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REVIEW ARTICLE

New Psychoactive Substances: Which Biological Matrix Is
the Best for Clinical Toxicology Screening?

Lea Wagmann, PhD, Cathy M. Jacobs, MSc, and Markus R. Meyer, PhD

Background: Every year, more new psychoactive substances
(NPSs) emerge in the market of the drugs of abuse. NPSs belong
to various chemical classes, such as synthetic cannabinoids,
phenethylamines, opioids, and benzodiazepines. The detection of
NPSs intake using different types of biological matrices is challeng-
ing for clinical toxicologists because of their structural diversity and
the lack of information on their toxicokinetics, including their
metabolic fate.

Methods: PubMed-listed articles reporting mass spectrometry—
based bioanalytical approaches for NPSs detection published dur-
ing the past 5 years were identified and discussed. Furthermore, the
pros and cons of using common biological matrices in clinical tox-
icology (CT) settings to screen for NPSs are highlighted in this
review article.

Results: Twenty-six articles presenting multianalyte screening
methods for use in the field of CT were considered. The advantages
and disadvantages of different biological matrices are discussed with
a particular view of the different analytical tasks in CT, especially
emergency toxicology. Finally, an outlook introduces the emerging
trends in biosamples used in CT, such as the exhaled breath.

Conclusions: Blood and urine represent the most common
biological matrices used in a CT setting; however, reports concern-
ing NPSs detection in alternative matrices are also available.
Noteworthy, the selection of the biological matrix must depend on
the clinician’s enquiry because the individual advantages and disad-
vantages must be considered.

Key Words: new psychoactive substances, drugs of abuse, mass
spectrometry, clinical toxicology

(Ther Drug Monit 2022;44:599-605)

INTRODUCTION

Detection of emerging drugs of abuse is essential in
clinical toxicology (CT) to confirm their intake, for example,
in case of overdoses followed by acute intoxications. The new
psychoactive substances (NPSs), which are brought on the
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market as substitutes for the traditional drugs of abuse, are
particularly challenging analytical toxicology since 2005.
Their number is increasing every year, and at the end of
2020, the European Monitoring Centre for Drugs and Drug
Addiction, EMCDDA, witnessed over 800 NPS, 46 of which
were first reported in Europe in 2020.! Although the con-
sumption levels of NPSs are expected to be low in Europe,
2 thirds of the countries reported health concerns because of
NPSs, especially for their high-risk drug users.! This concern
seems justified by the high number of reported NPS-related
seizures to the EU Early Warning System every year.!

Thus, keeping pace with the development of drugs in the
abuse market is an important task in analytical toxicology.
However, the demands in different areas, such as CT, forensic
toxicology, and doping control, are very specific. According to
Flanagan et al?> CT is often considered as “emergency and
general hospital toxicology, including poison screening.” This
statement defines 2 NPS-related working areas in CT. First,
emergency toxicology analyses are performed whenever the
patient’s life is endangered and the intake of drugs of abuse is
suspected. Such acute intoxication may be caused by combining
or overdosing the traditional drugs of abuse and the NPS.
Second, abstinence control analyses were conducted to rule
out chronic abuse in the context of general hospital toxicology.
In this context, chronic abuse may be defined as the continuous
and repeated intake of one or more drugs of abuse, including
NPSs, because their intake does not necessarily cause immediate
life-threatening conditions or acute intoxication. Screening of
drug abuse to confirm abstinence is also a part of CT and will
be considered in this review article. This includes CT screenings
to detect chronic NPSs abuse or confirm the absence of NPSs,
for example, in psychiatric outpatients. In both cases, CT anal-
yses aim to answer the question of whether the patient had
recently ingested any drugs of abuse.

In case of emergency toxicology, the results of analysis
should be available in a reasonable time, allowing clinicians
to identify the causes for the patient’s condition and to weigh
adequate treatment options. CT analyses are often qualitative.
However, quantitative analyses can be of particular interest if
their results may change the treatment regimen for the patient,
for example, hemodialysis in addition to antidote administra-
tion in case of methanol poisoning.? Biological matrices used
for CT screenings are usually blood and urine but can be
limited to blood alone, for example, in case of anuric patients.

