi.org/10.1002/dta.2395

De Rycke, E., Stove, C., Dubruel, P., De Saeger, S., & Beloglazova, N. (2020). Recent developments in electrochemical detection of illicit drugs
in diverse matrices. Biosensors and Bioelectronics, 169, 112579. https://doi.org/10.1016/j.bi0s.2020.112579

de Veij, M., Vandenabeele, P., Hall, K. A., Fernandez, F. M., Green, M. D., White, N. J., Dondorp, A. M., Newton, P. N., & Moens, L. (2007).
Fast detection and identification of counterfeit antimalarial tablets by Raman spectroscopy. Journal of Raman Spectroscopy, 38(2), 181-
187. https://doi.org/10.1002/jrs.1621

Dias, B. C., Batista, A. D., & da Silveira Petruci, J. F. (2021). pOPTO: A microfluidic paper-based optoelectronic tongue as presumptive tests
for the discrimination of alkaloid drugs for forensic purposes. Analytica Chimica Acta, 1187, 339141. https://doi.org/10.1016/j.aca.2021.
339141

Domingos, E., de Carvalho, T. C., Pereira, 1., Vasconcelos, G. A., Thompson, C. J., Augusti, R., Rodrigues, R. R. T., Tose, L. V., Santos, H.,
Araujo, J. R., Vaz, B. G., & Roméao, W. (2017). Paper spray ionization mass spectrometry applied to forensic chemistry: Drugs of abuse,
inks and questioned documents. Analytical Methods, 9(30), 4400-4409. https://doi.org/10.1039/C7AY01091E

Drakos, I. (2015). Optimisation of illicit drug detection using X-ray diffraction: drug identification using low angle X-ray scatter: DILAX III
[Doctoral, University College London]. London. https://discovery.ucl.ac.uk/id/eprint/1468928/

Drakos, 1., Kenny, P., Fearn, T., & Speller, R. (2017). Multivariate analysis of energy dispersive X-ray diffraction data for the detection of
illicit drugs in border control. Crime Science, 6(1), 1. https://doi.org/10.1186/s40163-016-0062-9

Du, Z., Sun, T., Zhao, J., Wang, D., Zhang, Z., & Yu, W. (2018). Development of a plug-type IMS-MS instrument and its applications in
resolving problems existing in in-situ detection of illicit drugs and explosives by IMS. Talanta, 184, 65-72. https://doi.org/10.1016/j.
talanta.2018.02.086

Eliaerts, J., Dardenne, P., Meert, N., Van Durme, F., Samyn, N., Janssens, K., & De Wael, K. (2017). Rapid classification and quantification of
cocaine in seized powders with ATR-FTIR and chemometrics. Drug Testing and Analysis, 9(10), 1480-1489. https://doi.org/10.1002/dta.2149

Fanali, C., D'Orazio, G., Gentili, A., & Fanali, S. (2022). Potentiality of miniaturized techniques for the analysis of drugs of abuse. Electropho-
resis, 43(1-2), 190-200. https://doi.org/10.1002/elps.202100150

Fedick, P. W., Pu, F., Morato, N. M., & Cooks, R. G. (2020). Identification and confirmation of fentanyls on paper using portable surface
enhanced Raman spectroscopy and paper spray ionization mass spectrometry. Journal of the American Society for Mass Spectrometry,
31(3), 735-741. https://doi.org/10.1021/jasms.0c00004

Fiorentin, T. R., Logan, B. K., Martin, D. M., Browne, T., & Rieders, E. F. (2020). Assessment of a portable quadrupole-based gas chromatog-
raphy mass spectrometry for seized drug analysis. Forensic Science International, 313, 110342. https://doi.org/10.1016/j.forsciint.2020.
110342

Foster, S. W., Xie, X., Pham, M., Peaden, P. A., Patil, L. M., Tolley, L. T., Farnsworth, P. B., Tolley, H. D., Lee, M. L., & Grinias, J. P. (2020).
Portable capillary liquid chromatography for pharmaceutical and illicit drug analysis. Journal of Separation Science, 43(9-10), 1623—
1627. https://doi.org/10.1002/jssc.201901276

