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Abstract

The analysis of psychoactive substance residues in wastewater (influent and effluent) and
receiving surface waters offers valuable insight into the epidemiological and environmental
implications of psychoactive substance use. This thesis describes the use of wastewater-
based epidemiology (WBE) to study spatiotemporal trends in the consumption of
psychoactive pharmaceuticals and new psychoactive substances (NPS) among the general
Slovenian population. It also examines the influence of the COVID-19 pandemic on
psychoactive pharmaceuticals and NPS use. Furthermore, this thesis provided an
opportunity to assess the removal efficiency of wastewater treatment and the occurrence
of psychoactive pharmaceutical residues in the environment. Additionally, the thesis
explores the application of novel active-passive sampling strategies in wastewater and
compares the results with those obtained from conventional 24-hour composite sampling.
Finally, the thesis addresses a significant knowledge gap regarding the impact of
psychoactive pharmaceutical residues on aquatic organisms.

First, robust bioanalytical methods were established for the quantification of
psychoactive pharmaceutical residues in multiple aquatic matrices. These include the
development of target analytical methods based on liquid chromatography coupled to
tandem mass spectrometry (LC-MS/MS) for the simultaneous detection of trace levels of
psychoactive pharmaceutical biomarkers, including antidepressants, antipsychotics, and
benzodiazepines, in influent wastewater. Additionally, to enhance throughput and reduce
sample volume requirements, a novel 96-well solid phase extraction (SPE) protocol was
optimised for the quantification of 28 biomarkers of antidepressants, opioids, and drugs of
abuse in influent wastewater. This method, which requires only 2 mL of influent
wastewater, proved effective for large-scale, long-term monitoring campaigns while
maintaining sufficiently low limits of detection (LODs) and adequate analytical sensitivity.

In parallel, analytical protocols based on LC-MS/MS (QTrap-based targeted analysis
and QTOF-based “suspect-screening”) were applied to investigate the presence of NPS,
highlighting their dynamic emergence and widespread distribution. Targeted LC-MS/MS
methods were developed to determine the presence of psychoactive pharmaceutical residues
in wastewater (influent and effluent) samples and receiving surface water. These methods
assess the removal efficiency of these residues during wastewater treatment processes and
determine their occurrence in effluent-receiving surface waters. Furthermore, the acute and
chronic toxicity of psychoactive pharmaceutical residues to aquatic organisms was explored
using in silico methods (Ecological Structure-Activity Relationships Software — ECOSAR).

Given the uncertainties regarding biomarker stability in wastewater, systematic
experiments were conducted to evaluate the stability of 11 antipsychotic biomarkers under
various storage and sampling conditions. Results demonstrated compound-specific
degradation patterns: several compounds rapidly degraded under acidification or repeated
freeze—thaw cycles, while only quetiapine and risperidone remained highly stable across
most tested conditions. Storage of extracted samples on SPE cartridges in a freezer
(—20 °C) was highly effective, maintaining high stability for up to three months for almost
all antipsychotic biomarkers, making them suitable for sample transport and batch
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analysis. Additionally, the stability of selected NPS on loaded SPE cartridges was
evaluated under different temperatures and time intervals to mimic various storage
conditions. The findings indicated that keeping extracts at —20 °C maintained recoveries
within the acceptable range (80-120%) for most compounds for up to four months.

The major research findings on the use of psychoactive pharmaceuticals and NPS in
the general population, based on wastewater (influent) analysis, reveal distinct trends with
numerous temporal and spatial variations. Most psychoactive pharmaceuticals showed
stable usage throughout the week; however, the few observed differences between weekends
and weekdays could not be directly attributed to the pandemic. Moreover, although for
most antidepressants the consumption levels increased during the first wave of the
pandemic, no clear pandemic-related spatial patterns were found across locations. In
contrast, antipsychotics and benzodiazepines consumption decreased during the pandemic,
especially during the first wave of COVID-19. Notably, these results align with available
annual prescription data for psychoactive pharmaceuticals, supporting the reliability of
WBE results. Among the detected NPS, 3-methylmethcathinone (3-MMC) had the highest
detection frequency, appearing in almost all sites and sampling periods, followed by
mitragynine, which had the highest mass loads. The findings also align with other
international wastewater studies, which report that 3-MMC is one of the predominant
stimulant NPS in Europe. It is worth noting that mass loads of 3-MMC increased
significantly during the pandemic. Suspect screening revealed the presence of additional
NPS across at least one site during the sampling campaigns.

Analysis of wastewater treatment plant (WWTP) effluent revealed the incomplete
removal of psychoactive pharmaceutical residues during different conventional biological
wastewater treatments (activated sludge, sequential batch reactor-SBR, SBR with UV
disinfection, membrane bioreactor—-MBR, and moving bed biofilm reactor-MBBR), making
it possible to detect their presence in effluent-receiving surface waters within the ng/L
range. In addition, a good comparison between direct surface water analyses and predicted
environmental concentrations indicates that predictive approaches, as described in this
thesis, may serve as a practical substitute for conventional water analysis. The ECOSAR
model further indicated potential effects on aquatic organisms, especially when exposed to
venlafaxine, O-desmethylvenlafaxine, citalopram, and sertraline. These results emphasise
the importance of upgrading treatment technologies and the need for further in wvivo
studies.

Finally, the thesis presents an innovative sampling strategy that utilised active—passive
sampling (APS) in real wastewater. APS devices were deployed at the inflow and outflow
of a Slovenian wastewater treatment plant to compare the occurrence of psychoactive
substances, including antidepressants, illicit drugs, and opioids. The results from APS were
compared with those obtained from conventional 24-hour composite sampling followed by
SPE. While APS was ineffective for influent samples due to excessive particulate content,
a comparison of APS with conventional 24-hour composite sampling in effluent during the
same sampling period showed good agreement for most studied compounds. The results
highlight the potential of APS for monitoring campaigns.

To summarise, this thesis successfully addressed several gaps related to developing and
validating advanced analytical methods for the determination of psychoactive
pharmaceuticals and NPS, evaluating their stability, estimating their use through WBE,
and understanding the environmental impact of psychoactive pharmaceutical residues. At
the same time, it highlighted new research challenges in WBE, such as integrating non-
target screening into the early warning system. In addition, investigations are needed into
their occurrence in drinking water supplies and the associated risks to human health, as
well as further ecotoxicological studies assessing risks to non-target organisms, especially
in sensitive environments.
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Povzetek

Analiza ostankov psihoaktivnih snovi v komunalnih odpadnih vodah (nepreciséeni vtoki in
iztoki iz Cistilnih naprav) ter v povrSinskih vodah, v katere se iztekajo iztoki iz Cistilnih
naprav, ponuja dragocen vpogled v epidemioloske in okoljske vplive uporabe psihoaktivnih
snovi. Doktorska disertacija opisuje uporabo epidemiologije na osnovi analize neprecis¢ene
odpadne vode (ang. Wastewater-Based Epidemiology — WBE) za preucevanje prostorsko-
¢asovnih trendov porabe psihoaktivnih zdravilnih ué¢inkovin in novih psihoaktivnih snovi
(NPS) v splosni populaciji v Sloveniji. Poleg tega obravnava vpliv pandemije COVID-19
na uporabo psihoaktivnih zdravilnih ué¢inkovin in NPS, preucCuje uspesnost odstranitve teh
spojin iz odpadnih vod ter posledicno njihovo pojavnost v okolju. Disertacija prav tako
raziskuje uporabo novih strategij aktivno-pasivnega vzorcenja v odpadnih vodah ter
primerja rezultate s konvencionalnim 24-urnim kompozitnim vzorcéenjem. Nazadnje se
osredotoc¢a na pomembno vrzel v poznavanju vplivov ostankov psihoaktivnih zdravilnih
uc¢inkovin na vodne organizme.

V okviru doktorske naloge smo sprva vzpostavili robustne bioanalitske metode za
kvantifikacijo ostankov psihoaktivnih zdravilnih uc¢inkovin v razlicnih vodnih matrikah.
Med te metode sodi razvoj analiznih postopkov na osnovi tekocinske kromatografije
sklopljene s tandemsko masno spektrometrijo (LC-MS/MS) za analizo sledov biomarkerjev
psihoaktivnih zdravilnih uéinkovin, vkljuéno z antidepresivi, antipsihotiki in benzodiazepini
v neprecisCenih odpadnih vodah (vtoki) komunalnih C¢istilnih naprav. Za povecanje
preto¢nosti analiz in zmanjSanje potrebnega volumna vzorca smo optimizirali nov analizni
protokol na osnovi ekstrakcije na trdo fazo (SPE) s “96-well plate” za kvantifikacijo 28
biomarkerjev antidepresivov, opioidov in zdravil, ki se zlorabljajov vtokih ¢istilnih naprav.
Ta metoda, ki zahteva le 2 mL vzorca (vtok), je predvsem uporabna za obsezne in
dolgotrajne nadzorne meritve, pri ¢emer ohranja zadostne meje zaznave.

Vzporedno smo uporabili analizne protokole na osnovi LC-MS/MS (QTrap, taréna
analiza in QTOF, “suspect screening” protokoli) za preuCevanje prisotnosti NPS in
spremljanje njihove dinamicne pojavnosti in Siroke razsirjenosti. V ta namen smo razvili
taréne LC-MS/MS protokole za doloc¢anje ostankov psihoaktivnih zdravilnih ué¢inkovin v
odpadnih in povrsinskih vodah. Te metode omogocajo oceno ucinkovitosti odstranjevanja
ostankov preucevanih snovi v C¢istilnih napravah ter dolocanje njihove prisotnosti v
povrsinskih vodah, ki prejemajo iztoke iz ¢istilnih naprav. Poleg tega smo z uporabo “in
silico” metod (programska oprema ECOSAR —Ecological Structure-Activity Relationships)
preucevali tudi akutno in kroni¢no toksi¢nost ostankov psihoaktivnih zdravilnih u¢inkovin
na vodne organizme.

Glede na negotovosti, povezane s stabilnostjo biomarkerjev v odpadnih vodah, smo
izvedli sistematicne poskuse za oceno stabilnosti 11 biomarkerjev antipsihotikov pri
razlicnih pogojih shranjevanja in vzorcenja. Rezultati so pokazali specificne vzorce
razgradnje posameznih spojin — ve¢ spojin se je razgradilo ob nakisanju vzorcev in pri
ponavljajocih se ciklih zamrzovanja in odtaljevanja, medtem ko sta kvetiapin in risperidon
ostala stabilna pri vecini testiranih pogojev. Shranjevanje ekstraktov na SPE kartusah v
zamrzovalniku (—20 °C) omogoca za vec¢ino biomarkerjev antipsihotikov visoko stabilnost
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do treh mesecev, kar nakazuje, da je tovrstna hramba vzorcev primerna tudi za daljsi
transport in obdelavo veéje serije vzorcev. S simuliranjem razli¢nih scenarijev shranjevanja
vzorcev smo dodatno ocenili stabilnost izbranih NPS na SPE kartusah pri petih razliénih
temperaturah in v petih casovnih intervalih. Rezultati so pokazali, da shranjevanje
ekstraktov pri —20 °C ohranja izkoristke ekstrakcije znotraj sprejemljivega obmocja
(80—120%) za vecino spojin v ¢asovnem razponu do Stirih mesecev.

Glavne ugotovitve raziskav o uporabi psihoaktivnih zdravilnih udinkovin in NPS v
splosni populaciji na osnovi analize neprecisc¢ene odpadne vode razkrivajo izrazite trende s
Stevilnimi ¢asovnimi in prostorskimi variacijami. Vec¢ina psihoaktivnih zdravilnih u¢inkovin
je imela stabilno porabo med tednom, opazenih razlik med vikendi in delovnimi dnevi pa
ni bilo mogoc¢e neposredno povezati s pandemijo. Poleg tega se je pri vecini antidepresivov
poraba povecala med prvim valom pandemije, pri ¢emer nismo zaznali jasnih prostorskih
trendov. Nasprotno pa se je poraba antipsihotikov in benzodiazepinov med pandemijo
zmanjsala, zlasti med prvim valom COVID-19. Pomembno je tudi, da so pridobljeni
rezultati skladni z razpolozljivimi letnimi podatki predpisovanja psihoaktivnih zdravilnih
uc¢inkovin, kar dodatno potrjuje zanesljivost rezultatov, pridobljenih z WBE. Med
zaznanimi NPS je imel 3-metilmetkatinon (3-MMC) najvisjo frekvenco zaznave, saj je bil
prisoten na skoraj vseh vzorcnih mestih in v vseh obdobjih vzorcenja, sledil pa mu je
mitraginin, ki je imel najviSje masne obremenitve. Ugotovitve so skladne tudi z drugimi
mednarodnimi WBE studijami, ki porocajo, da je 3-MMC ena izmed prevladujocih
stimulativnih NPS v Evropi. Omeniti velja, da so se masne obremenitve 3-MMC med
pandemijo opazno povecale. Aplikacija “suspect screening” protokolov pa je razkrila
dodatne NPS na vsaj eni lokaciji med razliénimi vzorcenji.

Zaradi nepopolnega odstranjevanja ostankov psihoaktivnih zdravilnih ucinkovin pri
razli¢nih konvencionalnih biologkih postopkih ¢iscenja odpadnih vod (aktivno blato, sarzni
bioloski reaktor-SBR, SBR z UV-dezinfekcijo, membranski bioreaktor-MBR, reaktor s
plavajocimi nosilci biomase-MBBR) smo dolo¢ili njihovo prisotnost v povrsinskih vodah,
ki sprejemajo iztoke iz ¢istilnih naprav (ng/L). Poleg tega smo s primerjavo rezultatov
analiz povrsinske vode in napovedanimi okoljskimi koncentracijami pokazali, da lahko
napovedni pristopi, kot je opisano v tej disertaciji, sluzijo kot alternativa konvencionalnim
analizam vode. Model ECOSAR pa je dodatno nakazal mozne ucinke na vodne organizme,
zlasti ob njihovi izpostavitvi venlafaksinu, O-desmetilvenlafaksinu, citalopramu in
sertralinu. Ti rezultati poudarjajo pomen nadgradnje tehnologij ¢iScenja in potrebo po
nadaljnjih in vivo raziskavah.

Nazadnje disertacija obravnava uporabo inovativnega aktivno-pasivnega vzorcenja
(APS) v realnih odpadnih vodah. APS vzorcevalnike smo namestili v vtok in iztok iz
komunalne cistilne naprave z namenom primerjave prisotnosti ostankov psihoaktivnih
snovi (antidepresivov, prepovedanih drog in opioidov) dolo¢enih z APS in konvencionalnim
24 urnim kompozitnim vzoréenjem s slede¢o SPE ekstrakcijo. Ceprav APS v nepreciséenih
vzorcih vtoka zaradi prevelike vsebnosti trdnih delcev ni delovalo, je primerjava
ucinkovitosti APS s konvencionalnim vzoréenjem v iztoku pokazala dobro ujemanje za
vecino preucevanih spojin in potencial tega vzorcenja za nadzorne meritve.

V predlozeni disertaciji smo uspesno naslovili ve¢ vrzeli, povezanih z razvojem in
validacijo naprednih analitskih metod za doloc¢anje psihoaktivnih zdravilnih ucinkovin in
NPS. Obravnavali smo tudi oceno njihove stabilnosti, uporabo pristopa WBE ter
razumevanje okoljskih vplivov ostankov teh snovi. Raziskava je nakazala tudi nove izzive
na podro¢ju WBE, med katere spadajo vkljucitev netarc¢nih analiznih protokolov v sistem
zgodnjega opozarjanja (EWS) ter raziskave prisotnosti teh snovi v pitni vodi in s tem
povezanih tveganj za zdravje ljudi. Poleg tega so potrebne dodatne ekotoksikoloske studije
za oceno tveganj za netarcne organizme, zlasti v ob¢utljivih okoljih.
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Glossary

Active-Passive sampling (APS) — a hybrid sampling device combining active pumping and
passive diffusion mechanisms to collect samples under controlled hydrodynamic conditions.

Biofouling — the accumulation of microorganisms, plants, algae, or small animals on sampler
surfaces, potentially affecting analyte uptake.

Biomarker — the excreted metabolic residue of the substance under investigation. Its levels
in raw wastewater are used to estimate drug consumption.

Composite sampling — a conventional sampling approach that collects multiple wastewater
aliquots over a set period (e.g., 24 hours) to obtain a time-averaged sample.

Contaminants of Emerging Concern (CEC) — defined by EU NORMAN as “Substances
that have been detected in the environment, but which are currently not included in routine
monitoring programs at EU level and whose fate, behaviour and (eco)toxicological effects
are not well understood”.

Defined Daily Dose (DDD) — “the assumed average maintenance dose per day for a drug
used for its main indication in adults” and “does not necessarily reflect the recommended
or prescribed daily dose”, defined by the World Health Organization (WHO).

Drug  Utilisation Research (DUR) — a discipline which combines aspects of
pharmacotherapy, epidemiology, and health services research into an interdisciplinary set
of methods for analysing and assessing the prescribing, dispensing and consumption of
medicines.

Ecotozicity — is defined according to the United Nations Office on Drugs and Crime
(UNODC) as “The potential for biological, chemical or physical agents to affect ecosystems
and thereby, indirectly, biodiversity”.

Enantiomers - molecules that are a pair of mirror images of each other.

Grab sample — a single, discrete sample collected at a specific time and location to provide
a "snapshot" of the conditions at that moment.

Limit of detection (LOD) — the lowest concentration of an analyte that can be detected
with a stated probability.

Limit of quantification (LOQ) — the lowest concentration of an analyte that can be
quantified with an acceptable method performance (accuracy and repeatability).
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Matriz effect — the effect (enhancement or suppression) of co-eluting residual matrix
components of the sample on the ionisation of the target analyte in mass spectrometry.

Passive sampling — a sampling method where analytes accumulate on a sorbent or
membrane through natural diffusion over extended periods.

Substitutional therapy — a medical treatment where a legal drug, which is pharmacologically
similar to a drug of addiction, is prescribed to replace illicit drugs to manage dependence
and withdrawal symptoms.

Wastewater influent — the raw or untreated wastewater entering a wastewater treatment
plant.

Wastewater effluent — the treated wastewater emitted to the environmental waters from
the wastewater treatment plant.

Wastewater Treatment Plant (WWTP) — a facility that uses mechanical, physical,
chemical, and biological processes to remove pollutants from wastewater before it is
released to the environment or reused.



Chapter 1

Introduction

Over the past decade, the global use of pharmaceuticals (measured in defined daily doses)
has increased by 36%, reflecting advances in medical science, increased access and a
growing dependence of societies on pharmacological treatments for both physical and
mental health [1]. The increasing prevalence of mental health disorders, chronic conditions,
and lifestyle pressures has resulted in unprecedented levels of psychoactive pharmaceutical
consumption, particularly in developed countries [2], [3]. This trend has been further
accelerated by recent global challenges, including the COVID-19 pandemic, which
disrupted daily life, heightened stress levels, and profoundly impacted mental health
worldwide, amplifying the demand for psychoactive medications [4], [5].

Although psychoactive pharmaceuticals play a critical role in improving quality of life
and managing neuropsychiatric disorders, their increasing use is accompanied by challenges
of misuse, dependence, and diversion to non-medical purposes [6]. Alongside these
prescribed psychoactive medications, the rise of new psychoactive substances (NPS),
defined as synthetic or natural compounds designed to mimic the effects of controlled drugs
while often evading regulation, has added complexity to drug monitoring and control, since
their rapid emergence often outpaces regulation [7]. The expanding use of psychoactive
pharmaceuticals and NPS creates significant burdens for individuals, healthcare systems,
and law enforcement, while also raising concerns for the environment. Alongside risks of
addiction and diversion, residues of psychoactive pharmaceuticals are increasingly detected
in wastewater and receiving surface waters, where their ecological impacts are poorly
understood [8]. This thesis applies wastewater-based epidemiology (WBE) to investigate
psychoactive pharmaceuticals and NPS in Slovenia, combining public health and
environmental perspectives to address a growing societal concern.

1.1 Psychoactive Substances

Psychoactive substances are chemicals that, when administered, influence the functioning
of the central nervous system (brain and spinal cord) and alter an individual’s perception,
cognition, mood, consciousness, behaviour and emotions [1]. These substances can be
categorised based on their pharmacological effects, origin, and legal status. Certain
psychoactive substances are prescribed for therapeutic purposes, such as alleviating pain
and psychological suffering, whereas others are used recreationally for their mood- or
perception-altering effects.

According to the United Nations Office on Drugs and Crime (UNODC), psychoactive
substances can be classified as stimulants, hallucinogens, and depressants based on their
pharmacological effect [9]. Among these, psychoactive pharmaceuticals represent a
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significant subclass of medications prescribed for the management of various
neuropsychiatric and somatic disorders such as depression, anxiety, schizophrenia, bipolar
disorder, insomnia, and chronic pain and include antidepressants, antipsychotics,
benzodiazepines, mood stabilisers, anxiolytics, and hypnotics [10].

Psychoactive substances can be broadly categorised according to their primary effects
on the central nervous system. Stimulants, such as amphetamines, are known to heighten
alertness, increase arousal and elicit behavioural excitement, while some have established
therapeutic uses in conditions like attention-deficit/hyperactivity disorder (ADHD) [11].
In contrast, hallucinogens (or “psychedelics”) can alter consciousness, perception, thought
processes, and emotions, often inducing synaesthesia or varying levels of auditory or visual
hallucinations [12]. Depressants, including opioids, sedatives, tranquillisers, and hypnotics,
mainly suppress, inhibit or decrease brain activity [13].

According to their origin, psychoactive substances are classified into three categories:
natural, semi-synthetic, and synthetic. Natural or plant-based substances are directly
derived from plants or fungi. In contrast, semi-synthetic substances are produced by
modifying natural precursors through substitution or addition reactions, yielding
compounds with a similar chemical structure. Alternatively, synthetic substances are
synthesised through a series of chemical reactions using chemical precursors [7]. Notably,
antidepressants, antipsychotics, and benzodiazepines are entirely synthetic compounds
developed through medicinal chemistry to target specific neurotransmitter pathways. These
drug classes have no known direct natural equivalents but are structurally inspired by
earlier central nervous system depressants and modulators [6].

The legal regulation of psychoactive substances operates on both national and
international levels, classifying substances as licit (legal or unregulated) or illicit
(controlled). Globally, the control of psychoactive substances is governed by three key
United Nations conventions: the Single Convention on Narcotic Drugs in 1961 (UN61) [14],
the Convention on Psychoactive Substances in 1971 (UN71) [15], and the Convention
Against Illicit Traffic in Narcotic Drugs and Psychoactive Substances in 1988 (UN88) [16].
These conventions collectively govern the production, distribution, and use of over 300
psychoactive substances, which, based on their potential for abuse, associated health risks,
and therapeutic value, can be classified as shown in Table 1. National authorities
implement these conventions through domestic legislation, which may differ in how
psychoactive substances are classified and enforced. Slovenia, as a signatory to all three
UN conventions (UN61, UN71, and UNS8S8), has incorporated these controls into its national
legislation framework [17], classifying psychoactive substances into three levels (Table 1).

In contrast, psychoactive substances that are not restricted by law in terms of
consumption and trade are considered legal. These include prescription pharmaceuticals
(i.e., antidepressants, antipsychotics, and benzodiazepines), some NPS, alcohol and
nicotine. Although legal, their abuse, misuse, unauthorised production, possession, or
trafficking is considered illicit and may constitute a criminal offence under both Slovenian
and international law. Furthermore, in some cases, such as with substitutional therapies
involving synthetic opioids, their use is further restricted under international control
(UN61) due to their high misuse potential [14].
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Table 1: International and Slovenian scheduling of controlled psychoactive substances (adapted
by [14], [15], [17]). For full compound names corresponding to the abbreviations used in this table,
please refer to the Abbreviations section.

Single Convention on Narcotic Drugs (1961)

Schedule | Classification criteria Degree of control Examples
1 Highly addictive substances Very strict: subject to all | Cannabis, cocaine,
measures of control under | heroin, morphine,
High risk of abuse the Convention of 1961 methadone, opium
1I Substances used for medical purposes | Less strict Codeine
Lower risk of abuse than substances
in Schedule I
111 Preparations of substances listed in Lenient <2.5% codeine
Schedule II and cocaine <0.1% cocaine
v The most dangerous substances Very strict: complete ban | Heroin
already listed in Schedule I on their production,
manufacture,
Particularly harmful and of export /import, trade,
extremely limited or no accepted possession and use
medical /therapeutic value
Exceptions: medical and
scientific research
Convention on Psychoactive Substances (1971)
Schedule | Classification criteria Degree of control Examples
1 Substances with a high risk of abuse | Very strict: prohibited use | LSD, THC,
that pose a serious threat to public MDMA (ecstasy),
health Exceptions: scientific or mescaline,
limited medical purposes psilocybin
Very little/ no therapeutic value
1I Substances with a risk of abuse that | Less strict Amphetamines
pose a serious threat to public health
Low/ moderate therapeutic value
111 Substances with a risk of abuse that | Available for medical Barbiturates,
pose a serious threat to public health | purposes buprenorphine
Moderate/ high therapeutic value
v Substances with a risk of abuse that | Available for medical Tranquilisers,
pose a minor threat to public health | purposes analgesics,
narcotics,

High therapeutic value

benzodiazepines
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Regulation on the classification of illicit drugs in Slovenia
No. 69/19, 157/20, 162/21, 8/23, and 113/23
Group | Classification criteria Degree of control Examples
I Substances (and plants) with a high | Very strict: prohibited use | Heroin, LSD,
risk of abuse that pose a serious MDMA, cocaine
threat to public health Exceptions: scientific or
educational purposes
No therapeutic value
11 Substances (and plants) with a May be produced, Cannabis,
moderate to high risk of abuse that possessed, traded and methadone,
pose a serious threat to public health | used for medical, codeine
veterinary, educational, or
Known therapeutic value scientific purposes
111 Substances (and plants) with a risk May be produced, Antipsychotics,
of abuse that pose a medium threat possessed, traded and benzodiazepines,
to public health used for medical, morphine,
veterinary, educational, or | barbiturates
Known therapeutic value scientific purposes

1.1.1 Antidepressants

Antidepressants are psychoactive medications primarily prescribed for the treatment of
major depressive disorder (MDD). They are also utilised in managing generalised anxiety
disorder (GAD), obsessive-compulsive disorder (OCD), post-traumatic stress disorder
(PTSD), social anxiety disorder (SAD), and certain chronic pain conditions. They function
in various ways by modulating neurotransmitters such as serotonin, norepinephrine, and
dopamine, which help regulate mood and alleviate depressive symptoms [18].
Antidepressants are categorised into different classes, according to their chemical structure
and working mechanism (Table 2), including selective serotonin reuptake inhibitors
(SSRIs), serotonin-norepinephrine reuptake inhibitors (SNRIs), tricyclic antidepressants
(TCAs), monoamine oxidase inhibitors (MAOIs), noradrenergic and specific serotonergic
antidepressants (NaSSA), serotonin antagonist and reuptake inhibitors (SARIs), dopamine
reuptake inhibitors (DRIs), and selective serotonin reuptake enhancers (SSREs) [18].
Although closely related and structurally similar to tricyclic antidepressants,
carbamazepine and its active metabolite (carbamazepine-10,11-epoxide) are primarily
classified as mood stabilisers a class of medications used to treat mood disorders
characterised by intense mood fluctuations, and are best known for the treatment of bipolar
disorder and mania [19].

In the European Union (EU) and the United States (US), antidepressants are classified
as prescription-only medications. Some antidepressants, such as dibenzepin, melitracen,
moclobemide, mianserin, and lorpiprazole, are not approved or marketed in the US but are
available in the EU and Slovenia. In Slovenia, antidepressants are not listed under the
Decree on the Classification of Illicit Drugs (Official Gazette RS, No. 45/2020) and
therefore are not classified as controlled substances, as they generally have a low potential
for abuse and dependence [20]. However, their prescription and dispensation are regulated
to prevent misuse.
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Table 2: Classification of prescribed antidepressants in Slovenia.

Trimipramine N-oxide (M)

Class Trade Parent compound (PC)/ Primary Legal status
name main active metabolite (M) | therapeutic uses
SSRIs Cipramil, Citalopram (PC) MDD, GAD Prescription-only,
Celexa, Desmethylcitalopram or not scheduled
Citalon Norcitalopram (M)
Prozac, Fluoxetine (PC) MDD, OCD, Prescription-only,
Sarafem, Norfluoxetine (M) bulimia nervosa not scheduled
Adofen
Fevarin, Fluvoxamine (PC) MDD, OCD, Prescription-only,
Luvox anxiety disorders not scheduled
Seroxat, Paroxetine (PC) MDD, OCD, Prescription-only,
Paxil, panic disorder, not scheduled
Loxamine SAD, PTSD
Zoloft, Sertraline (PC) MDD, OCD, Prescription-only,
Lustral, Desmethylsertraline or panic disorder, not scheduled
Asentra Norsertraline (M) PTSD, SAD
SNRIs Cymbalta, Duloxetine (PC) MDD, GAD, Prescription-only,
Drizalma, fibromyalgia, not scheduled
Ariclaim, neuropathic pain
Yentreve
Efectin Venlafaxine (PC) MDD, GAD, Prescription-only,
O-desmethylvenlafaxine (M) panic disorder, not scheduled
SAD
TCAs Elavil Amitriptyline (PC) MDD, chronic Prescription-only,
Nortriptyline (M) pain, migraine not scheduled
prophylaxis
Norpramin, | Desipramine (PC) MDD, ADHD, Prescription-only,
Pertofrane 2-Hydroxydesipramine (M) neuropathic pain | not scheduled
Sinequan, Doxepin (PC) Depression, Prescription-only,
Quitaxon, N-Desmethyldoxepin or anxiety disorders, | not scheduled
Aponal Nordoxepin (M) insomnia, chronic
hives
Noveril Dibenzepin (PC) MDD Prescription-only,
not scheduled
Tofranil, Imipramine (PC) Depression, Prescription-only,
Melipramine | Desipramine (M) enuresis not scheduled
(bedwetting),
panic disorder
Adaptol, Melitracen (PC) Depression, Prescription-only,
Dixeran, anxiety disorders not scheduled
Melixeran,
Thymeol,
Trausabun
Surmontil Trimipramine (PC) Depression, Prescription-only,
Desmethyltrimipramine (M) insomnia not scheduled
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Anafranil Clomipramine (PC) OCD, depression, | Prescription-only,
Desmethylclomipramine or panic disorder not scheduled
Norclomipramine (M)
MAOIs Aurorix, Moclobemide (PC) Depression, social | Prescription-only,
Manerix anxiety disorder not scheduled
Nardil Phenelzine (PC) Depression, Prescription-only,
B-phenylethylidenehydrazine anxiety disorders not scheduled
(M)
NaSSAs Tolvon, Mianserin (PC) Depression, Prescription-only,
Athymil Desmethylmianserin or insomnia not scheduled
Normianserin (M)
Remeron, Mirtazapine (PC) MDD, GAD, Prescription-only,
Mirataz, N-Desmethylmirtazapine or insomnia not scheduled
Avanza, Normirtazapine (M)
Mirzaten
SARIs Trittico, Trazodone (PC) MDD, insomnia Prescription-only,
Desyrel, m-chlorophenylpiperazine, not scheduled
Molipaxin, | mCPP (M)
Oleptro,
Trazorel
DRIs Wellbutrin, | Bupropion (PC) MDD, SAD, Prescription-only,
Zyban Hydroxybupropion (M) smoking cessation | not scheduled
aid
Mood Tegretol, Carbamazepine (PC) Trigeminal Prescription-only,
stabilizers | Carbatrol, Carbamazepine 10,11-epoxide neuralgia, not scheduled
Epitol, (M) epilepsy, bipolar
Equetro disorder

MDD: major depressive disorder, GAD: generalised anxiety disorder, OCD: obsessive-compulsive
disorder, SAD: social anxiety disorder, PTSD: post-traumatic stress disorder, ADHD: attention-
deficit /hyperactivity disorder

1.1.2 Antipsychotics

Antipsychotics, also known as neuroleptics, are a class of psychoactive medications
primarily used to manage psychosis, including symptoms such as delusions, hallucinations,
and disordered thought processes. They are essential in the treatment of schizophrenia,
schizoaffective disorder, and bipolar disorder, and are sometimes used adjunctively in major
depressive disorder. There are three categories of antipsychotics: first-generation, also
known as typical antipsychotics, which are primarily dopamine D, receptor antagonists,
second-generation, also known as atypical antipsychotics, which are traditionally described
as serotonin-dopamine (5-HT>A/D.) antagonists, and third-generation, which act mainly
as partial dopamine agonists (PDAs) (Table 3) [21], [22]. However, the serotonin—
dopamine antagonism model for atypical antipsychotics is now considered oversimplified,
as agents such as clozapine and risperidone display variable D2 receptor occupancy and
diverse receptor-binding profiles. Their clinical effects are thought to arise from broader
multi-receptor activity and kinetic properties rather than solely 5-HT>A/D. antagonism
(23], [24].

Antipsychotics are prescription-only medications in both the USA and the EU. In
Slovenia, they are primarily classified under Group III of the Decree on the Classification
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of Illicit Drugs (Official Gazette RS, No. 45/2020), indicating that they have therapeutic
value but still pose some public health risks when misused [20]. Exceptions are haloperidol
and clozapine, which are classified under Group II, indicating their higher potential for
abuse. Consequently, although haloperidol and clozapine are legally available for medical
use, their production, distribution, and prescription are subject to stringent regulatory

controls [20].

Table 3: Classification of prescribed antipsychotics in Slovenia.

Class Trade Parent compound (PC)/ Primary Legal status
name main active metabolite (M) | therapeutic uses
Typical Thorazine, Chlorpromazine (PC) Schizophrenia, the | Prescription-
(first Largactil 7-hydroxychlorpromazine (M) manic phase of only, Group III
generation) bipolar disorder
Prolixin Fluphenazine (PC) Schizophrenia Prescription-
7-Hydroxyfluphenazine (M) only, Group III
Haldol Haloperidol (PC) Schizophrenia, Prescription-
acute psychosis, only, Group II
Tourette
syndrome
Trilafon Perphenazine (PC) Schizophrenia, Prescription-
7-Hydroxyperphenazine (M) nausea only, Group III
Atypical Saphris Asenapine (PC) Schizophrenia, Prescription-
(second N-Desmethyl-asenapine (M) bipolar disorder only, Group III
generation) | Clozaril Clozapine (PC) Treatment- Prescription-
Leponex, N-Desmethylclozapine or resistant only, Group II
Versacloz Norclozapine (M) schizophrenia
Zyprexa Olanzapine (PC) Schizophrenia, Prescription-
N-desmethyl-olanzapine (M) bipolar disorder only, Group III
Invega, Paliperidone (PC) Schizophrenia, Prescription-
Xeplion, schizoaffective only, Group III
Trevicta disorder
Seroquel, Quetiapine (PC) Schizophrenia, Prescription-
Kventiax N-Desalkylquetiapine or bipolar disorder, only, Group III
Norquetiapine (M) major depression
Risperdal, Risperidone (PC) Schizophrenia, Prescription-
Rispolux, 9-hydroxyrisperidone (M) bipolar disorder, only, Group III
Torendo autism
Third Abilify, Aripiprazole (PC) Schizophrenia, Prescription-
generation Aryzalera Dehydroaripiprazole (M) bipolar disorder, only, Group III
depression
Reagila, Cariprazine (PC) Schizophrenia, Prescription-
Vraylar Desmethylcariprazine (M) bipolar disorder only, Group III

Didesmethylcariprazine (M)
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1.1.3 Benzodiazepines

Benzodiazepines are a class of psychoactive drugs known for their sedative, anxiolytic,
muscle relaxant, and anticonvulsant properties. They are commonly prescribed for the
short-term treatment of anxiety disorders, insomnia, seizures, and as premedication for
medical procedures [25], [26]. They are also known as ‘minor tranquillisers’ and sedatives
(or sleeping pills). Benzodiazepines enhance the effect of the neurotransmitter gamma-
aminobutyric acid (GABA) at the GABA-A receptor, producing a calming effect. There
are three types of benzodiazepines (Table 4), including long-, intermediate-, and short-
acting, with the latter being more addictive and having a stronger withdrawal and ‘come
down’ effect [25].