Previously, CT was performed using immunoassays
and thin-layer chromatography. Currently, mass spectrometry
coupled with gas or liquid chromatography is considered the
gold standard.* The commonly used mass analyzers range
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from single quadrupoles to high-resolution instruments that
combine different mass analyzers. Regardless of the instru-
ment type, analytical information about the screened com-
pounds needs to be available. This usually includes the
retention time or the retention index and the mass spectrum,
each recorded under defined conditions. Thus, emerging com-
pounds, such as NPSs, need to be characterized, and the data
made publicly available as soon as possible. This can be
achieved by scientific publications for selected compounds®
or in the form of reference databases.®® It should be men-
tioned that not only the analytical data of the unchanged
parent compounds are needed but also the information about
the renally excreted metabolites because they may be the
main targets in urine analysis. Recently, new developments
to complement the mentioned strategies have been intro-
duced, such as the activity-based assays.” However, despite
using immunoassays, which were found to be inappropriate
for the detection of NPSs,!? or activity-based assays as initial
screening strategies, findings usually need to be confirmed by
mass spectrometry.

This review article discusses the advantages and
disadvantages of human sample matrices, which are usually
available in a CT setting. Different analytical tasks will be
considered, with a focus on NPSs detection in emergency
toxicology, drug abuse screening, and multianalyte methods.

METHODS

Relevant articles were identified through a literature search
of PubMed (https://pubmed.ncbi.nlm.nih.gov). Scientific articles
published between April 01, 2016, and March 31, 2021, were
selected using the following keywords “NPSs” or “novel psy-
choactive substances” in combination with “screening” and
“mass spectrom*” in the title or the abstract (((NPS[Title/
Abstract]) OR (novel psychoactive substances|Title/Abstract]))
AND (screening[Title/Abstract])) AND (mass spectrom*[Title/
Abstract])) AND ((“2016/04/01’[Date—Publication]: “2021/03/
31”’[Date—Publication])). A total of 145 articles were identified,
but only 26 were written in English and presented multianalyte
screening methods to be used in the field of CT and were thus
considered in detail for this review article.

RESULTS AND DISCUSSION

CT screenings for the detection of NPSs intake may be
requested not only in case of emergencies but also as abstinence
control to rule out the chronic consumption of drugs of abuse.
CT screening can be performed in readily available human
biosamples, such as blood, urine, or oral fluid (OF).!! However,
in case of emergencies, physicians may not have access to all
these matrices. Urine may be difficult to obtain if a patient is
anuric or uncooperative. Furthermore, the sampling of OF is
difficult in comatose patients or patients with anticholinergic
syndrome. Owing to different preconditions and requirements,
a distinction should be made between CT screenings to detect
acute NPSs intoxications leading to emergencies and life-
threatening conditions and those to detect chronic NPSs abuse
or confirm abstinence.
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Detection of Acute New Psychoactive
Substances Intoxications Using Blood or
Urine

In general, blood and urine are the biosamples of choice to
perform CT screenings in case of acute intoxications.'? Table 1
presents an overview of recently published analytical methods
covering multiple NPSs and/or their metabolites in blood and
urine. The latter is still preferred as a biological matrix for
screening purposes.!! Large volumes of urine can be obtained
noninvasively and the drugs (of abuse), and/or their metabolites
are concentrated in urine.!! Furthermore, the detection window
is prolonged compared with blood as a sample matrix. However,
information on the urinary excretion patterns of NPSs is required

first.!%11  Even sophisticated techniques such as gas
chromatography—mass  spectrometry  (GC-MS),  liquid
chromatography—tandem mass spectrometry, or liquid

chromatography—high-resolution tandem mass spectrometry are
not able to detect NPSs intake if the reference mass spectra of
newly emerging NPSs or their metabolites are not included in
the mass spectral library.!! Staeheli et al'® addressed this prob-
lem by performing in vitro incubations using human liver micro-
somes to identify the metabolites and established a screening
method for 75 synthetic cannabinoids in addition to their metab-
olites in urine. Owing to their extensive metabolism, most syn-
thetic cannabinoids are not detectable unmetabolized in urine
screenings. For NPSs, screening methods must focus on the
excreted metabolites. However, the interpretation of analytical
data regarding the metabolites may be complicated because
some NPSs share common metabolites.'* Apart from the human
liver microsomes, incubations with human hepatocytes or the
fungus C. elegans, in vivo models, such as rats or zebrafish, and
in silico predictions were used to elucidate the metabolism of
synthetic cannabinoids in the past.!

