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Abstract

The growing emergence of new psychoactive substances (NPS) challenges traditional
approaches to drug monitoring, highlighting a need for innovative surveillance strategies. We
explored the potential to better understand the NPS market in Australia by combining
wastewater analysis with toxicosurveillance programs. Focussing on a time of year of likely
higher NPS and drug use, influent wastewater samples were collected from four Australian
states (South Australia, Victoria, Queensland and New South Wales) over the New Year
period from 2019-20 to 2024-25. Clinical samples presenting between 15 December and 15
January each period from the toxicosurveillance systems Emerging Drugs Network of
Australia (including Western Australia, South Australia and Queensland)sEmenging Drugs
Network of Australia Victoria (Victoria) and Prescription, Recreational‘and Ulicit Substance
Evaluation — PRISE (New South Wales) were extracted. In total, 294*wastewater and 117
clinical samples were included in this work. A total of 47 individaal NPS were found in both
datasets. This included: 21 only in wastewater, 37 only in‘elinical, and 12 in both. Overall,
743 instances of NPS were found in all wastewater samples and 172 in clinical data. In
wastewater samples, N,N-dimethylpentylone (54%)mitragynine (52%) and bromazolam
(45%) were the most frequently detected. Ia thé,clinical samples, the most common were
bromazolam (44%) and clonazolam (21%). Owerall, synthetic cathinones and plant-based
compounds were more prevalent idwastéwater, and synthetic opioids and benzodiazepines in
clinical samples. Differences ah detectéd NPS classes illustrate the complementary nature of
these surveillance systems. Higher*wastewater concentrations may indicate broader use and
lower acute harm thamedrugs identified clinically. Integrating these datasets with additional
sources such as surveys, coronial records, police seizures, and drug-checking services can

strengthen NPSufionitoring.

Keywords: Wastewater-based epidemiology; Data triangulation; Early warning system;

Harm reduction; Hospitalisations
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Introduction

Since the mid-2000s, a large and diverse range of synthetic substances, often designed as
legal alternatives to more established illicit drugs, have entered the global drug supply. For
pragmatic reasons these substances have been termed new psychoactive substances (NPS).
Their advent has challenged traditional approaches to drug monitoring such as population-
based or targeted surveys with people who use drugs because exposure is often unintentional,

and the content of these substances is often unknown to people who use drugs.

In 2024, the United Nations Office on Drugs and Crime (UNODC) recorded 755 individual
NPS, which is the highest count of individual NPS per year ever recorded [ 14/ Synthetic
Cathinones comprised the largest NPS group reported (33%), followed by*synthetic
cannabinoid receptor agonists (24%), hallucinogens (14%), and synthetie,opioids (9%). In
Australia, multiple data sources highlight an upward trend in the awvailability, use, and
associated harms of NPS [2-5]. This includes growing coneern abeut the emergence of potent

synthetic opioids (such as nitazenes) and novel benzodiazepines[6].

Effective public health and harm reduction respon§essely ‘on objective surveillance methods
with high capability to identify emerging NPSiof potential public health significance. Recent
studies have shown the utility of such surveillange programs in Australia. For example, a
retrospective study of all deaths dueserndrug toxicity in Australia using the National Coronial
Information System identified the contribution of novel benzodiazepines in drug toxicity
deaths [7]. A total of 258 casesgwergrfound between 2013-2025, with 225 occurring since
2020, primarily involving étizolam (125) and bromazolam (98)[8]. A similar study conducted
in Victoria, Australia extracted data from the Victorian Overdose Deaths Register to examine
the novel benzddiazepines that contributed to Victorian overdose deaths between 2009 and
2023 [9]. Amongtlie 140 reported deaths, etizolam (60) and bromazolam (39) were found to

be the most frequent benzodiazepines contributing to overdoses [9].

Thetwmpeortance of toxicosurveillance strategies has become increasingly apparent in recent
years, particularly in response to emerging concerns surrounding nitazenes and novel
benzodiazepines. For example, a cluster of multi-drug intoxications involving xylazine,
nitazenes, and novel benzodiazepines was reported in South Australia[10]; 20 unintentional
acute opioid poisonings associated with nitazene exposure were reported in New South Wales

between 2021 and 2025[11]; and one of the earliest reported cases of nitazene intoxication in
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Australia occurred in Victoria in 2021 [12]. These state-specific toxicosurveillance systems,
except the PRISE program and other toxicosurveillance programs centrally coordinated by
the NSW Ministry of Health, are now part of the Emerging Drugs Network of Australia
(EDNA), which recently reported 32 nitazene-related presentations nationally between 2020
and 2024 [13]. Such systems have become integral in harm reduction strategies, exemplified
by the issuance of a public Drug Alert after the Emerging Drugs Network of Australia —
Victoria (EDNAV) identified five distinct novel benzodiazepines in a cluster of six adults
presenting to hospital following the use of counterfeit benzodiazepines[14]. Wastewaten
analysis is an additional, complementary data source that provides an objectivespopulation-
level approach to assessing community drug consumption. It has been used tozaSsess national
drug consumption in Australia since 2016 [15] and recently shown to détect NPS
internationally, including nitazenes [16—18]. In this paper we descfibe.complementary
insights from wastewater analysis and clinical toxicosurveillance systefns to identify NPS

across five Australian states between 2019 and 2025.
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Methods
Sample collection