In addition to benzodiazepines, a group of medications known as non-benzodiazepines
has emerged, which exert similar hypnotic and sedative effects by targeting the same
GABA-A receptors. Although structurally distinct, these agents—commonly referred to as
“Z-drugs” (e.g., zolpidem, zaleplon, and zopiclone)—promote GABAergic activity, which
contributes to their effectiveness in managing sleep-related disorders such as insomnia. Due
to their rapid onset and short half-life, they are primarily used for short-term sleep
induction [26].

Benzodiazepines can be highly addictive, whether they are taken under medical
supervision or used illegally for recreational purposes, to feel a sense of euphoria (or high)
or after taking stimulants (cocaine, amphetamines, ecstasy) to help with the ‘come down’
[27]. They can cause an overdose, particularly when used with alcohol or other drugs, and
should not be used long-term. For instance, more than 50% of drug-induced deaths in
Denmark, Austria, Portugal, and Finland in 2021 involved benzodiazepines [28], while
during the same year (2021), there were approximately 12,500 deaths involving
benzodiazepine overdoses in the US [29]. Benzodiazepines are also implicated in cases of
drug-facilitated sexual assault due to their sedative effects and ability to impair memory.
Flunitrazepam (Rohypnol) is among the most recognised, as it can induce amnesia and
drowsiness, making it a tool of misuse in such crimes. Other benzodiazepines, including
clonazepam and diazepam, have also been associated with similar misuse [27]. Additionally,
non-benzodiazepine drugs like zolpidem have been identified in related contexts due to
their comparable effects [27].

Although benzodiazepines are prescription-only medications, in the US, they are
regulated under Schedule IV of the Controlled Substances ACT [30], while in the EU, their
legal status varies slightly among countries, falling under national drug control laws.
Particularly in Slovenia, benzodiazepines are classified under the Decree on the
Classification of Illicit Drugs (Official Gazette RS, No. 45/2020) as Group III substances
[20]. This classification indicates that they have recognised medical uses but also have the
potential for misuse and dependence. Their prescription and dispensation are strictly
regulated to prevent abuse. One exception is temazepam, which is regulated as a Group II
substance, indicating stricter prescribing regulations and controls due to its higher potential
for abuse [20].
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Table 4: Classification of prescribed benzodiazepines in Slovenia.

Temazepam (M)
Oxazepam (M)

seizures

Class Trade Parent compound (PC)/ Primary Legal status
name main active metabolite (M) | therapeutic
uses
Short acting | Xanax, Alprazolam (PC) Anxiety, panic | Prescription-only,
Xanor, a-hydroxy-alprazolam (M) disorders Group III
Niravam,
Aripsiq
Noctamid, | Lormetazepam (PC) Insomnia Prescription-only,
Loramet N-Demethylated lormetazepam Group III
()
Versed Midazolam (PC) Sedation, Prescription-only,
a-Hydroxy midazolam (M) Anaesthesia Group 11T
Serax, Oxazepam (PC) Anxiety, Prescription-only,
Alepam Alcohol Group III
Withdrawal
Halcion Triazolam (PC) Prescription-only,
a-Hydroxytriazolam (M) Insomnia Group III
4-Hydroxytriazolam (M)
Intermediate | Prosom, Estazolam (PC) Insomnia Prescription-only,
acting Esilgan, 4-Hydroxyestazolam (M) Group III
Eurodin
Rohypnol | Flunitrazepam (PC) Severe Not approved
7-Aminoflunitrazepam (M) Insomnia
Ativan, Lorazepam (PC) Anxiety, Prescription-only,
Tavor, Insomnia, Group III
Temesta Seizures
Mogadon, | Nitrazepam (PC) Insomnia Prescription-only,
Alodorm, 7-Aminonitrazepam (M) Group III
Nitrazadon
Restoril, Temazepam (PC) Insomnia Prescription-only,
Normison, | Oxazepam (M) Group 11
Nortem
Long acting | Lexotan, Bromazepam (PC) Anxiety Prescription-only,
Lexotanil, | 3-Hydroxybromazepam (M) Group III
Lekotam,
Lexaurin
Frisium Clobazam (PC) Epilepsy Prescription-only,
N-Desmethylclobazam (M) Group III
Klonopin, | Clonazepam (PC) Seizures, panic | Prescription-only,
Rivotril 7-Amino-clonazepam (M) disorders Group 111
Valium, Diazepam (PC) Anxiety, Prescription-only,
Apaurin Nordiazepam (M) muscle spasms, | Group III
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Z-drugs Sonata, Zaleplon (PC) Short-term Prescription-only,
Starnoc, 5-Oxo-zaleplon (M) treatment of Group III
Andante insomnia
Ambien, Zolpidem (PC) Short-term Prescription-only,
Sanval, Zolpidem phenyl-4-carboxylic treatment of Group IIT
Zolsana acid (M) insomnia
Imovane, Zopiclone (PC) Short-term Prescription-only,
Zimovane, | N-Desmethylzopiclone (M) treatment of Group IIT
Dopareel insomnia

1.1.4 New psychoactive substances

New psychoactive substances are a diverse and continuously evolving group of synthetic
plant-based substances, either in a pure form or a preparation, that are structurally similar
to internationally controlled illicit drugs but not regulated under UN61 or UNT71 [31]. The
term “new” primarily refers to substances that have recently emerged on the drug market,
rather than to new inventions [7]. According to the UNODC, NPS are classified into 15
primary groups [32], based on their origin, chemical structure, and pharmacological effects
(Table 5). These substances appear on the drug market under various names, including
“legal highs”, “herbal highs”, “research chemicals “, “bath salts”, and “designer drugs”.
NPS are often designed to mimic the effects of conventional illicit drugs by making minor
modifications (addition/substitution of functional chemical groups) to the molecular
structure of controlled substances, while bypassing legal restrictions [32].

By the end of 2024, over 1,300 NPS had been identified across 151 countries worldwide,
with 47 new NPS reported in the European market [33], [34]. However, only 83 NPS had
been scheduled under international control by October 2024 [32]. This fact highlights a
significant delay between detection and regulation. For example, 3-methylmethcathinone
(3-MMC), one of the most frequently detected NPS in the EU, was only classified as
Schedule II Drug under the Convention of Psychotropic Substances of 1971 and placed
under international control in March 2023 [35], [36] — one year after the EU regulated it
through Commission Delegated Directive (EU) 2022/1326 [37], and following earlier action
by most Member States at the national level.

The legal status of NPS varies widely between countries. To date, more than 65
countries, including Slovenia, have implemented legal responses to control NPS [31]. Some
countries have adopted broader legal measures, such as blanket bans or comprehensive
prohibitions on all NPS, while others use more targeted approaches, regulating these
substances based on their chemical similarity (analogue legislation) or through individual
listing [31], [38]. Additionally, NPS may fall under various legal frameworks, including
customs regulations, pharmaceutical laws, or consumer protection acts, depending on each
country's legal context [38]. Considering the large and very dynamic NPS market, coupled
with the lack of comprehensive toxicological data, long-term effects, potential
carcinogenicity, and compound purity pose significant public health risks, increasing the
chance of acute intoxication in users, and necessitate timely regulatory responses.
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Table 5: NPS classification based on their origin, chemical structure, and pharmacological
effect, including representative examples [32]. For full compound names corresponding to the
abbreviations used in this table, please refer to the Abbreviations section.

NPS class Origin / Pharmacological | Examples
Chemical group effect
Aminoindanes Synthetic / Stimulant, MDAI, 5-TIAI, 2-Al
Indane derivatives Entactogen
(New) benzodiazepines | Synthetic / Sedative, Flubromazolam,
Benzodiazepine-related anxiolytic diclazepam, etizolam
Fentanyl analogues Synthetic / Potent p-opioid Carfentanil,
Fentanyl-related agonists; acetylfentanyl
depressant
Lysergamides Synthetic / Lysergic acid | Hallucinogen, 1P-LSD, LSZ
derivatives (LSD-like) psychedelic
(5-HT2A agonism)
Nitazenes Synthetic / Potent synthetic Isotonitazene,
Benzimidazole opioids opioids metonitazene
Phencyclidine-type Synthetic / Stimulant, 3-MeO-PCP,
substances Phencyclidine-related Dissociative 3-MeO-PCE
aryleyclohexylamines (NMDA
antagonism)
Phenethylamines Synthetic / Stimulant, 2C-B, DOM,
Amphetamine derivatives | hallucinogen
Phenidates Synthetic / derivatives of | Stimulant Ethylphenidate,
methylphenidate isopropylphenidate,
4F-MPH
Phenmetrazines Synthetic / Stimulant 3-fluorophenmetrazine,
Phenmetrazine phendimetrazine
derivatives
Piperazines Synthetic / Piperazine Stimulant, BZP, TFMPP
ring entactogenic
Plant-based substances | Natural / Various Kratom (mitragynine),

Diverse origins

Salvia divinorum
(salvinorin A)

Synthetic cannabinoids

Synthetic / Cannabinoid

Cannabinoid-like,

JWH-018, AM-2201,

receptor agonists Psychoactive 5F-MDMB-PINACA
(5F-ADB)
Synthetic cathinones Synthetic / B-keto Stimulant Mephedrone, 3-MMC,
amphetamines alpha-PVP
Tryptamines Synthetic or natural / Hallucinogenic 4-HO-MET, psilocybin,
Indolealkylamines DMT, 5-MeO-DMT
Other substances Synthetic / Structurally | Hallucinogen, n.a

diverse

stimulant, opioid,
sedative/hypnotic

n.a.: not applicable




12 Chapter 1. Introduction

1.2 Monitoring the Prevalence of Psychoactive
Pharmaceutical and NPS Use

Increasing mental disorders and drug abuse create a significant social, economic, and public
health burden [3]. For instance, mental health disorders globally contribute to 32% of years
lived with disability and account for 13% of the disability-adjusted life-years [39], while
illicit drugs are responsible for 5% of all substance-use-related deaths and 9% of all
substance-use-related lost healthy years [40]. Additionally, the COVID-19 pandemic
profoundly impacted the social and psychological well-being of populations worldwide [41].
Measures such as lockdowns, reduced social interactions, and the temporal closure of public
spaces led to sudden changes to the lifestyle and health-related behaviours among the
general population, contributing to increased levels of stress, anxiety, and depression [42].

Accurate monitoring of psychoactive substance use is essential for developing effective
prevention strategies and comprehensive mental health policies and plans [43]. The
monitoring of psychoactive pharmaceuticals typically uses conventional socio-
epidemiological methods, including hospital records, general population surveys, and
prescription and sales data [44]. Although such data provide valuable information about
consumption patterns in the general population, they are also subject to inherent
limitations and challenges, including bias, ethical concerns, time constraints, significant
time lags in the reported data, and a lack of geographical resolution [45], [46]. Prescription
and sales data are also subject to multiple sources of uncertainty, such as non-prescribed
sales, improper or unauthorised use, and household disposal of medication [47], [48].

Traditional drug utilisation research (DUR) also often fails to capture information on
the clandestine production or illegal distribution of psychoactive pharmaceuticals, leading
to potential underestimation of their consumption [49], [50]. Furthermore, incomplete
healthcare system datasets may lead to discrepancies between prescribed and administered
medication data. For example, prescriptions may not be filled, taken, or consumed by
someone other than the intended patient, or the patient may not follow the recommended
dosage. Additionally, the site of prescription fulfilment may not align with the location of
consumption, and economic factors or adverse effects may prevent patients from obtaining
or adhering to their medications [51].

Estimating the NPS use is essential from a public health and policy perspective, yet it
poses several distinct challenges due to the dynamic and short-lived nature of these
substances on the drug market[52], [53], [54]. Again, traditional indicators, such as seizure
quantities or reported consumption, are often inaccurate for NPS, as data on typical doses
and usage patterns remain limited [55]. Furthermore, NPS can quickly emerge and
disappear, making consistent tracking difficult. As a result, monitoring NPS use trends
often relies on identifying and counting the number of new substances entering the market.
However, drug users are often unaware of the specific NPS they consume, as new products
containing these substances typically provide minimal or no details about their composition
[7], [56]. Another issue is the use of NPS in combination with other substances (i.e.,
traditional illicit drugs and/or NPS), either intentionally or unintentionally, as
“adulterants” in controlled drugs [7], [57]. Because of these factors, at the European level,
the Early Warning System (EWS) was introduced in 1997 to collect, evaluate, and
disseminate information related to NPS, while on a global scale, the UNODC established
the Early Warning Advisory (EWA) in 2013 to track, assess, and report emerging trends
in NPS use worldwide.



Monitoring the Prevalence of Psychoactive Pharmaceutical and NPS Use 13

1.2.1 Psychoactive pharmaceuticals: Consumption trends and
prescription data

1.2.1.1 Antidepressants

According to the World Health Organization (WHO), approximately 300 million people
worldwide suffer from depression and anxiety disorders [3]. Depression affects individuals
of all ages, genders, and backgrounds, with a notable increase in cases due to factors such
as economic instability, the COVID-19 pandemic, and social isolation. Since 2010, the
global consumption of antidepressants has been steadily increasing, leading to further
research on their usage patterns [58]. This growth is also reflected in the global
antidepressant market, which was valued at USD 11.67 billion in 2019, rising to USD
15.84 billion in 2021, USD 19.60 billion in 2024, and is projected to reach USD 37.9 billion
by 2034 [59], [60].

Selective serotonin reuptake inhibitors (SSRIs), in particular, remain the most
commonly prescribed class of antidepressants, accounting for a significant market share
due to their efficacy and favourable safety profiles [60]. Data from the Organisation for
Economic Co-operation and Development (OECD) indicate that between 2011 and 2021,
antidepressant use in OECD countries increased by nearly 50%, with countries like Chile,
Korea, Latvia, and Estonia reporting a doubling or tripling of consumption rates [58].

The COVID-19 pandemic further exacerbated mental health issues, leading to a
significant rise in anxiety and depression prevalence in several countries, which likely
contributed to increased antidepressant use [4]. According to the latest OECD data, in
2022, Iceland continues to have the highest level of antidepressant use, with an average
consumption of 157 defined daily doses (DDD) per day per 1,000 inhabitants [61]. Several
other countries, including Canada, the United Kingdom, and Sweden, were also among the
biggest consumers, with more than 110 DDD/day/1,000 inhabitants reported [61].
However, data for the USA were not reported.

In the European Union, antidepressant consumption patterns vary significantly across
countries, with an overall trend of substantial growth. Southern European countries such
as Portugal and Spain have traditionally reported higher usage rates (151 and
98.4 DDD/day/1,000 inhabitants, respectively; 2022 data), whereas some Eastern
European countries, such as Romania and Bulgaria, have shown more rapid relative
increases in recent years [61].

In Slovenia, antidepressant use has followed the broader EU trend, with a steady rise
observed from 2010 onwards. According to OECD data for 2023, Slovenia ranked in the
middle range in global antidepressant consumption, with 70.2 DDD/day /1,000 inhabitants
[58], [62]. Recent data from the national prescription records showed an average increase
of 33% in antidepressant prescriptions between 2010 and 2023, with SSRIs, particularly
citalopram and sertraline, being the most commonly prescribed antidepressants, accounting
for approximately 70% of all prescriptions [62]. The COVID-19 pandemic further amplified
antidepressant usage, particularly during lockdown periods, with a notable increase of 10%
in prescriptions among the younger population, especially during the first wave of the
pandemic [63], [64]. These trends highlight the growing dependence on pharmacological
treatments for mental health care across general and specific populations, emphasising the
need for comprehensive monitoring strategies.
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1.2.1.2  Antipsychotics

Consumption of antipsychotics has also increased substantially over the past decade. The
global antipsychotic drug market was valued at USD 12.42 billion in 2020, increasing to
USD 16.88 billion in 2023, and is estimated to reach USD 26.48 billion by 2032 [65]. From
a market perspective, North America holds the largest share, accounting for over 50% of
global antipsychotic drug sales, driven by high diagnosis rates, access to healthcare, and
adoption of long-acting injectable formulations. Europe accounts for roughly one-third of
the global market, with growth driven by an ageing population, mental health reforms,
and technological advancements. Meanwhile, the Asia-Pacific region is experiencing the
fastest growth, supported by expanding healthcare access and increased mental health
awareness [66]. Overall, the antipsychotic drug market is driven by an increase in the
prevalence of mental health disorders, progress in drug development, and growing public
awareness regarding mental health issues [66]. According to recent WHO data, one in every
eight people lives with mental disorders, with schizophrenia and bipolar disorder affecting
approximately 24 and 40 million people globally [3].

The wuse of antipsychotics, especially second-generation (atypical) agents like
risperidone, olanzapine, and quetiapine, has expanded substantially in both clinical and
off-label settings [65], [66]. High-income countries generally led global trends [66]. In
Europe, the average antipsychotic consumption was around 14-15 DDD/day/1,000
inhabitants, while countries like Greece have reported significantly higher usage rates,
exceeding 25 DDD/day/1,000 inhabitants (2019 data) [66]. In contrast, Asian countries
reported much lower consumption rates, typically around 2 DDD/day/1,000 inhabitants
[66]. Between 2010 and 2020, OECD data showed a moderate but consistent increase in
antipsychotic use, i.e., Germany’s rates rose slightly, while several countries, already at
high levels (e.g., Spain and the UK), also climbed [67]. In the U.S., antipsychotic use
followed similar growth patterns, although country-level data (DDD/day/1,000
inhabitants) were less often compared internationally. Still, U.S. pharmaceutical sales
indicate that antipsychotic consumption is rising, driven not just by schizophrenia and
bipolar treatment but also for off-label uses, such as behavioural symptoms in dementia
and mood disorders [65].

The pandemic also increased antipsychotic demand globally, largely through expanded
telepsychiatry and rising mental health concerns. While DDD-level data are still emerging,
the overall market and prescription volumes grew during 2020-2022. Specific vulnerable
groups impacted included older adults, who have high baseline antipsychotic usage, and
adolescents, who experienced increased prescriptions amid pandemic stressors [68]. Many
defining drug markets, such as France, Italy, the UK, South Korea, and the USA, reported
notable increases in antipsychotic prescriptions among dementia patients during the early
COVID-19 months, with usage levels that remained elevated into 2021 [69]. The increase,
particularly among dementia and long-term care patients, is believed to stem from
pandemic-induced disruptions such as restricted family visits and mounting
neuropsychiatric symptoms in care settings [69].

In Slovenia, the number of antipsychotic prescriptions increased by 45% between 2010
and 2023, indicating that antipsychotic use has mirrored broader European trends, with
atypical antipsychotics dominating the Slovenian market due to their improved safety and
efficacy profiles [62]. Moreover, the COVID-19 pandemic likely contributed to these trends,
as a 12% increase in prescriptions was observed in Slovenia during the lockdown periods
(2020-2022) [62]. Compared to other EU countries, Slovenia’s consumption rates are
moderate, similar to those of countries reporting approximately 5-10 DDD/day/1,000
inhabitants [62]. According to national prescription records, the most commonly prescribed
antipsychotic was quetiapine, followed by olanzapine and risperidone [62].
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1.2.1.3 Benzodiazepines

Regarding benzodiazepines, the general trend differed from antidepressants and
antipsychotics, which, on average, demonstrated increasing rates of use globally.
Benzodiazepine consumption, however, has decreased, mainly in high-income countries that
historically have shown the highest consumption rates [70]. Specifically, a cross-sectional
study encompassing 64 countries found that between 2014 and 2019, benzodiazepine use
decreased by 13% in high-income countries, increased by 4% in middle-income countries,
and increased by 5% in low-income countries [70]. Across Europe and globally, traditional
benzodiazepine usage has gradually declined pre-2020, with a parallel increase in
prescriptions of Z-drugs and short-acting agents, such as diazepam and alprazolam [71].
Notably, from 2008 to 2019, the use of benzodiazepines showed a mean annual decline of
1.9% in DDD/day/1,000 inhabitants, while Z-drug usage increased by 3.3% per year,
reflecting shifting prescribing practices across more than 60 countries worldwide [71].

This global trend is also mirrored in Slovenia. The analysis of national prescription data
from 2006 to 2023 revealed a steady long-term decline of 25%, with the total number of
prescriptions decreasing from approximately 1.77 million in 2006 to 1.19 million in 2023
[62]. This trend could potentially reflect changing clinical guidelines, increasing awareness
of dependence risks, and the adoption of alternative therapies. Focusing on the last decade
(2014-2023), prescriptions have continued to decline steadily. However, a notable sharp
drop was observed in 2016, with a 48% decrease compared to the previous year. This
decrease was primarily driven by reductions in prescriptions for bromazepam, diazepam,
and lorazepam, possibly indicating changes in prescribing policy or supply-related
availability [62].

In contrast, a moderate increase of approximately 8% in total benzodiazepine
prescriptions was observed during 2020-2021, potentially linked to elevated anxiety and
sleep disorders associated with the COVID-19 pandemic. Prescription volumes
subsequently returned to levels similar to those seen before the pandemic [62]. During the
COVID-19 pandemic, global benzodiazepine consumption patterns varied significantly
worldwide. However, a similar trend was also observed in the US, Estonia, and Spain,
where a significant increase in the number of benzodiazepine prescriptions, mainly among
women, was recorded at the start of the pandemic, in spring 2020, while long-term trends
remained largely unchanged.

In Slovenia, zolpidem, alprazolam, and bromazepam were the most frequently
prescribed benzodiazepines over the past decade [62]. Their continued prevalence suggests
a clinical preference for short-acting compounds with a rapid onset of action, consistent
with international trends aimed at minimising long-term dependency.

1.2.2 Current dynamics of the NPS market

New psychoactive substances are rapidly emerging, quickly changing, and swiftly replaced
by new variants, preventing the development of a well-established, long-standing market
and long-term demand for any specific NPS. Despite international efforts, including
continuous identification and scheduling processes by the UNODC and the European Union
Drugs Agency (EUDA) (Chapter 1.1.4 New psychoactive substances), the NPS market
remains resilient and highly dynamic. According to the UNODC Early Warning Advisory,
up to 2024, approximately 1,300 NPS had been reported in 141 countries and territories
worldwide [72], with EUDA monitoring over 1,000 NPS [73], reflecting the widespread
global distribution and the rapidly changing nature of the NPS market, evidenced by the
emergence of 47 new substances within Europe in 2024 alone [74].
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The number of readily available NPS expanded globally after 2009 and stabilised at
around 550 available NPS by 2018. Interestingly, the number of new NPS cases reported
annually increased to 627 in 2023, setting a record for the highest number of unique NPS
cases reported in a single year [75]. Synthetic cannabinoids, in particular, reached a peak
with the unprecedented number of 191 unique substances reported in 2023 alone, the
highest number reported since UNODC began NPS monitoring, highlighting the increasing
complexity of the synthetic drug landscape [75]. This trend was further reinforced by
increasing diversification within a subgroup known as “semi-synthetic” cannabinoids.
While some of the early compounds in this category were derived from plant-based
cannabinoids like CBD or THC, many later examples were entirely synthetic but still
marketed under the same label [75].

The latest data from 2023 showed that stimulants continue to constitute the largest
and most diverse group of NPS, with a percentage of 35%, followed by synthetic
cannabinoids (32%), classic hallucinogens (15%) and synthetic opioids (12%) [75]. The
latter showed a significant diversification from a single opioid NPS in 2009 to 87 by 2020,
but there was a notable drop in the number of synthetic opioids, which fell from 82 unique
substances in 2022 to just 41 in 2023. This reduction was mainly attributed to a sharp
decline in fentanyl analogues, decreasing from 55 reported variants in 2022 to only 18 in
2023 [75]. Meanwhile, the nitazenes group, which also includes potent opioid agonists, grew
significantly, with 16 distinct compounds identified in 2023, compared to 11 the previous
year. This increase was coupled with wider geographic distribution, as 26 countries and
territories reported the presence of nitazenes in their drug markets [75].

The NPS market dynamics differ significantly by region, with NPS use appearing to
decrease in North America and most parts of Western Europe, whereas it is likely to rise
in Eastern Europe, Asia, and Africa [40]. Two distinct markets have emerged — synthetic
and plant-based. The synthetic NPS market has experienced rapid geographical expansion,
with the number of countries reporting seizures increasing from 30 (2009-2010) to 57 (2019-
2020), driven by reports from East and South-East Asia. Among these substances, ketamine
has emerged as the most commonly seized synthetic NPS [40], [76]. On the contrary, the
trafficking of plant-based NPS has expanded more gradually, with seizures reported in 28
countries between 2009 and 2010, increasing to 37 countries between 2019 and 2020. Plant-
derived materials such as kratom, khat, and Salvia divinorum remain the most commonly
reported plant-based NPS, with kratom leading in terms of global seizures and accounting
for approximately 50% of all plant-based NPS seized [76].

Local-level data further illustrate NPS trends. In Slovenia, according to the national
report on the drug situation in 2019, less than 1% of Slovenian adults reported the use of
any NPS [77]. Nevertheless, data from alternative sources, such as online surveys, suggest
that NPS use, either on its own or in combination with traditional illicit drugs, could be
more prevalent among specific subgroups, particularly among young people in recreational
environments [78]. Although in 2021, university students in Ljubljana reported their first
use of NPS at the age of 21, data from broader studies suggested that the first NPS use
was in even lower ages, including 2% of 17-year-olds in 2018 and 5.3% of 15-16-year-olds
in 2019 [77], [78], [79], [80]. Among students at the University of Ljubljana, benzodiazepines
and ketamine were the most recognised NPS (83%), followed by gamma-hydroxybutyric
acid/gamma-butyrolactone (GHB/GBL) (52%) and DMT (33%) [80].

Based on the latest Slovenian data, the number of reported NPS cases was relatively
low until 2020, but increased ninefold in 2021. Twenty different NPS were reported, mainly
synthetic cathinones, including 3-MMC, MDPHP, and pentedrone, which were identified
[81]. The identified NPS from street drug analysis in Slovenia from 2015 to 2025, grouped
by their chemical class, are shown in Table 6 [82], [83]. This comprehensive list provides
a foundation for more targeted toxicological and epidemiological analyses.
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Table 6: Identified NPS in Slovenia from 2015 to 2025 (acute emergency cases, anonymous
testing of street drugs and drug seizures), adapted by [82], [83]. For full compound names
corresponding to the abbreviations used in this table, please refer to the Abbreviations section.

Class Identified Substances
Aminoindanes 5-1AI, 2-Al
Arylalkylamines 2-MAPB, Methiopropamine (MPA), BK-2C-B, 6-APDB,

Beta-ketomethiopropamine

Arylcyclohexylamines | 3-MeO-PCP, Methoxetamine (MXE), Ketamine,
N-Ethyldeschloroketamine (2-oxo-PCE, O-PCE), 2-Methoxyketamine,
3-MeO-PCE, 2F-Ketamine, 3-HO-PCE, 4-MeO-PCE, MXPr,
2F-Deschloronorketamine, 3-Fluoro-PCP, 3-Chloro-PCP, MXiPr,
N-Boc Norketamine, 3-Fluoro-deschloroketamine, 2-Fluoro-2-oxo-PCE,
2F-Deschloroketamine (2-FDCK)

Benzodiazepines Nifoxipam, Phenazepam-4-oxide, Pivoxazepam, Metizolam, Nitrazolam,
R05-4864 (4-chlorodiazepam), Fonazepam, Clonazolam, Etizolam,
Flubromazepam, 3-Hydroxyflubromazepam, Bromazolam, Flualprazolam,
Norflurazepam (Norfludiazepam), Desalkylgidazepam,
Triazolobenzodiazepine (TBZD), Flubromazolam, Meclonazepam

Cannabinoids MDMB-CHMCZCA, AB-FUBINACA, CUMYL-BICA, 5F-AMBICA,
CUMYL-THPINACA, AB-CHMINACA, CUMYL-PINACA,
ADB-CHMICA, FUB-AKB48, CUMYL-5F-P7TAICA, CUMYL-PICA,
AKB48, ADAMANTYL-THPINACA, PB-22,

CUMYL-5F-PINACA, CUMYL-5F-PICA, 5C-AKB48, FUBIMINA,
MDMB-CHMICA, STS-135, AMB-CHMICA, JWH-072-N-carboxy, RCS-8,
5F-APICA, JWH-147, AB-PINACA, JWH-020, JWH-072, JWH-018,
5F-MN-18, 5F-APP-PICA_ (PX1), 5F-PY-PICA, MO-CHMINACA,
5-Fluoropentyl-3-pyridinoylindole, FUB-NPB-22, ADB-PINACA_ isomer 2,
5F-AKB48, JWH-166, JWH-368, 5-Fluoro-SDB-005, JWH-308,
SDB-006-N-phenyl analogue, 5-Fluoro-JWH-018-adamantyl analogue,
5F-MDMB-PINACA, JWH-369, AMB-FUBICA, 5F-PB-22, NM-2201,
MDMB-CHMINACA, 5F-3,5-AB-PFUPPYCA, ADB-FUBICA,
ATHPINACA_ isomer 1, ATHPINACA_isomer 2, 5CI-AB-PINACA,
5F-CYPPICA, MEP-FUBICA, CUMYL-PeGaClone, FUB-144,
CUMYL-4CN-B7AICA, 4F-CUMYL-5F-PICA, MDMB-4en-PINACA,
MMB-022 (MMB-4en-PICA), THJ-2201 (AM-2201 indazole analogue),
RCS-4-C4 homologue, F-AMB-PICA, CUMYL-PIPETINACA,
4,4-F-CUMYL-PIPETINACA-(SGT-235), Ethylbenzyl-CYBINACA,
Isobutyl-1-pentyl-1H-indazole-3-carboxylate, MDMB-INACA,
APP-BUTINACA, 5F-MDMB-P4AICA, ADB-BUTINACA,
CUMYL-CBMICA, MDMB-CHM7AICA, Benzyl-4-CN_ BUTINACA,
MDMB-FUBTAICA, 4-CN-CUMYL-BUTCZCA, 4F-EMB-BUTICA,
EDMB-PINACA, ADB-HEXINACA, ADB-PHETINACA, MDA-19,
CUMYL-CBMINACA, ADB-D-5Br-INACA, ADB-5Br-BUTINACA,
ADB-5Br-PINACA, CUMYL-CHSINACA, ADB-5Br-4-en-PINACA,
ADB-INACA, ADB-P-5Br-INACA
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Synthetic cathinones

2-MMC, 3-MMC, 4-MMC, 4-Methyl-alpha-pyrrolidinopentiophenone (alpha-
PHiP), Alpha-PVP, Pyrovalerone, Pentedrone, N-Ethylnorpentedrone,
3-CMC, 5-BPDi, N-methyl-bk-MMDA-2, alpha-PHP, N-ethylhexedrone,
PV9, PV8, Naphyrone, 4-Ethylethcathinone, 4-Ethylmethcathinone,
3,4-DMMC, 4Cl1-PVP, Eutylone, BMDP, 4-CDC, MPPP, 3-MeOMC,
N-Ethylpentylone, 3Cl-N,N-DMC, 4-Ethylpentedrone, 4Cl-alpha-PHP,
2Cl-N,N-Dimethylcathinone, 4-Methyldiethcathinone, 3F-alpha-PVP,
4Cl-Buphedrone, 3-MeO-4-EtO-N, N-Diethylpentedrone,
3-MeO-4EtO- N, N-Diethylhexedrone, 3-EtO-4-MeO- N, N-Diethylpentedrone,
5-MeO-N, N-Diethyl hexylone, 3-EtO-4-MeO-N, N-Diethylhexedrone,
6-MeO- N, N-Diethylpentylone, 3F-NEB, 4-Me- N-Propylcathinone,
Propylcathinone, 3-Chlorocathinone, N-Propylmethylone,
4-Chloromethcathinone (4-CMC)

Indolalkylamines
(tryptamines)

4-HO-MET, 1P-LSD, 4-AcO-DMT, 4-HO-MiPT, AMT, ALD-52, 1cP-LSD

Opioids

4-MeO-BF, 4F-BF, FU-F, U-47700, Acryloyl-F, 4Cl-iBF, Methoxyacetyl-F,
Methene-U-47700, Benzyl-carfentanil, Benzylfentanyl, Beta-methylfentanyl,
3-Methylbutyrylfentanyl, Furanylethyl fentanyl, Cyclohexyl fentanyl,
Cyclopropyl fentanyl, 4Cl-Acrylfentanyl, 4Cl-Cyclopentyl-F,
Despropionyl-methylfentanyl, Isophentanyl (cis), Propyl U-47700,
2,3-seco-fentanyl, para-Fluorobenzylfentanyl, ortho-fluoro 4-ANBP,
Despropionyl-4-methoxyfentanyl, Despropionyl-4-bromofentanyl,
TIANEPTIN, N-Me-4-Me phenyl fentanyl,

N-Me-3-Me Phenyl fentanyl, Brorphine, Fluonitazene, Etazene,

Furanyl UF-17, Etonitazepyne, N-Pyrrolidino etonitazene

Phenethylamines

4-Fluoroamphetamine (4-FA), X-fluoroethamphetamine (X-FEA),
1-(Benzofuran-5-yl)- N-methylpropan-2-amine (5-MAPB), 25I-NBF, DOF,
Acetylamphetamine, 2C-TFM, 4-Chloromethamphetamine,
2-Bromo-4,5-MDMA, Allylescaline, 25I-NBOMe,
4-Bromo-2,5-dimethoxyphenethylamine (2C-B), 5-MAPDI, Hordenine,
25E-NBOH, 25B-NBOH, 2-Fluoromethamphetamine (2-FMA),
4-FLuoromethamphetamine (4-FMA),

6-(2-Aminopropyl) benzofuran (6-APB)

Piperazine

derivatives

DB-MDBP, 1-(2,5-Dimethoxybenzyl)piperazine, Acetildenafil, Sunifiram,
Methoxypiperamide, Kleferein

Plants & extracts

Mitragynine, Harmine

Others

2-MeO-Diphenidine, Dimethocaine, DMAA, Noopept, P2NP, Phenibut,
Phenylpiracetam

Precursor and pre-
precursor chemicals
(associated with the
synthesis of NPS)

4-Methylpropiophenone, APAAN, MAPA
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1.3 Wastewater-Based Epidemiology

A wastewater treatment plant (WWTP) is typically the endpoint of a sewerage or
wastewater collection system that gathers wastewater from households, businesses, and
other facilities through a network of sewers and pumping stations. Therefore, the content
of wastewater influent acts as a mirror of our society, reflecting a population’s health and
lifestyle. For example, everything we consume is excreted from the body in urine and faeces
as parent compounds or related metabolites, and subsequently ends up in the sewer system,
where it is typically transported to a local WWTP. Therefore, a single influent wastewater
sample contains a wealth of information about the population served by a particular
WWTP. From this perspective, collecting multiple samples enables the acquisition of
epidemiological insights across defined population groups, in various locations, and at
different periods [84]. Over the past decade, wastewater-based epidemiology (WBE) has
become a well-established alternative to conventional epidemiological methods
(Chapter 1.2 Monitoring the Prevalence of Psychoactive Pharmaceutical and NPS Use),
providing objective, anonymous complementary information on spatiotemporal trends in
licit and illicit drug use [2].

Wastewater-based epidemiology involves analysing human metabolic excretion
products (biomarkers), including parent compounds and their relative metabolites, in
influent wastewater to investigate consumption and exposure to different xenobiotics
within defined populations [85]. Trace concentrations of these biomarkers can be measured
using highly accurate and precise analytical methods and instrumentation. The measured
concentrations of human biomarkers in untreated (raw) influent wastewater are then
converted to population-normalised mass loads (PNMLs), expressed as mg
biomarker/day/1,000 inhabitants, by multiplying by the corresponding daily wastewater
flow rates (L/day) and dividing by the population equivalent contributing to the catchment
area on a given day [85]. The PNMLs can serve as proxies for human consumption or
exposure, allowing comparisons of usage or exposure patterns across different locations and
time periods.