9sSUddIT suowwo) aAnea.) ajqedijdde ayy Aq psuisnob ale sapdipie yQO asn Jo sa|nJ uoy Adeidi] auljuQ As|ip\ Uo (suonipuod-pue-swidl/wodAsim-Aleaqijauljuo//:sdny)
SUOIIPUOD pue swid) 3y} 39S “[€202/70/8L] uo Aieiqri sulju As|iM ‘elfensny dueiyd0) jeuoneN DUINHN Ag "L9¥LZsim/200L 0L/1op/wod Aajim Aieiqiauljuosaim//:sdiy wouly papeojumoq ‘9 ‘2202 ‘8976€L52



ALONZO ET AL. 7D WIREs —Wl LEY. | 15 of 18

FORENSIC SCIENCE

Gallardo-Gonzalez, J., Saini, A., Baraket, A., Boudjaoui, S., Alcacer, A., Streklas, A., Teixidor, F., Zine, N., Bausells, J., & Errachid, A. (2018).
A highly selective potentiometric amphetamine microsensor based on all-solid-state membrane using a new ion-pair complex, [3,3'-Co
(1,2-closo-C2B9H11)2]— [C9H13NH]+. Sensors and Actuators B: Chemical, 266, 823-829. https://doi.org/10.1016/j.snb.2018.04.001

Gongalves Dias Diniz, P. H. (2020). Chemometrics-assisted color histogram-based analytical systems. Journal of Chemometrics, 34(12), e3242.
https://doi.org/10.1002/cem.3242

Gozdzialski, L., Aasen, J., Larnder, A., Ramsay, M., Borden, S. A., Saatchi, A., Gill, C. G., Wallace, B., & Hore, D. K. (2021). Portable gas
chromatography-mass spectrometry in drug checking: Detection of carfentanil and etizolam in expected opioid samples. International
Journal of Drug Policy, 97, 103409. https://doi.org/10.1016/j.drugpo.2021.103409

Green, F., Salter, T., Stokes, P., Gilmore, 1., & O'Connor, G. (2010). Ambient mass spectrometry: Advances and applications in forensics. Sur-
face and Interface Analysis, 42(5), 347-357. https://doi.org/10.1002/sia.3131

Gwak, S., & Almirall, J. R. (2015). Rapid screening of 35 new psychoactive substances by ion mobility spectrometry (IMS) and direct analysis
in real time (DART) coupled to quadrupole time-of-flight mass spectrometry (QTOF-MS). Drug Testing and Analysis, 7(10), 884-893.
https://doi.org/10.1002/dta.1783

Hargreaves, M. D., Page, K., Munshi, T., Tomsett, R., Lynch, G., & Edwards, H. G. M. (2008). Analysis of seized drugs using portable Raman
spectroscopy in an airport environment—A proof of principle study. Journal of Raman Spectroscopy, 39(7), 873-880. https://doi.org/10.
1002/jrs.1926

Harper, L., Powell, J., & Pijl, E. M. (2017). An overview of forensic drug testing methods and their suitability for harm reduction point-of-care
services. Harm Reduction Journal, 14(1), 52. https://doi.org/10.1186/s12954-017-0179-5

Harris, D. C. (2010). Quantitative chemical analysis. W. H. Freeman and Company. https://books.google.com.au/books?id=zQ3cQwAACAAJ

JASCO. (2017). RMP-510 probe Raman spectrometer. JASCO. https://jascoinc.com/products/spectroscopy/probe-raman-spectrometer/

Jornet-Martinez, N., Herrdez-Hernandez, R., & Campins-Falcd, P. (2021). Scopolamine analysis in beverages: Bicolorimetric device vs porta-
ble nano liquid chromatography. Talanta, 232, 122406. https://doi.org/10.1016/j.talanta.2021.122406