Wastewater and clinical data were collected from regional and capital city sites from five
Australian states over the New Year period (December-January from 2019/20 to 2024/25
(Table S1). This particular time period was selected because previous studies demonstrate an

increase in illicit substance consumption related to holidays and music festivals [19,20].

Wastewater samples were collected annually for 7-10 days over six New Year sugveillahce
periods from 17 metropolitan and regional sites in Queensland, South AustraligiiNewASouth
Wales and Victoria. In total, there were 294 individual wastewater samples (36, 32, 44, 72,

69 and 41 over each yearly sampling campaign; Table 2).

EDNA and EDNAYV are multi-site surveillance programs monitoring illicit drug-related
emergency department presentations across Australia and Victoria, respectively [21,22]. They
involve comprehensive blood testing for a wide spectrum of pharmaceutical, traditional illicit
and NPS compounds and metabolites, alongside the collégtion of relevant clinical

information

Prescription, Recreational and Illicit SubstancéBvaluation (PRISE) is a clinical and public
health program that provides accesss#o"extensive toxicology testing to NSW acute care
services for cases of severe andsunusualSubstance related toxicity or clusters of overdoses
[23]. Notifications to the program ceme from a range of sources that include clinical
toxicology services, theNSW Poisons Information Centre and alcohol and other drug
treatment services.€Additional intelligence inputs which prompt active case finding include
syndromic sugeillancéof unplanned presentations to emergency departments, coronial

toxicology results,@nd police seizures.

Clini€al data*from individual cases where at least one NPS was present in blood and/or urine
samplesvere included from EDNA, EDNAYV and PRISE. These covered hospital sites in
Western Australia, South Australia, Queensland (EDNA), Victoria (EDNAV) and New South
Wales (PRISE) (Table 1). Further information on ethics, participants and procedures have
been previously described [11,21,24-26].

Clinical Case Selection
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Each toxicosurveillance system has their own specific criteria for case inclusion (Table 1). To
ensure comparability between the wastewater and toxicosurveillance datasets, clinical data
were extracted with dates of presentation between 15 December and 15 January. In total, 116

individual cases were included in this study (Table 2).

Sample Analysis

Wastewater samples were processed and analysed using validated liquid chromatography#
mass spectroscopy methods, previously described [18,27-29] and specified in the supporting

information, together with method validation parameters (Table S2).

The clinical samples were submitted to state-specific laboratories and tested fop'NPS, with
details explained elsewhere [2]. Detection, identification, and quantification methods for the
clinical samples are based on each laboratory’s internal protocols afid, whefe available,
certified reference materials. Briefly, to ensure consistency in sereening and detection across
different states, a Primary Drug Target List has been established, ontaining around 200
compounds that all laboratories are capable of detecting=Amnalytical instrumentation utilised
across states includes liquid chromatography—quadtupole time of flight mass spectrometry,
liquid chromatography—tandem mass spectrometry and gas chromatography—triple

quadrupole mass spectrometry.

The analytical target lists used for doth wastewater and clinical testing were periodically
reviewed and updated throughéut the study period to reflect changes in the NPS market, the

availability of reference stdndardsgand emerging intelligence on substances of concern.

To avoid double-countihg, metabolites that were co-detected with the parent compound in the
same sample wefe notincluded. For example, pentylone when with N,N-dimethylpentylone,
alpha-hydroxyetizoldm when with etizolam, and 8-aminoclonazolam when with clonazolam.
However, therg were some complex situations in which some NPS could be manufacturing
by-produgts. For example, phenazepam and desalkylgidazepam may be used as synthetic
precufsors of clobromazolam and bromazolam respectively [2]. In the clinical cases of this
study, desalykylgidazepam and phenazepam were only detected together with clobromazolam
and bromazolam. However, it is impossible to differentiate with certainty between a synthetic

by-product and an NPS so each has been included as individual NPS.

Statistical Analysis
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Analysis and visualisation of all data was conducted using GraphPad Prism 10. All
categorical variables were presented as frequencies and proportions. Any NPS were
organised into the following classes based upon NPS Substance Groups from the United

Nations Office of Drugs and Crime (UNODC).

Role of funding sources

Funders of the study had no role in design, collection, analysis or interpretation of.this

manuscript.