Since its first application in 2005 by Zuccato, to investigate cocaine consumption in
Italy [86], WBE has been subjected to continuous development and improvement [87], [88],
and most WBE studies have adopted the same approach, including the following steps:
sampling of raw influent wastewater, targeted wastewater analysis for selected biomarkers,
and back-calculation of their consumption (Figure 1).
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Figure 1: Schematic overview of the main steps in WBE.
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In 2010, the WBE approach was harmonised through the Sewage Analysis CORe group
Europe (SCORE) COST Action. This initiative has developed best-practice protocols for
wastewater sampling, storage, and analysis and has led to the formation of the SCORE
network to monitor illicit drug use. Since then, apart from the large number of studies
extensively applied to monitor the consumption of illicit drugs, the application of WBE
extended to monitoring the consumption of alcohol, tobacco [89], [90], caffeine [91], opioids
[92], [93], food and artificial sweeteners [94], [95], personal care products [96], [97],
pharmaceuticals [5], [98], [99], NPS [100], [101], [102], [103], and lately to track the spread
of infectious diseases like SARS-CoV-2 in populations [104], [105]. Additionally, non-
targeted wastewater analysis has been incorporated into the WBE protocol to detect both
known substances (via suspect screening) and previously unidentified ones, potentially
leading to the identification of new biomarkers. This approach is particularly beneficial for
monitoring NPS, as it provides a more comprehensive overview of their consumption
patterns [106].

1.3.1 WBE methodology

1.3.1.1  Sampling

Typically, wastewater influent is collected at the inlet of a WW'TP to estimate psychoactive
substance consumption in the general population, such as within a city or municipality.
WBE best practices strongly recommend wastewater sampling during dry periods, as
rainfall can dilute wastewater and make biomarker detection more challenging.
Additionally, in the event of an overflow, untreated wastewater may be discharged, leading
to inaccurate average consumption estimates. Sampling should also be avoided during
special events at the WWTPs, including planned maintenance, public holidays or festivals,
which may significantly affect the results, as population size (people migration) and
psychoactive substance consumption may differ from typical, unless this is the study’s
objective, like determining NPS during the new year period [100].

The most reliable approach in the WBE is to use 24-hour composite sampling over
multiple days (usually a whole week) to capture weekday and weekend variability.
Typically, 24-hour composite wastewater samples are collected using an autosampler,
which operates in flow-, time-, or flow-proportional mode. In terms of best sampling
practice, Ort et al. [107] suggested using autosamplers that operate in flow-proportional
mode, collecting samples of varying volumes proportional to the wastewater flow at
constant time intervals. Alternatively, the autosampler should operate in volume-
proportional mode, where fixed-volume samples are collected at varying time intervals
adjusted according to the wastewater flow. In contrast, the time-proportional sampling
mode, where both the sampling frequency and volume remain constant, is considered less
preferable due to the higher level of uncertainty it introduces into the sampling process.
Nevertheless, regardless of the chosen sampling mode, the sampling frequency should be
tailored to the specific characteristics of the catchment area, such as exfiltration and the
prevalence of psychoactive substances, ideally with a maximum interval of ten minutes
[107].

According to recent reviews [2], [102], [106], 24-hour composite influent wastewater
samples collected at the WWTPs are the most widely applied sampling method for
assessing psychoactive pharmaceutical and NPS consumption in the general population.
Although autosamplers typically operate in time-proportional mode at different time
intervals (ranging from 10 minutes up to 6 hours), primarily for operational reasons,
volume- and flow-proportional sampling modes have also been employed [2]. Only a few
studies have reported using grab or passive sampling [45], [96], [108], [109], [110], [111],
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[112]. Grab sampling is considered less suitable for WBE applications because it represents
wastewater conditions at a specific time, failing to capture short- or long-term fluctuations
in concentration, which can result in a misleading concentration profile for the system
under investigation [2]. Although grab sampling is simple, low-cost, and practical for rapid
screening, it lacks temporal representativeness. In contrast, 24-hour composite sampling
integrates temporal variation, offering more accurate and reliable estimates of community-
level substance use, albeit with higher equipment and maintenance requirements [2].
Overall, composite sampling remains the standard approach for quantitative WBE
applications; however, alternative techniques such as passive sampling are increasingly
being explored to overcome some of its operational limitations and enable longer-term
monitoring.

The use of passive samplers, such as polar organic integrative samplers (POCIS), is an
interesting approach because they enhance in-situ detection by accumulating biomarkers
on a polymer-based sorbent that remains exposed to wastewater for extended periods,
ranging from days to weeks [2]. Except for POCIS (Figure 2), the use of other passive
samplers, including microporous polyethylene tubes (MPT) [96] and diffusive gradients in
thin-film (o-DGT) [113], has also been reported. POCIS are particularly effective for
monitoring a broad range of hydrophilic organic compounds, while o-DGT samplers rely
on diffusion through a gel layer, thereby reducing boundary-layer effects and providing
more stable time-weighted average concentrations [114]. In contrast, MPT devices employ
a microporous polyethylene membrane that minimises flow dependence and have been
extensively calibrated for polar organic contaminants, making them suitable for wastewater
applications [115], [116].

Figure 2: Deploying a passive sampler (POCIS) at municipal WWTP (Photo: Maria
Laimou-Geraniou).

Nevertheless, for a better understanding of human psychoactive substance abuse
behaviour between weekdays and weekends, 24-hour composite sampling remains more
practical, as it can capture fluctuations in consumption on specific days [2], [112]. Passive
sampling devices, however, can be advantageous in wastewater analysis when autosamplers
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are unavailable, as they provide a straightforward, low-cost sampling approach, in-situ
enrichment of analytes, increased sensitivity, and time-weighted average (TWA)
concentrations, thus offering a time-integrated representation of exposure [2], [102]. Passive
samplers also simplify sample transport and storage, as analytes are pre-concentrated onto
the sorbent material, requiring less refrigerated volume and reducing the risk of degradation
compared with large-volume composite samples. Their low power demand, operational
simplicity, and ability to be deployed simultaneously at multiple sites make them
particularly attractive for long-term or remote monitoring campaigns [2], [45].

Despite the advantages of passive samplers — time-integrated results, reduced power
requirements, and operational simplicity — their applicability remains limited. This
limitation arises from the highly complex nature of influent wastewater matrices, which
contain variable loads of suspended solids, organic matter, and interfering contaminants,
as well as the need for site-specific in-field calibration. This limited application is also due
to their uptake being affected by environmental conditions, biofouling, low robustness, and
the limited number of extracted biomarkers. Another limitation of passive samplers is the
potential for membranes to clog with solid particles that accumulate on the sampler surface
during deployment, thereby substantially affecting the analytical results [2], [45].

An alternative, more recent development in this field is the active-passive sampling
(APS) device, which combines the benefits of both active and passive sampling [117], [118].
The APS samplers are designed with a diffusion cell loaded with multiple sorbents and
powered by a pump that maintains laminar flow. This design enables better control over
sampling conditions and reduces dependency on ambient hydrodynamics (Figure 3).
When first applied in seawater at the Port of Zeebrugge, Belgium, APS showed promising
results in detecting a wide range of contaminants (including the psychoactive
pharmaceuticals carbamazepine and temazepam) with greater accuracy [119]. The APS
device also demonstrated the ability to measure concentrations of target biomarkers with
diverse physicochemical properties, highlighting its potential as a promising tool for
monitoring influent wastewater in WBE applications (Figure 4) [119].

INLET OUTLET
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Figure 3: (A) Schematic and (B) cross-section (not to scale) of the APS diffusion cell [2],
[117]. The top and bottom blocks can accommodate multiple sorbents, allowing for the
sampling of a diverse range of compounds. The sample is actively pumped through the
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device, as indicated by the arrows in (B). Water sealing is ensured by two O-rings placed
in circular cavities machined in both top and bottom blocks.

A)

Figure 4: Deployment of APS in (A) influent and (B) effluent wastewater, at municipal
WWTP (Photo (A): David Heath and photo (B): Maria Laimou-Geraniou).

Studies targeting specific sub-catchments, such as hospitals, prisons, educational
institutions, or even events like football games and festivals, require adapted sampling
strategies [2], [120], [121]. In such cases, samples are often collected directly from the sewage
outlet before it enters the main municipal network (i.e., at prisons or educational
institutions) or from the inlet of an on-site wastewater treatment facility (i.e., at hospitals).
Sampling during special events, such as festivals, is commonly carried out at municipal
WWTPs [2], [120]. However, in cases where the event location is not connected to a
WWTP, sewage is transported to the corresponding WW'TPs through local sewers or on-
site sanitation systems, such as portable toilets. In the latter case, pooled sewage samples
are collected directly and transported for further analysis [2], [120]. Specific sites or small
sub-catchments (i.e., hospitals, prisons, educational institutions, and fitness centres)
present additional challenges in obtaining representative wastewater samples due to the
physical boundaries of the sewer system (i.e. depth of the sewer), limited power supply for
autosamplers (in case of composite sampling), inconsistent or reduced wastewater flow, and
fewer discharge events, such as toilet flushes containing the biomarkers of interest [120].
While flow-proportional sampling with short intervals (i.e., 1 min) is recommended [107],
time-proportional sampling with modified sampling periods ranging from 2 to 72 hours is
more frequently applied in specific catchments [2].

The appropriate transport and storage conditions for wastewater samples are
determined by the matrix properties, which are influenced by factors such as temperature
and source, as well as the stability and preservation requirements of the target analytes.
Thus, before any sampling and analysis, the stability of target biomarkers in wastewater
should be established under relevant environmental and storage conditions. Since the
stability of many psychoactive pharmaceuticals and NPS in wastewater remains unknown,
wastewater samples that cannot be processed immediately must be stored appropriately
(—20 °C) to avoid degradation of target biomarkers [2]. Another acceptable practice is the
extraction of biomarkers on solid-phase extraction (SPE) cartridges within 24 h, with the
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addition of internal standard (ISTD), and storing the cartridges in the freezer (—20 °C) [2].

Loaded POCIS [45], [112], [122] and MPTs [96] samplers, stored at —20 °C, have also been
reported.

1.3.1.2 Biomarker selection

Selection of biomarkers in WBE can follow either a top-down or bottom-up approach
(Figure 5). The top-down approach involves selecting biomarkers from a set of human-
derived substances identified in pharmacokinetic and human biomonitoring (HBM) studies,
for which data on metabolism, excretion rates, and stability are well established. In
contrast, the bottom-up approach relies on non-target analysis to identify human-related
substances present in wastewater. After evaluating their stability, suitable biomarkers are
proposed for further study. Although the bottom-up approach provides a wealth of
information, including data for yet unknown substances that could reveal emerging
psychoactive substance use patterns, it is less commonly applied than the top-down
approach due primarily to the difficulty in identifying potential biomarkers, which are often

present at very low concentrations, and the high levels of organic matter in wastewater
[106].
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Figure 5: Scheme of top-down and bottom-up approach (adapted from [106]).

Regardless of the selected approach, suitable biomarkers for WBE purposes should fulfil
the following requirements [123]: they have to (i) be specific to the substance under
investigation, (ii) have well-defined metabolic pathways, (iii) be specific to human
metabolism, as exogenous sources may lead to overestimation of substance use, (iv) have
high urinary excretion to be detectable in raw wastewater, and (v) have high stability in
influent wastewater and low tendency to adsorb (i.e., onto the particulate matter in the
sewer). In WBE studies, human metabolites are generally preferred over parent compounds
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as more suitable biomarkers, since measured parent compound levels can be affected by
direct disposal into the sewage system [87]. However, metabolic biomarkers that fulfil all
the desired criteria are not always available, leading to the common practice of using parent
compounds in various WBE applications [43], [123].

1.3.1.3 Sample preparation

Analytical challenges in determining psychoactive pharmaceuticals and NPS biomarkers in
wastewater stem from matrix complexity and high concentrations of interfering compounds
[124]. Therefore, to ensure analytical accuracy and reliability, best practice guidelines
recommend the use of isotopically labelled internal standards such as deuterated or 13C
isotopically labelled analyte analogues, specific to each target biomarker [87], which can
compensate for signal variations caused by matrix effects (ion suppression or enhancement)
or analyte losses during sample preparation (e.g., filtration) [125], [126], [127].

As an initial step in sample preparation, suspended solids are typically removed through
centrifugation [5], [84], [96], [128], filtration [45], [101], [122], or centrifugation and filtration
consecutively [129], [130], [131], [132]. However, a limited number of studies have employed
direct injection of filtered wastewater for the determination of psychoactive
pharmaceuticals [133], [134], [135] (mainly in hospital effluent wastewater) and NPS
biomarkers [136]. For substances like nicotine and ethanol (alcohol), which are generally
found in wastewater at relatively high concentrations (pg/L), direct analysis of filtered
samples is more feasible [137]. However, bypassing sample cleanup via direct injection can
lead to matrix-related issues, such as poor ionisation efficiency and increased limits of
detection followed by limited detectability of the target analytes.

In general, the determination of psychoactive pharmaceuticals and NPS, which are
usually present in wastewater at trace concentrations (ng/L), requires extraction and pre-
concentration. The latter are most commonly achieved using solid-phase extraction (SPE)
(Figure 6), which offers broad applicability due to the wide choice of available sorbents
and solvents [2]. Acidification prior to extraction is an optional step depending on the
physicochemical properties of the targeted psychoactive substances (e.g., polarity and pK.)
and the type of SPE cartridges used [102], [138]. Employing reversed-phase (RP) sorbents,
such as Oasis HLB, or mixed-mode RP-cation-exchange sorbents, such as Oasis MCX, is
among the most popular choices for extracting psychoactive substances [2]. However, the
use of multiple other SPE sorbents, often used as mixtures or sequentially, allows the
extraction of a wide range of compounds, including neutral, aromatic, acidic, and basic as
well as polar analytes [49], [139], [140].
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Figure 6: SPE manifold with extraction cartridges and wastewater samples (Photo: Maria
Laimou-Geraniou).

1.3.1.4 Target analysis

In WBE, the analysis of psychoactive substances primarily relies on chromatographic
separation (liquid or gas chromatography) coupled with mass spectrometry. This analytical
combination provides the selectivity and sensitivity required to detect and quantify
psychoactive pharmaceutical and NPS biomarkers in wastewater. Although GC-MS/MS is
accepted as the gold standard in forensic drug analysis, its application in WBE studies has
been limited to a few individual studies addressing the occurrence of antidepressants [141],
including only fluoxetine, paroxetine, and sertraline, as well as NPS [111] in wastewater.
For GC analysis, derivatisation agents such as trifluoroacetic anhydride (TFA),
N, O-bis(trimethylsilyl)trifluoroacetamide  (BSTFA) with 1%  trimethylchlorosilane
(TMCS), or N-methyl- N-trimethylsilyltrifluoroacetamide (MSTFA) with 1% TMCS are
often required to increase analyte volatility [2], [141]. However, the majority of psychoactive
pharmaceuticals and NPS are polar, thermally labile, and non-volatile, making them poorly
amenable to GC analysis, even after derivatisation, regardless of the detector used.
Consequently, liquid chromatography-mass spectrometry (LC-MS) has largely replaced
GC-MS in WBE applications, as it enables analysis of psychoactive pharmaceutical and
NPS in their native form without the need for derivatisation, detects compounds with a
wide range of polarities, low volatilities, and thermal instabilities, and supports more
generic sample preparation approaches [2].

Both high-performance liquid chromatography (HPLC) and ultra-performance liquid
chromatography (UPLC) are commonly used for the separation of psychoactive
pharmaceuticals and NPS in wastewater [2]. Selecting UPLC over HPLC offers several
benefits, such as improved separation efficiency and accordingly reduced analysis time (i.e.,
UPLC can be 3 to 9 times faster compared to HPLC). Currently in WBE studies, reversed-
phase (RP) chromatography is the most commonly used for the separation of psychoactive
pharmaceuticals and NPS biomarkers [2]. In RP, mobile phases consist of a biphasic system
comprising water and an organic solvent (i.e., methanol or acetonitrile). Modifiers, such as
ammonium acetate, ammonium formate, and formic or acetic acid, are also added to
improve peak shape and compound ionisation [2]. Nevertheless, mobile phases without any
additives have also been reported [85], [142].

LC coupled with tandem mass spectrometry (LC-MS/MS) has become the method of
choice for target analysis in WBE, as it provides good robustness, reproducibility, high
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selectivity, and sensitivity for the quantification of target compounds, often reaching
detection limits in the low ng/L range [2]. Its selectivity arises from a two-stage mass
selection process, in which specific precursor ions are isolated and fragmented to generate
characteristic product ions, enabling precise identification even in complex matrices.
Efficient ionisation, low background noise, and the monitoring of specific ion transitions
enhance the signal-to-noise ratio, contributing to low method detection limits and enabling
the quantification of trace analytes [143], [144]. The most frequently used detectors include
triple quadrupole (QqQ) and hybrid triple quadrupole/linear ion trap (QTRAP) mass
analysers, which usually operate in multiple reaction monitoring (MRM) mode.

Electrospray ionisation (ESI) is the most commonly used ionisation technique for the
detector interface in wastewater analysis [2]. However, ESI is particularly prone to matrix
effects, where co-eluting substances can either enhance or suppress the analyte signal,
leading not only to reduced sensitivity (signal suppression) but also to potential errors in
quantification [145]. To compensate for these effects, internal calibration is commonly
employed, in which the analyte signal is normalised to that of its deuterated internal
standard, which is assumed to exhibit behaviour similar to that of the analyte throughout
the analytical process [145]. Additionally, most published methods are designed for multi-
analyte detection rather than targeting individual compounds, resulting in a broad range
of reported limits of detection (LODs) and limits of quantification (LOQs), typically
ranging from low ng/L to low png/L [2].

In recent years, high-resolution mass spectrometry (HRMS) instruments such as
quadrupole time-of-flight (QTOF) and Orbitrap analysers have become increasingly
important in WBE. HRMS provides accurate mass measurements and resolving powers
that typically exceed 20,000-100,000 full width at half maximum (FWHM). Compared with
low-resolution MS/MS (LRMS) systems, HRMS offers enhanced mass accuracy and mass
resolution, enabling the precise determination of elemental compositions, differentiation of
isobaric compounds and higher confidence in compound identification [146]. Also, other
advantages of HRMS include scan speed, a wide dynamic range, and the acquisition of full-
scan spectra, which allow retrospective data analysis of previously unconsidered analytes
without the need to reanalyse samples [146]. Although HRMS instruments are generally
less sensitive for trace-level quantification (potentially leading to analyte concentrations
below detection) than triple-quadrupole systems, they are indispensable for qualitative and
semi-quantitative suspect and non-target screening, providing complementary information
to targeted LC-MS/MS measurements. The importance and specific applications of HRMS
in suspect and non-target screening are discussed in Section 1.3.1.5.

1.3.1.5  Suspect screening

WBE studies primarily focus on analysing well-known biomarkers at detectable,
quantifiable concentrations. However, the number of non-target and suspect screening
WBE studies has increased, particularly concerning NPS, for which only a limited number
of standards are available [2], [111]. Non-target analysis of wastewater is typically
performed using liquid chromatography coupled with high-resolution mass spectrometry
(LC-HRMS) instruments [106]. Despite having a lower resolution than Orbitrap, the
QqTOF is the most widely used HRMS analyser [106]. Mass spectral data are gathered
using either data-independent (DIA) or data-dependent acquisition (DDA) mode. In DIA,
mass spectral data are acquired simultaneously using multiple collision energies: the low
energy (LE) mode generates (de)protonated molecular ions, while the high energy (HE)
mode produces corresponding fragment ions. In contrast, DDA involves performing a full
scan spectrum to identify the 5-20 most abundant precursor ions, which are then selected
for fragmentation to generate their HRMS/MS spectra. However, because psychoactive
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compound residues in wastewater typically occur at low concentrations, DIA is generally
more suitable for WBE applications [106], [111].

Two workflows (suspect screening and non-target) can then be used to analyse the data.
Suspect screening includes examining a predefined list of compounds expected to be present
in the sample [106], [111]. Based on the criteria proposed by Schymanski et al. [147],
compounds are assigned different confidence levels. At a minimum, tentative compound
identification (Level 3) requires the accurate mass of the (de)protonated molecule and at
least one characteristic fragment ion. In contrast, unequivocal identification (Level 1),
which represents the highest level of confidence, can only be achieved when a corresponding
reference standard is used.

In a non-target workflow, unknown compounds are identified without prior selection of
specific target compounds [106], [111]. Software is employed for noise and background
removal, peak picking, dataset comparison, and feature candidate extraction. Following
this, retrospective data mining and grouping of the identified compounds are performed
using multivariate statistical data analysis [106]. However, this approach requires an
extensive and detailed examination of mass spectral data for each chromatographic peak,
making it a complex and time-consuming task. As a result, its potential for identifying
unknown and rapidly emerging NPS remains limited [111].

Overall, target analysis and suspect screening by UHPLC-QTOF are a broad analytical
tool for analysing different illicit and prescribed drugs in wastewater. A noteworthy study
by Bade et al. [148] examined the determination of psychoactive pharmaceuticals and NPS
in influent wastewater using both qualitative screening and a quantitative approach. In
their study, a subset of these compounds was included in a quantitative assessment, while
qualitative data were obtained using a QqTOF instrument in Sequential Window
Acquisition of All Theoretical Fragment-ion Spectra (SWATH mode). SWATH enables
the fragmentation of every analyte in a sample, providing comprehensive MS and MS/MS
data for all detectable compounds. This feature enables the differentiation of analytes with
similar fragment ions but different [M 4+ H|* masses. Importantly, a database of retention
times and exact masses was created from standard solutions, which were assessed using the
SWATH technique.

Although quantitative analysis and qualitative screening for psychoactive
pharmaceuticals and NPS in wastewater have their purposes, with target analysis providing
quantitative results for compounds with available reference standards, while suspect and
non-target screening are primarily qualitative or semi-quantitative approaches, as they rely
on accurate mass and fragmentation data rather than calibrated reference solutions,
combining them can be valuable, as it provides a more comprehensive overview of their
consumption patterns [2], [148]. In this direction, a newly developed comprehensive
workflow using the InSpectra open-source, free platform, designed explicitly for suspect
screening of NPS and related psychoactive drugs, was recently employed [149].

1.3.1.6 Back-estimation of consumption

The principle underlying the back-calculation of community drug consumption, first
described by Zuccato et al. [86], assumes that wastewater losses within the sewer system
are negligible and that the selected biomarkers remain sufficiently stable during transport,
sampling, and analysis. The back-calculation is outlined in Equations 1 and 2:

F
Consumption [mg/day /1,000 inhabitants] = % (1)
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OF — molar mass ratio between parent compound and metabolite 2)
N biomarker excretion rate

Here ¢ represents the measured concentration of the target biomarker in influent
wastewater (ng/L), ¢ the daily wastewater flow (m?/day), CF a correction factor, and N
the number of people in the catchment area.

In contrast to the WBE studies targeting illicit drugs, in which CFs are applied to
convert measured biomarker loads into estimates of substance consumption, WBE studies
focusing on NPS and pharmaceuticals such as antidepressants, antipsychotics, and
benzodiazepines generally report results only as PNMLs in mg/day /1,000 inhabitants. The
main reason for this difference lies in the limited and variable pharmacokinetic data
available for these compounds. Excretion fractions are often poorly characterised and
subject to considerable inter-individual variability due to differences in metabolism, route
of administration, co-medication, and physiological conditions. Moreover, many
pharmaceuticals undergo extensive biotransformation, leading to the formation of multiple
metabolites and conjugates with uncertain excretion profiles [43], [85].

1.3.2 Advantages and limitations

1.3.2.1 Advantages and WBE potential as a complementary data source

WBE can serve as a valuable complementary tool, providing epidemiological information
and helping address existing knowledge gaps related to public health across different
regions. It enables continuous, near-real-time tracking of lifestyle and health-related
indicators across various communities [2], [123]. One of WBE's key strengths is its ability
to monitor consumption trends at high spatiotemporal resolution. By monitoring at high
spatial resolution, WBE enables assessment of intra- and inter-country differences in the
PNML of various biomarkers. Unlike some conventional epidemiological data sources,
which may lack detailed geospatial resolution, WBE can capture consumption patterns at
different locations, including within countries at the city/village level or monitor
consumption trends at the scale of regions and suburbs within a metropolitan area [5].
Normalising data to PNMLs further supports comparisons across cities on a global scale.

The high temporal resolution of WBE also enables the gathering of information on the
long-term consumption of psychoactive substances, indicating whether their use is stable,
increasing, decreasing, or fluctuating [2]. Moreover, seasonal variations can highlight
temporal changes within specific months of the year or recurring annual patterns. WBE’s
strong spatiotemporal capabilities make it a powerful early-warning tool for identifying
rapidly emerging shifts in consumption. This real-time insight equips policymakers with
essential data to support prompt decision-making and to assess the impact of newly
implemented policies or local and national public health initiatives.

In addition, WBE can provide consumption estimates for substances or pharmaceuticals
that are not recorded by other methods, either because they are used illegally [150] or
because they are absent from existing data collections [151]. For example, WBE can
complement traditional datasets by indicating the proportion of pharmaceuticals consumed
by the population, rather than sold, prescribed, or dispensed. Since WBE measures human
metabolic excretion products in influent wastewater, it reflects real usage. This ability is
particularly valuable given that prescribed medications are not always taken as directed or
may be diverted to others, meaning dispensing data alone may not accurately represent
actual consumption.
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WBE biomarkers also have the potential to serve as a proxy for the spread and
circulation of infectious diseases at the population level [152], [153]. Biomarkers of infectious
agents, such as viral genomes, bacterial gene fragments, and antibiotic resistance genes,
are excreted by infected individuals, then pooled and transported through the wastewater
system. The concentration of these pathogens in influent wastewater reflects the spatial
and temporal dynamics of disease transmission within a population, independent of
individual participation in clinical testing [154], [155], [156], [157]. This ability makes WBE
a valuable tool for the early detection and prevention of infectious disease outbreaks (e.g.,
SARS-CoV-2), the identification of potential hotspots, and the assessment of the
effectiveness of large-scale public health interventions across communities [158], [159], [160].

1.3.2.2 Limitations and uncertainties

Although WBE provides high-resolution spatiotemporal information at the population level
[2], [48], it also has limitations regarding individual use of substances, doses, and
administration frequency. For example, suppose an increase in the biomarker's PNMLs was
detected. In that case, WBE cannot distinguish whether it is due to (i) more individuals
consuming at the same rate, (ii) the same number of individuals increasing their
consumption, (iii) specific subgroups within the population consuming more than others,
or (iv) a combination of these scenarios. Although individual socio-demographic features
are not accessible through WBE, it does allow for spatial comparisons between communities
with varying socio-economic backgrounds, offering valuable context at the population level
[2], [48].

Despite significant advancements in research over the past decade, WBE still faces
inherent uncertainties in wastewater flow sampling methods, biomarker stability, chemical
analysis, the application of correction factors, and population size estimation, all of which
require further attention. Figure 7 outlines the key steps involved in implementing the
WBE approach and highlights the various sources of uncertainty associated with each
stage.

Biomarker concentration Correction factor

Sampling
Stability Urinary excretion rate

Chemical analysis

Psychoactive substance
consumption estimate
[mg/day/1000 inhabitants]

Wastewater flow Population estimation

Figure 7: Fishbone presentation of uncertainty sources in drug consumption estimates
obtained by WBE.
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Efforts have been made to assess these uncertainties and enhance the accuracy of WBE
estimations. As previously described (Chapter 1.3.1.1 Sampling), continuous 24-hour
composite sampling using flow-proportional methods is recommended as the best practice
for collecting influent wastewater. However, in practice, time-proportional sampling is often
employed due to logistical constraints. To properly assess sampling biases, high temporal
resolution is needed for wastewater flow and intra-day variations in biomarker
concentrations. Sampling bias is strongly dependent on specific catchment characteristics,
such as population size, the number of substance users, and the operation of pump stations
in the sewer system [87]. Additionally, Lai et al. [161] found that the systematic error
(approximately 20%) associated with flow measurements could be minimised through
routine calibration of flowmeters.

A significant source of uncertainty arises from population size in the catchment area.
The majority of studies investigating psychoactive substance consumption use fixed
population numbers when calculating their PNMLs, as provided by the WWTPs. This
approach does not consider population mobility and contributes to overall uncertainty
levels as high as 55% [87], [128]. This uncertainty poses a challenge, especially when
verifying whether observed fluctuations in PNMLs are due to changes in consumption
patterns, differences in the number of consumers or variations in the actual catchment
population. Therefore, it would be more suitable to use dynamic population size numbers,
utilising either anthropogenic biomarkers [162] or alternative sources, such as mobile phone
data [128], [162], [163].

Additionally, the excretion rate of human biomarkers is considered another important
source of uncertainty, as it varies between individuals or even within the same individual
under different health conditions. The urinary excretion rate depends strongly on factors
such as the route of administration, dose, gender, age, physical condition, and even
concurrent drug use [87], [164], [165], [166]. Consequently, the excretion factor (EF), which
represents the fraction of a substance excreted as the measured biomarker, obtained from
these processes, significantly contributes to overall uncertainty when back-calculating
substance consumption in WBE. Since the correction factor used in these calculations
incorporates the EF, variability in biomarker excretion propagates directly into uncertainty
in the CF and, in turn, in the estimated consumption.

Additionally, EF values used in WBE are typically based on a small number of studies
and may not accurately represent the average excretion profile in large populations [48].
Although efforts have been made to refine EF values for different compounds, these efforts
have been limited primarily to illicit drugs [167]. Consequently, the application of CFs to
back-calculate the absolute consumption of psychoactive pharmaceuticals and NPS should
be approached with great care, as it would introduce substantial and unquantifiable
uncertainty. However, the primary objective of WBE has been to serve as a complementary
method for monitoring spatiotemporal trends in consumption patterns of psychoactive
pharmaceuticals and NPS. To address the uncertainty arising from EFs, a practical
approach is to use PNMLs and focus on trend analysis with relative comparisons [48].

Biomarker stability is also an important source of uncertainty in WBE. Many studies
have been conducted to investigate degradation and transformation processes, aiming to
evaluate and model in-sample and in-sewer stability of illicit drug biomarkers in order to
understand the extent of this uncertainty better; however, only in the last few years there
has been a growing number of publications assessing the stability of antidepressants and
benzodiazepines, while stability of antipsychotics and NPS remain unexplored [2].

To limit chemical changes in biomarkers after collection, preservatives such as
hydrochloric acid (HCI) and storage at low temperatures (below —20 °C) are commonly
used. However, since preservatives can only be added at the point of sampling, they do not
prevent degradation that occurs within the sewer network. For biological biomarkers,



32 Chapter 1. Introduction

degradation may still occur under these storage conditions, necessitating the use of
alternative sample-handling methods [2].

In-sewer stability introduces even greater uncertainty due to limited control over the
microbiota present in the sewer system, particularly the biofilms that form within it.
Factors such as higher wastewater temperatures, a higher biofilm surface area relative to
the bulk water volume, and extended hydraulic retention times can all enhance biomarker
transformation in the sewer system [168]. Additionally, for specific compounds, adsorption
to suspended particulate matter (SPM) or biofilm, particularly those with high log Ko
values, can further increase uncertainty [138].

Finally, further uncertainties may arise from the direct disposal of unused substances
into the sewage system or the formation of other chemicals or conjugated forms of
substances [169]. Direct disposal of unused drugs into the sewers systematically affects
WBE estimations, particularly when the parent compound is used as a biomarker of
substance use (overestimation) [170]. Consequently, there is a need for analytical methods
capable of distinguishing between actual consumption and the direct disposal of
psychoactive substances.

To date, investigations of dumping events have been limited and typically initiated
only after wastewater analysis revealed unusually high mass loads of specific biomarkers
[171]. According to Quireyns et al. [171], direct disposal is most commonly addressed using
the parent compound-to-metabolite (PC:M) ratios. In this approach, the cut-off values
representing the limit between disposal and human consumption are set based on the
substance's excretion profile. Despite the simplicity of the approach, it requires a thorough
understanding of the excretion profile and data on the concentrations of both parent
compounds and metabolites, which are often not readily available. Other methods include
enantiomeric profiling (only for chiral compounds) and the detection of chemical indicators
(for illicit drug production) by non-target and suspect screening workflows.

Overall, the high spatial and temporal resolution offered by WBE makes it particularly
well-suited for monitoring trends in psychoactive substance use over time (i.e., intra-week
or long-term) and across different locations (i.e., inter-municipality and international
comparison), rather than for determining absolute substance use within a specific
population. As a result, certain sources of uncertainty, i.e., variation in excretion rates,
become less critical. However, to ensure the reliability of spatial and temporal comparisons,
sampling campaigns should be performed following standardised protocols, and, ideally,
under comparable weather conditions. This principle is applied in the European SCORE
network, which organises annual monitoring campaigns each spring to ensure consistent
sampling conditions for assessing both temporal and spatial trends of illicit drugs.
Nevertheless, methodological improvements remain important to minimise systematic over-
and underestimation of substance use and to evaluate consumption patterns more
thoroughly.

1.3.3 WBE as a complementary information source during the
COVID-19 pandemic

Despite its potential to monitor public health interventions and track spatiotemporal
trends in xenobiotic consumption and chemical or pathogen exposure, WBE remains poorly
integrated into government strategies and policymaking. The COVID-19 pandemic, which
led to widespread lockdowns and significant disruptions to daily life, offered a unique
opportunity to assess WBE as a supplementary information tool. In this context, WBE
can help evaluate the impact of socially disruptive measures on populations served by
WWTPs and monitor changes in PNMLs of both chemical and biological biomarkers. Some
governmental bodies, such as the EUDA, the Australian Crime Intelligence Commission,
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and the New Zealand Police, already recognise WBE as a reliable complementary source
for tracking a wide range of illicit and legal drug biomarkers [145], [172], [173]. However,
its broader potential remains underutilised, and further research is essential to integrate
WBE into policy development and evaluation.

WBE, due to its high temporal resolution, can also be effectively used to examine the
short-term impacts of public health countermeasures on human consumption and exposure.
Its flexible sampling temporal frequencies allow for the retrospective generation of
aggregated consumption data with minimal delay in response to policy changes, offering a
faster alternative to conventional information sources. Importantly, WBE also serves as a
valuable complementary tool, especially during the COVID-19 pandemic, when existing
data sources may not be fully in agreement. This inconsistency highlights the importance
of developing additional epidemiological tools and triangulating data across multiple
methodologies. Thomaidis et al. [174] also demonstrated WBE's ability to capture temporal
trends during an economic crisis and the implementation of austerity measures, further
highlighting its relevance in monitoring the societal impacts of major disruptions.
Consequently, WBE could provide essential insights to public health authorities and
institutions, supporting the development and refinement of harm-reduction, prevention,
and treatment programs. However, while WBE effectively reflects population-level
consumption patterns, it does not capture the socio-demographic characteristics of
individuals using xenobiotics [175]. This limitation reinforces the need for integrating WBE
with other epidemiological data sources to more comprehensively assess the effects of events
like the COVID-19 pandemic on substance use [175], [176].

Finally, analysing influent wastewater can be used to monitor infectious disease
biomarkers within different communities. Even asymptomatic individuals infected with
SARS-CoV-2 shed the virus in their faeces, which enters the sewer system [177]. This
ability allows WBE to assess the extent of viral transmission across various catchments
and potentially forecast future outbreaks. Moreover, WBE also shows promise as an early
warning system for detecting SARS-CoV-2 in the general population [178], [179], [180]. It
is particularly effective for identifying isolated or sporadic cases, where mass testing of
thousands of individuals would be impractical and inefficient.

1.4 Environmental Aspect

The harmful effects of chemicals, including aromatic compounds, polychlorinated
biphenyls, heavy metals, and pesticides, on human and aquatic organisms are well
established [181], [182], [183]. However, growing attention is now being directed toward
“emerging contaminants,” with pharmaceuticals standing out as a major concern. The
heightened focus stems from two key features of pharmaceutical substances: they can exert
biological effects even at the low concentrations typically found in the environment, and
they are intentionally designed to remain stable long enough to reach their target site
before breaking down. This persistence contributes to environmental concerns, as these
compounds often enter aquatic ecosystems without being fully degraded [184], [185].