In contrast to synthetic cannabinoids, the parent
compounds of stimulants such as synthetic cathinones and
piperazines are usually detectable in the human urine.!!
Because urine is mostly free of proteins or lipids, simple
sample preparation procedures can be applied.!! Gerace
et al'> used a liquid-liquid extraction followed by derivati-
zation for the determination of 19 stimulants in urine within a
run time of 10 minutes using GC-MS. Stephanson et al'® used
a 5-fold dilution of urine for screening 120 NPSs using LC-
HRMS/MS, and Kennedy et al'” described a paper spray—
based method for the quantification of 7 synthetic opioids
in urine, requiring no sample preparation at all.

However, not only urine but also blood can be used for
the fast screening of NPSs. Adamowicz et al described different
screening methods for 80 stimulants,'® 38 synthetic opioids,'®
and 143 NPSs of different classes?? in blood. Furthermore,
Mercieca et al?!' presented a method for the detection and quan-
tification of 22 stimulants in whole blood and urine. Ares-
Fuentes et al*?> developed an analytical strategy for the quantifi-
cation of 5 designer benzodiazepines in plasma. More details
concerning the sample preparation procedures, instrumentation,
and detection methods are presented in Table 1.

Some of the presented methods allow for the
quantification of NPSs in blood and urine samples (see
Table 1). Quantitative analysis requires the availability of
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NPS Screening in Clinical Toxicology

TABLE 1. Biosamples, Experimental Setup, and Highlights of Multianalyte Approaches Covering NPSs Suitable for Clinical

Toxicological Screening in Case of Acute Intoxications

Covered NPSs Biosample  Sample Preparation Instrumentation Detection Mode Highlights Reference
75 synthetic U Enzymatic hydrolysis LC-MS/MS MRM Analysis of authentic Staeheli et al'3
cannabinoids and + SALLE samples
metabolites In vitro assay for
metabolite
identification
19 stimulants U LLE + derivatization GC-MS SIM Analysis of authentic Gerace et al'®
samples
35 metabolites of U Enzymatic hydrolysis LC-HRMS/MS Full scan + targeted Analysis of authentic ~ Gundersen et al*®
synthetic + SPE MS/MS for samples
cannabinoids confirmation Use of a pipetting
robot
11 stimulants U Porous membrane LC-MS/MS MRM Method can be Sanchez-
protected MIP u-SPE adapted for otherbody ~ Gonzalez et al®°
fluids
7 synthetic opioids U None: 10 pL urine on LC-MS/MS and MRM or full scan + No sample Kennedy et al'”
paper spray LC-HRMS/MS data-dependent preparation
cartridge MS/MS Paper spray ionization
120 NPSs U Dilution LC-HRMS/MS Full scan and PRM Analysis of authentic Stephanson
samples et all®
Short run time (6 min)
38 synthetic opioids WB LLE LC-MS/MS Dynamic MRM Analysis of authentic Adamowicz
samples et al'?
New compounds can
be integrated
29 synthetic WB SLE LC-MS/MS MRM Analysis of authentic Ong et al*®
cannabinoids and samples
metabolites Short run time (9 min)
80 stimulants WB Precipitation LC MS/MS Dynamic MRM New compounds can Adamowicz and
be integrated Tokarczyk'®
22 stimulants WB, U Derivatization, GC-MS Scan mode (m/z 50— Analysis of authentic Mercieca et al?!
DLLME 390) samples
Quantitative method
45 synthetic opioids WB Precipitation LC-HRMS/MS DIA in MSF mode Analysis of authentic Noble et al*!
samples
New compounds can
be integrated
Targeted screening
10 stimulants and 1 P, WB PALME LC-MS/MS SRM Quantitative method Vardal et al*?
synthetic opioid
11 designer WB Precipitation LC-MS/MS Targeted and Analysis of authentic Mollerup et al*?
benzodiazepines nontargeted samples
screening Automated sample
preparation
Tentative
identification of
compounds not
included in the initial
screening
Library based P Precipitation LC-HRMS/MS Full scan + targeted New compounds can Montesano
MS/MS be integrated et al*
Quantitative method
33 stimulants and 28 WB Precipitation LC-MS/MS Dynamic MRM Analysis of authentic Vaiano et al*®
synthetic samples
cannabinoids
103 stimulants and 34 WB Precipitation LC-MS/MS Dynamic MRM Analysis of authentic Adamowicz and
synthetic samples Tokarczyk??
cannabinoids