Results

A total of 47 individual NPS were found across both datasets: 21 inswastewater, 37 in
clinical, and 12 in both. Overall, 743 instances of NPS were found i all' wastewater samples
and 172 in clinical data. The yearly breakdowns are include@,in the supporting information
(Tables S3 and S4). Up to 24 NPS in the clinical dataset and,11 in the wastewater samples
detected were within a single time period. Conversely, there were several compounds that
were found across multiple years that includedibromazolam, clonazolam, flualprazolam, N,N-

dimethylpentylone and mitragynine.

A total of 10 NPS substance groupsfvete found across both datasets. Benzodiazepines (n =
13) and synthetic cathinones (/= 10)wyere the most commonly detected substance groups of
NPS (Figure 1). There were fivé grolips that were not detected in both datasets. Plant-based
compounds (mitragynine) were only found in wastewater samples, while tryptamines
(dimethyltryptamirie, and 4-HO-MET), phenethylamines (PMMA) and synthetic cannabinoids
(5C-APINACA, ADB-BUTINACA and Cumyl-PeGACLONE) were only found in clinical
data. In tefits of mdividual NPS, bromazolam (n = 52; 45% detection frequency), clonazolam
(n =24; 2%%)sand desalkylgidazepam (n = 14; 12%) were most often detected in clinical
cases, while N-N-dimethylpentylone (n = 160; 54% detection frequency) mitragynine (n =

154;,52%), and bromazolam (n = 131; 45%) were most common in the wastewater samples.
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Discussion

Monitoring NPS poses ongoing challenges for public health surveillance, particularly in
contexts of rapid market change and heterogeneous patterns of use. While wastewater and
clinical data may appear to be independent datasets capturing different aspects of the NPS
consumption spectrum, their partial overlap and divergence provide complementary ifisights

into both prevalence and harm.

Complementary Datasets

Some compounds that were frequently detected in both wastewater and ‘elini¢al data (Figure
S1), with bromazolam the clearest example. Several synthetic cathindnes (e.g. N,N-
dimethylpentylone, methylone and eutylone) as well as etizelam, protonitazene, 2F-2-oxo-
PCE and xylazine were also detected in both. In general, synthetic cathinones and plant-based
compounds (e.g. mitragynine) were more likely to _be found in wastewater, while opioids,

synthetic cannabinoids and benzodiazepines were cemmonly seen in clinical cases.

Differences in detection of NPS are likely dué+g,program design differences. Compounds
such as synthetic cathinones and mitragynine have lower clinical toxicity and therefore are
less likely to require medical attention, despite potentially widespread use detectable in
wastewater. However, it is impeftant to note that the metabolite 7-hydroxymitragynine can be
considerably more potert than mitragynine and may present a higher risk profile [30]. In
contrast, synthetic @pioids, particularly nitazenes, are incredibly potent (up to 500 times more
potent than mofphine and 20 times more potent than fentanyl [31]), while severity of
exposure issone of the key determinants for the purposive sampling of EDNA, EDNAYV and
PRISE. These differences in detected compounds and NPS substance groups highlight the
complenientary strengths of these two surveillance systems: wastewater analysis may reflect
broader community use, including substances less likely to cause severe morbidity, while
¢linical data capture drugs associated with acute harm. The ability of wastewater analysis to
cover a catchment of more than 1 million inhabitants means that it could be used to estimate a
denominator in calculating rates of serious adverse events presenting to hospitals. For
example, if a nitazene is detected in one of the toxicosurveillance programs but not in

wastewater, it is likely that use is isolated and thus not indicative of widespread community
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harm. Alternatively, if a nitazene is found in wastewater but not in clinical cases, it could

provide early warning of community use [16].

Together, wastewater analysis and clinical data can act as two slices of a ‘Swiss cheese’
model for an early warning system of NPS use in Australia. This model illustrates how
several imperfect and biased models of data collection can complement each other to provide
a coordinated response to emerging threats and prevent harm. Similar models have been
adopted in healthcare [32] and gained prominence during the COVID-19 pandemic wiicre the
importance of multiple interventions such as social distancing, mask wearing and
vaccinations could work together to reduce transmission risk [33]. It has recestlybeen
suggested to tackle antimicrobial resistance [34]. Further strengthening this model will
require the integration of additional complementary data sources such asysuryeys, coronial
and police seizure data, needle and syringe residue analysis, drug-e¢h€cking services, and
consumer-reported information, co-designed in partnership avith people who use drugs to

support a more comprehensive early-warning system.
Advantages and Limitations

Both datasets offer complementary strengths as,surveillance tools for monitoring the new
psychoactive substance (NPS) market in Australta. Wastewater-based analysis functions
effectively as a pooled communitydrindysample, providing a non-invasive, anonymised and
relatively unbiased snapshot of'drug cesdsumption at the population level. In the current work
it must be noted that wasteWwatentreatment plant catchments do not represent entire states, and
not all states were sampled heach year, limiting generalisability to broader drug markets.
With sampling condugted over the New Year period, increased transient populations
associated with heliday destinations and music festivals may have contributed to wastewater
inputs, petentially*biasing detections toward certain substance classes. Additionally, COVID-
19-related*public health restrictions were in place during portions of the 2020/21 and 2021/22
study pertods in some jurisdictions, which may have altered social activities, event
afténdance, and patterns of NPS consumption, potentially influencing both wastewater

detections and clinical presentations.