Since the late 1990s, there has been an exponential increase in scientific publications
on the presence of pharmaceutical compounds in the environment. This surge is largely
due to advances in analytical methods that enable the detection of drugs at very low
concentrations across various environmental media. Today, the volume of data on
pharmaceutical contamination and its potential impacts is vast and continually expanding
[185]. Currently, approximately 4000 different pharmacologically active substances are
being administered worldwide, including prescription medications for humans, over-the-
counter drugs, and veterinary drugs [186]. Global medicine consumption is on the rise, with
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an estimated 14% increase over the last five years, and is projected to rise by another 12%
by 2028, reaching an annual total of 3.8 trillion defined daily doses [187]. However,
psychoactive pharmaceuticals only recently received particular attention compared to other
therapeutic classes, due to their widespread consumption by modern society, which was
further increased due to the pandemic, especially for antidepressants and antipsychotics,
their persistence in water compartments, and their potential ecotoxicity [185], [188].

Each stage in a pharmaceutical’s life cycle (Figure 8), including production,
consumption, and disposal, can serve as a potential pathway for its entry into different
environmental matrices, such as surface waters, groundwater, drinking water, soil, manure,
biota, sediment and the food chain [189]. Although the relative impact of each source varies
by region and substance type, the primary source of pharmaceuticals in the environment
is considered to be treated effluent wastewater from municipal WWTPs and, to a lesser
extent, untreated domestic discharges where sewerage systems are absent or inadequate
[190]. Additionally, emissions from manufacturing plants, intensive agriculture, and
aquaculture can be important pollution hotspots locally [185], [188].
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Figure 8: Conceptual overview of the psychoactive pharmaceutical transfer pathway, from
production and consumption to the environment.

The ubiquitous presence of psychoactive pharmaceuticals, including both parent
compounds and their corresponding metabolites, in both wastewater and environmental
waters is of particular concern. Importantly, since psychoactive pharmaceuticals and their
metabolites are inherently bioactive, they can have unintended, negative impacts on non-
target organisms.

Harmful effects on aquatic organisms have been reported at the environmental level.
For instance, the antidepressant fluoxetine can change fish behaviour, making them less
risk-averse and more susceptible to predators [189]. Although psychoactive pharmaceuticals
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and their metabolites are frequently detected in influent wastewater to monitor
consumption trends in the general population through WBE, their occurrence in
environmental waters and the effects they may have on ecosystems remain poorly
understood and relatively unresearched [8]. In particular, most of the existing studies have
examined mainly antidepressants [191], [192], [193], [194], while only a few have focused on
a limited number of antipsychotics [195], [196] and benzodiazepines [197] and their
associated ecological risk in aquatic ecosystems.

Most OECD countries have already implemented watch-lists and voluntary monitoring
programs targeting specific pharmaceuticals in surface waters. However, the vast majority
of active pharmaceutical ingredients (APIs), their metabolites, and transformation
products are still largely unmonitored and lack ecotoxicological data. As a result, significant
uncertainties remain in assessing the environmental risks of pharmaceuticals, stemming
from limited knowledge about their behaviour in the environment, their effects on
ecosystems and human health, and the potential impacts of mixtures with other chemicals
[189]. Therefore, together with the global increase in psychoactive pharmaceutical use, the
UNODC pointed to the need to develop effective strategies for environmental protection
based on a deeper understanding of how drug residues impact the environment. This need
includes thorough monitoring of both parent compounds and metabolites in wastewater
and environmental waters, as well as conducting comprehensive hazard assessments.

1.4.1 Analytical methods for the determination of psychoactive

pharmaceutical residues in the aqueous environment

As WBE serves as a link between environmental and social sciences [198], it is
understandable that detecting psychoactive pharmaceutical residues in environmental
waters largely relies on techniques that are only slightly adapted, such as increased sample
volumes, initially designed to assess population psychoactive pharmaceutical use through
wastewater analysis. Accurate determination of psychoactive pharmaceutical residues in
environmental waters also requires a robust sample preparation process, which includes
effective analyte pre-concentration, efficient removal of interfering substances, and the use
of highly sensitive analytical methods [197]. Consequently, solid-phase extraction (SPE),
commonly using Oasis MCX or HLB cartridges, is frequently employed to extract drug
residues, which are then quantified by targeted LC-MS/MS analysis, as detailed in the
recent literature [197], [199].

Sampling strategies vary, and in contrast to wastewater, where sample collection follows
established best practice protocols, sampling of receiving surface water lacks
standardisation. At present, it is commonly performed using grab samples (Figure 9),
which can only provide a "snapshot" at the time of sampling and do not reflect temporal
variations in contaminant concentrations [8]. To address this limitation, passive sampling
using POCIS, low-density polyethylene film devices, solid-phase microextraction fibres, and
Chemcatcher® devices has been employed [96], [200], [201].
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Figure 9: Photo showing surface water grab sampling (Photo: Eirini Andreasidou).

1.4.2 Occurrence and removal of psychoactive pharmaceutical residues

in wastewater

Like many other drugs, psychoactive pharmaceuticals are excreted from the body through
urine and faeces, either as unchanged compounds or as metabolites, and then enter the
sewage system, where they eventually reach a local WWTP. Accordingly, raw wastewater
is the primary destination for human biological fluids, such as urine, faeces, saliva, and
sweat, which commonly contain psychoactive pharmaceutical residues in concentrations
ranging from ng/L to pg/L. Since conventional WWTPs were not explicitly designed to
remove persistent organic pollutants, such as certain CECs, including psychoactive
pharmaceutical residues, these substances often persist in the wastewater effluent [8], [184],
[191], [197], [202]. However, they are typically found at lower concentrations (ng/L) than
those in untreated influent wastewater (ng/L to pg/L).

Various wastewater treatment technologies have been studied for their effectiveness in
removing psychoactive pharmaceutical residues from raw influent wastewater, commonly
including activated sludge, sequential batch reactors (SBR), trickling filters, and membrane
bioreactors (MBR) [8]. Their removal efficiency was shown to depend on multiple factors,
such as the treatment technology used, physicochemical properties, influent concentration,
operational parameters at the WWTP, and in-sewer conditions [8], [203]. As a result,
removal rates can vary significantly even for the same compound and treatment technology.
Generally, higher removals were found for antipsychotics, followed by benzodiazepines and
antidepressants [8], [204], [205], [206].

Removal efficiency was also found to be compound-dependent, with some psychoactive
pharmaceutical residues (i.e., citalopram, venlafaxine, and oxazepam) exhibiting poor
removal under different biological treatments (activated sludge, SBR, SBR with UV
disinfection, MBR, MBBR). Additionally, negative removal has been observed, where
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higher concentrations of bupropion, citalopram, venlafaxine, clozapine, oxazepam, and
zolpidem are detected in the treated effluent compared to the influent [8], [207], [208], [209].

These cases attributed to factors such as desorption from sludge, deconjugation of
glucuronide conjugates, mutual transformation of conjugated metabolites and parent
compounds, transformation of parent compound/precursor during wastewater treatment
and limitations in sampling accuracy due to an inadequate matching of influent and effluent
wastewater samples, i.e., outside of the HRT range [8], [193], [203], [206]. Although several
studies [8], [191], [192], [193], [202], [210] have attempted to investigate the presence of
psychoactive pharmaceutical residues in wastewater and their removal with different
wastewater treatment technologies, the variability of findings and limited compound
selection [195], [196], [197] suggest further research in the area.

From a regulatory perspective, the removal of micropollutants, including psychoactive
pharmaceutical residues from wastewater, has gained increasing attention within the
framework of European Union environmental legislation. To protect the environment and
public health from the harmful impacts of wastewater discharges originating from
municipal and certain industrial sources, the Urban Wastewater Treatment Directive
(UWWTD), initially established in 1991 to set the requirements for the collection,
treatment, and discharge of urban wastewater, was recently revised and came into effect
on January 1, 2025 [211], [212].

One of the key updates in the Directive is the regulation of micropollutant discharges
from WWTP effluents into the environment, particularly into surface waters, for the first
time. To monitor the removal efficiency of WWTPs, the revised UWWTD identifies 13
model micropollutants, whose treatment performance must be tracked. The Directive
requires that at least 80% of six out of these 13 compounds be removed during treatment.
If this criterion is not met, additional quaternary treatment must be implemented at each
WWTP, with the installation timeline depending on the plant’s size.

Through this revision, the European Commission has formally incorporated into
legislation the need to protect the environment from potentially harmful chronic exposure
to low concentrations of residues. Notably, among the 13 regulated micropollutants are
three antidepressants: carbamazepine, citalopram, and venlafaxine, which are the focus of
this thesis. Although the current directive primarily focuses on limiting the concentrations
of pharmaceutical and personal care products in treated effluent wastewater [212], it is
anticipated that this list will be expanded to include additional compounds that may pose
environmental risks, particularly in regions affected by extensive pollution.

1.4.3 Occurrence of psychoactive pharmaceutical residues in receiving
surface waters

Due to their continuous release, psychoactive pharmaceutical residues, which include both
parent compounds and their corresponding metabolites, exhibit pseudo-persistence in
aquatic ecosystems. Consequently, psychoactive pharmaceutical residues have been
detected in various receiving surface waters such as rivers, lakes, and oceans [8], [195],
[197], mainly in the ng/L range, with differences related to the sampling site, dilution
factors, time (seasonal variations), and trends in drug consumption and production.

Once released into the environment, the fate and distribution of psychoactive
pharmaceutical residues depend on their physicochemical properties and external
environmental conditions, including pH, dilution, temperature, and exposure to sunlight
[8]. Based on their physicochemical properties, most psychoactive pharmaceutical residues
(except for certain antipsychotics and benzodiazepines, i.e., quetiapine, aripiprazole,
zolpidem, flunitrazepam, etc.) are considered hydrophilic (log Kow<4) and exhibit relatively
high water solubility (Sw> 8.4 mg/L). As a result, they tend to remain in the aqueous
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phase rather than bind to solid particles, making them highly mobile in aquatic systems
and capable of leaching into groundwater [184], [185], [188].

Additionally, environmental factors, particularly pH, also affect the aqueous solubility
and mobility of such residues, with ionised forms typically exhibiting greater solubility and
mobility. At environmentally relevant pH levels (pH 5-9), most psychoactive
pharmaceutical residues, with p K, values ranging from 4.21 to 10.2, are expected to exist
in neutral or protonated forms, thereby enhancing their persistence in the aqueous phase
[184], [185], [188].

Once in the environment, parent compounds or metabolites of psychoactive
pharmaceutical residues continue to undergo various transformations. These include
complex metabolic processes by different organisms as well as physicochemical mechanisms
such as photodegradation and adsorption to solids, resulting in the formation of so-called
"transformation products" [185]. For instance, Trawinski et al. [213] conducted a review on
the photodegradation of psychoactive pharmaceuticals, showing that certain compounds
are persistent and may remain chemically stable in the environment for decades. For
example, oxazepam has been found unchanged in the sediments of Swedish lakes for over
30 years [214].

Currently, there are no established regulatory limits for psychoactive pharmaceutical
residues in surface waters. However, as our understanding of the environmental impact of
psychoactive pharmaceuticals continues to grow, further research into their presence and
behaviour in surface water systems is needed. The EU has established a Surface Water
Watch List, under the Water Framework Directive (WFD), to identify and monitor
substances that may pose a significant risk to aquatic environments but lack sufficient data
for full regulatory action.

Together, the UWWTD and WFD form the legislative foundation for managing
micropollutant emissions and improving water quality across the European Union. The
UWWTD addresses removal at the treatment stage, while the WFD Watch List focuses
on environmental monitoring of substances that escape treatment and enter surface waters.
This integrated policy framework reflects the growing recognition of pharmaceuticals as
contaminants of emerging concern and underscores the need for coordinated treatment,
monitoring, and regulatory measures at the European level.

Venlafaxine and its primary active metabolite, O-desmethylvenlafaxine, were among
the first antidepressants added to the EU Watch List (WL) in 2020. This inclusion was
formalised through Commission Implementing Decision (EU) 2020/1161 of 4 August 2020,
following growing evidence of their frequent detection in European surface waters and
concerns over their bioactive effects on non-target aquatic organisms [215].

In 2022, the FEuropean Commission considered 61 compounds, including the
antidepressant fluoxetine, for which data on their environmental occurrence and ecotoxicity
indicators were considered candidates for the 4™ Watch List under the Water Framework
Directive. Subsequently, fluoxetine, a commonly prescribed selective serotonin reuptake
inhibitor (SSRI), was added to the Watch List in 2022 as per Commission Implementing
Decision (EU) 2022/1307 of 22 July 2022. Its inclusion was driven by similar environmental
concerns, particularly its persistence in aquatic systems and potential to disrupt aquatic
life even at low concentrations [216]. To date, no antipsychotic or benzodiazepine
compounds have been included in the EU Surface Water Watch List, highlighting a
potential gap in regulatory monitoring despite their known environmental occurrence and
pharmacological activity.
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1.4.4 Toxicity of psychoactive pharmaceutical residues to aquatic
organisms

Because of the pseudo-persistent nature of psychoactive pharmaceutical residues in aquatic
environments, aquatic organisms are continuously exposed to low concentrations of these
substances [8], [184]. The detection of psychoactive pharmaceutical residues or other
chemical substances in the environment does not necessarily indicate a risk or harmful
effect. However, existing research has shown that antidepressants, antipsychotics, and
benzodiazepines can impact bacteria, algae, vertebrates, and invertebrates. The reported
effects include disruptions in reproductive, physiological, and morphological development,
as well as changes in swimming behaviour and reduced survival rates [184], [185].
Psychoactive pharmaceutical residues may also affect aquatic organisms at trace levels,
i.e., through chronic exposure.

Overall, exposure to psychoactive pharmaceuticals has been shown to impact non-target
organisms in multiple ways. For instance, SSRIs have been linked to changes in behaviour,
reproduction, morphology, antioxidant activity, gene expression and development in both
vertebrates and invertebrates. SNRIs affect gene expression, behaviour, reproduction, and
circadian rhythms, and may reduce survival in fish. TCA exposure can lead to
developmental and morphological abnormalities, and even affect the survival of organisms
in early life stages [184].

Exposure to the antipsychotic clozapine has been linked to constipation in fish [217],
while benzodiazepines can accumulate in plants, potentially impacting their GABAergic
systems [218]. In addition, enantiomer-selective toxicity is predicted for chiral psychoactive
pharmaceutical residues (e.g., fluoxetine ), indicating that individual enantiomers can have
different adverse effects on aquatic organisms. Castillo-Zacarias et al. [219] and Moreira et
al. [184] have recently reviewed the available literature on the occurrence and effects of
antidepressants in the environment. Despite what is known about the behaviour of
antipsychotic and benzodiazepine residues, as environmental pollutants, they have been
underrated so far [8], [185].

To date, studies have primarily focused on parent compounds and a limited range of
organisms, mainly from the groups of microorganisms, vertebrates, and invertebrates. The
ecotoxicity of antidepressant, antipsychotic, and benzodiazepine residues has been
confirmed across a range of organisms and at various concentrations, including those found
in the environment. However, there is a lack of research specifically examining their impact
on algae, which are key primary producers in aquatic ecosystems [220].

Furthermore, most studies do not focus on the effects of individual enantiomers of chiral
psychoactive pharmaceuticals, even though these may differ in toxicity. For example, in
one of the rare studies addressing the stereoselective toxicity of the antidepressant
fluoxetine for Pimephales promelas and Tetrahymena thermophila, the authors confirmed
that (S)-fluoxetine was found to be more toxic than its respective enantiomer [221], while
(R)-fluoxetine was considered more harmful to Pseudokirchneriella subcapitata.

Accordingly, to establish action thresholds and accurately assess the environmental
risks associated with psychoactive pharmaceutical residues, further ecotoxicological
research is required. These studies should encompass a broad range of organisms, including
primary producers like algae, and also consider the stereoselective toxicity of chiral
compounds.
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Chapter 2

Aims and Hypotheses

A review of the current literature emphasises the importance and usefulness of wastewater
analysis in monitoring consumption trends of psychoactive substances such as drugs of
abuse, illicit drugs, and prescribed pharmaceuticals from a public health perspective.
However, despite the global increase in psychological disorders exaggerated by lifestyle-
related stressors and, more recently, the COVID-19 pandemic, the use of WBE to monitor
consumption trends in psychoactive pharmaceuticals is still developing. Consequently,
there remain shortcomings in applied methodologies (e.g., a broader range of psychoactive
pharmaceuticals, the stability of antipsychotics, and suitable sampling strategies) and a
lack of WBE studies in many countries, including Slovenia. Moreover, a lack of data on
their removal in WW'TPs and their occurrence in environmental waters raises concerns
about their environmental impact.

This thesis aimed to address these important gaps by estimating trends in psychoactive
pharmaceutical consumption among the general Slovenian population and evaluating the
potential risks they may pose to aquatic organisms. Particularly, it aimed to:

i.  Determine the presence of a broad range of representative antidepressant,
antipsychotic, and benzodiazepine biomarkers in different aquatic matrices
(influent and effluent wastewater, receiving surface water). The goal is to develop
and validate analytical methods for the trace analysis of selected biomarkers using
sample preparation (SPE and 96-well SPE) and LC-MS/MS.

ii.  Evaluate the stability of antipsychotic biomarkers in influent wastewater under
various experimental conditions (e.g., storage and sampling).
iii.  Investigate spatiotemporal trends in the use of psychoactive pharmaceuticals in

general populations in Slovenia.
iv.  Explore the presence of NPS in Slovenia using targeted (LC-MS/MS) and suspect
screening (LC-QTOF-MS).

v.  Evaluate the influence of the pandemic on the use of psychoactive pharmaceuticals
and NPS in Slovenia.
vi.  Assess the removal efficiency of psychoactive pharmaceutical residues by WWTPs

(different sizes and configurations) and evaluate the occurrence of these residues
(n=42) in waste- and receiving surface waters.

vii.  Investigate active-passive sampling strategies for wastewater and compare them
with conventional 24-hour composite sampling.
viii.  Estimate the acute and chronic toxicity of psychoactive pharmaceutical residues to

aquatic organisms (using the ECOSAR predictive model).



42 Chapter 2. Aims and Hypotheses

More specifically, this work set out to test the following five hypotheses (H):

H1: Measured levels of psychoactive pharmaceutical biomarkers in influent wastewater
accurately reflect available prescription data on their consumption trends within Slovenian
communities.

H2: WBE serves as a complementary data source to evaluate the impact of the COVID-19
pandemic on the use of psychoactive pharmaceuticals and NPS in Slovenia.

H3: Conventional biological wastewater treatment technologies are not able to entirely
remove psychoactive pharmaceutical residues to <LOQ.

H4: APS provides a more convenient and efficient sampling strategy compared to
conventional 24-hour composite sampling.

H5: Measured levels of psychoactive pharmaceutical residues in surface waters impacted
by WWTP effluent do not pose a risk to aquatic organisms based on the ECOSAR
predictive model.
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Chapter 3
Publications

The work presented in this dissertation comprises nine scientific papers, eight of which are
published in peer-reviewed journals, and another is in preparation for submission to
Environmental Pollution (December 2025).

The publications are divided into four sections:

1. Analytical methods for the determination of psychoactive substances in

influent wastewater

The publications (8.1.1 Analytical methods for the determination of antidepressants,
antipsychotics, benzodiazepines and their metabolites through wastewater-based
epidemiology and 8.1.2 Optimisation, validation and application of a high-throughput
96-well elution protocol for the quantification of psychoactive substances in influent
wastewater) included in the first section address hypotheses H1, H2, and H4. Analytical
methods for the simultaneous determination of a broad range of psychoactive substances
in influent wastewater within the scope of WBE are described. Additionally, this section
provides an overview of novel advancements in sampling techniques, sample preparation
and analysis, as well as the stability and consumption of psychoactive substances at high
spatiotemporal resolution worldwide.

2. WBE as a complementary data source: Application to the Slovenian

population

The work presented here (3.2.1 Retrospective spatiotemporal study of antidepressants in
Slovenian wastewaters, 3.2.2 Three years of wastewater surveillance for new psychoactive
substances from 16 countries, and 3.2.3 Spatiotemporal trends of new psychoactive
substances in Slovenia through influent wastewater analysis) addresses hypotheses H1
and H2. It explores the potential of WBE to estimate psychoactive substance use in the
general population across different Slovenian municipalities (WWTP catchments). Data
obtained on psychoactive pharmaceutical use are compared with the available prescription
data (H1). Additionally, consumption trends on psychoactive pharmaceuticals and NPS
in Slovenia are compared with findings from other international epidemiological studies,
while the impact of COVID-19 on their use is evaluated (H2).
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3. Reducing WBE uncertainties: Stability of psychoactive pharmaceuticals
and NPS

Here, the publications (3.5.1 Stability of antipsychotic biomarkers for wastewater-based
epidemiology and 8.5.2 Wastewater analysis as a global toxicovigilance tool for new
psychoactive substances monitoring) also address H2 by further supporting WBE as a
complementary data source to evaluate consumption trends of psychoactive
pharmaceuticals and NPS. In WBE, accurate estimations depend on the stability of drug
biomarkers in influent wastewater; however, data on the stability of certain psychoactive
substances remain insufficient. Accordingly, the work performed (3.3.1 and 3.3.2) focuses
on evaluating the stability of antipsychotic and NPS biomarkers under various conditions
to improve our understanding of the degree of this uncertainty.

4. Psychoactive pharmaceutical residues in the aqueous environment:

removal, occurrence, and ecotoxicity

This section (3.4.1 Psychoactive pharmaceuticals: Consumption trends, removal during
wastewater treatment and occurrence in receiving waters with associated environmental
risks) addresses hypotheses H2, H3 and H5. The first part of this publication focuses on
evaluating temporal trends in the use of psychoactive pharmaceuticals in Slovenia, covering
the periods before, during, and after the pandemic (H2). The second part explores the
environmental impact of psychoactive pharmaceutical usage. The efficiency of conventional
biological wastewater treatment technologies in eliminating psychoactive pharmaceutical
residues (H3) is discussed, along with their occurrence in receiving surface waters. Notably,
this is the first study to report on the performance of the moving bed biofilm reactor
(MBBR) for removing psychoactive pharmaceutical residues. Furthermore, potential
ecological risks to aquatic organisms are assessed based on measured concentrations of
psychoactive pharmaceutical residues in receiving surface waters and predicted toxicity
thresholds using the ECOSAR software (H5).

5. Novel sampling approaches for psychoactive substances in wastewater

This final part (3.5 Novel Sampling Approaches for Psychoactive Substances in
Wastewater) addresses hypothesis H4 and evaluates the performance of the APS device
compared to conventional 24-hour composite sampling. The aim is to determine their
relative efficiency in monitoring psychoactive substances in wastewater, providing valuable
insights for improved environmental surveillance and wastewater-based epidemiological
applications. To our knowledge, this is the first such deployment of an APS device for
monitoring wastewater and is a part of a publication in preparation (Allen Jun Anies,
Maria Laimou-Geraniou, Maarten Quireyns, Tim Boogaerts, Taja Verovsek, David Heath,
Ester Heath, Alexander L. N. van Nuijs, Adrian Covaci, Ronny Blust, Raewyn Town, “In-
situ evaluation of an active-passive sampling (APS) technique for monitoring psychoactive
compounds in wastewater”).
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3.1 Analytical Methods for the Determination of
Psychoactive Substances in Influent Wastewater

3.1.1 Analytical methods for the determination of antidepressants,
antipsychotics, benzodiazepines and their metabolites through
wastewater-based epidemiology

Published: M. Laimou-Geraniou, D. Heath, E. Heath, 2023, Trends in Environmental
Analytical Chemistry, vol. 37, pp. e00192.

Regarding the publication, I was solely responsible for the conceptualisation, methodology,
investigation, visualisation, and drafting of the manuscript.

The wastewater-based epidemiology (WBE) approach is a powerful and versatile tool for
estimating illicit drug use and has been used to evaluate lifestyle-related substances such
as alcohol, tobacco, and caffeine; health-related biomarkers including pharmaceuticals,
plasticisers, and flame retardants; and, more recently, to track SARS-CoV-2 prevalence at
the population level (Chapter 1.3 Wastewater-Based Epidemiology). Accordingly, several
reviews have been published summarising established WBE biomarkers for licit and illicit
drugs, pharmaceuticals, personal care products, and other xenobiotics, discussing analytical
approaches, spatiotemporal trends, and highlighting the risks to society [43], [48], [102],
[106], [222]. However, a gap remains in the literature regarding a comprehensive review of
sampling and sample preparation methods, analytical methodologies, and the stability of
biomarkers, with a focus on psychoactive pharmaceuticals such as antidepressants,
antipsychotics, and benzodiazepines (Chapter 1.3 Wastewater-Based Epidemiology).

This comprehensive review focuses on sample collection, sample preparation, and
analytical methodologies developed to determine antidepressants, antipsychotics,
benzodiazepines, and their metabolites in influent wastewater, in the scope of WBE. It also
provides information on recent advancements in sampling techniques (e.g., active-passive
sampling), as well as on the stability and consumption of psychoactive pharmaceuticals at
high spatiotemporal resolution worldwide. Additionally, limitations, uncertainties,
challenges and future recommendations are also presented. Seventy-four peer-reviewed
WBE studies monitoring the consumption of psychoactive pharmaceuticals published since
2010 are included.

Notably, SPE for sample preparation and target analysis by either LC-QqQ-MS or
QTrap-MS was the most commonly used technique in WBE due to its high sensitivity and
reliability for detecting low concentrations of pharmaceuticals and their metabolites.
HRMS has also gained popularity in wastewater analysis, particularly for suspect- and non-
targeted screening of NPS, enabling early detection of emerging compounds in the
community. When applied globally, WBE revealed widespread and varied consumption of
antidepressants, antipsychotics, and benzodiazepines across countries, regions, and
timeframes.

The literature also shows how WBE complements traditional surveillance methods and
can serve as a valuable early warning system for public health monitoring and tracking the
emergence of new substances. However, the WBE is not without its limitations. These are
primarily related to sampling strategies, excretion rates, compound stability (both in-sewer
and in-sample), flow dynamics, and the accurate estimation of population catchment sizes
(Chapter 1.3.2 Advantages and limitations). Given the many advantages of WBE, which
provides continuous, near-real-time monitoring of psychoactive pharmaceutical
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consumption trends at high spatiotemporal resolution, further studies on methodology and
applicability are warranted.
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M. Latmen-Geraniou et al.
1. Introduction

Increasing mental disorders, including depression, anxiety, bipolar
disorder, schizophrenia, and other psychoses, ereate a significant social,
health, and economic burden [1.2]. According to the World Health
Organization (WHO), an estimated 280 million patients suffer from
depression worldwide [2]. Since 2010, the growth in antidepressant
usage globally has been steadily increasing (Fig. 1), leading to further
research on their consumption and use patterns [2,3]. This growth is
also reflected in the global market for antidepressants, i.e., in 2019, the
market was estimated to be worth USD 11.67 billion, rising to 15.84
billion in 2021, and is projected to grow to 21,28 billion by 2025 [4]. In
the case of psychoactive pharmaceuticals, antipsychotics are mainly
used for treating schizophrenia, the second most common mental dis-
ease affecting more than 21 million people worldwide. Similarly, the
global antipsychotic drug market, valued at USD 12.42 billion in 2020,
increased to USD 14.54 billion in 2021 and is estimated to reach USD
26,04 billion by 2030. The global psychoactive drug market was valued
at a staggering USD 3.8 hillion in 2020 [5].

Benzodiazepines are another important class of psychoactive phar-
maceuticals. They are among the most widely prescribed medications to
treat various conditions such as anxiety, insomnia, epilepsy, and muscle
spasms and manage withdrawal symptoms from alcchol. In most
countries, benzodiazepines are considered prescription-only medica-
tions with restrictions on their supply, use and possession under drug
control laws [6]. However, increased usage of benzodiazepines has been
observed among prisoners, high-risk drug users and some groups of
recreational drug users due to them being readily available and low cost
and among the general population due to pandemic-related mental
health issues [7]. According to the European Monitoring Centre for
Drugs and Drug Addiction (EMCDDA), the misuse of benzodiazepines,
diverted either from therapeutic medical or illegal use in Europe, is also
becoming an issue [8]. New benzodiazepines, which are not controlled
under the international drug control system, but are monitored as new
psychoactive substances (NPS) by the European Union Early Warning
System, have been sold as ‘legal’ versions for authorised benzodiaze-
pines on the drug market in Europe [7]. Currently, the EMCDDA is
monitoring 30 new benzodiazepines through the EU Early Warning
System, 21 of which were first detected in Europe in 2015. Some of these
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are sold as fake versions of commonly prescribed medication such as
alprazolam (Xanax) and diazepam, making use of existing distribution
networks in the illicit drug market, while others are sold online, some-
times under their own brand names.

The ability to accurately monitor psychoactive pharmaceutical use is
of high importance. Typically, such data have been painstakingly
collected using conventional socic-epidemiological methods such as
general population surveys, hospital records, and prescription and sales
data within a population [9], The limitation of these traditional esti-
mation methods is that they can be biased, ethically questionable, have
high uncertainty, be time-consuming, and suffer a significant time lag in
the reported data [10,11]. For these reasons, wastewater-based epide-
miology (WBE), also called sewage epidemiology, is becoming a popular
alternative to epidemiological surveys since it offers objective and
anonymous information on licit and illicit drug use or abuse in defined
populations by analysing human metabolic excretion products (bio-
markers) in wastewater. Non-invasiveness, cost-effectiveness, the
capability to assess trends in pharmaceutical use over time and the
ability to gather data in near real-time are just a few of the advantages of
WEE [1]. WBE has also turned into a vital tool for monitoring spatio-
temporal consumption patterns and trends both within and between
countries and time points, in illicit drugs and psychoactive pharma-
ceuticals use that allow the tracking of human habits and lifestyle and
the associated outcomes on health, education and crime [12-14]. Since
its first application in 2005, investigating the consumption of cocaine in
Italy [15], WBE has been subjected to constant improvement and
development [16], [17]. At present, apart from a large number of studies
for illicit drugs, the application of WBE extends to monitoring the con-
sumption of tobacco [18-22], caffeine [23], aleohol [19,22,24], opioids
22,25], artificial sweeteners [26,27], pharmaceuticals [28-33], new
psychoactive substances |34 38|, personal care products [29,39,40]
and lately to track the spread of the Sars-CoV-2 in populations [41,42].

To date, a large number of studies have been published related to
sample collection, extraction, stability, validation and back-calculating
antidepressant, antipsychotic and benzodiazepine consumption by
waslewater analysis, taking into account the flow rate and the popula-
tion units, mainly in Europe [43-51], USA |52-54], Australia [29,55]
and China [32,56,57], but also in Mexico [58] South Korea [59], South
Africa [60], Maldives [61] India [62,63] and Brazil [64], However,

Fig. 1. Consumption of antidepressants in defined daily doses (DDD) per 1000 inhabitants, 2000, 2007 and 2020. *Data for 2006 (not 2000). * *Data for 2003 (not

2000). * ** Data for 2001 (not 2000).
Source: OECD Health Statistics 2019 and 2021.
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several studies have also highlighted the methodological uncertainties
associated with WBE [16,65-67]. These uncertainties include the sta-
bility of hiomarkers in the sewage system and during storage, sampling,
sample pre-treatment, extraction, and quantification. Furthermore,
many uncertaintes arise when back-calculating psychoactive pharma-
ceutical consumption. These uncertainties include, for example, the
specific characteristics of Water Resource and Recovery Facilities
(WRRFs, formerly WasteWater Treatment Plants, WWTPs), the popula-
tion size of the contributing wastewater catchment, wastewater flow,
time a biomarker takes to arrive at the WRRF and associated stability,
biomarker pharmacokinetics, excretion rate, and dose estimation |16,
52,68].

Many excellent reviews on WBE can be found in the recent literature.
For example, Choi et al. [69] summarized the established
wastewater-based epidemiology (WBE) biomarkers for licit and illicit
drugs, pharmaceuticals and personal care products, industrial ¢chem-
icals, and biochemical markers of stress, food and diet. Their paper also
describes the current capabilities and challenges of WBE. Similarly, Pico
and Barceld [70] classify the different systematic approaches used to
identify and measure a broad range of biomarkers in wastewater while
discussing analytical trends in WBE. A comprehensive review of
analytical approaches and global trends that only focused on detecting
NPS in wastewater was also recently published by Gent and Paul [34].
Alternatively, Boogaerts et al. |71] focused on eurrent WBE applications
relating to pharmaceutical consumption, spatiotemporal trends and the
relationship between pharmaceutical use and socio-demographic pa-
rameters of the specific catchment. They also show how triangulating
WBE data with other drug utilization research (DUR) can help under-
stand better how WBE can further contribute to DUR. In the same year,
Melchor-Martinez et al. |72] also published a review paper on common
antidepressants in wastewater and sludge, highlighting the risks to so-
ciety, the environment and their increasing use during the SARS-CoV-2
pandemic. Despite such excellent reviews, there remains a gap in the
literature regarding sampling methods, sample pre-treatment, analytical
methodologies, and stability of biomarkers focusing only on psychoac-
tive pharmaceuticals such as antidepressants, antipsychotics and
benzodiazepines.

This review paper focuses on sample collection, sample preparation,
extraction and quantification methods in wastewater influent specific to
antidepressants, antipsychotics, benzodiazepines, and their metabolites
in the scope of WBE. It also provides information on novel advancements
in sampling techniques, stability and consumption of psychoactive
pharmaceuticals in high spatiotemporal resolution worldwide. In total,
74 WBE publications were selected. The referenced papers were found
by searching Science Direct, SCOPUS, Springer and Google Scholar for
the following keywords: wastewater, influent, wastewater analysis,
wastewater-based epidemiology, pharmaceuticals, psychoactive phar-
maceuticals, prescribed pharmaceuticals, antidepressants, antipsy-
choties and benzodiazepines. Only peer-reviewed studies published
since 2010 were included. Table 1 shows the different keyword com-
binations applied to find eligible studies for this review. We included
WBE studies that estimated population-normalised mass loads (mg/day/
1000 inhabitants) of excreted human metabolic biomarkers of antide-
pressants, antipsychotics and benzodiazepines. Wastewater studies that
focused on special events, evaluation of removal efficiencies during
wastewater treatment and investigation of their ecotoxicity in aquatic
envirenments were excluded.