New compounds can
be integrated
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TABLE 1. (Continued) Biosamples, Experimental Setup, and Highlights of Multianalyte Approaches Covering NPSs Suitable for

Clinical Toxicological Screening in Case of Acute Intoxications

Covered NPSs Biosample Sample Preparation Instrumentation Detection Mode Highlights Reference
Library based S LLE LC-HRMS/MS DIA in MSE mode Analysis of authentic Grapp et al*®
samples
Comparison to GC-
MS screening
5 designer P MEPS LC-MS/MS MRM Analysis of authentic Ares-Fuentes

benzodiazepines

samples et al??
Quantitative method

Short run time (5 min)

U, urine; WB, whole blood; P, plasma; S, serum; LLE, liquid-liquid extraction; SPE, solid-phase extraction; SALLE, salting-out LLE; MIP, molecularly imprinted polymers; SLE,
supported liquid extraction; DLLME, dispersive liquid-liquid microextraction; US-DLLME, ultrasound-assisted DLLME; PALME, parallel artificial liquid membrane extraction;
MEPS, microextraction by packed sorbent; GC-MSLC-MS/MS, liquid chromatography—tandem mass spectrometry; MRM, multiple reaction monitoring; SIM, selected ion monitoring;
PRM, parallel reaction monitoring; SRM, selected reaction monitoring; DIA, data-independent acquisition.

reference standards, which are expensive and are usually
not available for all NPSs and/or metabolites.!! Moreover,
only scarce information on the blood concentrations after
recreational use of NPSs is available. Studies have demon-
strated that NPSs blood concentrations do not always
reflect the clinical symptoms or the severity of intoxication.
Observed concentrations vary widely and can have over-
lapping ranges for fatal and nonfatal cases.?3->* Therefore,
the determination of NPSs blood concentrations is ex-
pected to be more useful in forensic toxicology to evaluate

impairments or fatalities than in a CT setting. The interpre-
tation of urine concentrations is even more challenging
because excretion depends on several factors such as the
kidney and liver function and the metabolic capacity of the
patient. Only normalization to urinary creatinine concen-
trations may allow a certain degree of interindividual com-
parability. Another fact that seems to be neglected in a CT
setting is the separation of optical isomers, although their
identification may be an important issue in forensic toxi-
cology owing to differences in the legal status or toxicity.'?

TABLE 2. Biosamples, Experimental Setup, and Highlights of Multianalyte Approaches Covering NPSs Suitable for Clinical

Toxicological Screening to Detect Chronic NPSs Abuse

Covered NPSs Biosample Sample Preparation Instrumentation Detection Mode Highlights Reference
87 NPSs OF LLE LC-MS/MS MRM Analysis of authentic da Cunha
samples et al®®
36 synthetic OF, WB, Dilution (OF, U), LC-MS/MS MRM Analysis of authentic Trana
cannabinoids, 12 U precipitation (WB) samples et al?®
synthetic opioids, 29
stimulants, and 10
metabolites
10 synthetic OF Denaturation LC-MS/MS MRM Quantitative method Calo et al*’
cannabinoids
10 synthetic OF MEPS DESI-MS Point to point GC-MS (SIM) Bianchi
cannabinoids and 1 oscillating acquisition confirmation method et al*®
stimulant mode and full scan
10 stimulants OF US-DLLME LC-MS/MS MRM Analysis of authentic Fernandez
samples et al*’
Short run time (5 min)
17 synthetic OF MEPS LC-MS/MS MRM New compounds can Rocchi
cannabinoids and be integrated et al?’
metabolites, and 13
stimulants
11 stimulants OF MEPS LC-MS/MS MRM Analysis of authentic Ares et al*®
samples
Quantitative method
Short run time (8 min)
37 stimulants and DBS Sonification, LLE LC-MS/MS MRM Quantitative method Wang
metabolites et al?®