Compared with other large-scale surveillance approaches such as self-report surveys,
wastewater monitoring is cost-effective with short turnaround times between sample analysis

that allows near-real time (days—weeks) monitoring of emerging trends. With sustained
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longitudinal sampling, wastewater analysis can also be used to assess temporal trends in
consumption and evaluate the impact of public health or regulatory interventions [18,35].
Importantly, wastewater captures both harmful and non-harmful patterns of use, including
recreational, occasional and non-problematic consumption, and may reflect drug use among

individuals who do not engage with surveys or present to healthcare services.

In contrast, clinical toxicosurveillance data provide objective, individual-level evidence of
NPS associated with acute intoxication and overdose requiring emergency or intensive’care.
These data directly characterise substances linked to adverse health outcomes and§in séme
cases, may represent the earliest signal of emerging NPS that cause harm, evehi when
community-level prevalence remains low. Established collaborations between hespitals and
forensic laboratories at local and interstate levels further enhance the rapid dissemination of
intelligence to frontline clinicians and public health authorities, suppérting timely
harm-minimisation responses to emerging drug-related threats [22]. However,
methodological and sampling considerations should be taken inté account when interpreting
these findings. Differences in study design and analyticalscope limit the ability to make
direct, absolute comparisons between datasets, For'example, drug-related hospital
presentations are typically only screened for, NRSWwhen exposure is suspected, meaning
EDNA, EDNAYV, and PRISE data are not reptesentative of all drug-related hospitalisations or
the broader population of people who usg illicit drugs. In addition, EDNA and EDNAV
analyse blood samples only, whegreas PRISE analyses both blood and urine when available,
potentially extending the detectiop’window for some substances. Furthermore, given the
rapidly evolving nature,of the®NPS market, the analytical target lists used for both wastewater
and clinical testing were periodically updated throughout the study period to incorporate
newly identified&ubstances. As a result, temporal differences in detection frequency may

partly reflect changes in analytical coverage in addition to changes in substance prevalence.

Conelusion

This study demonstrates the value of integrating wastewater-based surveillance with clinical
toxicosurveillance to characterise the evolving NPS landscape in Australia. A total of 47 NPS
were found, with 21 in wastewater, 37 in clinical data and 12 in both. While there were some

differences between the datasets, with synthetic opioids appearing more often in the clinical
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findings and synthetic cathinones and plant-based NPS in the wastewater, the benzodiazepine
bromazolam was consistently found in both, suggesting both community exposure and acute
toxicity. By capturing both population-level patterns of drug exposure and individual-level
presentations associated with acute harm, these complementary approaches provide a more

nuanced understanding of emerging substances than either method alone.

Data Availability Statement &

The data underlying this article will be shared on reasonable request to the correspo

author. \
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Table 1. Inclusion criteria and sample matrix for each toxicosurveillance system

EDNA

EDNAV

PRISE

Inclusion criteria

Patients with severe
and/or unusual
clinical features of
reported or suspected
illicit drug toxicity
and/or patients
presenting as part of
a suspected cluster of
recreational drug
poisonings

Suspected opioid
exposure, severe
toxicity, and cases
where there was a
discrepancy between
reported exposure
and observed clinical
effects

Patients with severe
and/or unusual
clinical features of
reported or suspected
illicit drug toxicity
and/or patients
presenting as part of
a suspected ¢ of
recreational d

Age Criteria

16 years and over in
WA and Qld; 18yrs
and over in SA

16 years and older

Samples collected
for analysis

Blood

Blood

Table 2. Number of samples included in this study

%Vailable)

Q)and urine (if

Count
Year WA¥* SA Vic NSW Qld

WW | C WW | C W WW C WW C
2019-20 36
2020-21 2 32 11
2021-22 3 44 6
2022-23 7 44 23 21 1 7 2
2023-24 3 28 » 7 28 21 1 13 1
2024-25 3 13 17 7 3 21
Total 1 85 49 5 41 3

Queensland. WW: WQater; : Clinical

QC)