2. Determination of psychoactive pharmaceuticals in
wastewater

Sample collection, pre-treatment, preparation, and instrumental
analysis are the first steps in the WBE approach. The following sections
discuss the state-of-the-art in each of the steps involved in analysing
antidepressants, antipsychotics, benzodiazepines, and their metabolites
in influent wastewater.
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Table 1

Applied search combinations during the advanced literature search.
Scarch terms Ilits
(wastewater OR “wastewater-based epidemiology ™) AND (“psychoactive 7274

pharmaceuticals™)
(wastewater OR “wastewater-based epidemiology™) AND (antidepressants) 608
AND (antipsychotics) AND (benzodiazepines)

(waslewsler OR “waslewaler-based epidemiology™) AND (“psychoactive 374
pharmaceuticals™) AND (antidepressants) AND (antipsychotics) AND
(benzodiazepines)

((wastewater OR “wastewater-based epidemiology™) AND (“psvchoactive 368

pharmaceuticals™) AND (antidepressants) AND (antipsychotics) AND
(benzodiazepines)) AND (influent)

((wastewater OR "wastewater-based epidemiology™) AND (“psvchoactive 355
pharmaceuticals™) AND (antidepressanis) ANT (anlipsychotics) AND
(benzodiazepines)) AND (influent) AND (consumption)

(({(wastewater OR “wastewater-based epidemiology™) AND (“psychoactive 238
pharmaceuticals”) AND (antidepressants) AND (antipsychotics) AND
(benzodiazepines)) AND (influent)) NOT (effluent) NOT (removal)

("wastewater-based epidemiology"y AND (antidepressants) AND 40
(antipsychotics) AND (benzodiazepines)
({("wastewater-based epidemiology") AND (antidepressants) AND 25

(antipsychotics) AND (benzodiazepines)) AND ("influent wastewater™))
AND (consumption)

2.1. Sampling

Practitioners of the WBE approach strongly recommend that sam-
pling is performed during dry periods since rain dilutes wastewater and
makes detecting biomarkers in wastewater more difficult. In rare cases
of wastewater overflow, it may also lead to incorrect average con-
sumption estimations if part of the wastewater is discharged untreated
and not included in the flow measurement. In general, sampling should
also be avoided during special events at WRRFs, such as scheduled
maintenance or, for example, public holidays and festivals that may
affect the results, unless this is the subject of research, like determining
new psychoactive substance use over the new year period [73]. During
special events, population size (people migration) and pharmaceutical
consumption may differ from the average, leading to incorrect con-
sumption estimations in the catchment population [74], Developing a
sampling strategy can be influenced by several factors, including the
characteristics of the WRRF catchment area or less explored
sub-catchments such as wastewater from hospitals [40,43,75], aged care
facilities [76], prisons [14,77,78] educational institutions [14,22,79],
football games [80] and festivals [14], [81]. Here it is important to
clarify that when monitering the previously mentioned sub-catchments,
other sampling points have been used than the usually sampled influent
wastewater at the WRRFs. In the case of site-specific studies, including
educational institutions, and prisons, raw wastewaler samples are
typically collected directly from the sewage outlet before reaching the
main municipal sewage network or at the inlet of a wastewater plant
installed at the studied site (e.g. hospitals) [14,43]. In addition, sam-
pling during special events (e.g. festivals) has been chiefly performed at
municipal WRRFs [14]. If the festival area is not connected to any WRRF
or portable toilets are used, the sewage is transported to the corre-
sponding WRRT's via local sewers. The approach regarding sampling
frequency can differ based on the number of possible users per popu-
lation, pharmacokinetics (metabolic/ transformation pathways) and
characteristics of the sewage system (matrix complexity) [16,34].

Different sampling techniques can be used for sampling wastewaler.
Grab sampling of wastewater [58,62,82-84] is not the most suitable sam-
pling method since it represents only the wastewater conditions at a spe-
cific point in time without capturing the short or long-term variation of
concentration, providing a potential false concentration profile in the
studied system [85]. In WBE, it is crucial to create composite samples to
ensure the collection of representative samples. Typically, 24-hour com-
posite samples for multiple days (usually seven consecutive days) are
collected to account for variations between weekdays and weekends
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(Table 2). However, in some cases, composite samples of 72-hour [86] and
12-hour, from 10 am to 10 pm [61], have been reported. Composite sam-
ples are commonly collected with an autosampler, working in one of three
modes: (1) volume-proportional mode, i.e., taking samples of equal volume
at varying Ume intervals, proportional to wastewater flow); (2)
time-proportional mode, i.e., taking equal sampling volumes at constant
time intervals or (3) flow-proportional, i.e., varying sampling volumes,
proportional to the wastewater flow in constant time intervals [16].
Auto-samplers allow researchers to collect as much sample (and conse-
quently data) as possible within a predefined time frame and volume [34],
Although flow-proportional sampling seemns to be more suitable for smaller
populations [16], it remains, that is according to Ort et al. [87], the best
sampling practice for WBE estimations generally, which agrees with the
number of publications that use this sampling technique [32,37,38,48,57,
79,83,86,88-93]. Volume-proportional mode is acceptable for short sam-
pling intervals, while time-proportional sampling can be used for slight
variatons in flow or pollutant concentrations. For operational reasons,
time-proportional sampling is also widely applied at different time in-
tervals: 10 min [39,40,45,67,94], 15 min [44,52,54,95,96], 20 min [31],
30 min [46,47,58], 60 min [53,56,59], 2h [64,75] or 6 h [43].

An alternative approach is to use passive samplers, e.g., polar arganic
integrative samplers (POCIS), that can overcome the limitations of
active samplers, like capturing low contaminant levels, potential
changes in flow, and power requirements [11,53]. Passive samplers,
consisting of polymeric-based sorbent material, are commonly deployed
for extended periods and can adsorb trace analytes on the sorbent during
the sampling period [97]. Criquet et al. [98], who studied pesticides and
pharmaceuticals, including carbamazepine, in effluent wastewater,
suggested that POCIS have certain advantages over grab sampling due to
its ability to obtain time-integrated results. Regarding the analysis of
psychoactive pharmaceuticals and illicit drugs, a comparison between
POCIS and 24 h auto-sampling has been reported, showing similar
concentrations of the collected influent wastewater samples [46,52].
However, concentrations obtained by POCIS were lower in the case of
more complex and untreated wastewater [99]. Baz-Lomba et al. [46]
and Bishop et al. |53] applied POCIS when investigating antidepres-
sants, benzodiazepines and illicit drugs in sewage alongside 24 h com-
posite auto-sampling. In both cases, their data were in better agreement
with concentrations that may have been expected between both sam-
pling methods. Although, for some compounds, including temazepam,
Bishop et al. [53] reported that POCIS underestimated the influent
concentrations (3 times lower) compared to the median 24 h composite
values. However, the differences were lower when considering the 24 h
composite values range [53]. Another limitation of POCIS is the po-
tential occlusion of the membrane due to solid particles on the sampler
surface during the deployment period, which could significantly affect
the results [53].

Using a similar approach, McKay et al. [29] developed, calibrated,
and validated a Microporous Polyethylene Tube (MPT) passive sampler
with a multi-mode sorbent (Strata-X in agarose) as a tool for detecting
and quantifying licit and illicit drugs, including carbamazepine and
temazepam in WRRF influent. For carbamazepine and temazepam,
along with methamphetamine, MDMA, nicotine and morphine, the au-
thors found that the uptake was linear over a 29-day calibration period
129]. In another variation, Liu et al. [ 108] evaluated the use of diffusive
gradients in thin-film (o-DGT) passive samplers, using three different
types of resin gels (HLB, XAD 18, and XDA-1) to sample pharmaceuticals
and illicit drugs for WBE, From the WBE perspective, passive samplers
have also been used for the long-term monitoring of community-level
licit and illicit drug consumption [11,29,53]. Nevertheless, for a better
understanding of the human drug abuse behaviour between weekends
and daily use, a 24 h composite sampling is more practical since it can
show the fluctuations in consumption on a specific day [53]. Passive
sampling devices can be advantageous in wastewater analysis when
auto-sampling is not used, as they provide a more straightforward
sampling process, in-situ enrichment of chemicals, increased sensitivity
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and a time-integrated sample [34,109]. At present, this sampling mode
is still under development, and the influence of environmental factors
(flow rate, temperature, pH, biofouling) on the sampling rate and the
mechanisms controlling uptake (sorption and desorption of chemicals
due to flow) are still to be explored for psychoactive pharmaceuticals
[11].

More recently, an alternative, novel in-situ sampling technique that
combines active and passive sampling (APS) has been reported [110,
111]. For instance, Amato et al. [110-112] developed such a device to
simultaneously measure a wide range of contaminants (metals, polar
and non-polar compounds). This device uses a diffusion cell (loaded
with three different sorbents: Chelex, HLB and silicone rubber) supplied
with an exposure medium using a pump. At the same time, a flow meter
establishes accurate measurements of flow rates. Fig. 2 illustrates the
schematic and cross-section of the APS diffusion cell comprised of two
blocks separated by a 0.50 cm thick spacer. In such a device, a controlled
laminar flow is created within the cell, allowing the obtained mea-
surements to be independent of the hydrodynamic conditions in the bulk
exposure medium and, in doing so, overcomes one of the limitations of
passive samplers (e.g. POCIS) [111]. In the first field application con-
ducted in the Port of Zeebrugge, Belgium, Amato et al. [112] showed
that the measurements of specific polar organic compounds, namely
carbamazepine, using the APS were In good agreement (difference
<15%) with conventional passive sampling techniques such as organic
diffusive gradients in thin films (0-DGT), but were both consistently
higher (~30 and ~50% for APS and o-DGT, respectively) than those
obtained using grab samples. The APS device was also capable of
establishing the concentrations of target biomarkers of contaminants in
seawater with a broad range of different physico-chemical properties,
thereby making it a promising technique for monitoring wastewater
influent in WBE applications [112].

2.1.1, Sample storage

Standard procedures for transporting and storing wastewater sam-
ples depend on the matrix (e.g. wastewater is a complex matrix influ-
enced by temperature and source), target compound stability and
preservation requirements. Since the stability of many psychoactive
pharmaceuticals in wastewater is largely unknown, especially for anti-
psychotics, the choice of temperature during transportation and storage
may influence their stability and affect the beginning of sample prepa-
ration, e.g., by adding acidification and adding preservative agents [34].
In the case of low stability, the samples must be preserved. Transporting
samples usually involves careful packaging and transport on ice, fol-
lowed by either immediate analysis [96] or chilled storage until anal-
ysis. All the details on sample storage conditions for determining
psychoactive drugs are summarised in Table 2 and include refrigeration
in the dark at 4 “C when processed within six to 72 h [38,43 52,53 57,
64,83,84,94], or more commoenly at — 20 °C [1,29,31,37,39,40,44,45,
47,51,54,58,61,63,67,79,83,86,88 91,93,101-105] or even — 80 °C
[20], if the samples are to be kept for longer periods (e.g. from two
weeks up to three months). Hydrochloric acid or sulphuric acid [32,56,
59,82,106] are also used to adjust sample pH (pH 2-3) to prevent bac-
terial activity and maintain analyte stability. The latter is compound
dependent and can, in some cases, lower the stability of certain benzo-
diazepines, including clonazepam, flubromazepam nitrazepam [55] and
the metabolites 7-aminoclonazepam and 7-aminoflunitrazepam [113].
Similarly, sodium metabisulphite has been used as a preservative agent
when analysing benzodiazepines [55] and traditional illicit drugs [34,
65,114]. Rice et al. [95] took a slightly different approach. The samples
were extracted within 24 h of sampling and stored on the SPE cartridges
in the freezer untl the final elution step was performed. No stability
issues were reported. In the case of loaded POCIS samplers [11,46,53
and MPTs [29], these were stored at — 20 *C,
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Table 2
Literature review on sample type, storage, sampling period, sampling location and population equivalent.
Sample Sample type Additional Sample storage Sampling period Sampling location Population Ref,
sampling
information
‘Wastewater 24-hour Autosampler =20 °C 10th June-21th July (2016) 1 WRRF, Vestljorden VEAS 600,000 [86]
(influent) composite (tlow- Avlppselskap (VEAS),
sample proportional Oslo, Norway
(weekdays) A total of 30
72-hour samples)
composite
sample
(weekend,
Priday-
Monday)
Wastewater 24-howr Autosampler -20°C, ptl 2 19-22 April 2018 3 WRRFs, Busan, South 2235,245 [59]
(influent) composite (100 mL every adjustment with Korea
sample 60 min) 2 M HCI
(processed within
2 weeks)
Wastewater 24-hour Autosampler 4 °C (processed 7 consecutive days in late 2 WRRI's, eastern WRRTL 4 (industrial, [52]
(influent) composile (every 15 min) within & h) summer 2018 Kentucky, USA metropolitan areas)
samplc 190,000
WRRT), (suburban)
~150,000
Waslewater 24-hour Autosampler 4°CpH2-3 WRRFc: 11 WRRFs Guangzhou, LB: 300,000 [32]
(influent) composite (flow- adjustment with once a month for six Iluizhou and Dongguan of ~ TS-1: 428,000
sample propurtional} 4 M HaS504 consecutive months from Guangdong province, DTS-2: 570,000
(processed within November 2018 (o April 2019 China HY: 425,000
24 1) MH: 380,000
WRRF,: 410,000
1.1:540,000
JX:130,000
[1J:130,000
WRRFp: 200,000
WRRF:390,000
Wastewater 24-howr Autosampler 4 “C (processed April, May, June 2019 2 WRRFs, Western USA WRRF,: < 45,000 [53]1
(influent) composite (100 mL every within 24-48 h) WRRFg: = 4000
sample 60 min)
Sample 30 days of POCIS stored at
gathered by cxXposure — 20 °C until
passive extraction
sampling
(POCIS)
Wastewater 24-hour Autosampler extracted within 2014-2018 1 WRRF, South-West UK 886,650 [95]
(influent) composite (10 mL sample 24 h and stored on
samplc cvery 15 min) SPE (freezer)
Wastewater 24-hour Autosampler -80 °C March, April, May 2017 6 WRRTs, Ttaly Milan: 1080,000 130]
(influent) composile (volume- or lime- Bologna: 530,000
sample proportional) Palermo: 360,000
Bari: 459,650
Gorizia: 34,844
Potenza: 80,000
Wastewater 24-howr Autosampler -20°C October 2017 4 WRRFs, Belgium Ostend: 160,000 [1]
(influent) composite (time or flow- Boom: 30,000
sample propartional} Brussels: 954,200
‘Turnhout: 43,200
Wastewater 24-hour Autosampler -20 °C 2017 1 WRRF, Kentucky, USA —20,000 1541
(influent) composite (every 15 min)
sample
Vastewater 24-hour Autosampler -20°C 2012 and 2014 1 WRRF, Amsterdam, 769,000 [37]
(influent) composite (tlow- Netherlands
sample proportional)
Wastewater 24-hour Grab sample -20°C 17,23,31 January and 6th of 1 WRRF, South East 200,000 [29]
(influent) composite Tebruary 2017 Queensland, Australia
sample
Analytes 30 days of MPTs stored at 12th of January-10th of
gathered by exposure — 20 °C until Tebruary (2017)
passive extraction
sampling
(MPTs)
Wastewater 24-hour Autosampler -20°C,pH 2 August-September 2014, May- 36 WRRFs, (STPs) Total 26.29 million 1561
(influent) eomposite (100 mL every September 2015 18 major ciries, China
sample 60 min)
Wastewater 24-hour Autosampler -20 °C, Naz5:00 27 11 - 3.12 2019 and 4WRRFEs, WRRE,: 728,759 [55],
(influent) eomposite (time or flow- (0.5 /1) 25.12.2019-3.01.2020 South Australia WRRFg: 75,225 1100]
sample proportional)

(contiued on next page)
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Table 2 (continued )
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Sample Sample type Additional Sample storage Sampling period Sampling location Population Ref,
sampling
informalion
WRRFg: 212,309
WRRF;: 155,604
Wastewater 24-hour Autosampler 4°C April-May 2010 6 WRRTs, Germany NR [83]
(inMuent compasite (Mow-
sample proportional)
Grab sample - -20°C April-May 2010 2 WRRTs, Aveiro, NR [83]
Partugal
Wastewater 24-hour Autosampler -20°C March 2011 1WRRF, London, UK 3400,000 [47]
(influent) composite (every 30 min)
sample
Wastewater Grab sample - 4 “C (processed 13th-19th April 2011 1 WRRF, = 300,000 [841
(influent) within 18 h) Czech Republic
Wastewater 24-hour Autosampler -20°C Oslo: February 2014 2 WRRTEs WRRE, Oslo: 600,000 [46]
(influent) composite (50 mL every Trondheim: Spring 2014 Oslo and Trondheim WRRF, Trondheim:
sample 30 min) Norway 180,000
Sample 2 weeks of POCIS stored at Oslo: February 2014 1 WRRTE WRRF, Oslo: 600,000
gathered by EXPOSUIE 20 *C until Oslo, Norway
passive extraction
sampling
(POCIS)
Waslewaier Sample 2 weeks of POCIS stored at 29122011 - 03.01.2014 1 WRRF, Oslo, Norway WRRE, Oslo: 600,000 [l
(influent) gathered by CXposure — 20 "C until
passive extraction
sampling
(POCIS)
‘Wastewater 24-hour Autosampler 4 *C (processed NR 1 WRERFE, UK NR [96]
(influent) composile (10 ml, sample immediately)
sample every 15 min)
‘Wastewater 24-hour Autosampler -20°C August 2016 22 WRRTFs, 6 states and 1000-2.5 million [101]
(influent) composile (flow- or time- lerritories, Ausiralia
sample proporlional)
Wastewater 24-hour Autosampler 470 one weck of March in years 1 WRRF Psyttalia, Athens, --3700,000 [38]
(influent) composite (flow- 2015-2018 Greece
sample proporlional)
Wastewater 24-hour Autosampler -20°C 16-20 October 2019 2 WRRFs, Barcelona, BCN: 1619,602 [31]1
(influcnt) composite (300 mL every Girona, Spain GRN: 151,076
sample 20 min)
Waslewaler 24-hour Autosampler -20°C 4 sampling periods: 15 WRRFs, Fram 6850 (o 756,000 [oz1,
(influcnt) composite (time- spring, summer and autumn 5 regions (North, Centre, [103]
sample proportional) 2013, Lishon and Tagus Valley,
winter 2014 Alenlejo and Algarve),
Portugal
Wastewater 24-hour Autosampler 4 °C (analysed July-November 2013 4 WRRFs NR [75]
(influent, composite (time- within 7 days) 6 hospitals
hospital sample proportional, 2 h New York, USA
efflucnt) intervals)
Wastewater 24-hour Autosampler -20°C Junuary- December 2014 8 WRRFs, 7 major cities Bratislava: 350,000 1441
(influent) composite (time- (Bratislava-Central and Petrzalka: 110,000
sample proportional, Bratislava-Petrzalka, Kogice: 175,000
15 min intervals) Kosice, Presov, Banska Pregov: 90,000
Bystrica, Zvolen, Trenéfn, B, Bystrica: 75,000
and Piestany), Slovakia Zvolen: 42,000
Trencin: 47,000
Pieglany: 34,000
Wastewater Grab sample - 4 G (processed NR Pante da Moreira's 25,000 [82]1
(influent) within 48 h), pH 2 WRRF, Maia region,
adjustment with Porto, Portugal
H2504 (95-97%)
Wastewater 24-hour Autosampler -20°C Onc-week period per month University campus, 15,000-60,000 [79]
(influent) composite (flow- from August to December South-western USA
sumple proportional) 2017
Wastewater 24-hour Autosampler 4 “C (processed 5 consecutive days in July 1WRRF, Sant Pere Estimated papulation [94]
(influent) composite (time- within 12 h) 2013 Pescador, north-east in the sampling period:
sumple proportional, coastal region of 7500
every 10 min) Catalonia, Spain
Wastewater 24-hour Autosampler -20 70 7 consecutive days, 5 WHRFs, South-West UK A: 37714 [88]
(influent) composite (flow- Wednesday to Tuesday B: 68,453
sample propurtional between June and October C: 109,543
2015 18,274
L 867,244
Wastewater 24-hour Autosampler 4 °C (processed 7 consecutive days 1 municipal WRRF, 100,000 1431
(inMuent) composite (every 6 h) within 48 h) two sampling periods; October Ioannina city, Greece
sample 2016 and December 2016

(contimued on next page)
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Sample Sample type Additional Sample storage Sampling period Sampling location Population Ref.
sampling
informalion
Wastewater 24-hour Autosampler -20 °C (analysis 5 consecutive days during one 1 municipal WRRF, 1159,071-1149,722 [45]
(influent) composite (50 mL every within 2 months) week in mid-March from 2011 Barcelona, Spain
sample 10 min) w0 2015
Wastewater 24-hour Autosampler Processed 7 consecutive days during 2 WRRFs, Western Cape WRRF1: 248,000 [e0]
(influent) composite (100 mL every immediately February 2018/2019 and July Province, Sourh Africa WRRF2: 1102,000
sample 10 min) 2018/2019
Wastewater 12-hour Autosampler -20 °C (processed 9 conseculive days, 9 pumping stations, 153,940 [611]
(influent) composite (time within 2 monthsg) (12.03.2015 20.03.2015) Malé , Republic of
sample (10 am proportional) Maldives
Lo 10 pm})
Wastewater 24-hour Autosampler 200G 7 consecutive days during 1 WRRF, Athens, Greece 2019: 3995,020 (891,
(influent) composite (tflow- 13-19.03.2019 and 2020: 4009,346 [80]
sample proportional 25.03-08.4.2020
Waslewaier 24-hour Autosampler -20 °C (processed September 2018, May and July 2 WRRFs, Thessaloniki, WRRF-T: 1100,000 [104]
(influent) composite within 7 days) 2019 Greece WRRF-A: 00,000
sample
Waslewater 24-hour Aulosampler -20°C UK: 5 — 7 April 2019 WRRF, London, UK UK: 3400,000 [58]
(influent) composite (every 30 min) USA: 9-15 September 2019 WRREF, city in the south- USA: 60,888
sample west USA
Grab sample - NR Mexico: 19-25 February 2019 WRRT, Monterrey, Mexico: 1708,190 [58]
Mexico
‘Wastewater 24-hour Auntosampler NR January 2012 33 WRRFs across Sweden =10,000 cach [48]
(influent) composite (tlow-
sample proportional
‘Wastewater 24-hour Autosampler -20 °C (processed 9 sampling perieds: October 2 WRRFs, Leiria, Portugal WRRF 1: 21,726 [91]
(influent) composite (flow- within 7 days) 2013-Junc 2014 WRRT 2: 110,131
sample proporlional
Wastewaler 24-hour Autosampler -20°C 4 sampling periods 2013-2014 1 WRRF, Valos, Greece ~145,000 [39]
(influent) composite (100 mL every (winter, spring, summer,
sample 10 min) autumn})
Waslewaler 24-hour Aulosampler -20°C 3 conseculive days, sampling WRRF-S, WRRF-A WRRF-8: 1333,000 [40]
(influent) composite (100 mL every campaigns from 2015 to 2017 Thessaloniki, WRRF-L WRRF-A: 50,264
sample 10 min) Larissa, WRRI-V, Volos, WRRF-L: 284,325
Greece WRRF-VT.: 45,000
Wastewater 24-hour Autosampler (1 1. 4°C (processed February to May 2019 5 WRRFs, Campinas (Sdo WRRF-A (43,000 [64]
(influent, composite every 2 1) within 27 1) Paulo State), Brazil WRRF-B: ~44,000
effluent) sample WRRF-C: —55,000
WRRF-I: 288,000
WRRF-L: ~182,000
Wastewater 24-hour Autosampler NR Before lockdown, 7-22 Innsbruck, Austria 174,000 1921
(influent) composile (flow- conseculive days (2016-2020)
sample proportional) During lockdown, daily
12.03-15.04/2020
Wastewater 24-hour Autosampler -20°C February 2011 - June 2012 WRRF, Southeast 230,000 [931]
(influent) composite (flow- Queensland, Australia
sample proportional)
Wastewater Grab sample - -20+C July and August 2012 5 STPs, Saidpur, Beur, STPgp: 350,000 162]
(influent) Coimbatore, Udupi,
Manipal, India
STPeyp:
STPpe: 12,000
Wastewater 24-hour NE 2070 7 consecutive days, 2 8TPs, Udupi, STP: ~150,000 [63]
(influcnt) composite 19-25 May 2013 Mangalore, India STPpy: —~450,000
sample
Wastewater 24-hour NR NR 7 consecutive days, 2 WRRFs, Albany, New WRRFA: ~15,000 [105]
(influcnt) composite 12-18 July 2013 York, USA WRRFB: ~100,000
sample
Wastewater 24-hour Aulosampler NR 86 conseculive days 1 WRRF, Region Centre- 70,000 [50]
(influent) composite (volume- 21 March-13 Junc 2016 Val de Loire, France
sample proportional,
50 mL every
30 m%)
Wastewater 24-hour Autosampler -20°C 17 April-1 May 2012 3 WRRTs, Valencia, Spain ~ Pinedo-I: 351,198 [51]
(influent) Ccomposite (time- Pinedo-II; 942,774
sample proportional) Quant-Benager:
166,942
Wastewater 24-hour Autosampler -20°C,pH 2.5 5 sampling campaigns 1 WRRE, Athens, Greece —4562,500 [106
(influent) composile (velume- adjustment with 5-11 December 2010
sample proportional) 1M HC] 310 April 2011

2-9 April 2012
6-16 March 2013
11-18 March 2014

{contimued on next page)
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Sample Sample type Additional Sample storage Sampling period Sampling location Population Ref,
sampling
informalion
Wastewarer 24-hour Autosampler S200°C 2007 5 WRRFs, Belgium STP 1: 59,400 671
(influent) composite (time- ST 2: 63,000
sumple proportional, STP 3: 58,500
every 10 min) STP 4: 43,200
STP 5: 54,500
Wastewater 24-hour Autosampler 4 *C (processed 2-3 sampling campaigns: 6 WRRIs, Hong Kong, WRRFE A: 685,500 [571
(influent) composite (Mow- within 72 h) September-October 2018 China WRRF B: 5700,000
sample proportional) 3 sampling campaigns: WRRF C: 318,400
December 2018 -March 2019 WRRF D: NA
WRRF E: 27,000
WRRF F: 200,000
‘Wastewater 24-hour Autosampler =20 °C March to October 2013 6 WRRFs, Slovakia DBratislava: 350,000 [49]
(influent) composite (time- Petrzalka: 110,000
sample proportional, Kogice: 175,000
cvery 15 min) Zvolen: 42,000
Banska Bystrica:
75,000
Trenéin: 47,000
Dresov: 90,000
Piestany: 34,000
Waslewater 24-hour Autosampler -20°C March 2014 1 WRRF, Thessaloniki, ~908,593 o7
(influcnt) compaosite Greece
sample

NE: not reported

INLET

Fig. 2. a) Schematic and b) cross-section (not to scale) of the APS diffusion cell
[110]. Top and bottom blocks can accommodate sorbents (topped with agarose
gel) for sampling a diverse range of compounds. The sample is actively pumped
through the device, as indicated by the arrows in (b). Water sealing is ensured
by two o-rings placed in circular cavities machined in both top and bot-
tom blocks.

2.2. Sample preparation

Pre-treatment protocols (Table 3) for determining organic contami-
nants, like pharmaceutical residues in wastewater, are similar to stan-
dard analytical protocols. Principally, filtration and extraction are used
before injection into the appropriate analytical system. Acidification,
before extraction, is an optional step that may be applied depending on
the physico-chemical properties of the psychoactive pharmaceuticals (e.
2., polarity and pKa) and the type of SPE cartridges used [34,115].
Matrix complexity and low concentrations of target analytes represent a
significant analytical challenge. A pre-treatment step is essential since
particulate matter and other compounds (interferences) may clog the

adsorbent bed during the preparation step. Tn order to remove these
solid particles from the matrix, samples are centrifuged [1,29.86],
filtered [11,46,67], or centrifuged and filtered consecutively [52,54,
105,107]. Vacuum filtration is commonly applied using mainly glass
fiber filters. However, the use of nylon membrane [45,53,91,94] and
polyvinylidene difluoride (PVDF) membrane filters [31,64] or, in some
cases, cellulose ester filters [30,44,61] and PTFE filters [¢1] have been
reported. Also, possible analyte loss due to filtration should be consid-
ered, especially when compounds are in low concentrations or are hy-
drophobic [33,34]. Gonzalez-Marino et al. [33] researched the sorption
of nine benzodiazepines and 13 antidepressants on different filter types,
including glass microfiber, mixed cellulose membranes, hydrophilic
nylon membranes and hydrophilic PVDF membranes. Independently of
the filter types applied, Gonzalez-Marino et al. [33] reported analyte
losses below 30% in the case of all nine benzodiazepines. However, the
majority of tested antidepressants gave different results. An ANOVA
statistical test at the 95% confidence level showed that for the antide-
pressants: citalopram, N-desmethyleitalopram, fluoxetine, nor-
fluoxetine, sertraline, mirtazapine, duloxetine, paroxetine and
trazodone, the differences between mean losses observed with the four
types of filters were statistically significant. Their study also showed that
glass fibre and hydrophilic nylon filters adsorbed the least amount of
analytes among the studied benzodiazepines and antidepressants,
regarded as the best filtering materials. At the same time, the highest
analyte losses were observed with cellulose membranes (80-95%), fol-
lowed by PVDF filters (60-90%) [33]. However, the addition of internal
standard (1S) prior to filtration allows to compensate for the losses
during filtration, and also avoids a potential underestimation of the
concentration detected in wastewater.

2.2.1. Sample extraction

Two classical approaches, direct injection (after filtration, centrifu-
gation or any other mechanical or physical operation) and solid-phase
extraction (SPE), are the most common. The chosen method depends
on matrix complexity, biomarker concentration and its retention on the
sorbent. For instance, antidepressants, antipsychotics, benzodiazepines
and illicit drugs are mainly extracted using SPE. In contrast, biomarkers
of licit drugs, including tobacco and alcohol {cotinine and ethyl sul-
phate), are commonly determined by direct injection because of their
higher consumption and, accordingly, higher concentrations in
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Table 3
Literature review on sample pre-treatment, sample preparation and analysis,
Analyte Sample pre- Sample preparation Analysis LOO (ng/L) Year Ref
treatment publ.
Separation Detection
CIT, MET, CBZ Centrifugation SPE: HLB 96-well plate UPLC: Acquity BEH C8 QqQ MS; CIT: 1.1 207 [86]
{16,200 g for Sample volume: 1 mL column ionization MET: 0.2
5 min) Conditioning: 1 mI. MeOH, (2.1 > 100 mm, 1.7 pm) made: FST{ +); CR7: 1.0
1 mLHO Maobile phase: detection
Washing: 1 mLII,O A: 0.1% NILOI (aq.)B: ACN mode: MRM
Elution; 50 pL MeOH, 50 pL 1%
NH4OH in MeQH, 50 pL 1% FA in
McOIL
ZOL [ZPCA] Tiltration (glass SPE: Dasis-HLB, pH 6 HFLC: ZORBAX Eclipse XDB-  QqQ MS5; ZOL: 0.84 2020 [591
microfiber filter - Sample volume 250 ml. C18 column iomization ZOL-COOH:
0,45 um) Conditioning: 3 mL MeOLL, 3 mL (4.6 %150 mm, 3.5 pm) mode: ESL(+); 1.98
Milli-Q Mobile phase: detection
Washing: 5% MeOH in H,O ArACN/HZO (199, v/v) with  mode: MRM
Flution: 2 % 5% NH4OH in MeOH 0.1% FAB: H,O/ACN (5:95,
v/v) with 0.1% FA
CIT, I'XT, SER, VEN, Centrifugation SPE: Oasis-HLB UPLC: Force Biphenyl 0QqQ MS; NR 2020 [52]
QTP, ALP, DZP, TOR, (4500 rpm for Sample volume 100 mT. column ionization
OXA, TEM 5 min), Filtraton Conditioning: 3 mL MeOLL, (2.1 x 100 mm, 1.8 pm) mede: ESL(+);
(glass fiber filters - 3 kL HyO Mobile phase: detection
1.2 ym) Flution: 4 ml. MeQH A: MeQH mode; SRM
Reconstitution: MeOH B: 0.1% FA in H,0
DZP [nor-DZP], LOR, Filtration (glass SPL: DASIS [ILB TIPLC: Eclipse Plus C18 QqQ M5; 2-ACB: 0.330 2021 [32]
PZP, OXA, ALP, BZP, fiber filters - Sample volume 1000 ml, column ionization 5-CMB: 0.038
TEM, CDP, CZP, FZP, 0.7 pm) Conditioning: 10 mL. MeOH, (2.1 x 50 mm, 1.8 pm) mode: ESI{+); 6-CPQx: (L121
NTZ, ENZ, CLB, MDZ, 10 mL Milli-Q Mobile phase: detection ALP: 0.063
CLOZ, EST, 6-CPQ, 2- Washing: 2 x 25 mL of 5% MeOH A citric acid buffer (5 mM mode: MRM BZP: 0.230
ACR, 5-CMB in HzQ CHaCOONH - 0.05% CDP: 0.213
Elution: 5 mL McQOH, 4 mL EtAe, HCOOH) CLB: 0.270
3 mL DCM B: ACN CZP: 0.088
Reconslitution: 1 ml, MeOH CLOZ: 0.052
DZF: 0.083
LST: 0,109
FNZ: 0.289
F7ZP; 0.104
LOR: 0.404
MDZ: 0.054
NTZ: 0.916
nor-DZp: 0.224
OXA: 0.487
PZP: 0.040
TEM: 0.763
AMIT, NORT, FXT [nor- Filtration (n¥lon SPE: Oasis MCX (150 mg) HPLC: Kinetex Phenyl-Hexyl Qg MS; 10 ng/L 2020 [53]
FXTI membrane filters - Sample volume 100 mL column ionization
ALP [4-OH-ATP], CZP 0.2 ym) Condilicning: 5 ml, MeOH, (4.5 »50 mm, 2.6 pm) made; FST(1);
[7-ACL], DZP [nor- 5 mL H,0, 5 mL H,O (pH 2) Mobile phase: detection
DZP], TEM, OXA, Z0L Washing: 5 mL MeOIL/1% FA Al 0.1% NILIICO,/11208: mode: MEM
Elution: 5 mL MeQH/6% NH4OH  0.1% FA in MeOH
Reconstitution: 100 pL 95% H.0/
5% MecOH (0.1% EA)
AMIT, FXT |nor-FXT], Filtration (glass SPE, Qasis HLB UPLC, ChiralPak CBH QqQ MS; NR 2020 195]
NORT, VEN [ODVEN] microfiber flters - Sample volume 50 mL column ionization
DZP [nor-DZP], LOR, GE/F) Conditioning: 2 mL McOH, (1.0 > 100 mm, 1.7 pmn) mode: ESL(+);
NTZ |7ANIZ], OXA, 2 mL H:O Isocratic mobile phase: detection
TEM, ZOL, ZPC Washing: 3 mL Ho0 1 mM NHOAc(aq. )/ MeOH mode: MRM
Elution: 4 mL MeOH (85:15% v/v)
Reconstitution: 85:15% v/v 1 mM
NH;0Ac(ac. ) MeOH
CIT [nore-CIT] Filtration (GF/A SPE, Oasis MCX HPLL, Kinetex C18 column QqQ MS; CIT: 5.17 ng/L 2020 [30]
1.6 pm, mixed Sample volume 25 mL (2.1 = 150 mm, 5 pm) jonization Nor-CI'1:
cellulose ester Conditiening: 6 mL MeOH, Mobile phase: mode: ESI (1+); 1.97 ng/L
filters ME 0,45 ym) 3 mL HyQ, 3 mL H;O (pH 2.5) A: Hz0 (0.1% FA)B: ACN detection
Elution: 2 mL MeQOH, 2 mL of 2% mode: MRM
NHa2/MeOH
MOC, MIRT [nor-MIRT|, Centrifugation SPE, Oasis HLB UPLC, Kinetex XB-C18 QqQ MS; 1-25 ng/L 2019 111
BUP [OH-BUP], VEN {2465 g for 30 min) Sample volume column ionization
[ODVEN], TZD 50 mLConditioning: 4 mL MeOH, (2.1 » 150 mm, 2.6 pm) mode: ESI (+);
|mCPP[, MIAN [nor- 4 mL HoOWashing: 5% v/v Mobile phase: detection

MIAN], CIT [nor-CIT],
DOX [nor-DOX], KLY,
IMP [DMI], MAP [nor-
MAP], AMIT [NORT],

MeOH/ HoOFElution: MeOH (2%
v/v FA)