Jurdsek, B., Bartiingk, V., Huber, S., Fagan, P., Setnitka, V., Krélik, F., Dehaen, W., Svozil, D., & Kuchat, M. (2020). Can X-ray powder dif-
fraction be a suitable forensic method for illicit drug identification? Frontiers in Chemistry, 8, 499. https://doi.org/10.3389/fchem.2020.
00499

Jurdsek, B., Bartiingk, V., Huber, S., & Kuchat, M. (2019). X-ray powder diffraction: A non-destructive and versatile approach for the identifi-
cation of new psychoactive substances. Talanta, 195, 414-418. https://doi.org/10.1016/j.talanta.2018.11.063

Kang, M, Lian, R., Zhang, X., Li, Y., Zhang, Y., Zhang, Y., Zhang, W., & Ouyang, Z. (2020). Rapid and on-site detection of multiple fentanyl
compounds by dual-ion trap miniature mass spectrometry system. Talanta, 217, 121057. https://doi.org/10.1016/j.talanta.2020.121057

Katainen, E., Elomaa, M., Laakkonen, U.-M., Sippola, E., Niemeld, P., Suhonen, J., & Jarvinen, K. (2007). Quantification of the amphetamine
content in seized street samples by Raman spectroscopy. Journal of Forensic Sciences, 52(1), 88-92. https://doi.org/10.1111/j.1556-4029.
2006.00306.x

Keller, T., Keller, A., Tutsch-Bauer, E., & Monticelli, F. (2006). Application of ion mobility spectrometry in cases of forensic interest. Forensic
Science International, 161(2), 130-140. https://doi.org/10.1016/].forsciint.2006.03.032

Kelly, J. F., Blake, T. A., Bernacki, B. E., & Johnson, T. J. (2012). Design considerations for a portable Raman probe spectrometer for field
forensics. International Journal of Spectroscopy, 15, 938407. https://doi.org/10.1155/2012/938407

Larkin, P. (2011). Chapter 3 - instrumentation and sampling methods. In P. Larkin (Ed.), Infrared and Raman spectroscopy (1st ed., pp. 27—
54). Elsevier. https://doi.org/10.1016/B978-0-12-386984-5.10003-5

Lawton, Z. E., Traub, A., Fatigante, W. L., Mancias, J., Adam, E. O. L., Hall, S. E., Wieland, J. R., Oberacher, H., Gizzi, M. C., &
Mulligan, C. C. (2017). Analytical validation of a portable mass spectrometer featuring interchangeable, ambient ionization sources for
high throughput forensic evidence screening. Journal of the American Society for Mass Spectrometry, 28(6), 1048-1059. https://doi.org/10.
1007/s13361-016-1562-2

Lesiak, A. D., & Shepard, J. R. (2014). Recent advances in forensic drug analysis by DART-MS. Bioanalysis, 6(6), 819-842. https://doi.org/10.
4155/bio.14.31

Lloyd, A., Russell, M., Blanes, L., Somerville, R., Doble, P., & Roux, C. (2014). The application of portable microchip electrophoresis for the
screening and comparative analysis of synthetic cathinone seizures. Forensic Science International, 242, 16-23. https://doi.org/10.1016/j.
forsciint.2014.06.013

Lockwood, T.-L. E., Leong, T. X., Bliese, S. L., Helmke, A., Richard, A., Merga, G., Rorabeck, J., & Lieberman, M. (2020). idPAD: Paper ana-
lytical device for presumptive identification of illicit drugs. Journal of Forensic Sciences, 65(4), 1289-1297. https://doi.org/10.1111/1556-
4029.14318

Ma, Q., Bai, H,, Li, W., Wang, C., Cooks, R. G., & Ouyang, Z. (2015). Rapid analysis of synthetic cannabinoids using a miniature mass spec-
trometer with ambient ionization capability. Talanta, 142, 190-196. https://doi.org/10.1016/j.talanta.2015.04.044