?\

8 A 18945 |20
* WA: Western Australia; outh Australia; Vic: Victoria; NSW: New South Wales; Qld:
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Table 3. Frequency of individual NPS detected across both datasets
Compound Class Wastewater Clinical Data
(n=number | (n=number
of samples of cases with
with positive | positive
detection detection
(detection (detection
frequency, frequeney,
%)) %))
]
2F-2-0x0-PCE Phencyclidine-type 41 (14) 2
substances 8
2F-Deschloroketamine Phencyclidine-type 21 (7) <
substances |
2-Methyl-4'-(methylthio)-2- 1(1) S
. . Other a
Morpholinopropiophenone* o
3,4-Methylenedioxy PV8 Synthetic Cathinones = 4@ o
3-Hydroxy-PCP* Phencyclidine-type ‘O 2(2) 5
substances 3
3-Methylmethcathinone i i 10 (3) T
)
4-OH-MET* 1(1) 2
5C-APINACA* 1(1) 8
V)
=
Acetyl fentanyl 2(2) g
ADB-BUTINACA* 1(1) =
nnabinoids 3
Bromazolam Benzodiazepines 131 (45) 52 (44) 8
Clobromazolam Benzodiazepines 9(8) %
Clonazolam Benzodiazepines 3(D) 24 (21) ‘%
Cumyl-PeGACLONE Synthetic 1(1) §
Cannabinoids o
v [©]
Delorazepam* Benzodiazepines 1(1) &
R (=2
Desalkylgidazepa Benzodiazepines 14 (12) 2
Deschloroetizo Benzodiazepines 6(5) =
Deschloro-N- amine Phencyclidine-type 1(1) o
substances )
Synthetic Cathinones | 72 (24) E
Benzodiazepines 1(1) G
Dimethyltryptamine* Tryptamines 1(1) N
lene etonitazene Nitazenes 1(1) &
thylone Synthetic Cathinones | 21 (7)
Etizolam Benzodiazepines 5() 8(7)
Etodesnitazene Nitazenes 2(2)
Etonitazepyne Nitazenes 5(2)
Eutylone Synthetic Cathinones | 42 (14) 1(1)
Flualprazolam Benzodiazepines 6 (5)
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*: at the time of collection, these substances

#: Methcathinone was found in all wastewat

sewer from (pseudo)ephedrine [36,3

QC)

50
51
52

€T sam;E

les. However, it is likely to have been formed in

Flubromazepam Benzodiazepines 4(3)
Flunitrazolam Benzodiazepines 1(1)
Mephedrone Synthetic Cathinones | 13 (4)
Methcathinone Synthetic Cathinones | # 1(1)
Methiopropamine Other 2(D)
Methoxetamine Phencyclidine-type 2(1) 1(1)
substances
Methylone Synthetic Cathinones | 10 (3) 5(4)
Metonitazene Nitazenes 1 15&
Mitragynine Plant-based 154 (52)
substances
N,N-Dimethylpentylone Synthetic Cathinones | 160 (54) (
N-Ethylpentylone Synthetic Cathinones | 2 (1) 1(1)
Nitrazolam* Benzodiazepines 1(1)
N-Pyrrolidino etonitazene Nitazenes 1(1)
Phenazepam* Benzodiazepines 2(2)
Phenibut Other 2)
PMMA Phenethylami 1(1)
Protonitazene Nitazenes 6(2) 1(1)
Xylazine Other 8(3) 1(1)
TOTAL \; 743 172
1

luded in methods of analyzing wastewater
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figure caption

Figure 1. Counts of each NPS substance group found across clinical and wastewater datasets.
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Supporting Information

Complementary insights from wastewater surveillance and the toxicology findings of clinical
presentations involving new psychoactive substances in Australia

A

"oQ

9202 ¥1snBny z1. uo sasn WAIA Ad 82925/8/1 20BENANBIEE0L 0 1/10p/B[oIE-00UBAPE/JEI/WOS"dNO"ILUSPEDE WO} POPEOJUMOQ

Confidential material. Please destroy hard copies upon completion of review.



Page 23 of 32

oNOYTULT D WN =

Journal of Analytical Toxicology

Table S1: Number of sites involved in this study. M = metropolitan/capital city; R: regional

Year WA SA Vic | NSW | QId

WW | C WW [C |ww [C WW [c# [ww [ C
2019-20 3M 4 M
2020-21 4M, IR |4 M 12M, 4R
2021-22 4M,IR[4M |4M 13M,4R |3 M 1R
2022-23 4M,IR [4M [4M 13M,4R |3 M 2R 1
2023-24 4M,IR[4M [4M |1 13M, 4R |3 M 1M,

(M) 1R

2024-25 4M, IR 4M|2[R) [ 14M, 4R [1R 3M M

#The PRISE program is available to the whole of NSW, therefore collection sites areqnotimited
to certain hospitals. Clinical data was included if the location of the case p%%on was

within the three metropolitan wastewater catchment areas sampled. For 202 dditional
regional wastewater site was sampled, any cases occurring in this ch t area were
included in the clinical data for 2024-25. (R: regional, M: metropolitan, WW: Wastewater, C:

Clinical cases) %
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Wastewater Sample preparation (adapted from (Laimou-Geraniou et al., 2025))

Influent wastewater samples (100 mL) were filtered under vacuum using glass microfibre filter
paper (GF/A 1.6 pm, Whatman, Kent, U.K.). Before extraction, samples were spiked with
deuterated internal standards (illicit drug reference standard mixture, spiked at 150 ng/L), and
their pH was adjusted to 4.5-5 using hydro- chloric acid (37 %). Subsequently, solid phase
extraction (SPE) cartridges (UCT XtracT DAU, 500 mg/6 mL; UCT Inc., Bristol, PA, USA)
were conditioned with methanol (6 mL) and sodium acetate buffer (20 mM, 6 mL). The samples
were then loaded on the cartridges under gravity, and the cartridges were successively waghed
with sodium acetate buffer (20 mM, 6 mL), 0.1 M acetic acid (2 mL), and methanol (6ymL).
The sorbent was dried wunder vacuum for 15 min. A mixture/ of
dichloromethane/isopropanol/aqueous ammonia (80:16:4 v/v/v, 6 mL) was used te elute the
analytes of interest from the cartridges. The eluent was then evaporated to approximately 200
uL under nitrogen at 40 °C, after which 1 % HCI in methanol (20 pL) was\@dded, and the
sample evaporated to dryness. The dry residue was reconstituted withf0.1 % formic acid in
methanol (20 pL) and 0.1 % formic acid in ultrapure water (80 pL), giving & final volume of
100 pL (i.e., a 1000 times concentration factor).

Instrumental Analysis

Quantitative analysis was performed using a liquid chromategrapiy-tandem mass spectrometry
(LC-MS/MS) method utilising a Shimadzu Nexera LC-40(Kyoto, Japan) coupled to a SCIEX
Triple Quad 7500 system (Framingham, MA, USA{chromatographic separation was achieved
using a Phenomenex Kinetex Biphenyl column (§0 mm x 2.1 mm, 2.6 pm) fitted with a
Phenomenex security guard ultra cartridges HPLE, Biphenyl 2.1 mm ID columns at a flow rate
0f 0.45 mL/min and an injection volume of 2 [tk Mobile phase A consisted of 95 % ultrapure
water with 5 % MeOH and 0.1 % formic acid, while mobile phase B consisted of 95 % MeOH
with 5 % ultrapure water and 0.1 % formie acid. The chromatographic gradient was as follows:
5 % B at 0 min and held for 1 nain, lineaf increase to 100 % B at 7 min and held for 2 min, then
decreased to 5 % B at 9.1 mimvafid kept steady for the final 1.9 min to equilibrate the system.
The total runtime was 1}min. THe mass spectrometer was run in scheduled multiple reaction
monitoring (SMRM)mode ih positive ionisation mode, with a 30 s retention time window
around the expecte@retention time of each analyte.

QuantificationfandMethod Validation (adapted from (Laimou-Geraniou et al., 2025; Nadarajan
et al., 20259

To confirma,a compound in the wastewater samples, both transitions had to be present, with an
ionfratio within 30 % and a retention time within 0.1 min of the reference standard, following
SANELEsguidelines. As analyte-specific internal standards were unavailable for all analytes, the
coneentration of NPS compounds were determined based on the peak area ratios between
native and surrogate internal standards compared to an external calibration curve. For the
analytes detected in this method, MDMA-d5 was utilised as a surrogate to enable semi-
quantification.

Method validation included selectivity, recovery, matrix effect, limits of detection (LOD), and
limits of quantification (LOQ) in wastewater (Table S1). The linearity and R-squared values
were assessed using a 10 % MeOH solution. Both LOD and LOQ were evaluated by analysing
duplicate wastewater samples that had been spiked at in-sample concentrations of 1, 5, 10 and
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50 ng/L. The LOD was determined as the lowest level in which both analyte transitions could
be seen with a signal-to-noise ratio of 3, with LOQ at a signal-to-noise ratio of 10. To provide
a more accurate estimation, where the signal-to-noise level at the lowest level was above 3 (or
10), the LOD (or LOQ) was back- calculated to determine the level at which a signal-to-noise
ratio of 3 (or 10) could be achieved. Extraction recovery was evaluated in pre- and post-
extracted samples, as previously described (Matuszewski et al., 2003). The matrix effect was
assessed by comparing the post-extracts and the neat solvent. Extraction recovery and matrix

effect were both determined in triplicates.