SPE, Oasis MCX

sample volume 50 mL
Conditioning: 4 mL MeOH,

A: HzO (0.1% w/v FA)B: 10/
90 HyQ FACN (0.1% FA)

mode: dMRM

{cominued on next page)
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Analyte Sample pre- Sample preparation Analysis LOQ (ng/L) Year Ref
treatment publ.
TRMP, FXT, SFR, 4 mLLHL0 (pH 2)
MEL, CMI [nor-CMI] Washing: MeOH (2% v/v FA)
Elution: MeOII (5% v/v NI;)
CIT, FXT, SER, VEN, Centrifugation SPE, Oasis HLBSample volume HPLC: Torce Biphenyl QqQ MS; 0.5-16 ng/mL 2018 [54]
APZ, QTP, ALP, DZP, (4500 rpm for 100 mL column ionization
LOR, OXA, TEM, CBZ 5 min), Filtration Conditioning: 3 mL MeOH and (2.1 % 100 mm, 1.8 pm) mode: ESI (+);
(glass fibre filters - 3 mL HyOElution: 4 mL MeOH, Mobile phase:A: HzO (0.1% detection
1.2 ym) 3 ml. 5% ammonia in v/v FA)B: MeOH mode: MRM
Me(OHReconstitution: MeQH
WVEN, CLOZ, DZP [nor- Filtration (GF/A - SPLE, Oasis HLB UPLC: Phenomenex Biphenyl 1. QTOr-MS; NR 2017 [37]
N7P], OXA, TEM, 1.6 ym) Sample volume column iomization
mCPP 50 mLConditioning: 8 mL of (2.1 = 100 mm, 2.6 pm) mode: ESI (+)
MeOll, 8 mL [1,0Washing: 4 mL Mobile phase: 2. LTQ Orbitrap
of ultra-pure water Elution: 8 mL A Hz0B: ACN /H,0 (80:20, MS; ionization
MeOHReconslilution; Hy0/ v/v)(both with (.04% FA) maode: EST ()
MeOl1 90:10, v/v
CIT [nor-CIT], FXT, Centrifugation SPLE, Strata-X HPLC: Phenomenex Biphenyl QqLIT; 10-150 ng/L 2020 [29]
VEN, DZP [nor-DZP], (2500 rpm for Sample volume 100 ml. column iomization
TEM 10 min) Conditioning: 4 mL of MeOH, (2.1 x 50 mm, 2.6 pm) mode: ESI (+)
4 mLIL,OGlution: 2 « 4 mL of Mobile phase: {-); detection
MeOH A: MeOH (0.1% FA) mode: MRM
B: Hp0O (0.1% FA)
mCPP Filtration (glass SPL, Oasis MCX UPLC: ACQUITY IISS T3 0QgqQ MS; 2.0 ng/L 2017 [56]
fibre filters) Sample volume 50 mL (2.1 x 50 mm, 1.8 pm) jonization
Condilioning: 6 mIL MeOH, Maobile phase: mode; TSI (+;
4 mL H,0, 4 mL H,O (pH = 2) A HLO (0.1% FA) detection
‘Washing: 3 mL H;0, 2 mL [1,O B: ACN (0.1% TA) mode: MRM
(pH = 2), 3 ml, MeOH
Flution: 4 mL MeOQH, 4 mL 5%
NILy/MeOIl
Reconstitution: 200 pL MeOH/
Hz0 (141, v/v)
ALP [a-OH-ALP], CZP» Filtration (glass SPE, CleanScreen XCEL 11 UPLC: Kinetex Biphenyl QTrap MS; = 10 ng/L 2020 [55]
|7-ACLI, 4CDP, CDD, microfibre filter Sample volume 100 mL column jonization LORM: 18 ng/L
ET7, FNZ, 1L.OR, GF/A - 1.6 ym Condilioning: 6 mT, MeOH, & ml. (2.1 x 150 mm, 1.7 pm) mode: FSI(+); OXA: 300 ng/T,
LORM, MCLZ, MDZ, sodium acetate buffer Mabile phase: detection TEM: 75 ng/L.
NTZ, OXA, PYR, QTP, (100 mM plI 6 acidified with 10%  A: 95% ILO (0.1% FA/5% mode: MRM QTP: 75 ng/L
TEM acetic acid) ACN)
Washing: 6 mT. sodium acelale B 95% ACN (0.1% FA/5%
buffer H.0)
Elution: 4 mL EtAc containing 2%
ammonia Reconstilulion: 40 pl,
FA/ZACN (0.1/100, v/%) and
160 pL FA/ 1120 {0.1/100, v/v)
CBZ |DiOH-CBZ, 10-OH- NR SPE, Strata-X (200 mg) HPLC: RP: UltraSep ES Phen QqQ MS; CBZ: 0.03 pe/L 2014 183]
CBZ, CBZ-E, 2-OH- Sample volume 100 mL 18 column ionization DIOH-CBZ:
CBZ, 3-0H-CBZ] Preconditioning: 5 mL acctone,/ (2.1 %250 mm, 5 pm) mode: ESI (+}; 0.2 pg/L
EtAc (50:50) Mobile phase: detection 2-OH-CBZ:
Conditioning: 5 mL MeQH, A Ha0 mode: MRM 0.05 pg/L
15 mL H»O B: McOL 10-0OH-CB£:
Llution: 9 mL acetone/EtAc 0.13 pg/L
(50:50) 3-OH-CBZ:
Reconstitution: 10 mL 30:70 0.05 pg/L
MeOH/HL0
DZP [nor-DZP |, OXA, Filtration {glass SPE, Qusis MCX UPLC: ACQUITY BEH C18 QqQ MS; NR 2012, 1471,
TEM fibre flter GF/D - Sample volume 100 mL column ionization 2014 [84]
AMIT [NORL], FXT 2.7 um and GF/F - Conditioning: 2 mL MeOH, 2 mL (1.0 x150 mm, 1.7 pm} mode: ESI(+);
|nor-FXTI, VEN, NTZ 0.7 um) 2% HCOOH/H20 (pH 2) Mobile phase: detection
[7-ANTZ], CDP, DSP Washing: 2 ml, 0.6%HCOOH/ A: 79.7% Ho0/20% MeOH/ mode: SRM
McOH (pH 2) 0.3% CHyCOOHB: 99.7%
Elution: 3 mL 7% NH4OH/MeOH  MeOH/0.3% CH,COOH
Reconstitution: 500 pL 0.3%
CH;COOH/ /2% MeOH/H0
CIT, CBZ, CZP, LOR, Tiltration SPE, HLB disks (47 mm) UPLC: HSS C18 column QTOF-MS; 0.09-2.31 ng/ 2018, [11],
QXA, ALP, DZP Conditioning: 10 mL MeOH, (2.1 «150 mm, 1.5 ym} jonization mL 2017 146
10 ml. H,0 Mobile phase: muode: EST (| );
Washing: 4 « 5% MeOH/HL0 A (pH 3): 5 mM NH4HCO, detcetion
Elution: 6 mL 5% NH.OH/MeOH,  {aq.) mode: SEM
6 mL 5% CH:COOH/MeOH B: ACN (0.1% v/v FA)
Reconstitution: 400 pL 25%
MeOH/H:0
AMIT, FXT |nor-FXT|, Tiltration (GF/T SPE, Qusis HLE UPLC: CHIRALPAK CBH QqQ MS; 1.3-58.8 ng/L 2016 196]
VEN [ODVEN], DZP 0.7 pm) Sample volume column ionization

[nor-DZP] OXA, TEM,

100 mLConditioning: 2 mL
MeOH, 2 mL HyOWashing:

(2.0 mm =« 10 cm, 5 pm)
Isocratic mobile phase:

10

mode: ESI (+);

(continued on next page)
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Analyte Sample pre- Sample preparation Analysis LOQ (ngrsL) Year Ref
treatment publ.
TOR, NTZ [7-ANIZ], 3 mL HzQFlution: 4 mT 1 mM NH40Ac (aq.)/MeQH detection
2Z0L, ZPC MeQHReconstitution: 85:15% v/ (85:1F mode: MRM
v 1 mM NH40Ac(aq.)/MecOH
BUP, VEN, QTE, ALP, TFiltration (GT/T - SPE, in-house cartridges: UPLC: Acclaim RSLC 120 QTOC-MS; LOD: 2019 [38]
CZP, DZP [nor-DZP], 0.7 pm) 200 mg Strata-X, 100 mg Strata- C18 (2.1 = 100 mm, 2.2 pm) onization 0.5 305 ng/L.
ENZ, FZP, LOR, MDZ, X-AW, 100 mg Strata-X-CW and Mobile phase: mode: ESI (+);
NTZ, OXA, TEM 150 mg IsoluteENV- A 90% H20, 10% MeOH, HRMS/MS
Sample volume 100 mT, 5 mM HCOONH,, 0.01%:
Conditioning: 3 mL MeOH, HCOOH
3mLH,O B: MeOH, 5 mM HCOONH,,
Flution: 4 ml. of FtAc/MeOH (50/ 0.01% HCOOH
50 v/¥) containing 2% ammonia
hydroxide (v/v), 2 mL of FtAc/
MeOH (50/50 v/¥) containing FA
1.7% wiv
Reconstitution: 500 pL MeOlLL/
Ha0 (50/50 v/v)
CRZ [2-OH-CRBZ], CIT, Fillration (glass SPF, Oasis HLB HPIC QTrap MS; 2-OH-CBZ: (.88 2021 [21]
EXT [nor-FX1], VEN fibre filters — 1 pm, Sample volume: 50 mL ionization CBZ: 2.67
[ODVEN], LOR PVDF membrane Reconstitution: 1 mL MeOILILO mode: CSI{+) CIT: 2.29
filters - 0.45 ym) 15:85 v/v) (-); detection Codeine: 1.40
mode: SRM FXT: 3.75
nor-EXT; 7.56
LOR: 3.65
VEN: 0.88
ODVEN: 1.26
ALP, LOR, ZOL Filtration (glass SPL, Oasis MAX [IPLC: Pursuit UPS C18 QqQ MS; ALP: 4.0 2015, [102],
filire fil lers — Sample volume; 50 ml. (2.1 » 50 mm, 2.4 ym) ionivation TLOR: 5.6 2016 [103]
0.45 pm, polyamide  Conditioning: 6 mIL MeOH, Mobile phase: mode: EST (+); ZOL: 5.0
membrane filters — 3mLILO (pll 2) Al MeOIL detection
0.2 ym Washing: 3 mL HoO B: HoO (10 mM FA) mode:; MRM
Flution: 2 x 3 ml. MeOH
Reconstitution: 200 pL McOLH:
Ha20 (35:65 v/v)
CR7, CBZ-F, CZP, AMIT,  Fillration (PTFE Direct injection UPLC: Acquily BFH C18 QO MS; NR 2015 1751
BUP [OH-BUF], nar- filter) Sample volume: 50 pl. (2.1 %100 mm, 1.7 pm} ionization
CIT, DUX, ESCIT, FXT Mobile phase: mode: ESI (+);
[nor-FXT|, PAR, SER, A: H20 (5 mM Ammonium detection
TZD, VEN [ODVEN], Acetale) maode: dMRM
ALP, APZ [DARI],
CLB, DZP, FNZ, TZP,
TOR, NTZ, QTP [nor-
QIP], OXA, PP,
TEM, Z0L [ZPCA]
CBZ, RIS, BUP, FPX Filtration (cellulose on-line-SPE HPLC: Hypersil Gold €18 HRMS: LTQ NR 2017 144]
syringe filter - sample volume: 1 mL (2.1 » 50 mm, 3 ym) Orbitrap MS;
0.45 um) Hypersil Gold C18 (2.1 x 20 mm,  Mobile phase: ionization
12 pm) A: Ha0 (0.1% TA) mode: HESI-IT
Az Ha0 (L1% FA) B: ACN (0.1% FA) (+)detection
B: MeOH (0.1% FA) mode: SRy
FXT [nor-FXT], PAR, Filtration (glass SPL, Oasis MCX (150 mg, 6 cc) GC: Restek 5% diphenyl, Q MS/LI at 0.15-104.2 ng/ 2019 [82]
SER fibre filters - Sample volume:; 500 mL 95% dimethyl column 70 eV/SIM L
0.7 pm) Washing: 4 mL H, O (2% FA) (30 m > 0.25 mm, (.25 um) made
Elution: 4 mL of 5% NH,OLL/ GC oven: 140 *C for 0.5 min
EtOH 11 °C/min to 215 °C, 28 °C/
Reconstiturion: 250 pL MeOH min ta 283 “C (held for
Derivatisation: MSTFA with 1% 6 min), increased to 300 “C
TMCS (70 °C for 1 h) {held for 7.7 min), total ran
lime 24 min
ALP [a-OH-ALP] NR SPE, Oasis HLB {150 mg) HPLC: Symmetry C18 QqQ MS: ALP: 0.5 ng/L 2018 [79]
Sample volume: 200 mL (6.4 x 75 mm, 3.5 pm) ionization w-OH-ALP:
Washing: H,0 Mobile phase; mode: EST (1) 0.2ng
Elution: 4 mL Acetone/MeQH Al MeQH (0.2% FA) detection
(50:50 v/v) with 0.5% A B: Hz20 (0.2% FA) mode: MBM
CBZ, CIT. VEN, LOR Filtration (glass SPE, DASIS HLB, UPLC: Acquity H3S T3 QqLIT, 10-14 ng/L 2015 94|
fibre fillers - 1 pm, Sample volume: 50 m1, {2.1 =« 50 mm =, 1.8 pm) fonization
nylon membrane Elution: 6 mL McOH Mobile phase: mode: ESL (+);
filter — 0,45 ym) Reconstitution: 1 mL MeOH/H,O A MeOH cdetection
(10:90, v/v) B: 10 mM FA/ NHsHCO, (pH maode: SRM
3.2)
AMIT [NORT] CBZ Filtration (GF/T - SPE, Dasis HLB (60 mg) UPLC: ACQUITY BEH C18 QqQ MS; 0.66-12.4 ng/L 2021 [88]
|CRZ-El, CIT [nor- 0.7 pum) Sample volume: 50 mL (1.0 x 150 mm, 1.7 pm) ionization

CIT], FXT [Nor-FXT],
MIRT, nor-SER, VEN

Conditioning: 2 mL MeOH,
2 mL H;OFlution: 4 mL

Mobile phase:
Al B0/20 HaO/MeOH 1 mM
NH,T

11

maode: ESI (+)
(-); detection
mode: MRM

{continued on next page)
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Analyte Sample pre- Sample preparation Analysis LOQ (ng/L) Year Ref
treatment publ.
[ODVEN], LOR, OXA, MeOHReconstitution: 500 pL B: 5/95 Hz0/MeOH 1 mM
TEM §0:20 Hz0/MeOH NH4F
BUP, FXT [nor-FXT], Filtration (GE/B - SPE, Qasis [ILE (200 mg, 6 cc) UPLC: RF: SpeedCore C18 IIRMS: LTQ-FT 1.5-41.3ng/L 2019 [43]
MIRT, PAR, SER [nor- 1 mm) Sample volume: 150 mL (2.1 » 50 mm, 2.6 pm) Orbitrap MS;
SER], VEN [ODVEN] Conditioning: 5 mL MeOH, Mobile phase: fonization
CLOZ, OLZ [DMO], 5 mL HyOWashing: 5 mL 20% At HpO (0.1% v/v FA)B: mode: ESI (+)
QTP MeOH in 2% NH4CH5CO-Elution:  MeOH (0.1% v/v [A)
2 »x 5 ml 2% CHaCOOH in
MeOHReconstitution: 0.5 mL
MeOIL [0, 10:90 (v/v)
ALP, DZP Filtralion {glass On-line SPF, fon-pair L.G: Purospher Slar QqIIT; T.OT 2017 [45]
fibre filters - 1 pym, Sample volume: 5 mL RP-18 end-capped ionization ALP: 1.5 ng/L
nylon membrane PLRPs cartridges (2.0 x 125 mm, 5 um) mode: ESI (+); DZF: 1.4: ng/L
filters - 0.45 pm) Elution: ACN/H20Q with 20 mM Mobile phase: SEM mode
FA/ammonium formate buffer A: ACNB: Ho0
(pll 3.8)
constant tlow rate 0.3 mL/min
CRZ, DiOH-CR7Z Centrifugation SPF, Oasis HLB (3 c¢, 60 mg) UPLC, RP: Walers BEH C18 QqQ MS5; CR7: 0.25 pg/T. 2021 [&0]
(5000 rpm for Sample volume: 50 mL (2.1 x 100 mm, 1.7 pm) ionization DiOH-CBZ:
15 min, 4 *C) Conditioning: 2 mL MeOIL, Mobile phase: mode: ESI (+); 1.0pa/L
Tiltration {GF/T — 2 mL HzOElution: 4 mL A Hz0 (0.1% v/v TA)B: detection
0.7 ym) MeOHReconstitution: 1 ml. MeOH made: MRM
MeOlI1
CBZ Filtration (GE/A - SPE, OASIS MCX (60 mg) HPLC, Luna C8 Qg0 MS; NR 2020 [61]
1.6 um, mixed Conditioning: 5 mI. MeOH, 3 ml. (2.0 =50 mm, 3 pm) fomization
ccllulose ester MilliQ, 3 mL MilliQ (pH 2-2.5) Mobile phase: mode: ESL (+);
microfiber tilter Llution: 2 mL MeOII, 2 mL 2% A ILO (0.1% v/v TA) detection
ME2-0.45 ym) NHa/MeQOH B: ACN maode: SRM
FXT [Nor-FXT], VEN Filtration (glass SPE, Strata-X (200 mg) 1D-1.C, Kinetex C18 Qo MS; 0.5-25ng/1 2021 [118]
[ODVEN], PAR, SLR, fibre filters) Conditioning: 3 mL McOIL (3.0 x 50 mum, 1.7 ) {onization
CRZ |CBZ-E|, AMS 3 mLH;O 2D-LC, RP: Synergy Max-RP made: ESI (|}
Washing: 3 ml. of 5% MeOH (aq, (3.0 > 150 mm, 4 ym) detection
solution) Meobile phase: mode: SRM
Elution: 2 = 3 mL MeOH A: Hz0 (0.01% CH:COOH)B:
Reconstitution: 200 pl. of HaO/ MeOH
MeOH (80,20, v/¥)
CBZ Filtration (GE/F - SPE, mixed bed multilayer UPLC, Atlantis T3 C18 QqQ MS; LOD 1.1 ng/L 2021 [89]
0.7 um) cartridges (2.1 x100 mm, 3 pm) {omization
(Oasis HLB, Tsolute ENV -, Strata-  Mobile phase: maode: EST (1)
X-AW and Strata-X-CV) A LLO (0.0 1% w/v FA) detection
Sample volume: 100 mL B: MeOH made: MRM
Conditioning: 3 mT. MeOH,
3 mLH,0
Plution: 4 mL of MeOII/EtAc
(50:50, v/v) containing 2%
ammonia, 2 mL of MeOH/EtAc
(50:50, v/v) containing 1.7% FA
Reconstitution: 0.5 mL MeOH/
Hu0 (5050, viv)
LOR, OXA, ALP, B£P, Filtration (GE/F SPE, mixed bed muldlayer UPLC, Adantis 13 C18 Qg MS; NR 2021 [90]
7AF, DZP, MDZ [1- 0.7 um) cartridges (2.1 %100 mm, 3 pm) {onization
OH-MDZ |, TEM, MIRT (Strata-X, Strata-X-CW, Strata-X- Mobile phase: maode: EST (| );
[8-OH MIRT, CIT AW, Isolute ENV+) A HLO (000 1% v/v FA) detection
[nor-CIT], PAR, VEN, Sample volume: 100 mL B: MeOH mode: MEM
FXT, SER Inor-SER|, Conditioning: 3 mL MeOH,
AMIT, NORT, CMI, 3 mL HpQO
DOX, AMT, PLZ, CLOZ Elution: 4 mL of McOH/EtAc
Inor-CLOZI, OLZ, (50:50, v/¥) containing 2%
AMS, BUS, HAL, MES, ammonia, 2 ml, of MeOH/FlAc
PEM, QTP, SUL (50:50, v/¥) containing 1.7% FA
Reconstitution: 0.5 mL MeOH/
Hz0 (50:50, v/v)
ALP, BZP, BUS, CLB, Filtration (glass SPE, Oasis HLB (200 mg) UPLC, Thermo Hypersil Orbitrap MS/ 0.1-10.0 ng/L 2022 [104]

DZP, TNZ [7AT], LOR,
MDZ, OXA, AMIT,
CBZ, RUP, CIT, DOX,
DUX, FLV, SER, VEN,
AMS, OLZ, QTP, RIS

ALP, DZP [nor-DZF],
OXA, TEMAMIT,
NORT, BUP, CBZ,
CBZ-E, CIT, FXT, SER,
VEN, CLOZ, RIS

fibre filter GI/B —
1 pm)

Filtration (GF/D
2,7 um)

Sample volume: 250 mL
Conditioning: 5 mL MeOH,

5 mlL H,0

Washing: 5 mL HyOFlution: 7 mL
MeOHReconstitution: 1 mL
MeOH

Direct injection

injection volume 10 pL

sample volume 1 mL

GOLD aQ
(2.1 «50 mm, 1.9 pm)
Mahile phase:

A HaO (0.1% viv FA)B:
MeOH (0.1% v/v FA)

UPLC, Raptor bipheny!
(5.0 x 3.0 mm, 2.7 pm)
Mobhile phase:

A Ho0 (0.1% v/v FA)
B ACN/MeOH, 1:1, v/v
(0.1% TA)

12

MS; ionization
mode: HESI
(1), detection
mode: full scan

Qg M5;
ionization
mode: ESI (| );
detection
mode: MRM

1 185 ng/L

2020 [58]

(continued on next page)
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Analyte Sample pre- Sample preparation Analysis LOQ (ng/L) Year Ref
treatment publ.
ALP, OXA, FNZ, MDZ, Filtralion (syringe On-line SPF, Oasis HL.R column HPLC, Thermo Hypersil Gold QqQ MS; 1-10 ng/T. 2m4 [48]
ZOL filter - 0.45 pm) (2.1 % 20, 15 pm) AQ ionization
load sample from 1 mL loop (2.1 x50 mm, 5 ym)Mobile mode: BSI (+);
A: MeOH (0.1% TA) phase: detection
B: HzO (0.1% FA) A MeOH (0.1% v/v FA)B: mode: SRM
Ha0 (0L1% v/¥ FA)
CBZ [CBZ-E], CIT, IXT, Filtration (nylon SPE, Strata-X (200 mg) UPLC, Cortecs C18 + 0QqQ MS; 0.12-13.1 ng/L 2016 [91]
[Nor-FXT], PAR, SER,  membrane filters- Sample volume: 50 ml. {2.1 x 100 mm, 1.6 pm) ionization
[nor-SER], TZD, 0.22 ym) Conditioning: 5 mL MeOH, Mobile phase: mode: EST (+);
VENDZP 5 mL Hy©, 5 mL HzO (pH 2) A Hz0 (0.1% w/v FA)B: ACN  detection
Washing: 5 mI. Hy0 mode; MRM
Elution: 10 mL MeOH
Reconstitution: 500 pL ACN: 11,0
(30:70, v/v)
OL7, RIS, BUP, CRZ, Filtration (GF/B - SPF, Oasis HLR HPLC, €18 Hypersil Gold QqQ MS; 4.9-532 ng/T. 2016 [39]
DUX, SER, VEN, FLV 1 pm) (samples: 0,1% Na,EDTA) (2.1 > 100 mm, 1.9 pm) ionization
Sample volume: 150 mL Mobile phase: mode: ESI (+);
Condilioning: 5 mI. Hp0, 5 ml. A ACN (0.02% FA) detection
MeOH B: NH,40H aq. (5 pM) (0.02% mode: SRM
Clution: 2 » 5 mL MeOI1 FA)
Reconstitution: 0,5 mL MeOH
B7P, DZP, OLZ, QTP, Filtration (GF/B - SPF, Dasis HLB HPLC, €18 Hypersil Gold QqQ MS; 0.3-19.5 ng/1. 2019 [400
RIS 1 pm) (samples: 0,1% NagliDTA} (2.1 = 100 mm, 1.9 pm) ionization
BUP, CBZ, CIT, DUX, Sample volume: 150 mL Mobile phase: mode: ESI (+);
SFR, VEN, BUS, DOX, Conditioning: 5 mI. HyQ, 5 ml. A: 5 mM NHHCOz/ Ha0 detection
FLV McOH B: 5 mM NUHCO=/ MeOLL mode: SRM
Clution: 2 x 5 mL MeOIl
Reconslitution: 0,5 mT, MeOH
AMIT, BUF, CBZ FXT, Filtration (PVDF On-line SPF, OASIS HLB UPLE, Acquity CSH C18 Qg0 MS; 50 ng/L. 2020 [64]
NORT, SER, ESCIT, membranes - (2.1 » 30 mm, 10 pm) (2.1 %100 mm, 1.7 pm) ionization
TZD, ALP, CZP 0.22 ym) H20/ACN (80:20 v/v) A: Ha0 (0.1%FAE: ACN mode: ST (1)
detection
mode: SRM
OXA, CBZ, VEN NR SPE, Strata X HPLC, Kinetex Biphenyl QTrap MS; NR 2021 192]
Sample volume; 5 ml (2.1 = 100 mm, 2.6 pm) iomization
Conditioning: 2 mL MeOQH, Mobile phase: mode: EST (+);
2L ILO Al MeOIIB: 0.1% ClICOO0L1 deteetion mode
Washing: 2 mL HoO FH0 MRM
Flution: 2 x 750 pI. ACN (2% FA)
Reconstitution: 50 pL 0.01%
HFBA (aq.) with 5% MeOH (v/v)
CR7Z NR Direcl injection UPILC, Kinelics C18 QTrap MS; 50 ng/T. 2m7 193]
(3 x 100 mm, 2.6 ym) ionization
Mobile phase: mode: ESI (+);
A: Ha0 (0.1%FA) detection mode
B: 95% ACN (0.1%FA) MRM
APZ [DARI], BUP, CBZ, NR SPE, Oasis HLB (200 mg) HPLC, Ultra-Biphenyl 0qQ M5; 0.1-20 ng/L 2015 [62]
CIT |nor-CIT|, SER Sample volume: 50 mL (2.1 x 100 mm, 5 pm) ionization
[nor-SER], VEN, QTP Conditioning: 5 mL of MeOH, Mobile phase: mode: ESI (+);
[nor-QF], ALP 5 mL H,O A: McOH detection
[w-O-ALP], DZP Llution: 6 mL MeQIL, 3 mL B: 1120 (0.1% v/v FA) mede: MEM
[nor-DZP], LOR, OXA acelone; methanol: ethyl acetate
(2:2:1 w/v/v), 3 mL MeOH (5%
ammonia)
Reconstitution: 1 mL MeOH
QTP [nor-QTP], APZ NR SPE, Oasis HLB {200 mg) HPLC, Ultra-Biphenyl Qg0 MSs; 0.1-50 ng/L 2017 [63]
[DARL], LOR, ALP, Sample volume: 100 mL (2.1 % 100 mm, 5 pm) ionization
DZP |nor-DZP], OXA, Conditioning: 5 mL of MeCH, Mobile phase: mode: ESI (| )
CRZ, VEN, BUP, SFR 5 mlL HoO A: MeOH detection
[nor-SER] Elution: & mL McQOH, 4 mL B: HO (0.1% v/v FA) mode: MRM
acetone: methanol: ethyl acetate
(2:2:1 w/v/v), 4 mL MeOH (5%
ammonia)
Reconstitution: 1 mL MeOH
BUP, CBZ, CIT |nor- Centrifugation SPE, Oasis HLB {200 mg) HPLC, Hypersil Gold column  QqQ MS; 0,1-20 ng/L 2015 1105]
CIT], SER [nor-SER], {5000g for 10min),  Sample volume: 100 ml. (2.1 = 150 mm, 3 pm) ionization
VEN, APZ [DARIL], Filtration (glass Conditioning: 5 mL McOH, Mobile phase: mode: ESL(+);
QTP [nor-QTP], ALP fibre filters - 1 pm) 5 mL H,O A H0 (0.1% v/v TA) detection
|a-OH-ALP|, DZP Elution: 6 mL MeQH, 3 mL B: MeOH (0.1% v/v FA) made: MRM
[nor-DZP], LOR, OXA acetone: MeOH: ErAc (2:2:1 v/v/
v), 3 mL MeCH (5% NHa)
Reconstitution: 1 mL MeOH
CBZ, OXA Filtration (glass- SPE, Chromabond HR-X (500 mg) HPLC, Nucleodur C18 QqQ MS; 0OXA: 6.4 ng/L 2017 [50]
fiber filters, GEF/F - Sample volume: 250 mL Gravity ionization CB£: 4.6 ng/L
0.7 um) Conditioning: 6 mL MeOH, {4.3 » 150 mm, 3 ym) made: H-EST

13
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Analyte Sample pre- Sample preparation Analysis LOQ (ng/L) Year Ref
treatment publ.
6 mLHz0 Mobile phas (-+); detection
Washing: 6 mL Hy0 A Ha0 (0.1% v/v FA) mode: MRM
LElution: © mL MeQH B: ACN (0.1% v/v FA)
Reconstitution: H20 (0.1% FA)
CBZ, CPZ, CLOZ, [nor- Filtration (glass- SPE, Strara-X cartridges (200 mg) UPLC, Atlantis T3 C18 QqQ MS; 1.0-23.1 ng/L 2016 [106]
CLOZ], OLZ, RIS, PAL, fiber filters GF/F - Sample volume: 50t mL ((0.1% w/v (2.1 5 100 mm, 3 pm) ionization #0.8 ng/L for
ALP, BZP, CDP, CLB, 0.7 um) EDTA) Mobile phase: mode: ESI (+): TNZ
DZP [nor-DZP], FNZ Conditioning: 6 mL MeDH, A Hz0 (0.01% v/v FA) detection
[7AF], LOR, NTZ, & mL H,0 B: MeOH mode: SRM
MDZ, OXA, TEM, ZPC, Washing: 3 mL H; O
VEN, FXT, PAR, SFR Flution: & ml, MeOH
[nor-SER], MIRT [8- Reconstitution: 500 pl. HzO (FA
OII-MIRT], AMIT, 0.05%): MeOII (75:25 v/¥)
NORT, CML IMP, DOX
VEN Filtration (glass SPF, Oasls HLB HPLC, Chiral CBH QqQ MS; 5.7 ng/L. 2014 [51]
microfiber filters — Sample volume: 50 mL (2.0 x100 mm, 5 pm) ionization
0.45 um) ‘Washing: H,O Isocratic mobile phase (pH- mode: ESI (+);
Flution: 6 ml. MeOH 5.0]): 90% H30, 10% 2-prop- detection
Reconstitution: 500 pL MeOH/ anol and 1 mM ammoninm mode: SRM
11,0 (25:75, v./v) acetate
CIT, FXT, VEN, CBZ Tiltration SPE, Oasis HLB or MCX HPLC QqQ MS5; 1-25 ng/L 2015 [67]
Sample volume: 50 mL fonization
mode: ESL (+);
detection
mode: MRM
AMIT, CIT, CML, DZP, Filtration {glass SPE, Oasis MCX (500 mg) HPLC, CHIROBIOTIC V QTrap MS; 0.02-2.9 ng/L 2021 [57]
FXT, IIAL, MIAN, fibre membrane Conditioning: 10 mL McOl, (2.1 %150 mm, 5 pm)Mobile {onization
MIRT, RIS, SER fillers- 0.5 ym) 5mlL. HzQ, 5 ml Ha0 (pH 4) phase: made: FST (1)
Acidifieation (pH 4 Washing: 5 mL Hy0 (pH 4) A: HzO detection mode
with FA) Clution: 5 mL MeOLI (F1, for B: McOl1 MRM
acidic compounds) and 5 mIL Both with 0.005% FA and
MeQH (0,5% NH3) (F2, for basic 10 mM ammaonium formale
compounds)
F1 was further diluted to
50 ml Hz0 (pH 11)
SPE, Oasis MAX (500 mg)
Conditioning: 10 mL MeOll,
5 mlL HaQ, 5 mL Ha0 (pH 11)
Washing: 5 mL Hy0 (pH 11)
Elution: 5 mL MeOLL, 5 mL McOLL
(2% FA)
Reconslilulion: 1 ml. MeQH/ HoO
(1:1, v/v with 10 mM ammonium
formate and 0.005% FA)
MDZ, VEN, RIS, OXA, Filtration (cellulose on-line-SPE HPLE, Cogent bidentate C18 Orbitrap Q NR 2016 [49]
arr syringe filter-0.43- sample volume: 1 mL (2.1 x50 mm, 3 pm) Exactive HRPS
pm) Hypersil Gold C18 (2.1 » 20 mm, Mobile phase:
12 pm) A H20(0.1% FA)
At Ha0 (0.1% FA) Br ACN {0.1% FA)
B: MeOH (0.1% FA)
FXT, 7AF, RIS, ALD, Centrifugation SPE, Qasis [ILB (200 mg) UPLC, BEII C18 QqQ M5; 0.8-4.7 ng/L 2021 [107]
OXA, BZP, DUX, QTP, {4200 rpm for Sample volume: 400 ml, (100 = 2.1 mm, 1.7 pm) iomization
DZP, HAL, SER, CPZ, 30 min), Filtration Conditioning: 6 mL McOH, Mobile phase: maode: ESL (+);
CLOZ 6 mL H,0 A HLO (0.1% FA) detection
‘Washing: H20 (0.5% FA) B: MeCH mode: MRM

Elution: 10 mL MeOQH (0.5% FA),
6 mL H,0

(3% NH4OH)

Reconslitution: 1 mL HzO (FA
0.5%):MeOH (95:5 v/v)

NR: not reported.

wastewater [117]. Direct injection has also been reported for psycho-
active pharmaceuticals [58,75,93], Prior to filtration and extraction, an
internal standard is added to the sample to correct for the losses in
response (ion suppression) or an inerease in response (ion enhancement)
due to matrix effect or losses derived from sample preparation (e.g.,
filtration) 133,74,118]. To a certain extent, the application of isotopi-
cally labelled internal standards accounts for these losses, and this
practice is commonly applied.

Solid-phase extraction offers broad application due to the wide
choice of available stationery phases (sorbents) and solvents. SPE has
become the extraction technique of choice for WBE, enabling trace-level

14

pharmaceutical biomarkers (low ng/L range) to be extracted and
concentrated from an aqueous matrix while removing many in-
terferences present in sewage samples [119]. Reversed phase (RP),
hydrophilic-lipophilic-balanced, mixed-mode, mix-mode RP-catio-
n-exchange or cation exchange and hydrophilic are popular choices for
SPE sorbents when analysing antidepressants, antipsychotics and ben-
zodiazepines. Depending on the SPE sorbent and the target compounds
physiochemical properties (e.g. pKa), the pH of the samples must be
adjusted. For example, basic compounds, like most psychoactive phar-
maceuticals (pKa 6-10), should be loaded onto the MCX (mixed-mode
cation exchange) sorbent in an acidic aqueous solution. In this case, the
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compounds will be ionised (positively charged), ensuring ion exchange
and reverse-phase retention. In classical SPE, the influent wastewater
sample volume is usually 5¢ or 100 ml. [29,37,52,54,56,95], but vol-
umes ranging from five to 1000 mL have also been assessed [32,45,59,
82].