Maccaferri, G., Terzi, F., Xia, Z., Vulcano, F., Liscio, A., Palermo, V., & Zanardi, C. (2019). Highly sensitive amperometric sensor for mor-
phine detection based on electrochemically exfoliated graphene oxide. Application in screening tests of urine samples. Sensors and Actu-
ators B: Chemical, 281, 739-745. https://doi.org/10.1016/j.snb.2018.10.163

Mao, K., Zhang, H., Pan, Y., Zhang, K., Cao, H., Li, X., & Yang, Z. (2020). Nanomaterial-based aptamer sensors for analysis of illicit drugs
and evaluation of drugs consumption for wastewater-based epidemiology. Trends in Analytical Chemistry, 130, 115975. https://doi.org/
10.1016/j.trac.2020.115975

9sSUddIT suowwo) aAnea.) ajqedijdde ayy Aq psuisnob ale sapdipie yQO asn Jo sa|nJ uoy Adeidi] auljuQ As|ip\ Uo (suonipuod-pue-swidl/wodAsim-Aleaqijauljuo//:sdny)
SUOIIPUOD pue swid) 3y} 39S “[€202/70/8L] uo Aieiqri sulju As|iM ‘elfensny dueiyd0) jeuoneN DUINHN Ag "L9¥LZsim/200L 0L/1op/wod Aajim Aieiqiauljuosaim//:sdiy wouly papeojumoq ‘9 ‘2202 ‘8976€L52



16 of 18 Wl LEY— A WIREs ALONZO ET AL.

FORENSIC SCIENCE

Marcelo, M. C. A., Mariotti, K. C., Ferrdo, M. F., & Ortiz, R. S. (2015). Profiling cocaine by ATR-FTIR. Forensic Science International, 246,
65-71. https://doi.org/10.1016/j.forsciint.2014.11.011

Masteri-Farahani, M., Mashhadi-Ramezani, S., & Mosleh, N. (2020). Molecularly imprinted polymer containing fluorescent graphene quan-
tum dots as a new fluorescent nanosensor for detection of methamphetamine. Spectrochimica Acta Part A: Molecular and Biomolecular
Spectroscopy, 229, 118021. https://doi.org/10.1016/j.saa.2019.118021

Matousek, P., Clark, I. P., Draper, E. R. C., Morris, M. D., Goodship, A. E., Everall, N., Towrie, M., Finney, W. F., & Parker, A. W. (2005).
Subsurface probing in diffusely scattering media using spatially offset Raman spectroscopy. Applied Spectroscopy, 59(4), 393-400. https://
doi.org/10.1366/0003702053641450

May, M. C,, Pavone, D. C., & Lurie, I. S. (2020). The separation and identification of synthetic cathinones by portable low microflow liquid
chromatography with dual capillary columns in series and dual wavelength ultraviolet detection. Journal of Separation Science, 43(19),
3756-3764. https://doi.org/10.1002/jssc.202000767

McCullough, B. J., Patel, K., Francis, R., Cain, P., Douce, D., Whyatt, K., Bajic, S., Lumley, N., & Hopley, C. (2020). Atmospheric solids analy-
sis probe coupled to a portable mass spectrometer for rapid identification of bulk drug seizures. Journal of the American Society for Mass
Spectrometry, 31(2), 386-393. https://doi.org/10.1021/jasms.9b00020

McNeill, L., Megson, D., Linton, P. E., Norrey, J., Bradley, L., Sutcliffe, O. B., & Shaw, K. J. (2021). Lab-on-a-Chip approaches for the detec-
tion of controlled drugs, including new psychoactive substances: A systematic review. Forensic Chemistry, 26, 100370. https://doi.org/10.
1016/j.forc.2021.100370

Metternich, S., Zorntlein, S., Schonberger, T., & Huhn, C. (2019). Ion mobility spectrometry as a fast screening tool for synthetic cannabi-
noids to uncover drug trafficking in jail via herbal mixtures, paper, food, and cosmetics. Drug Testing and Analysis, 11(6), 833-846.
https://doi.org/10.1002/dta.2565