Quality control for the quantitative method includes control at 100 ng/L and 250 ng/L fomeve
10 samples. As part of quality control assurance, a double-blank injection witho rnal
standards was injected every five samples. All standards were freshly made 01% y of
analysis.
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Table S2: Figures of merit for all NPS detected in wastewater in the current study. Data compiled from previou

2019; Nadarajan et al., 2025)

S -
oo | oy | bt | ko | RS20 | detn
2-fluorodeschloroketamine 0.83 2.5 2.5-1000 0.9957 1024 £ 87 39
2-0x0-PCE 0.26 0.77 0.77 — 1000 0.9985 97.2 + 77 40
3,4-Methylenedioxy PV8 0.11 0.33 0.33 - 1000 0.9984 1142 = 19 a1 o~
3-Methylmethcathinone 085 | 25 2.5-500 09960 | 1032 + 9.0 41 ‘O
Bromazolam 0.20 0.62 0.62 — 1000 0.9963 1217 + 73

Clonazolam 2.5 7.5 7.5 -1000 0.9949 31.7 + 45 145
Dibutylone 0.27 0.81 0.81 — 1000 0.9994 121+ 59

Ethylone 0.02 0.2 0.1-21.5 0.9969 96 + 81
Etizolam 2.1 6.5 6.5 - 1000 0.9961 95.8 5. 58
Etonitazepyne 0.81 24 2.4 -500 0.9936 105.5 . 43
Eutylone 0.21 0.63 0.63 — 500 0.9976 10 5.7 140
Mephedrone 0.38 1.1 1.1 -1000 0.9980 10 103
Methcathinone 0.44 1.3 1.3 -500 0.9990 % + 96 81
Methiopropamine 0.01 0.1 0.01 - 40 102 + 8 111
Methoxetamine 0.01 0.05 0.01-40 990 86 + 10 96
Methylone 0.3 1 0.1-21, 0.9 109 + 9 90
Mitragynine 3.8 11 11 —100 ﬁ919 106.2 + 81 -
N,N-dimethylpentylone 0.37 1.1 1000 0.9988 1122+ 52 136
N-ethylpentylone 0.75 22 22-1 0.9983 109.6 + 32 17
Pentylone 0.20 0.6 .61 —1000 0.9997 1108 = 6.5 56
Phenibut 1.0 ﬁ.2 3.2-500 0.9940 41 + 12 151
Protonitazene 0.27 0.82 - 500 0.9978 110 + 16 49
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Table S3: All NPS detected from clinical data from 2020-21 to 2024-25

O

Q

5

Compound Class 2020-21 2021-22 | 2022-28 2023-24 2024-25 Total 9|
Ql

[¢]

Number of cases (n) 13 9 36 36 23 117 3

2

o

2F-2-0x0-PCE Phencyclidine-type 5 5 g
substances 3

2F-deschloroketamine Phencyclidine-type el
substances IS

2-Methyl-4'-(methylthio)-2-Morpholinopropiophenone Other 1 1 é
3,4-Methylenedioxy PVS8 Synthetic Cathinones §
3-hydroxy-PCP Phencyclidine-type 2 2 §
substances 3

4-OH-MET Indolalkylamines 1 1 &l
5C-APINACA Synthetic Cannabinoids 1 1 gl
Acetyl fentanyl Fentanyl analogues 1 1 2 3
ADB-BUTINACA Synthetic Cannabineids 1 1 2
Bromazolam Benzodiazepines 1 14 26 11 52 =
Clobromazolam Benzodiazepines 7 1 8 %
Clonazolam Benzodiazepifies 2 5 12 3 2 24 (g
Cumyl-PeGACLONE Synthetig/Cannabinoids 1 1 A
Delorazepam Benzodiazepines 1 1 %
Desalkylgidazepam Benzodiazepines 5 14 g
Deschloroetizolam Benzodiazepines 3 1 6 S

Deschloro-N-Ethyl ketamine

Phencyclidine-type
substances

C
3
Dibutylone Synthetic Cathinones S
Diclazepam Benzodiazepines 1 1 ’;
Dimethyltryptamine Indolalkylamines 1 1 e
Ethylene etonitazene Nitazenes 1 1 g
5
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Ethylone Synthetic Cathinones g
Q

Etizolam Benzodiazepines 4 3 1 3|
Etodesnitazene Nitazenes 1 2 §
Etonitazepyne Nitazenes La—lr
Eutylone Synthetic Cathinones 1 2
Flualprazolam Benzodiazepines 2 1 2 6 §
Flubromazepam Benzodiazepines 2 1 4 ;,
Flunitrazolam Benzodiazepines 1 1 é
Mephedrone Synthetic Cathinones g
Methcathinone Synthetic Cathinones 1 1 %
Methiopropamine Other g
Methoxetamine Phencyclidine-type 1 1 3
substances El