In WBE, a multi-residue analysis is usually applied to determine
different compounds in a single analytical method. Accordingly, several
researchers have used similar hydrophilic and high-capacity polymeric
sorbents, such as Oasis Hydrophilic-Lipophilic Balanced reversed-phase
sorbent (HLB)  [1,31,32,37,39,40,43,51,52,54,59,60,62,63,79,88,
94-96,104,105,107] or Strata X [29,83,91,92,106,116] for the extrac-
ton of antidepressants, antipsychotics and benzodiazepines. Oasis HLB
is widely used to extract polar and nonpolar compounds with acidic,
basic, and neutral properties (Table 3). Pugajeva et al. [116] compared
the extraction of pharmaceuticals including the antidepressants fluox-
etine, venlafaxine, sertraline, paroxetine, carbamazepine and the anti-
psychotic amisulpride, using Oasis HLB (60 mg/ 3 mL and 500 mg/
6 mL) and Strata-X (60 mg/ 3 mL, 200 mg/ 3 mL and 500 mg/ 6 mL)
cartridges. Overall recoveries were similar, except for Strata-X (60 mg/
3 mL), which showed a decrease in signal intensity, especially when the
eluting solvent was acidified [116] The Strata-X (200 mg) cartridges
were chosen for further optimisation due to a higher percentage of
acceptable recoveries (80-100%) and economic reasons [116]. Ribeiro
etal. [120] developed a green SPE-based method to extract and quantify
micropollutants, including venlafaxine, flucxetine and its metabolite
norfluoxetine, from Portuguese wastewater influent. Using OASIS HLB
cartridges, the authors successfully applied ethanol, an eco-friendly
solvent, as the conditioning and eluting solvent [120]. The use of
ethanol in the SPE process produced similar recoveries to those obtained
with methanol, with venlafaxine having the highest recovery
(97.2-104%), followed by fluoxetine (42.8-53.2%), and then nor-
fluoxetine (11.9-15.3%) [120]. To reduce solvent volume and sample
preparation time, Thomas et al. [86] used an HLB 96-well plate to
extract illicit drugs and antidepressants from influent wastewater sam-
ples (VEAS, Oslo). The authors used a small volume of sample (1 mL
sample volume) and solvent for conditioning (1 mL MeOH) and pElution
(50 pL. MeOH, 50 pL 1% NH4OH/MeOH and 50 pL 1%FA/MeOH). Tor
citalopram, methylphenidate and carbamazepine, the LOQs were 1.1,
0.2 and 1.0 ng/L, respectively, while the method gave recoveries of
= 80%. Additionally, the application of HLB disks has also been reported
for antidepressants (citalopram and carbamazepine) and benzodiaze-
pines (midazolam, nitrazepam, alprazolam, flunitrazepam and etizo-
lam) |11,46]. Baz-Lomba et al. [46] loaded high-volume samples onto
the HLB disk at a flow rate of 100 mL/min. Designed to handle large
sample volumes (> 1 L), any sample matrix, regardless of particulate
level, and eliminate the filtration step, are a few advantages of SPE disks,
Compared with SPE cartridges, when handling the extraction of larger
sample volumes, using SPE disks is more straightforward, cost-effective,
and can maintain fast flow rates, while maintaining similar high re-
coveries. Additionally, LOQs should be lower when higher volumes are
extracted with SPE disks.

Mixed-mode ion-exchange sorbents, such as Qasis MCX [1,30,47,53,
56,57,61,82,84], are also used in WBE studies due to their ability to
increase analyte specificity, sensitivity and selectivity, which is advan-
tageous considering the range of chemical and physical properties of
psychoactive pharmaceuticals. Principally, Oasis MCX is based on the
Oasis HLB copolymer but chemically modified with sulfonic groups
(pKa<1), so a part of the reversed-phase interactions (unspecific) is
capable of creating cation-exchange interactions (specitic) with analytes
with basic characteristics. Oasis MCX has higher selectivity for basic
compounds (i.e., most psychoactive pharmaceuticals) and retains fewer
interfering compounds. When using this type of sorbent, the sample is
loaded under acidic conditions (pH 2-3) because it promotes ionic in-
teractions, while elution is performed in basic conditions, typically using
MeOl1I containing 2-7% ammonium hydroxide or ammonia. Pugajeva
et al. [116] evaluated several different cartridges, including Strata C18 E
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(silica-based sorbent), Strata-X (surface-modified styrene divinylben-
zene polymer-based sorbent), Strata Screen A (mixed mode C8 and
strong anion exchange sorbent), Strata Screen C (mixed mode C8 and
strong cation exchange sorbent) and Strata ABW (silica-based cati-
on/anien mixed-mode exchange sorbent). The best recoveries were
achieved with polymerie reversed-phase sorbents, except for fluoxetine
and paroxetine, where Strata Screen C cartridges performed better. After
considering all the data, the authors chose Strata-X cartridges due to
their broader applicability, including antidepressants, antipsychotics,
other pharmaceuticals, opioids, alcohol, tobacco, and veterinary medi-
cation [116]. Overall, both mechanisms can effectively be used for
simultaneous extraction, showing relatively high analyte recovery when
using either Oasis HLB or MCX cartridges, covering the range of physical
and chemical properties of targeted biomarkers. A good example is a
study by Boogaerts et al. [1], where multiple SPF procedures (one using
Oasis HLB and the other Oasis MCX cartridges) were developed and
validated for the extraction of 27 antidepressants due to their wide range
of physicochemical propertics. In their study, LOQs ranged between 1
and 25 ng/L for both SPE procedures [1].

The use of UCT CleanScreen XCEL II [55] and Chromabond HR-X
[50] solid phase extraction columns have alse been reported in the
literature, Clean Screen Xeel columns reduce sample preparation since
the conditioning step is eliminated and the sample size and solvent
required are minimized, showing improved sensitivity and recoveries.
As for the Chromabond HR-X, the spherical structure of the hydrophobic
polystyrene-divinylbenzene copolymer provides a very homogenous
surface and optimised pore structure that enables high recovery rates for
the enrichment of pharmaceuticals, Both these sorbents can extract a
broad range of basic compounds, including benzodiazepines and opi-
oids. Bade et al. |55] and Thiebault et al. [50] used UCT CleanSereen
XCEL II and Chromabond HR-X, respectively, to extract 20 prescribed
and designer benzodiazepines and their metabolites, the antipsychotic
quetiapine and the antidepressant carbamazepine among other phar-
maceuticals, illicit drugs and opioids. The authors obtained acceptable
recoveries (80-120%) and LOQs (<10 ng/L) for the majority of the
studied psychoactive pharmaceuticals. The exceptions were 7-aminoclo-
nazepam, 7-aminonimetazepam, midazolam and quetiapine. Diamanti
et al. [28] and Alygizakis et al. [90] used in-house prepared SPE car-
tridges made from four different sorbent types (Strata-X, Strata-X-CW,
Strata-X-AW and Isolute ENV | ), while Galani et al. [39] used mixed
bed multilayer cartridges comprising Oasis HLB, Isolute ENV |,
Strata-X-AW and Strata-X-CV sorbents to extract a broad array of com-
pound types including antidepressants, antipsychotics and benzodiaze-
pines. This combination of sorbents and elution with acidic and basic
solutions allowed the extraction of an extensive compound range from
neutral, aromatic and acidic to basic and polar analytes [38,89,901,

Solid phase extraction is typically performed offline, but it can also
form part of an automated system coupled online to an LC system [49],
Online SPE reduces laboratory time, simplifies sample preparation and
improves reproducibility while decreasing the risk of analyte loss due to
evaporation steps [121]. Online SPE only requires a small sample vol-
ume {1-5 mL) and makes use of an HL.B column [48,64] or a C18 celumn
[44] to extract and concentrate different psychoactive pharmaceuticals,
including antidepressants, antipsychotics and benzodiazepines. So far,
online SPE, with either HLB or C18 column, has been used (o determine
carbamazepine, risperidone, bupropion, flupentixol, alprazolam, diaz-
epam, oxazepam, flunitrazepam, midazolam, zolpidem, amitriptyline,
nortriptyline, fluoxetine, sertraline, escitalopram, trazodone and clo-
nazepam in influent wastewater. The method gave recoveries and LOQs
similar to offline SPE, ranging from 1 to 50 ng/L. Mastroianni et al. [45]
also used online SPE with PLRPs carlridges to determine alprazolam and
diazepam having LOQs 1.5 and 1.4 ng/L, respectively. In their study, the
samples were diluted with HPLC water (1:10, v/v) before loading the
cartridges, possibly to reduce matrix effects. However, compared to
offline SPE, limited portability, expensive equipment and higher matrix
effects are a few drawbacks of the online SPE [121].
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Dispersive liquid-liquid micreextraction (DLLME) of olanzapine,
clozapine, chlorpromazine, risperidone, haloperidol and pimozide from
hospital wastewater has also been reported with LOQs < 1.4 pg/L [122].
Also, a method combining gel electro membrane extraction (GEL-EME)
and switchable hydrophilicity solvent-based homogeneous liquid-liquid
microextraction (SHS-HLLME) was developed by Behpour et al. [122] to
extract desipramine, clozapine and citalopram from wastewater. The
method gave LODs and LOQs < 1.0 and = 5.0 ng/ml, respectively
[123]. Although not used in WBE, both reported methods have been
used to extract antidepressants and antipsychotics from complex
matrices, such as wastewater, breast milk and human serum, with
70-90% recoveries, albeit with higher LODs and LOQs when compared
with SPE. Even though these extraction methods are not so common in
wastewater analysis, they can be regarded as “green” choices. In the
DLLME, ethanol was selected as the disperser solvent. In the case of
GEL-EME, an agarose-based membrane was used to substitute the sup-
ported liquid membrane, which is wsually used in common electro-
membrane extraction, to avoid toxic organic solvents.

2.3. Instrumental analysis

In WBE, the predominant technique for separating psychoactive
pharmaceuticals involves chromatographic separation (liguid or gas
chromatography) coupled with mass spectrometry. It enables a high level
of separation and the sensitivity required for qualitative and quantita-
tve analysis of antidepressants, antipsychotics, benzodiazepines and
their metabolites in wastewater. Gas chromatography-mass spectrom-
etry (GC-MS) has been overtaken by liquid chromatography-mass
spectrometry (LC-MS) because it allows the determination of com-
pounds with a broad range of polarity, low volatility and thermolability
and the application of a more generic sample treatment strategy [97].
However, for the determination of fluoxetine, its metabolite nor-
flucxetine, paroxetine and sertraline, Gongalves et al. [82] used GC-MS.
In this case, the target analytes required derivatisation with N-Meth-
y1-N-trimethylsilyltrifluoroacetamide (MSTFA) with the addition of 1%
TMCS (2,2,2-Trifluoro-N-methyl-N-(trimethylsilyl)-acetamide, Chloro-
trimethylsilane), to increase their volatility. In general, the detection,
identification and quantification of psychoactive pharmaceutical bio-
markers are typically made using LC hyphenated to a highly sensitive
and quantitative triple quadrupole (QqQ) mass analyser.

2.3.1. Chromatography

Good chromatographic separation is essential for the required
selectivity, sensitivity and identification power to monitor psychoactive
pharmaceuticals in wastewater [97]. Both high-performance liquid
chromatography (HPLC) and ultra-performance liquid chromatography
(UPLC) are equally applied to the analysis of prescribed pharmaceuticals
in wastewater {Table 3). Selecting UPLC over HPLC has several advan-
tages, including more efficient separation and shorter analysis time.
Regarding the mobile phases, most methods use a biphasic system
comprising water and an organic solvent (methanol or acetonitrile).
Volatile salts, like ammonium acetate or ammonium formate
(1-10 mM), can be added in the aqueous mobile phase to improve peak
shape. Modifiers designed to improve fonization (positive or negative)
can also be added to the aqueous or organic mobile phase. In contrast,
formic or acetic acid (0.01-0.1%) is mostly added to improve the ion-
isation in positive ionisation mode. When working in positive ionization
mode, a combination of methanol-water or acetonitrile-water with for-
mic acid as a mobile phase are the most popular choices among the WBE
studies, giving excellent chromatographic performance [1,30,43,48,50,
54-56,59,62,63,79,89,91,106-110]. Nevertheless, mobile phases
without additives were reported [47,80].

Currently, most published methods for the quantification of psy-
choactive pharmaceuticals and their metabolites in wastewater focus on
analysing the compounds after extraction using reverse-phase LC col-
umns packed with different stationary phases such as C18 [32,40,56,59,
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60,75,79,88,90,104,107,115] or biphenyl [29,52,54,55,62,63,92]. In
the Bade et al. [55] paper, the authors compared three chromatographic
columns: biphenyl, C18 and Pentafluorophenyl Fb, for the analysis of 22
prescribed and designer benzodiazepines and their metabolites,
including 7-amino clonazepam, 7-amino nimetazepam, alpha-hydroxy
alprazolam, alprazolam, clonazepam, delorazepam, deschloroetizolam,
diazepam, diclazepam, etizolam, flubromazepam, flunitrazepam, lor-
azepam, lormetazepam, meclonazepam, midazolam, nimetazepam,
nitrazepam, oxazepam, pyrazolam, quetiapine and temazepam. They
found that Pentafluorophenyl F5 gave poor separation for all tested
compounds, while except for quetiapine, it was possible to separate all of
the remaining analytes using the biphenyl and C18 columns. The best
peak shapes were obtained using the biphenyl column [55]. Others, such
as Mastroianni [45] and Ostman [48], used a pelar endcapped C18
column to enhance analyte retention and resolution to analyse benzo-
diazepines (alprazolam, diazepam, f{lunitrazepam, midazolam and
oxazepam) and zolpidem. Overall, reverse phase columns seem the most
suitable chromatographic technique for obtaining a generic but satis-
factory separation of a wide range of psychoactive pharmaceuticals,
including antidepressants, benzodiazepines and antipsychotics.

To reduce analysis time, Ng et al. [58] developed an ultra-fast
high-throughput direct injection LC-MS/MS method (total run time of
5.0 min) to quantify 135 contaminants of emerging concern (CECs),
including five benzodiazepines (alprazolam, diazepam, nordiazepam,
oxazepam, temazepam) and ten antidepressants (amitriptyline,
nortriptyline, bupropion, carbamazepine, citalopram, fluoxetine, ser-
traline, venlafaxine, clozapine and risperidone, using only 10 pl of
filtered sample per injection on a short biphenyl column. For the psy-
choactive pharmaceuticals included, the detection limits ranged from
3 ng/L (diazepam and fluoxetine) to 56 ng/L (nordiazepam), and a
matrix effect was < 11%. Moreover, Pugajeva et al. |116] introduced a
two-dimensional ~ liquid chromatography-mass spectrometry
(2D-L.C-MS/MS) as an effective way of assessing a broader range of
pharmaceuticals with significantly different polarities. The authors’
optimised and validated heart-cutting 2D-LC-MS/MS method, which
relies on reversed-phase C18 (1D) and reversed-phase C12 (2D) sta-
tionary phases, simultaneously quantified 62 biomarkers, including
eight antidepressants and the antipsychotic amisulpride, with LOQ from
0.1 to 50 ng/L.

2.3.2. Enantiomeric separation

Enantiomerie analysis has also been used to study psychoactive
pharmaceuticals in wastewater. Many psychoactive pharmaceuticals
have chiral centres and are produced either as racemic mixtures such as
citalopram (a mixture of the two stereo-isomers R-citalopram and S-
citalopram) or as a single enantiomer, as in the case of escitalopram (8-
citalopram). Thus, the stereochemistry cannot be ignored when esti-
malting their consumption in WBE studies. Chiral analysis can also be a
helpful tool in WBE because it helps to understand (i) the erigin of the
pharmaceutical residue, i.e., discriminate between consumption and
direct disposal of unused drugs in the sewage, since human metabolism
is stereoselective, (ii) the different synthesis routes, (iii) the distinction
between legal and illicit use (especially for drugs of abuse) and (iv) the
potency of abused pharmaceuticals. Unfortunately, the chiral analysis
still has limited WBE application [124]. In the literature, two ways of
chiral analysis have been reported, either using a chiral column and
LC-MS analysis or using a chiral derivatisation agent and GC-MS
analysis,

Chiral LC-MS methods are primarily applied to a limited number of
chiral pharmaceuticals, mainly focusing on illicit drugs and having a
complementary role alongside non-chiral LC-MS metheds. For instance,
Vazquez-Roig et al. [51] used a chiral CBH (cellobiohydrolase) column
with an isocratic mobile phase (90% H»0, 10% 2-propanel and 1 mM
ammonium acetate) for the enantiomeric separation of chiral illicit
drugs and pharmaceuticals, including venlafaxine from WRRFs in
Valencia, Spain. However, venlafaxine enantiomers were not fully
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separated, probably because of the matrix effect [51]. Rice et al. [95]
used a ChiralPak CBH column but only for the enantiomeric separation
of illicit drugs, even though antidepressants, benzodiazepines and
Z-drugs (zolpidem and zopiclone}) were included in the study.
Castrignano et al. [96] proposed for the first Ume a multi-residue
method based on a chiral CBH column with an isocratic mobile phase
(1 mM NH40Ac (ag.):MeOH, 85:15, v/v) for the analysis of 56 drug
biomarkers at the enantiomeric level. These included five antidepres-
sants and eight benzodiazepines from a WRRF in the UK. For the ana-
lytes injected as racemates, including illicit drugs and pharmaceuticals:
venlafaxine, O-desmethyl venlafaxine, fluoxetine, nerfluoxetine, enan-
tomeric fractions (EF) were on average 0.49 and were reproducible
among different concentrations tested [96]. For most analytes, the
enantiomeric resolution was acceptable (Rs> 1.0) and allowed the
quantification of individual enantiomers, except for fluoxetine and
O-desmethylvenlafaxine, which showed lower enantiomeric resolution.
Consequently, the results for their single enantiomers should be
considered semi-quantitative. The authors also tested two more col-
umns, Chirebiotic V and T, having macrocyclic antibiotics as chiral se-
lectors. The Chirobiotic T column showed higher enantioselectivity
(Rs= 2.2} only for benzodiazepines, which enantiomerically were un-
resolved using the CBH column, Notably, for most chiral benzodiaze-
pines, polar organic mobile phases containing only methanol and 99%
methanol/0.005% FA/1 mM ammonium acetate provide the best chiral
recognition. However, Castrignano et al. [96] showed that mobile
phases containing comparable quantities of an acid as a mobile phase
additive showed better chiral recognition at lower concentrations of
ammonium acetate, Based on a comparison between Chiral CBH and
Chirobiotic V columns published by Bagnall et al. [125], it can be
concluded that, at least in the case of antidepressants venlafaxine and
fluoxetine, the Chirobiotic V column was more selective with Rs> 4.3
and > 2.2 respectively.

Other methods for separating enantiomers are also possible. For
instance, Gongalves et al, [82] used derivatisation, developing an indi-
rect multi-residue analytical GC-MS method for the enantiomeric
quantification of three different classes of compounds: synthetic psy-
choactive stimulants, antidepressants and p-blockers. Although other
enantiomerically pure chiral derivatising reagents (EPDRs) were inves-
tigated, (R)-(—)-a-Methoxy-o-(trifluoromethyl)phenylacetyl chloride
(R-MTPA-CI) proved the best. However, from the 24 diastereomers
formed, they could not separate the two pairs of sertraline and paroxe-
tine enantiomers. Veroviek et al. [126] also used the chiral derivatising
agent R-MTPA-Cl and GC-MS/MS for enantiomeric profiling of am-
phetamines in wastewater. Their study concluded that the unusually
high MDMA loads in Ljubljana likely resulted from the disposal of the
unused drug, while typically, MDMA loads enriched in the R-enantiomer
indicate consumption [126]. Chiral derivatisaion can also be
cost-effective compared to chiral LC chromatographic columns, e.g.,
when analysing one-off samples [126]. Although enantiomeric profiling
gives a new dimension to WBE, it can also provide more accurate in-
formation regarding evidence of the occurrence of chiral pharmaceuti-
cals in the environment for a more precise environmental risk
assessment. A good example is fluoxetine, which is often used as a model
compound for assessing the antidepressant impact on aquatic organisms.
The toxic effects of fluoxetine are enantiomer-dependent, with the
toxicity of the S-enantiomer being almost an order of magnitude higher
to the fathead minnow (Pimephales promelas) than the R-enantiomer
[51].

2.3.3. Mass spectrometry

In WBE studies, antidepressants, antipsychotics, benzodiazepines
and their metabolites have been determined by various mass spec-
trometers using electrospray ionization (ESI), most frequently in posi-
tive mode (Table 3). ESI is known for its susceptibility to the matrix
effect that enhances or suppresses the analyte jonization signal. Most
reported methodologies include deuterated internal standards to
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compensate for matrix effects by using them for internal calibration
since deuterated standards are expected to behave similarly to non-
deuterated substances during ionization [123]. Mass spectrometers
include low resolution (LR), such as triple quadrupole mass spectrom-
eter (QqQ) and quadrupole linear ion-trap (QTRAP), and high resolution
(HR) instruments, such as quadrupole Orbitrap, QTRAP-Orbitrap and
quadrupole time-of-flight (QqTOF) that can capture a wide m/z value
range at a good sensitivity without a predetermined target list.

The most widely used analyser for reliable determination and
quantification of psychoactive pharmaceuticals in wastewater is triple
quadrupole (QqQ) because of its good sensitivity with low ng/L LODs [1,
32,40,48,53,56,58,60,61,67,75,79,83,86,88-91,95,102,103,107], fol-
lowed by QTRAP [29,31,45,55,57,92-94] with similar LODs. Targeted
LC-MS/MS or UHPLC-MS/MS methods using either QqQ or QTrap mass
analysers are operated in Multiple Reaction Monitoring (MRM) or
Selected Reaction Monitoring (SRM) acquisition mode (Table 3). Most
MS/MS instruments can simultaneously scan many m/z transitions at
high frequency (up to 0.02 s/scan) and have the option to program
several segments or monitor different m/z transitions for a short interval
before and after the target analytes retention time. However, dynamic
Multiple Reaction Monitoring (dMRM) was also used [1,75] since this
approach addresses the limitations of classical MRM methods for a large
number of analytes by replacing group segmentation with individual
time windows for every compound transition and by minimising the
amount of individual MRM transitions that are monitored during each
cycle. For each analyte, the most abundant transition concerning abso-
lute abundance and signal-te-noise ratic (S/N) was used for quantifi-
cation (quantifier), while the second transition used for
confirmation (qualifier) [1]. Boogaerts et al. [1] used a sensitive
UHPLC-MS/MS using ESI in positive ionization and dMRM modes to
determine 27 antidepressants in Belgian WRRIs. The total run time was
20.0 min with lower limits of quantification (LLOQ) for all 27 com-
pounds ranging from 1 te 25 ng/L, with 18 out of the 27 studied bio-
markers being confirmed in the wastewater samples.

The use of two HRMS instruments, namely QTOF-MS [11,37,38,46]
and LTQ Orbitrap MS [37,43,44,104], for broad-scope screening of
pharmaceuticals have been reported in the literature having LOQs from
0.1 to 50 ng/L. Mackulak et al. [49] used a hybrid Q-Exactive Orbitrap
mass analyser to investigate and monitor prescribed psychoactive
pharmaceuticals, Although quantitative target monitoring can be per-
formed using HRMS instruments, their application in the WBE studies is
limited because of their generally lower sensitivity (potential for a low
concentration of analytes to remain undetected) than low-resolution
MS/MS5 instruments. Compared with QqTOF, Orbitrap has a higher
resolution at low m/z but a slower data acquisition rate. Commonly,
WBE studies focus on target analysis of well-known biomarkers in con-
centrations that can be detected and quantified. [lowever, the number of
non-target and suspect screening WBE studies has inereased but focused
on new psychoactive substances (NPS). Causanilles et al. [37] presented
a suspect screening approach with LC coupled to HRMS, where the data
were processed using an algorithm that involves the extraction of ac-
curate masses (calculated based on the molecular formula) of expected
m/z from an in-house database containing about 2000 entries, including
the antidepressant venlafaxine, the antipsychotic clozapine, benzodi-
azepines (diazepam, oxazepam and temazepam), NPS and trans-
formation products. The [indings highlight the presence of
benzodiazepines among other pharmaceuticals and NPS, while mCPP
was identified for the first time.

Target and suspect screening methodelogies by UHPLC-QTOF have
been introduced to establish a broad analytical tool for analysing
different illicit and prescribed drugs in sewage-based samples, such as
wastewater and passive sample extracts [11,46]. Similar suspect
screening has been reported by Diamanti et al. [28], Bijlsma et al. [36]
and Bade et al. [75], but only focused on the occurrence of NPS in
influent wastewater. Nevertheless, it {s worth mentioning the approach
of Bade et al. [100] for determining psychoactive pharmaceuticals and
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NPS in influent wastewater using a qualitative screening and a quanti-
tative approach during a detailed investigation of licit and illicit drugs in
Australian sewage. In their study, a subset of these compounds was
included in a quantitative assessment, while qualitative data was
captured using a QqTOF Sequential Window Acquisition of all Theo-
retical fragment-ion spectra (SWATH mode). SWATH allows fragmen-
tation of every available analyte in a sample providing comprehensive
MS and M5/MS data for everything detectable in the sample. This
feature allows analytes with similar fragment ions but different [M
| H] ' to be differentiated [100]. A database recording retention time
and exact mass were created from standard solutions assessed using the
SWATH technique. As for the quantitative approach, the number of
recovered data is reduced compared to the screening approach. The
authors used a QqQ that targeted 22 drugs but with higher sensitivity.
Overall, Bade et al. [100] confirmed or detected 100 analytes, including
the antidepressants: amitriptyline, dothiepin and doxepin, and the an-
tpsychotics: amisulpride and clozapine, in all the samples. As we can
see, qualitative screening and quantitative analysis for psychoactive
pharmaceuticals and NPS in wastewater have their purpose, but their
combined use can be valuable because it gives a more comprehensive
overview of their consumption patterns.

2.4. Stability

Several uncertainties are associated with WBE, especially the sta-
bility of biomarkers in wastewater. For example, stability is important in
24-h composite sampling and dwing sample storage since certain
compounds may degrade significantly with time [127]. In the WBE
literature, many studies evaluate the stability of illicit drug biomarkers
in sewage and the uncertainties related to back-calculation of their use;
however, only in the last few years has the number of publications
increased evaluating the in-sample and in-sewer stability of antide-
pressants and benzodiazepines [1,16,33,46,55,113,128-132]. The sta-
bility of a pharmaceutical in wastewater depends on the matrix
complexity (including microorganisms and potential biodegradation),
the residence time, the pH, the temperature, and the influence of sus-
pended solids [52]. In order to assess stability, the residual percentage is
used for each compound separately and based on McCall et al. [132],
compounds are classified into four groups, e.g. those with high stability
(= 20% transformation), medium stability (20-60% transformation),
low stability (60-100% transformation) and variable stability during a
24 h-period. Boogaerts et al. [ 1] suggest biomarkers showing medium to
low stability should be replaced, if possible, with more suitable ones
(stable). Otherwise, they must be excluded from the analytical assays as
they will not be suitable for performing back-calculations in WBE.

In reported stability studies, the cxperimental conditions included
different temperatures (—20 to 20 *C), sampling times (e.g. 2, 5, 6, 10,
12, 24, 48, 72 h) and pH (2-9). In-sample stability of antidepressants at
standard room temperature and at different time points during up to
48 h has been investigated for mirtazapine, normirtazapine, venlafax-
ine, O-desmethylvenlafaxine, sertraline, norsertraline, fluoxetine, nor-
fluoxetine, duloxetine, citalopram, desmethylcitalopram and trazodone,
with no significant degradation in any case and relative responses
= 80% [33]. Boogaerts et al. [1] also showed similar results for 27 an-
tidepressants, including the previously mentioned ones, with all tar-
geted biomarkers having high in-sample stability, except for mianserin
which showed only medium stability (> 20% decrease). However, they
showed that its metabolite normianserin, showing higher stability, could
be considered a more suitable biomarker. Long-term storage stability on
either Oasis HLB or MCX cartridges (storage at —20 “C for six weeks)
was confirmed for the antidepressants [1,23,128], making this storage
method for multi-class compounds more suitable than freezing large
volumes of wastewater samples. In-sample stability of benzodiazepines
has also been investigated by Bade et al. [55], Racamonde et al. [113],
and Baker et al. [127] at different wastewater matrices (natural pH and
acidified to pH 2) at three temperatures (4°C, —20°C and room
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temperature: 20 °C) with similar results and in agreement that at
— 20 °C most of the analytes were stable under all experimental con-
ditions (< 20% transformation) for up to one week. All compounds were
stable at room temperature for up to 72 h in raw wastewater (natural
pH), except for clonazepam and flunitrazepam, where a 50% decrease
was observed already during the first 24 h. At the same time, after a
week, = B0% of diazepam and nordiazepam had degraded and
approximately 50% of the chlordiazepoxide, lorazepam, lormetazepam,
midazolam, temazepam and zolpidem. Furthermore,
although refrigeration at 4 “C improved the stability of certain benzo-
diazepines, clonazepam and flunitrazepam were still 50% degraded
within 24 h [55,113,128]. Acidification (pH 2) improved compound
stability, especially for pyrazolam, clonazepam, flunitrazepam, diaz-
epam and nordiazepam [113]. However, the benzodiazepine metabo-
lites: 7-aminoclonazepam and 7-aminoflunitrazepam, which have
7-amino functionalities, completely disappeared immediately when
the sample was adjusted to pH = 2 [113]. Alternatively, Bade et al. [55]
reported that acid preservation was worse than wastewater without
prior acidification for the compounds clonazepam, flubromazepam and
nitrazepam, which exhibited low stability (60% degradation) after one
week. These results agree with previous studies [113,128] indicating
that acidification can reduce the stability of certain benzodiazepines.
Additionally, Bade et al. [55] also examined stability with sodium
metabisulphite, which is used as a disinfectant, antioxidant, and pre-
servative. They recommend it as a good preservative for wastewater
samples since analytes were found to be stable at all tested temperatures
{(—20, 4 and 20 “C) for up to one week.

Storing samples at low temperatures (20, —80 "C) and using pre-
servatives are suitable ways of minimising biomarker transformation.
However, they can only be applied at the sampling point and cannot
prevent any in-sewer degradation. Uncertainties for in-sewer stability
could be much higher because of sewer biofilms since there is a lack of
control over the microbiota in the sewer system [71]. For some bio-
markers with higher log Kow, i.e. fluoxetine, sorption to biofilm or
particulate matter can also contribute to the overall uncertainty of the
WBE approach |71]. Different metheods have been applied to explore the
in-sewer transformation since WBE biomarkers degradation in the sewer
is a significant knowledge gap in the literature with high uncertainties
[132]. Baz-Lomba et al. [46] estimated biomarker degradation,
including benzodiazepines and antidepressants, during the in-pipe
transit time for a single wastewater sample. Results included 120 h
monitoring of compound stability, which showed degradation of many
target analytes, such as nitrazepam (—79%) and phenazepam (—70%),
agreeing with other studies [16]. Gao et al. [128] used a pilot sewer
system to evaluate the stability of biomarkers, including antidepres-
sants, under realistic and variable sewer conditions and observed that
carbamazepine, citalopram, venlafaxine and trazodone remain stable.
Additionally, Choi et al. | 130 compared the stability of 33 licit drug and
pharmaceutical biomarkers, including carbamazepine, venlafaxine,
O-desmethylvenlafaxine, citalopram, noreitalopram, moclobemide,
mirtazapine and amisulpride, in in-sewer biofilm reactors and in
biofilm-free (BFF) conditions showing most of the analytes transformed
in the presence of biofilm, while being stable under biofilm-free condi-
tions. Carbamazepine, a known bio-recalcitrant pharmaceutical, was
stable under both conditions [ 1301]. It is worth mentioning that stability
under biofilm-free conditions contradicted degradation under sewer
conditions, indicating that biofilm-free conditions do not reflect sewer
conditions in the same manner, which is expected since hiofilm-free
conditions cannot support biochemical activities. [130]. These results
agree with Lin et al. [129], who investigated the biodegradation of an-
tidepressants, among others, in wastewater and biofilm sewers under
different temperatures, pH and biofilm conditions, confirming that the
in-sewer biodegradation with either anaerobic or aerobic biofilms is
higher than in BFF conditions, with some compounds such as paroxetine
and sertraline having low stability (80% transformation within 6 h). In
addition, despite that the number of papers investigating the stability of
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pharmaceutical biomarkers in WBE studies has increased, in the case of
antidepressants and benzodiazepines, the stability of antipsychotics re-
mains unexplored and more studies of the in-sample and in-sewer fate of
target pharmaceuticals are needed to reduce the uncertainty in the
estimation of population consumption and, therefore, provide a more
accurate and reliable application in WBE.

3. WBE applications on psychoactive pharmaceuticals
3.1. Population size estimation

Most reported studies investigating psychoactive pharmaceuticals
use population numbers provided by the WRRFs, which do not consider
population mebility and contribute to overall uncertainty levels as high
as 55% [16,86]. This uncertainty is problematic, especially when dis-
tinguishing whether the fluctuations in population-normalised mass
loads were due to changes in consumption patterns, differing numbers of
consumers, or variations in the catchment population. Thus, it would be
more appropriate to use dynamic population size numbers using either
an anthropogenic biomarker [133] or other data such as mobile phone
data [86,109]. Been et al, [133] showed that fluctuations in the size of
the population over long periods or during major events could be
monitored by back-calculating the number of inhabitants (using popu-
lation equivalents of NH4-N) or using raw NHs-N loads as an indirect
marker of the population if the objective is to monitor consumption in a
specific area.

O'Brien et al. [109] collected wastewater samples on a Census day as
a basis for a model to estimate the number of pecple contributing to a
given wastewater sample, The de facto population was then estimated
through Bayesian inference, incorporating chemical markers repre-
senting population size into a population estimation model and vali-
dating this model using cross-validation with measured chemical mass
loads. Thomas et al. [86] proposed using mobile device-based popula-
tion activity (MPA) patterns to calculate real-time population within a
specific community, which could be helpful in WBE studies, The authors
concluded that mebile device analytics might be promising since it ad-
dresses the uncertainties associated with short- and long-term changes
in population. As evidenced by Thomas et al. [86] and Baz Lomba et al.
[134], using MPA data is the most accurate option for estimating the de
facto population contributing to a specific catchment area and the back
calculation of the population-normalised mass loads. Very recently,
Boogaerts et al. [135] published their study regarding moenitoring
temporal trends in stimulants’ use during the COVID-19 pandemic in
Belgium, using mobile network data as a dynamic population marker for
the normalisation of mass loads. However, these mobile device data
resources are not always available and may be costly.

In addition, MPA data provide WBE scientists with population data
that can be used to investigate and validate new (or improved) (hydro)
chemical and hydrodynamic population markers in cases where using
mobile device data is not an option [86]. In this light, Baz-Lomba et al.
[134] assessed and compared for the first time the performance of three
different population size proxies, including drinking water production,
electricity consumption, and online measurements of ammonium in
wastewater for the population normalisation of WBE data from a
wastewater catchment in Oslo (Norway) using MPA data. The ammo-
nium model showed the best correlation (R2 — 0.88) with the estimated
mean annual populaticn to be 4% higher than the “de jure™ population
reported by the WRRF, Drinking water production and electricity con-
sumption showed more discrepancies due to changing conditions and
seasonality, underestimating the population by 27% and overestimating
the population by 59%, respectively [134]. Nevertheless, drinking water
production and electricity consumption are two promising comple-
mentary proxies that need further evaluation with supplementary MPA
data.
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3.2. Spatial and temporal analysis

The increasing number of publications shows the ability of WEE to
investigate spatial and temporal differences in the consumption of an-
tidepressants, antipsychotics and benzodiazepines [1], [11], [30]-[32],
[391, [401, [431-[50], [531-[55], [571-[641, [67], [79], [84], [89],
[90], [92], [93], [95], [96], [102], [103], [105], [106], [116]. How-
ever, measured concentrations must be normalized for varying flow
rates and population units to allow reliable comparisons between loca-
tions and periods. Population-normalized mass loads in mg/day/1000
inhabitants can compare intra- and inter-country patterns and gather
information on the long-term consumption of pharmaceuticals, indi-
cating whether their use is stable or fluctuating. Fig. 2 illustrates the
global data on consumption in mg/day, 1000 inhabitants for some of the
most frequently detected psychoactive pharmaceuticals, namely carba-
mazepine and venlafaxine for antidepressants, quetiapine for antipsy-
chotics and oxazepam for benzodiazepines. Between 2010 and 2014, a
period of a severe economic crisis in Greece, Thomaidis et al. [106]
reported a high increase in the per capita consumption of antipsychotics
(35-fold), benzodiazepines (19-fold) and antidepressants (11-fold) in
Athens. Later, other studies performed in Athens, during 2019-2020
(before and during the COVID-19 pandemic), by Galani et al. [89] and
Alygizakis et al. [90] revealed a 20% increase for benzodiazepines, 3%
for antidepressants (with a notable increase for venlafaxine, i.e., from
383 g/day in 2019 to 1059 g/day in 2020) and no increase for anti-
psychotics. A remarkable increase of 60% and 77% was observed in the
mass loads of carbamazepine and lorazepam, respectively. However, the
detected mass loads for some benzodiazepines did not follow the same
trend, such as oxazepam, which showed a slight decrease of 16%.
Reinstadler et al. [92] report similar observations in Austria in
2016-2020 (before and during the COVID-19 pandemic lockdown).
Their data show no statistically significant difference between 2016 and
2020, except for venlafaxine, for which a temporal trend was observed
{an increase in annual mass loads of 5-10%). Kosma et al. [43] esti-
mated pharmaceutical mass loads ranging from 02 1o
129 mg/day/1000 inhabitants, with the highest mass loads observed for
venlafaxine and its metabolite O-desmethylvenlafaxine, followed by
fluoxetine, sertraline and mirtazapine. The results were similar or lower
than those reported in other studies in Greece, Belgium, India and the
USA [1,39,54,62,63,109].