Moini, M. (2018). Toward confirmatory on-site real-time detection of emerging drugs using portable ultrafast capillary electrophoresis mass
spectrometry. In R. A. Musah (Ed.), Analysis of drugs of abuse (pp. 43-58). Springer. https://doi.org/10.1007/978-1-4939-8579-1_4

Morelato, M., Beavis, A., Kirkbride, P., & Roux, C. (2013). Forensic applications of desorption electrospray ionisation mass spectrometry
(DESI-MS). Forensic Science International, 226(1), 10-21. https://doi.org/10.1016/j.forsciint.2013.01.011

Musile, G., Agard, Y., Wang, L., De Palo, E. F., McCord, B., & Tagliaro, F. (2021). Paper-based microfluidic devices: On-site tools for crime
scene investigation. Trends in Analytical Chemistry, 143, 116406. https://doi.org/10.1016/j.trac.2021.116406

Musile, G., Wang, L., Bottoms, J., Tagliaro, F., & McCord, B. (2015). The development of paper microfluidic devices for presumptive drug
detection. Analytical Methods, 7(19), 8025-8033. https://doi.org/10.1039/C5AY01432H

Nguyen, C. B., Wichert, W. R. A., Carmany, D. O., McBride, E. M., Mach, P. M., Dhummakupt, E. S., Glaros, T., & Manicke, N. E. (2021).
Pressure-sensitive adhesive combined with paper spray mass spectrometry for low-cost collection and analysis of drug residues. Analyti-
cal Chemistry, 93, 13467-13474. https://doi.org/10.1021/acs.analchem.1c02050

Nguyen, T. A. H., Pham, T. N. M,, Ta, T. T., Nguyen, X. T., Nguyen, T. L., Le, T. H. H., Koenka, 1. J., Sdiz, J., Hauser, P. C., & Mai, T. D.
(2015). Screening determination of four amphetamine-type drugs in street-grade illegal tablets and urine samples by portable capillary
electrophoresis with contactless conductivity detection. Science & Justice, 55(6), 481-486. https://doi.org/10.1016/j.scijus.2015.09.001

Noonan, K. Y., Tonge, L. A., Fenton, O. S., Damiano, D. B., & Frederick, K. A. (2009). Rapid classification of simulated street drug mixtures using
Raman spectroscopy and principal component analysis. Applied Spectroscopy, 63(7), 742-747. https://doi.org/10.1366/000370209788701008

Norman, C., McKirdy, B., Walker, G., Dugard, P., NicDaéid, N., & McKenzie, C. (2021). Large-scale evaluation of ion mobility spectrometry
for the rapid detection of synthetic cannabinoid receptor agonists in infused papers in prisons. Drug Testing and Analysis, 13(3), 644
663. https://doi.org/10.1002/dta.2945

Oiye, E. N., Midori Toia Katayama, J., Fernanda Muzetti Ribeiro, M., & de Oliveira, M. F. (2017). Electrochemical analysis of 25H-NBOMe
by square wave voltammetry. Forensic Chemistry, 5, 86-90. https://doi.org/10.1016/j.forc.2017.07.001

Olds, W. J., Jaatinen, E., Fredericks, P., Cletus, B., Panayiotou, H., & Izake, E. L. (2011). Spatially offset Raman spectroscopy (SORS) for the
analysis and detection of packaged pharmaceuticals and concealed drugs. Forensic Science International, 212(1-3), 69-77. https://doi.org/
10.1016/j.forsciint.2011.05.016

O'Leary, A. E., Oberacher, H., Hall, S. E., & Mulligan, C. C. (2015). Combining a portable, tandem mass spectrometer with automated library
searching — An important step towards streamlined, on-site identification of forensic evidence. Analytical Methods, 7(8), 3331-3339.
https://doi.org/10.1039/C4AY02778G

Patel, S. V., & Lurie, L. S. (2021). The use of portable separation devices for forensic analysis: A review of recent literature. Forensic Chemistry,
26, 100365. https://doi.org/10.1016/j.forc.2021.100365