WB, whole blood; U, urine; MEPS, microextraction by packed sorbent; LLE, liquid-liquid extraction; US-DLLME, ultrasound-assisted dispersive liquid-liquid microextraction;
LC-MS/MS, liquid chromatography—tandem mass spectrometry; DESI-MS, desorption electrospray ionization—mass spectrometry; MRM, multiple reaction monitoring; SIM, selected

ion monitoring.
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Detection of Chronic New Psychoactive
Substances Abuse Using Oral Fluid or Dried
Blood Spots

CT analyses to detect chronic NPSs abuse or demonstrate
abstinence are usually not as urgent as those used for the
detection of acute intoxication. The analysis results are expected
within days rather than within a few hours. For this purpose,
alternative matrices, such as OF, or alternative sampling
strategies, such as dried blood spots (DBSs), can be used in
addition or as an alternative to traditional blood and urine
specimens. Other alternative matrices, such as hair or nails,
which can prove drug intake a long time ago, are usually only of
interest in forensic toxicology, but not in CT. However, all the
methods presented for the detection of acute NPSs intoxication
using blood or urine may also be suitable for the detection of
chronic NPSs abuse. In addition, Table 2 presents an overview
of recently published analytical methods covering multiple NPSs
and/or their metabolites in OF or DBSs.

OF can be noninvasively collected under observation
by nonmedical staff, and the determined concentrations better
reflect blood concentrations than urine.?> Drugs with basic
properties can concentrate in the OF, leading to improved
sensitivity for NPSs detection. By contrast, acidic drugs show
lower concentrations in OF than in blood.2> However, OF has
some drawbacks such as a smaller collection volume in com-
parison with urine and a lack of correlation with blood con-
centrations immediately after oral drug ingestion or inhalation
because of contamination in the mouth.?> Furthermore, OF
only provides evidence of recent drug use with a shorter
detection window than urine.>> Trana et al?® developed a
screening method for 77 NPSs and 10 metabolites of different
classes in OF, blood, and urine. da Cunha et al?> presented a
screening method for 87 NPSs of different classes, and
Rocchi et al?? described a method for simultaneous screening
and quantification of 31 NPSs of different classes in OF.
More details concerning sample preparation procedures,
instrumentation, and detection methods are presented in
Table 2.

DBSs require only a small amount of blood and are
excellent for the shipment or storage of biological samples
given their small dimensions, and the fact that they frequently
do not require refrigeration.?® Furthermore, DBSs sampling
can enhance the stability of compounds, which can play an
increasingly important role in the analysis of NPSs and their
metabolites in blood.?® Wang et al*® developed a screening
and quantification method for 37 stimulants and metabolites
in DBSs, proving the suitability of this sampling strategy for
CT analysis.

GAP ANALYSIS

Clinical toxicologists face several difficulties in at-
tempting to detect NPSs in human biosamples. The first
stumbling block may be the increasing complexity of the
NPSs market, which is characterized by the rapid emergence
of new substances. In 2014, Brandt et al?® called the contin-
uous circumvention of existing legislations, to market new
abused drugs, a “cat and mouse game.” The number of

Copyright © 2022 Wolters Kluwer Health, Inc. All rights reserved.

NPSs increased from less than 200 substances over the period
2005-2009 to 950 substances by the end of 2019. Authorities
have recently identified more than 3 times as many NPSs
worldwide because psychoactive substances are under inter-
national control.3® Continuous market surveillance is essen-
tial. However, the analytical characterization of new
substances followed by metabolism studies and implementa-
tion of potential screening targets in mass spectral libraries is
time consuming and may exceed the half-life of a substance
in the market. The situation becomes even more challenging
because of local trends such as the opioid crisis in North
America driven by synthetic opioids.>! A potential solution
to this challenge is the workflow described by Garneau et al,>?
which includes all steps from the detection of a regional NPSs
threat to its implementation into a detection method.

Nevertheless, other factors influence the successful detec-
tion of NPSs in human biosamples. As previously mentioned,
owing to the extensive metabolism of some NPSs classes, such
as synthetic cannabinoids, parent compounds are rarely detect-
able in urine. In addition, the sample preparation has a significant
impact. In GC-MS analysis, conjugate cleavage and derivatiza-
tion are often inevitable.® In LC-based analysis, glucuronides and
other phase II metabolites may serve as additional screening
targets,>” whereas conjugate cleavage during sample preparation
may enhance the concentration of the corresponding phase I
metabolites. The assumed timing of drug intake also influences
the selection of a suitable sample matrix. Blood and OF usually
reflect recent drug intake while urine allows for a broader detec-
tion window, which is crucially influenced by toxicokinetics.
Nevertheless, NPSs that are consumed in low doses, such as
LSD derivatives or synthetic opioids, require more laborious
sample preparation procedures, such as solid-phase extraction.’