Methylone Synthetic Cathinones 2 3 5 %
Metonitazene Nitazenes 1 2
Mitragynine Plant-based =
N,N-Dimethylpentylone Synthetic Cathinones 6 3 9 9
N-ethylpentylone Syntheti€ Cathinones 1 1 ;F:
Nitrazolam BenzZodiazepines 1 1 g
N-pyrrolidino etonitazene Nitazénes 1 1 p
Phenazepam Benzodiazepines 1 1 2 g
PMMA Phenethylamines 1 1 Ig
Protonitazene Nitazenes 1 1 <
Xylazine Other 1 1 =
&7l

@

TOTAL 19 48 66 31 172 >
>

&

3

S

3
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Table S4: All NPS detected from wastewater data from 2019-20 to 2024-25

Journal of Analytical Toxicology

Compound Class 2019- | 2020- | 2021- | 2022- §2023- | 2024- | Total
20 21 22 23 24 25
Number of samples (n) 36 32 44 72 69 41 294
2F-2-0x0-PCE Phencyclidine-type 41 41
substances
2F-deschloroketamine Phencyclidine-type | 21
substances 12
2-Methyl-4'-(methylthio)-2-Morpholinopropiophenone Other
3,4-Methylenedioxy PVS8 Synthetic Cathinones 44 44
3-hydroxy-PCP Phencyclidine-type
substances
3-Methylmethcathinone Synthetic Cathinones 10 10
4-OH-MET Indolalkylamines
5C-APINACA Synthetic Cannabinoids
Acetyl fentanyl Fentanyl analogues
ADB-BUTINACA Synthetic Cannabinoids
Bromazolam Benzodiazepines 27 63 41 131
Clobromazolam Benzodiazepifies
Clonazolam BenZodiazepines 3 3
Cumyl-PeGACLONE Synthetic Cannabinoids
Delorazepam Benzodiazepines
Desalkylgidazepam Benzodiazepines
Deschloroetizolam Benzodiazepines
Deschloro-N-Ethyl ketamine Phencyclidine-type
substances
Dibutylone Synthetic Cathinones 44 28 72
Diclazepam Benzodiazepines
Dimethyltryptamine Indolalkylamines
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Ethylene etonitazene

Nitazenes

Ethylone Synthetic Cathinones 18 3 21
Ethylphenidate Phenidates
Etizolam Benzodiazepines 2 3 5
Etodesnitazene Nitazenes
Etonitazepyne Nitazenes 5 5
Eutylone Synthetic Cathinones 8 29 5 42
Flualprazolam Benzodiazepines
Flubromazepam Benzodiazepines
Flunitrazolam Benzodiazepines
Mephedrone Synthetic Cathinones 5 ] 13
Methcathinone Synthetic Cathinones
Methiopropamine Other
Methoxetamine Phencyclidine-type

substances
Methylone Synthetic Cathinongs 10 10
Metonitazene Nitazenes
Mitragynine Plant-baged 44 26 43 41 154
N,N-Dimethylpentylone Synthetic Cathinones 70 49 41 160
N-ethylpentylone Syathietic €athinones 2 2
Nitrazolam Benzodiazepines
N-pyrrolidino etonitazene Nitazenes
Phenazepam Benzodiazepines
Phenibut Other 7 7
PMMA Phenethylamines
Protonitazene Nitazenes 6 6
Xylazine Other 8
TOTAL 26 53 46 251 195 172 743

Confidential material. Please destroy hard copies upon completion of review.

Page 30 of 32

9z0z 1snbny z| uo sesn W4IA Aq 8292528/1 206exanel/£601°01/10p/801e-80UBApPE/JEl/W 00" dNO"dlWseped. WOl papeojumoq



Page 31 of 32

oNOYTULT D WN =

Journal of Analytical Toxicology

X

= 80

[8) e

c .

g 3

[ep 60— o ’

() o

et .

(= o

c @ Bromazolam

O 40- .’

E= o

[8) o

o .

)

[})

s

Ttg ® N,N-Dimethylpentylone
= T T 1
(& 40 60 80

Wastewater (detection frequency, %)

15

10 4

@ Etizolam .

5- \ °
@\ ethylene

@ 2F-2-oxo-PCE

[N @) Xylazine ® Eutylone

0 | T T T | T T T T T T T T T 1
0 5 10 15

Wastewater (detection frequency, %)

Clinical (detection frequency, %)

Figure S1: Detection frequency correlation between clinical data\y axis) and wastewater (x axis) for all compounds that were found in both
data sets. Red line has a slope of 1, indicating perfect correlation.JCompounds found above the line were more commonly found in clinical
samples and those below were common in wastewater. ¥Mos¢ highly detected compounds are labelled, with colours reflecting NPS class (green :
benzodiazepines, orange: synthetic cathinones, blug® phéncyélidine-type substances, pink: synthetic opioids and purple: other). The right-hand
figure zooms in on the less detected compounds (less\than 15% detected).
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