Pereira, L. S. A., Lisboa, F. L. C., Neto, J. C., Valladdo, F. N., & Sena, M. M. (2017). Direct classification of new psychoactive substances in sei-
zed blotter papers by ATR-FTIR and multivariate discriminant analysis. Microchemical Journal, 133, 96-103. https://doi.org/10.1016/].
microc.2017.03.032

Pevzner, A., Feldheim, G., Zaltsman, A., Elisha, S., Heleg-Shabtai, V., & Ron, 1. (2021). Sonic-spray introduction of liquid samples to hand-
held ion mobility spectrometry analyzers. Analyst, 146(6), 1940-1948. https://doi.org/10.1039/DOAN02401E

Philp, M., & Fu, S. (2018). A review of chemical 'spot’ tests: A presumptive illicit drug identification technique. Drug Testing and Analysis,
10(1), 95-108. https://doi.org/10.1002/dta.2300

Philp, M., Shimmon, R., Stojanovska, N., Tahtouh, M., & Fu, S. (2013). Development and validation of a presumptive colour spot test method
for the detection of piperazine analogues in seized illicit materials. Analytical Methods, 5(20), 5402-5410. https://doi.org/10.1039/
C3AY40511G

9sSUddIT suowwo) aAnea.) ajqedijdde ayy Aq psuisnob ale sapdipie yQO asn Jo sa|nJ uoy Adeidi] auljuQ As|ip\ Uo (suonipuod-pue-swidl/wodAsim-Aleaqijauljuo//:sdny)
SUOIIPUOD pue swid) 3y} 39S “[€202/70/8L] uo Aieiqri sulju As|iM ‘elfensny dueiyd0) jeuoneN DUINHN Ag "L9¥LZsim/200L 0L/1op/wod Aajim Aieiqiauljuosaim//:sdiy wouly papeojumoq ‘9 ‘2202 ‘8976€L52



ALONZO ET AL. 7D WIREs —Wl LEY. | 17 of 18

FORENSIC SCIENCE

Philp, M., Shimmon, R., Tahtouh, M., & Fu, S. (2016). Development and validation of a presumptive color spot test method for the detection
of synthetic cathinones in seized illicit materials. Forensic Chemistry, 1, 39-50. https://doi.org/10.1016/j.forc.2016.06.001

Raman, C. V., & Krishnan, K. S. (1928). A new type of secondary radiation. Nature, 121, 501-502. https://doi.org/10.1038/121501c0

Ramsay, M., Gozdzialski, L., Larnder, A., Wallace, B., & Hore, D. (2021). Fentanyl quantification using portable infrared absorption spec-
troscopy. A framework for community drug checking. Vibrational Spectroscopy, 114, 103243. https://doi.org/10.1016/j.vibspec.2021.
103243

Rana, V., Cafiamares, M. V., Kubic, T., Leona, M., & Lombardi, J. R. (2011). Surface-enhanced Raman spectroscopy for trace identification of
controlled substances: Morphine, codeine, and hydrocodone. Journal of Forensic Sciences, 56(1), 200-207. https://doi.org/10.1111/j.1556-
4029.2010.01562.x

Rodger, C., Rutherford, V., Broughton, D., White, P. C., & Smith, W. E. (1998). The in-situ analysis of lipsticks by surface enhanced reso-
nance Raman scattering. Analyst, 123(9), 1823-1826. https://doi.org/10.1039/a805275a

Ryder, A. G., O'Connor, G. M., & Glynn, T. J. (1999). Identifications and quantitative measurements of narcotics in solid mixtures using
near-IR Raman spectroscopy and multivariate analysis. Journal of Forensic Sciences, 44(5), 1013-1019. https://doi.org/10.1520/
JFS12031J