Gastric contents, which are sometimes available as a
specimen, may also be considered as biosample in emergency
toxicology. However, limited knowledge is available con-
cerning the detectability of NPSs in gastric content during CT
screenings. The benefit is usually a high concentration of
analytes; however, this may lead to contamination of the
sample preparation setup and analytical instruments. Thus,
analysis of gastric content should not be a solid part of any
CT screening but should be considered in certain situations.
This is also true for unidentified powders or herbal mixtures
found together with the patient. Their analysis cannot prove
intake and therefore cannot replace the analysis of human
biosamples but suggests a suitable biosample preparation and
analysis procedure. However, the risk of contamination of
analytical instruments owing to high concentrations must be
considered.

The detection of prenatal exposure to drugs of abuse in
newborns is also a task in CT. Consumption of drugs of abuse
during pregnancy increases the risk of premature delivery,
fetal growth restriction, and neonatal abstinence syndrome.33
Meconium has been used for decades to document prenatal
exposure to abused drugs, but limited data are available about
prenatal exposure to NPSs.33 Recently, Lopez-Rabuiial et al
developed an analytical procedure for the determination of
137 NPSs and other drugs of abuse in meconium, consisting
of homogenization, solid-phase extraction, and LC-HRMS/
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MS analysis and reported acetylfentanyl detection in 2 of 30
meconium specimens.34

CONCLUDING AUTHOR OPINION

As previously discussed, the selection of a biological
matrix depends on the clinician’s enquiry. In emergency tox-
icology, urine analysis may be sufficient to detect recent drug
intake. The drawback is that it cannot be concluded whether
the patient is under acute influence because the compound can
still be present in urine after it has been removed from the
blood. Analyzing blood samples allows detecting whether
drugs are still present in the systemic circulation and may still
have an effect. This interpretation is also dependent on refer-
ence “therapeutic” blood concentrations, which are usually
not available for NPSs. One drawback of analyzing blood is
the lower analyte concentration, in contrast to urine, and the
absence of metabolites confirming the presence of the NPS.

In abstinence screening, urine may be the best choice
because the main question is not whether the patient is under
acute influence rather than whether the patient has recently
ingested a drug of abuse. An alternative may be OF, with the
limitation that usually lower concentrations are expected, and
that not all drugs are excreted into this matrix.

OUTLOOK

The increasing number of NPSs available for drugs in
the abuse market calls for selective, sensitive, and flexible
bioanalytical procedures. MS-based analysis strategies fulfil
these needs, as evidenced by the high number of studies
published during the past 5 years. However, CT laboratories
need high economic resources to keep pace with the
emergence of NPSs for drugs in the abuse market. These
resources include analytical instrumentation, reference stan-
dards, metabolism models, and experienced personnel to
steadily update bioanalytical procedures. Therefore, future
implementation of a few reference laboratories for NPSs
testing per country may be a promising option.

Data handling is also expected to gain even more
importance in the coming years because complex, high-
resolution instruments collect enormous amounts of data.
Sophisticated workflows, including highly sensitive MS
measurements and high-end data analysis, may expand the
human sample matrices that can be used to successfully detect
NPSs in CT. Exhaled breath may also be used as an
alternative matrix to detect chronic NPSs abuse or demon-
strate abstinence. Beck et al demonstrated the suitability of
exhaled breath combined with liquid chromatography—
tandem mass spectrometry analysis to detect the traditional
drugs of abuse,?>3° but data on NPSs detection are still
missing. Another example is the analysis of wastewater for
wastewater-based epidemiology. Such approaches are cur-
rently mainly used for the traditional drugs of abuse because
low dosages and flexible NPSs consumption patterns pose
limitations. However, the results of wastewater analysis could
help detect current and regional NPSs trends.3” This knowl-
edge may be beneficial for clinical toxicologists to continu-
ously adapt their bioanalytical strategies in the future.
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