Shevyrin, V., Melkozerov, V., Nevero, A., Eltsov, O., Baranovsky, A., & Shafran, Y. (2014). Synthetic cannabinoids as designer drugs: New
representatives of indol-3-carboxylates series and indazole-3-carboxylates as novel group of cannabinoids. Identification and analytical
data. Forensic Science International, 244, 263-275. https://doi.org/10.1016/j.forsciint.2014.09.013

Silva, L. C. D., Pereira, 1., Carvalho, T. C., Allochio Filho, J. F., Romio, W., & Gontijo Vaz, B. (2019). Paper spray ionization and portable
mass spectrometers: A review. Analytical Methods, 11(8), 999-1013. https://doi.org/10.1039/C8AY02270D

Simolka, K., Lindigkeit, R., Schiebel, H. M., Papke, U., Ernst, L., & Beuerle, T. (2012). Analysis of synthetic cannabinoids in "spice-like"
herbal highs: Snapshot of the German market in summer 2011. Analytical and Bioanalytical Chemistry, 404(1), 157-171. https://doi.org/
10.1007/s00216-012-6122-4

Sisco, E., Verkouteren, J., Staymates, J., & Lawrence, J. (2017). Rapid detection of fentanyl, fentanyl analogues, and opioids for on-site or lab-
oratory based drug seizure screening using thermal desorption DART-MS and ion mobility spectrometry. Forensic Chemistry, 4, 108-115.
https://doi.org/10.1016/j.forc.2017.04.001

SWGDRUG. (2019). Recommendations. https://www.swgdrug.org/approved.htm

Sysoev, A. A., Poteshin, S. S., Chernyshev, D. M., Karpov, A. V., Tuzkov, Y. B., Kyzmin, V. V., & Sysoev, A. A. (2014). Analysis of new syn-
thetic drugs by ion mobility time-of-flight mass spectrometry. European Journal of Mass Spectrometry, 20(2), 185-192. https://doi.org/10.
1255/ejms.1262

Tavakkoli, N., Soltani, N., & Mohammadi, F. (2019). A nanoporous gold-based electrochemical aptasensor for sensitive detection of cocaine.
RSC Advances, 9(25), 14296-14301. https://doi.org/10.1039/C9RA01292C

Tettey, J. N. A., Crean, C., Rodrigues, J., Angeline Yap, T. W., Lee Wendy Lim, J., Shirley Lee, H. Z., & Ching Ong, M. (2021). United Nations
Office on drugs and crime: Recommended methods for the identification and analysis of synthetic cannabinoid receptor agonists in sei-
zed materials. Forensic Science International: Synergy, 3, 100129. https://doi.org/10.1016/j.fsisyn.2020.11.003

Ti, L., Tobias, S., Lysyshyn, M., Laing, R., Nosova, E., Choi, J., Arredondo, J., McCrae, K., Tupper, K., & Wood, E. (2020). Detecting fentanyl
using point-of-care drug checking technologies: A validation study. Drug and Alcohol Dependence, 212, 108006. https://doi.org/10.1016/j.
drugalcdep.2020.108006

Tosato, F., Rosa, T. R., Morais, C. L. M., Maldaner, A. O., Ortiz, R. S., Filgueiras, P. R., Gomes Lima, K. M., & Roméao, W. (2016). Direct quan-
titative analysis of cocaine by thin layer chromatography plus a mobile phone and multivariate calibration: A cost-effective and rapid
method. Analytical Methods, 8(42), 7632-7637. https://doi.org/10.1039/C6AY02126C

Tupper, K. W., McCrae, K., Garber, 1., Lysyshyn, M., & Wood, E. (2018). Initial results of a drug checking pilot program to detect fentanyl
adulteration in a Canadian setting. Drug and Alcohol Dependence, 190, 242-245. https://doi.org/10.1016/j.drugalcdep.2018.06.020

UNODC. (2021a). International Collaborative Exercises (ICE) 2020/1 summary report (Seized materials, Issue 1). https://www.unodc.org/
unodc/en/scientists/international-collaborative-exercises-ice-2020-round-1-summary-report—seized-materials.html

UNODC. (2021b). International Collaborative Exercises (ICE) 2020/2 summary report (Seized materials, Issue 2). https://www.unodc.org/
unodc/en/scientists/international-collaborative-exercises-ice-2020-round-2-summary-report—seized-materials.html

UNODC. (2021c). World drug report. https://www.unodc.org/unodc/en/data-and-analysis/wdr2021.html

Vandergrift, G. W., & Gill, C. G. (2019). Paper spray mass spectrometry: A new drug checking tool for harm reduction in the opioid overdose
crisis. Journal of Mass Spectrometry, 54(9), 729-737. https://doi.org/10.1002/jms.4431

Vandergrift, G. W., Hessels, A. J., Palaty, J., Krogh, E. T., & Gill, C. G. (2018). Paper spray mass spectrometry for the direct, semi-quantitative
measurement of fentanyl and norfentanyl in complex matrices. Clinical Biochemistry, 54, 106-111. https://doi.org/10.1016/j.clinbiochem.
2018.02.005

Verkouteren, J. R., & Staymates, J. L. (2011). Reliability of ion mobility spectrometry for qualitative analysis of complex, multicomponent
illicit drug samples. Forensic Science International, 206(1), 190-196. https://doi.org/10.1016/j.forsciint.2010.08.005

Vircks, K. E., & Mulligan, C. C. (2012). Rapid screening of synthetic cathinones as trace residues and in authentic seizures using a portable
mass spectrometer equipped with desorption electrospray ionization. Rapid Communications in Mass Spectrometry, 26(23), 2665-2672.
https://doi.org/10.1002/rcm.6390

White, P. C. (2000). SERRS spectroscopy: A new technique for forensic science? Science & Justice, 40(2), 113-119. https://doi.org/10.1016/
S1355-0306(00)71954-X

9sSUddIT suowwo) aAnea.) ajqedijdde ayy Aq psuisnob ale sapdipie yQO asn Jo sa|nJ uoy Adeidi] auljuQ As|ip\ Uo (suonipuod-pue-swidl/wodAsim-Aleaqijauljuo//:sdny)
SUOIIPUOD pue swid) 3y} 39S “[€202/70/8L] uo Aieiqri sulju As|iM ‘elfensny dueiyd0) jeuoneN DUINHN Ag "L9¥LZsim/200L 0L/1op/wod Aajim Aieiqiauljuosaim//:sdiy wouly papeojumoq ‘9 ‘2202 ‘8976€L52



18 of 18 Wl LEY— A WIREs ALONZO ET AL.

FORENSIC SCIENCE

Wilson, N. G., Raveendran, J., & Docoslis, A. (2021). Portable identification of fentanyl analogues in drugs using surface-enhanced Raman
scattering. Sensors and Actuators B: Chemical, 330, 129303. https://doi.org/10.1016/j.snb.2020.129303

Zuba, D., Sekula, K., & Buczek, A. (2013). 25C-NBOMe: New potent hallucinogenic substance identified on the drug market. Forensic Science
International, 227(1-3), 7-14. https://doi.org/10.1016/j.forsciint.2012.08.027

How to cite this article: Alonzo, M., Alder, R., Clancy, L., & Fu, S. (2022). Portable testing techniques for the
analysis of drug materials. WIREs Forensic Science, 4(6), e1461. https://doi.org/10.1002/wfs2.1461

9sSUddIT suowwo) aAnea.) ajqedijdde ayy Aq psuisnob ale sapdipie yQO asn Jo sa|nJ uoy Adeidi] auljuQ As|ip\ Uo (suonipuod-pue-swidl/wodAsim-Aleaqijauljuo//:sdny)
SUOIIPUOD pue swid) 3y} 39S “[€202/70/8L] uo Aieiqri sulju As|iM ‘elfensny dueiyd0) jeuoneN DUINHN Ag "L9¥LZsim/200L 0L/1op/wod Aajim Aieiqiauljuosaim//:sdiy wouly papeojumoq ‘9 ‘2202 ‘8976€L52