Papageorgiou et al. [39] showed that the mass loads for psychiatric
drugs were stable during all scasons compared to non-steroidal anti--
inflammatory drugs (NSAIDs), which recorded higher mass loads in
winter and autumn. In contrast, Mackul'ak et al. [49] found higher mass
loads for venlafaxine and citalopram during winter, while oxazepam did
not show any fluctuations during the long-term monitoring. In their
study in Hong Kong, Wu et al. [57] reported no apparent seasonal
variation for most of the studied pharmaceuticals except for mirtaza-
pine, fluoxetine, citalopram, and sertraline at higher levels during the
wetl season compared to the dry season. Boogaerts et al. [1] observed
spatial differences for all the studied antidepressants, with venlafaxine,
citalopram, trazodone and their metabolites showing the highest
population-normalized mass loads. Regarding temporal variations, only
trazodone followed a monotonic trend, according to the Mann-Kendall
trend analysis that had been applied. Baker et al. [84] in the Cezech
Republic showed no clear weekly pattern for antidepressants, although
an increase of 23% for amitriptyline during the weekend could indicate
a possible temporal variation, Archer et al, [60] did not observe any
notable trend in temporal variation for carbamazepine and its metabo-
lite 10,11-dihydro-11-hydroxycarbamazepine during a two-year study
in South Africa, trying to investigate any correlation between weekdays
and seasons. Subedi and Kannan [105] reported for the first-time con-
centrations of norquetiapine and o-hydroxy alprazolam, respectively,
metabolites of quetiapine and alprazolam in wastewater influents,
emphasizing the importance of monitoring metabolites as more appro-
priate biomarkers for the calculation of mass loads. According to a study
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Fig. 3. Populaticn-normalised mass loads in mg/day/1000 inhabitants globally for some of the most frequently detected psychoactive pharmaceuticals, namely
carbamazepine, venlafaxine, quetiapine and oxazepam. The coloured countries provided data on population-normalised mass loads: the darker the country’s colour,

the larger number of published studies.

in Spain by Gushgari et al. [79], mass loads for alprazolam were higher
during the week than at weekends, but this was not the case for its
metabolite, o-hydroxy alprazolam, which may be explained due to
in-sewer transformation and degradation.

Lei et al. [22] manitored the consumption of ten benzodiazepines for
s5ix consecutive months in Guangzhou, China. The total estimated con-
sumption was 1012 mg/day/1000 inhabitants, with clozapine, diaz-
epam, and estazolam the most widely used and higher than a study in
London, by Baker et al. [47], showing an average consumption esti-
mation of 760, 121 and 95.3 mg/day/1000 inhabitants, respectively.
From the measured benzodiazepines and their metabolites in South
Australia during two sampling periods, Bade et al. [55] found no sig-
nificant differences, with oxazepam showing the highest mass loads
(100-180 mg/day/1000 inhabitants), followed by temazepam
(35-120 mg/day/1000 inhabitants) and quetiapine
(5-80 mg/day/1000 inhabitants), which was expected since oxazepam
has multiple contributing parent compounds. Even though the mass
loads for alprazolam and etizolam were below 1 mg/day/1000 in-
habitants, etizolam is concerning since it is an illicit alternative to al-
prazolam in Australia and USA, while it is legal in Italy, India and Japan
[55]. In the UK, from 2014 to 2018, Rice et al. [95] showed a significant
increase in mass loads for oxazepam, temazepam, and venlafaxine.
Temazepam is an excellent example of the most typical trend, showing a
notable decrease in daily intake from 2015 to 2016, followed hy sig-
nificant increases between 2016 and 2018 without any weekend effect.
The zolpidem use rate was relatively high in South Korea, according to
Kim and Oh [59], where zolpidem and its metabolite mCPP were
detected in all studied WRRFs with a mean estimated consumption rate
to be 2.3 times higher than the maximum mean concentration rate found
by Oliveira et al. in their study in the USA [75]. Among the measured
pharmaceuticals by Ng et al. [58] in WRRFs from the UK, USA and
Mexico, the mass loads for clozapine, carbamazepine and its metabolite
carbamazepine-10,11-epoxide were higher in Monterrey than in Lon-
don. At the same time, fewer psychoactive pharmaceutical residues were
detected in Monterrey compared to London. In the same study, oxaz-
epam showed noticeably high mass loads in the USA, whereas carba-
mazepine was rarely measured. The different profiles of psychoeactive
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pharmaceuticals and their metabolites measured within the same
country and in other countries indicate differences in consumption
patterns and trends (Table 51).

4. Conclusions and future trends

Influent wastewater is a treasure of information reflecting popula-
tion health and lifestyle, and though WBE is a relatively new approach,
many studies have shown its potential to provide complementary, ac-
curate, independent and timely epidemiologic information on the con-
sumption of xenobiotics at high spatial and temporal levels. Efforts have
been made to develop a broader range of bicanalytical methods that
simultaneously measure several antidepressants, antipsychotics, ben-
zodiazepines, and their metabolites from influent wastewater samples in
low concentrations and different periods. However, WBE also has its
limitations regarding the individual use of pharmaceuticals, the dose or
the frequency of administration since it cannot distinguish between one
user using large amounts versus many users using small amounts. A
better understanding of methodological and compound-specific un-
certainties such as sampling and storage conditions, metabolism,
biomarker excretion, in-sewer and in-sample stability, flow rates, and
population catchment size will be needed to convert concentrations of
human biomarkers to population-normalized mass loads and measure
the pharmaceutical consumption. When applying WBE in site-specific
studies, the major uncertainty that derives from the sampling stage
(commonly used time proportional) can be overcome by using flow-
proportional sampling or passive sampling. Although passive samplers
are still somewhat limited and need to be improved and further
explored, a novel active-passive sampling approach for simultaneously
measuring a wide range of pollutants at different concentration levels
seems promising.

From an analytical point of view, SPE for the sample preparation and
conventional target analysis by liquid chromatography coupled to mass
spectrometry, either LC-QqQ-MS or QTrap MS, were the most widely
used techniques in WBE for the identification and quantification of
human biomarkers due to their high sensitivity. Recently, high-
resolution mass spectrometry (HRMS) methods have gained popularity
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in wastewater analysis, especially for identifying NPS through suspect
and non-target screening. WBE is one of the few data sources that can
objectively measure pharmaceutical ab{use) and the extent of illegal
pharmaceutical consumption in the population with a better under-
standing of the biomarkers. At the same tme, it can also be used as an
early warning system to monitor new substances in communities at a
high spatiotemporal resolution.

In the future, more research needs to be done regarding the in-
sample and in-sewer stability of psychoactive pharmaceuticals, espe-
cially for benzodiazepines and antipsychotics, since, for the latter, this
field remains almost unexplored. Additionally, it is important to make
efforts towards replacing fixed population units with a dynamic popu-
lation proxy, using mobile network data or measurements of ammonium
in wastewater, when normalising mass loads in order to decrease the
uncertainty in the estimation of population consumption and, therefore,
have a more precise, accurate and reliable application in WBE.
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This study is a collaboration between the Jozef Stefan Institute in Ljubljana (Slovenia)
and the Ecotoxicological Centre at the University of Antwerp (Belgium). In this work, I
contributed to method optimisation and validation, sample preparation, instrumental
analysis, data analysis, and manuscript preparation.

Due to the complexity of the wastewater matrix and the low concentrations of human
biomarkers within sewage systems, it is essential to have highly sensitive analytical
methods available [2]. Furthermore, to enhance the role of WBE as a complementary
epidemiological tool, there is a growing demand to analyse a broader range of compounds
across more sampling sites with a higher number of samples. To address this, a high-
throughput miniaturised SPE protocol was developed using an Oasis MCX 96-well plate
with only 2 mL of influent wastewater, followed by LC-MS/MS analysis to quantify 28
psychoactive drug biomarkers, including parent compounds and metabolites of
antidepressants, opioids, and drugs of abuse.

The method was validated for linearity, limits of quantification, extraction recovery,
selectivity, process efficiency, intra- and inter-day accuracy, and precision, following the
guidelines of the European Medicines Agency (EMA), with minor adjustments [223]. LOQs
were mostly <10 ng/L, making the method sufficiently sensitive for WBE applications
despite the reduced pre-concentration compared to conventional SPE protocols. Following
the successful application of the developed method to 24-hour composite samples obtained
from an urban WWTP in Leuven, Belgium, it was also applied to 24-hour influent
wastewater samples from six WWTPs across Slovenia (see 3.2.1 Retrospective
spatiotemporal study of antidepressants in Slovenian wastewaters).

The 96-well SPE protocol significantly reduced sample and solvent volume requirements
and processing time, making it highly suitable for large-scale or high-frequency WBE
campaigns. Overall, this study presented a robust, efficient, precise, and sensitive high-
throughput method for monitoring psychoactive substances in wastewater, supporting its
integration into national WBE networks for public health surveillance and drug trend
monitoring.

The developed method was presented at the 6™ International Conference on Testing
the Waters (TTW6): The International Conference on Wastewater Surveillance, held in
Oxford, UK, June 26-27, 2023 (poster presentation).
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Abstract

Wastewater-based epidemiology (WBE) is based on the analysis of human
metabolic excretion products (biomarkers) of xenobiotics in wastewater, to gain
information about various lifestyles and health aspects of a population in an
evidence-based manner. Due to the complex wastewater matrix and trace level
occurrence of human biomarkers in the sewage network, it is crucial to have sensi-
tive analytical procedures available. Additionally, to improve the value of WBE as a
complementary epidemiological source, there is increasing pressure on the analysis
of more compounds, more locations and more samples. A high-throughput method
based on 96-well Oasis MCX solid-phase extraction (SPE}, requiring less influent
wastewater (2 mL), was developed in accordance with the European Medicines
Agency guidelines, Validation was successful for 28 parent drugs and metabolites
of antidepressants, opioids and drugs of abuse. The selection of biomarkers and
quantification limit was chosen to be relevant for WBE and was predominantly
10 ng/L or below. The final method was successfully applied to 24-h composite
samples of October 2019 (n = 27), obtained from an urban wastewater treatment

plant in Leuven (Belgium).

KEYWORDS
F6-well solid-phase extraction, high-throughput analysis, psychoactive substances, wastewater-
hased epidemiology

the analysis of more compounds, locations and samples. However,
sample preparation is a clear limitation, as it is often a time-consuming

Wastewater-based epidemiology (WBE) is based on the chemical
analysis of human metabolic excretion products in influent wastewa-
ter (IWW) samples. Concentrations of these biomarkers are measured
to gain information about various health and lifestyle aspects of the
catchment population.”™ To improve the value of WBE as a comple-
mentary epidemiclogical data source, there is increasing pressure on

Tim Boogaerts and Maarten Quireyns joint first author.

procedure requiring solid-phase extraction (SPE) and relatively large
volumes (250 mL} of IWW. Although there have been efforts to
investigate longitudinal patterns in drugs of abuse (DOA) use
through extensive daily sampling, to date, most community efforts to
analyse DOA consumption using WBE consist in monitoring a few
cities per country for 1week per year® However, many
compounds have weekly and/or seasonal consumption trends
e.g.. 3.4-methylenedioxymethamphetamine (MDMA)) that may not

240 © 2022 John Wiley & Sons Ltd.

wileyonlinelibrary.com/journal/dta

Drug Test Anal. 2023;15:240-246,
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be properly captured when analysing only 1 week per year‘s'6 Addi-
tionally, the chosen, often urban, locaticns may not be representative
for consumption at country level.

Long-term spatiotemporal data require therefore the analysis of a
large set of samples. Even when using a stratified random sampling
approach to reduce the number of samples, a large set of samples has
to be analysed each year {>54, depending on the analysed compound
and allowed uncertainty), which quickly increases if more locations
are included.™® Within WBE, Baz-Lomba et al.” published a high-
throughput method for 13 drugs and metabolites (e.g., amphetamine,
atenolol and carbamazepine). The method consists of HLB pElution
96-well plates for sample preparation, liquid chromatography
{LC) using high-volume injection and post-loop mixing for separation
and detection using tandem mass spectrometry {(MS/MS). Although
this is the first study that applied 96-well SPE for the extraction of dif-
ferent chemicals in IWW using small sample volumes (1 mL), it
reguires physical alteration of the LC system.

The objective of this work was to create a rapid and sensitive
method based on 96-well SPE for the high-throughput analysis of
28 parent compounds and metabolites of antidepressants, opioids and
DOA in IWW. The method coupled to liquid chromatography with
tandem mass spectrometry (LC-MS/MS) should be sensitive enough
to detect the low concentration levels (ng/L) of the biomarkers using
low volumes of IWW (2mL) and avoiding physical alteration

{e.g., post-loop mixing) of the LC instrument.

2 | MATERIALS AND METHODS

21 | Chemicals, materials and samples

Stock solutions of reference and internal standard (IS) ranged from
95 to 5 pg/pl. Working solutions, ranging from 1 to 200 ng/ulL, were
prepared from the stock solutions in methanol. All stock and working
solutions were stored at — 18"C. Sample preparation was performed
an a 96-well extraction plate manifold with Oasis MCX 96-well plates
(30 um, 10 mg) from Waters (Massachusetts, USA). More details on
the standards, materials and suppliers can be found in the Section S1
in the Supporting Information.

Daily 24-h composite IWW samples {250 mL)} were collected in
October 2019 from a wastewater treatment plant (WWTP) in Leuven,
Belgium (n = 27). Samples were collected during a normal period
{i.e., no special events occurring), in a time-proportional manner (fre-
quency < 10 min). Samples were stored at —18°C after sample collec-

tion until analysis.

2.2 | Biomarker choice

Based on a preliminary screening with existing offline SPE methods, a
selection of 30 biomarkers of psychoactive pharmaceuticals and DOA
was made for method development and validation.2 2% The selected
compaounds were found previously in sufficiently high concentrations

(>50 ng/L in Belgian IWW), which make them relevant for WBE pur-
poses. Furthermore, these biomarkers were specific for the target
compound and were sufficiently stable in wastewater (Section S7 in
the Supporting Information, Biomarker stability).

23 | Method development

Instrumental analysis was perfarmed on an Agilent 1290 Infinity Il
Ultra High-Performance LC system coupled to an Agilent 6495 Triple
Quadrupole MS/MS with a Jet Stream Electrospray lonisation inter-
face operating in positive ionisation mode, Chromatographic separa-
tion was hased on earlier optimised methods and was carried out on a
Waters Atlantis T3 Column {150 x 2.2 mm, 3 um) maintained at
30°C.” Mobile Phase A consisted of 0.1% v/v formic acid in ultrapure
water, and Mobile Phase B consisted of 0.1% v/v formic acid in meth-
anol. The gradient that achieved the best separation was 0-0.5 min:
5% B; 0.5-5 min: increase to 25% B; 5-16 min: increase to 30% B;
16-21 min: increase to 95% B; 21-21.1 min decrease to 5% B; and
equilibration at 5% B up to 25 min. An injection volume of 4 pL was
used based on sensitivity and peak shape of the analytes of interest.
The flow rate was 0.275 mL/min. All 30 compounds were eluted
within 21 min.

Source- and compound-dependent MS/MS parameters can be
found in Section 52 in the Supporting Information. Identification of
the compounds was based on the quantifier/qualifier ratios with a tol-
erance level of 30% relative standard deviation (RSD). The relative
retention time should be within *2.5% RSD of that of the

calibrators. ™

24 | Sample preparation

The final sample preparation procedure can be found in Figure 51. In
the first step, 2 mL of IWW is acidified with & pL of formic acid and
subsequently spiked with 20 pL of an IS mixture, resulting in a final
concentration of 100 ng/L (except for tramadol-Dg, 500 ng/L). This
was the maximum loading volume of the used 96-well collection plate,
and this resulted in highest sensitivity for analytes of interest. The
samples are centrifuged (5 min, 10,000 g) to remove solid particles.
An Qasis MCX 96-well plate (30 ym, 10 mg) is conditioned under vac-
uum with 500 pL of methanol and 500 pL ultrapure water, both with
0.3% w/v formic acid. Then, 1.8 mL of the supernatant is loaded on
the 96-well plate under vacuum. After loading the samples, the sor-
bent is washed with (i) 500 pL ultrapure water with 0.3% v/v formic
acid, {ii) 500 uL methanol with 0.3% v/v formic acid and (jii) 500 pL
30/70 (v/v) methanol in water. Next, the ?4-well sorbent is dried for
5 min under vacuum {5 mmHg). Elution is done with 200 pL of 5% v/v
ammenia in methanol into a collecticn plate. The eluent is evaporated
in a Blotage SPE Dry 96 device at 37°C until dry, using nitrogen
(25 L/min bottom, 50 L/min top). Afterwards, the samples are recon-
stituted in 120 pL of 5/95 methanol/ultrapure water with 0.1% v/v
formic acid. The reconstituted samples are vortexed (2.5 min,
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1500 rpm) and are transferred to a filter plate (0.2 um). Finally, the
samples are filtered under vacuum into an autosampler plate (0.5 mL,
96-well plate) to be analysed with LC-MS/MS.

2.5 | Method validation

Method validation was performed according to the bioanalytical
method validation guideline by the European Medicines Agency
(EMA) with minor adjustments.*? Because it is not possible to obtain
blank IWW, method validation was performed with tap water as an

alternative matrix. Selectivity was assessed by analysing three zero
100
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blank samples (i.e., containing no analyte and IS) for interferences. The
method is sufficiently selective if the response of the quantifier transi-
tion is less than 20% of the lower limit of quantification (LLOQ) peak
area and 5% for the IS peak area. The lowest calibration point corre-
sponded with the LLOQ.

For each compound, a seven-level calibration curve was con-
structed (Table S2). The analyte signal at the LLOQ level was at least
five times the noise signal present in the blank sample. Carry-over
was evaluated in a blank sample after injection of the highest calibra-
tion level. The peak area in the blank sample should be less than 20%
of the peak area of the LLOQ and 5% for the IS. Intra- and interday

accuracy and precision were evaluated by analysing four quality con-
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Mean absolute recovery * SD (n = 8) in tap water for all compounds via the 96-well elution protocol. EDDP, 2-ethylidene-

1,5-dimethyl-3,3-diphenylpyrrolidine; mCPP, m-chlorophenylpiperazine; O-DMV, O-desmethylvenlafaxine; ODT, O-desmethyltramadol [Colour

figure can be viewed at wileyonlinelibrary.com]
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Process efficiency of each compound. Standard addition experiments in influent wastewater were performed on samples from five

different locations. Dotted lines represent the acceptable 80%-120% range. EDDP, 2-ethylidene-1,5-dimethyl-3,3-diphenylpyrrolidine; mCPP, m-
chlorophenylpiperazine; O-DMYV, O-desmethylvenlafaxine; ODT, O-desmethyltramadol [Colour figure can be viewed at wileyonlinelibrary.com]
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trol (QC) samples at three different days: LLOQ, QC Low (within three
times LLOQ concentration), QC Medium {within 30%-50% of the cali-
bration curve) and QC High (at least 75% of calibration curve). Results
were compared with the acceptable criteria of <15% bias and =15%
RSD, except for the LLOQ, which should be within 20% bias and
<20% RSD. Absolute recovery (RE) experiments were executed on
multiple days in tap water at QC Medium concentrations. Process effi-
ciency (PE) experiments according to Boogaerts et al.? performed dur-
ing method validation to verify if the IS adequately compensates for
possible interferences and loss during sample preparation. An over-
view of the experiment is given in Section S5 in the Supporting

Information.

3 | RESULTS AND DISCUSSION
3.1 | Method validation

In accordance with EMA, performance criteria were met for 28 out of
30 biomarkers, except for mirtazapine (i.e., due to poor interday accu-
racy and precision) and normorphine (i.e., due to an inacceptable PE).
A seven-level linear calibration curve was constructed for most com-
pounds with a weighing factor of 1/x or 1/x% as illustrated in
Table 52. Only O-desmethylvenlafaxine (O-DMV) had six calibration
levels. The LLOQ ranged between 1 and 100 ng/L and were based on
actual concentrations found in IWW from previous research.®? Even
though the preconcentration step with the 26-well elution {x20-fold)
is less than offline SPE (+250-fold), the LC-MS/MS proved to be sen-
sitive enough to measure the analytes of interest at the LLOQ levels.
This could potentially also be explained by differences in matrix
effects between the 96-well elution and the classical SPE procedure.
No significant carry-over was chserved (<5% for the analytes and
<1% for the I5). The method proved to be selective as no interfer-
ences were noted in the zero samples.

Intra- and interday accuracy and precision, measured at the differ-
ent QC levels, fulfilled the EMA requirements for these 28 analytes
(Table 1). For mirtazapine, it was not possible to obtain the required
interday accuracy [76% at LLOQ level) and interday precision (36%).
Increasing the LLOQ did not result in better performance during
method validation. Mirtazapine was therefore excluded from the
method. However, consumption of mirtazapine can still be measured
through its metabolite normirtazapine, making this not an issue.

For most compounds, reproducible and high RE (>70%) were
obtained (Figure 1). For benzoylecgonine, 2-Ethylidene-1,5-dimethyl-
3,3-diphenylpyrrolidine (EDDP), m-chlorophenylpiperazine (mCPP),
MDMA, methamphetamine, methadone, norcitalopram and trazo-
done, the recoveries were lower but reproducible (RSD < 20%). The
high RSD obtained for amitriptyline (22.5%) and melitracen (30.0%)
suggests a variable recovery. Instrumental sensitivity was sufficiently
high over all samples and days during validation to cover this variabil-
Ity in RE (.e., not corrected using 15).

All analytes had acceptable PE, except for normorphine with a
mean PE of 692.3% * 7.1% (Figure 2). Amitriptyline and melitracen had

TABLE 2 Quantification frequency (number of samples >LLOQ)
and average PNML loads of validated compounds during 1 month of
sampling in October 2019, Leuven, Belgium (n = 27}

Quantification Mean PNML + 5D
Compound frequency (%) (mg/day/1000p)
Amitriptyline 89 168+ 72
Amphetamine 100 126.8 + 55.9
Benzoylecgonine 100 2924 1755
Bupropion 67 46+ 15
Bupropion-OH 100 448 + 164
Citalopram 100 49 £ 194
Codeine 100 51.3+20.9
Dihydrocodeine 96 64+2
EDDP 100 6525
Hydromorphone 0
mCPP o]
MDMA 100 52.7 £ 369
Melitracen 0
Methadone 96 41+14
Methamphetamine 74 27+13
Moclobemide F6 37+19
Morphine 100 576+ 281
Norcitalopram 100 263£99
Normirtazapine 93 82429
MNoroxycodone 4 a
Nortilidine 100 3.6+14
Q-DMV 100 367.1 £ 130.3
QDT 100 359.2 + 138.4
Oxycodone 0
Tilidine 11 B
Tramadol 100 4933+ 198
Trazodone 100 286128
Venlafaxine 100 145.2 £ 54

Abbreviations: EDDP, 2-Ethylidene-1,5-dimethyl-3,3-diphenylpyrrolidine;
LLOQ, lower limit of quantification; mCPP, m-chlorophenylpiperazine; O-
DMV, O-desmethylvenlafaxine; ODT, O-desmethyltramadol; PNML,
population normalised mass load.

“Not calculated given low quantification frequency.

acceptable PE, with only minor variations between the different loca-
tions. The RSD of the RE was below the threshold of 20% and across
different days. This indicates that the relative recovery is acceptable
and that the IS robustly compensates for losses during sample prepa-
ration and matrix effects. For this reason, it can be concluded that
amitriptyline and melitracen could be included in method validation.
Normorphine does not have a deuterated analogue as IS and
morphine-Dz were used as an IS. No further efforts were made to
improve the PE of normorphine at this point, but it is recommended
to test an isotope-labelled analogue in future research. Additionally,

normorphine has only a medium in-sample stability (Section S7 in the
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Supporting Information, Biomarker stability). For these reasons, this
compound was excluded from the assay at this point. The PE of nor-
morphine was not reproducible enough to allow the use of a correc-
tion factor. Using the classical SPE protocol, the PE of normorphine
was acceptable.” This could potentially indicate that matrix effects
can be different when a different preconcentration step is applied.

3.2 | Method application

The applicability of the method was evaluated on samples collected in
October 2019 from Leuven (n = 27, Section 2.1). Measured analyte
concentrations (ng/L) were back-calculated to population normalised
mass load (PNML) by considering the flow rate (L/day) and de facto
population on each day (Section S6 in the Supporting Information).
As illustrated in Table 2, most validated compounds were quantified

at least once, except for hydromorphone, melitracen, oxycodone and
mCPP. Furthermore, the highest PNMLs were obtained for O-DMV
(367.1 + 130.3 mg/day/1000p). No discernible trend was noted over
the full-sampled month (Figure 3), but a week-weekend change in
PNML was present, potentially due to changing demographics in the
catchment population. Furthermore, the application of the 96-well
SPE proved to be less time-consuming and required less elution sol-
vent volume and less sample volume compared to traditional SPE
(2 mL vs > 50 mL).
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3.2 WBE as a Complementary Data Source: Application in

the Slovenian Population

3.2.1 Retrospective spatiotemporal study of antidepressants in
Slovenian wastewaters

Published: M. Laimou-Geraniou, M. Quireyns, T. Boogaerts, N. Van Wichelen, D. Heath,
A. L.N. van Nuijs, A. Covaci, E. Heath, 2023, Science of The Total Environment, vol. 903,
pp.- 166586.

With the assistance of M. Quireyns and T. Boogaerts, I performed the experimental work,
including sample preparation, instrumental analysis, and method validation. I was also
responsible for data analysis and evaluation, as well as writing the manuscript. This study
is a collaboration between the Jozef Stefan Institute in Ljubljana (Slovenia) and the
Ecotoxicological Centre at the University of Antwerp (Belgium).

Antidepressant use has been increasing worldwide, reflecting shifts in mental health care
and prescribing practices. This trend became even more pronounced with the onset of the
COVID-19 pandemic, which coincided with a further rise in antidepressant consumption
(1.2.1 Psychoactive pharmaceuticals: Consumption trends and prescription data). Previous
work has shown that WBE provides valuable information on the consumption patterns of
psychoactive pharmaceuticals in near real time, with high spatiotemporal resolution [2].
Despite growing interest in monitoring the effects of the COVID-19 pandemic on
spatiotemporal trends in antidepressant consumption patterns, only a limited number of
studies include countries in Central Europe.

In response, for the first time, a comprehensive WBE study was conducted to evaluate
temporal and spatial trends in the consumption of commonly prescribed antidepressants in
Slovenia, before and during the COVID-19 pandemic. Influent wastewater samples
(24-hour composite) were collected from six WWTPs serving approximately 30% of the
Slovenian population during five sampling periods between summer 2019 (before the
COVID-19 pandemic) and spring 2021 (the third wave of the pandemic).

A previously developed analytical method [224], which is based on 96-well SPE (Oasis
MCX) and target analysis (LC-MS/MS), was applied for the determination of
antidepressant biomarkers. The measured concentrations of target biomarkers were
converted to PNMLs to facilitate direct comparisons across sites and time frames. Ten out
of twelve antidepressant biomarkers, including amitriptyline, bupropion, bupropion-OH,
citalopram, norcitalopram, normirtazapine, venlafaxine, (O-desmethylvenlafaxine,
trazodone, and moclobemide, were above the lower limit of quantification (LLOQ) and
were included in the spatiotemporal assessment.

The highest PNMLs were recorded for O-desmethylvenlafaxine (mean + SD:
82.1 £ 21.2 mg/day/1,000 inhabitants) and venlafaxine (38.0 £ 10.6 mg/day/1,000
inhabitants), followed by citalopram (27.0 + 10.7 mg/day /1,000 inhabitants). In addition,
the mean metabolite-to-parent compound ratios were consistent with those of other WBE
studies, indicating that the detected substances largely originated from human
consumption rather than direct disposal.

Most antidepressant biomarkers showed stable usage throughout the week; however,
the few observed differences between weekdays and weekends could not be directly linked
to the pandemic. Numerous temporal and spatial variations were revealed. Although
antidepressant levels increased during the sampling campaigns, and particularly during the
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first wave of the pandemic (spring 2020), no clear spatial patterns were observed across
locations. Some seasonal variation was noted, with higher PNMLs generally observed in
winter, potentially linked to increased antidepressant use during months when symptoms
of seasonal affective disorder (SAD) are more common. Notably, the results align with
available national annual prescription data, supporting the reliability of WBE for assessing
psychoactive pharmaceutical use. These findings highlight the value of WBE as a
complementary tool for public health monitoring.

Study outcomes were presented at three scientific conferences, i.e., 28" Annual Meeting
of the Slovenian Chemical Society, September 21-23, 2022, Portoroz, Slovenia;
Chem2Change, Environmental Chemistry towards Global Change, 2" Online ACE
Seminar on Chemistry and the Environment Led by Early-Career Scientists, March 15-16,
2022; and Throughout Knowledge Towards a Green New World: 13" Jozef Stefan
International Postgraduate School Students’ Conference and 15" Young Researchers’ Day
of Chemistry, material science, biochemistry and environment, (CMBE day), May 27-28,
2021.
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studies indicating consumption rather than direct disposal. Overall, the results indicated significant spatio-
temporal variations depending on the location, and the PNMLs of most biomarkers increased during the first
wave of the COVID-19 pandemic (spring of 2020). However, no clear spatial patterns were revealed related to

the pandermnie.

1. Introduction

Since the outbreak of the COVID-19 pandemic, there has been a
growing interest in examining the pandemic's impact on people's mental
health. Several epidemiological studies worldwide have reported an
increase in the consumption of psychoactive pharmaceuticals, such as
antidepressants, anxiolytics, sedatives, and hypnotics, during the
pandemic due to depression, higher rates of acute psychological distress,
insomnia, anxiety, post-traumatic stress disorder, and addiction prob-
lems that originated in the general population (Diaz-Camal et al., 2022;
Melchor-Martinez et al., 2021; Pazzagli et al., 2022; Tiger et al., 2023;
Winlder et al., 2021; Xiong et al., 2020). For these reasons, under-
standing the mental well-being of the population is vital since mental
illness creates a substantial health, social, and economic burden (WHO,
2022). In Slovenia, approximately 85,000 people (4.3 % of the popu-
lation) suffered from depression in 2019 (GBDS, 2019). In fact, ac-
cording to OECD data for 2021, Slovenia ranked 13th (63.6 defined
daily doses/1000 people) worldwide in antidepressant consumption
(Statista, 2021). More recent studies also suggest that the COVID-19
pandemic has been responsible for increased stress, anxiety, and
depression, especially among the younger population (Kozina et al.,
2022; Rus Prelog et al., 2022), which is reflected in a 10 % increase in
antidepressant prescriptions between 2019 and 2020, i.e., when the
COVID-19 pandemic began (27275, 2022).

Wastewater-based epidemiology (WBE) is a well-established
approach that offers objective, complementary, and anonymous infor-
mation on consumption and exposure to different xenobiotics in defined
populations by analysing human metabolic excretion products (bio-
markers) in influent wastewater (Baker et al., 2014), At present, besides
the numerocus WBE studies on illicit drugs, alcohol, tobacco, and new
psychoactive substance consumption (Bade et al., 2021; Estéves-Danta
et al., 2022; Gent and Paul, 2021; Gracia-Lor et al., 2020; Huizer et al.,
2021; Lopez-Garcia et al,, 2020), the application of WBE also extends to
a small number of studies addressing psychoactive pharmaceutical
consumption (Boogaerts et al,, 2021, 2019; Fscola Casas et al., 2021,
Laimou-Geraniou et al., 2023; Quireyns et al., 2022; Rice et al., 2020;
Riva et al.,, 2020). Studies have shown that WBE provides valuable in-
formation on the consumption patterns of psychoactive pharmaceuticals
over time and has the benefit of high temporal resolution. This knowl-
edge holds significance as weekly patterns can shed light on potential
recreational use, Additionally, seasonal patterns can highlight temporal
changes within months of the year or between the same months in
different years. Long-term trends can also provide insights into the
stability or fluctuations in the use of antidepressants over time (Tscharke
et al., 2016). The WBE approach also provides good spatial resolution
sufficient for identifying variations in the usage of psychoactive phar-
maceuticals at different locations, including within countries at the city/
village level or monitor consumption trends at the scale of regions and
suburbs within a metropolitan area (Laimou-Geraniou et al., 2023). This
advanced spatial resolution offers the potential to conduct area-based
evaluations that would otherwise be unattainable solely through na-
tionally compiled prescription data.

Several studies have already utilized the WBE approach to identify
the effects of the COVID-19 pandemic on spatiotemporal trends in psy-
choactive pharmaceutical consumption patterns (Alygizalis et al., 2021;
Boogaerts et al., 2023a; Galani et al., 2021; Reinstadler et al., 2021;
Tomsone et al., 2022; Yavuz-Guzel et al., 2022). However, only a limited
number of WBE studies include countries in Central Europe, i.e. Austria
(Reinstadler et al., 2021), Slovakia (Faberova et al., 2017; Mackul'ak

el al., 2016) and the Czech Republic (Baker ct al., 2014). Accordingly,
this study aims to fill this gap by monitoring the spatiotemporal use of
antidepressants at a higher degree of granularity in Slovenia using WBE
before and during the pandemic. Fortunately, a comprehensive sam-
pling campaign conducted from the summer of 2019 to the spring of
2021 (Verovielk et al., 2023) provided a valuable opportunity to retro-
spectively evaluate the influence of the pandemic on the usage patterns
of specific antidepressant medications in Slovenia.

2. Materials and methods
2.1, Sampling

Six wastewater treatment plants (WWTPs) from across Slovenia
(Ljubljana, Maribor, Domzale-Kamnik, Velenje, Koper and Novo Mesto),
covering approximately 30 % of the Slovenian population, were
included in the study (Table 51). Influent wastewater samples (24-h
composites) were collected for seven consecutive days, representing
“normal” conditions at the WWTPs; these sampling periods excluded
any special events such as festivals, maintenance activities, or extreme
weather events. The samples (n = 210) were collected during the sum-
mer of 2019, winter of 2020, spring of 2020, winter of 2021 and spring
of 2021. All samples were stored at —20 “C until analysis. It is note-
worthy that the first pandemic wave hit Slovenia in the spring of 2020
(March 2020), the second wave started in the autumn of 2020 (October
2020), and the third in the spring of 2021 (March 2021).

2.2. Target biomarkers

Target biomarkers of antidepressants were selected based on sales,
prescription frequency, preliminary WBE concentrations (Laimou-Ger-
aniou et al, 2022) in Slovenia and available validated analytical
methods (Boogaerts et al., 2023b). In addition, all the investigated
compounds have high in-sample stability (Boogaerts et al., 2019; Choi
el al., 2020). The final list of biomarkers (Table §2) included amitrip-
tyline (AMIT), bupropion (BUP), bupropion-OH (BUP-OH), citalopram
(CIT), norcitalopram (nor-CIT), melitracen (MEL), moclobemide (MOC),
normirtazapine (nor-MIRT), trazodone (TZD), m-chlorophenylpiper-
azine (mCPP), venlafaxine (VEN), and O-desmethylvenlafaxine
(ODVEN). Even though sertraline is among the most prescribed anti-
depressants in Slovenia, it was excluded from the bioanalytical assay
because it did not pass the requirements for method validation. All de-
tails regarding reagents, standards, materials and suppliers can be found
in the Supplementary material (SM: Materials and methods).

2.3. Sample preparation and analysis

A previously validated method, as described by Boogaerts et al.
(2023b), was employed for sample preparation and analysis. The pro-
cedure involved the following steps. Initially, 2 mL of influent waste-
water was spiked with 6 pL of formic acid and 20 pL of an internal
standard mixture. Centrifugation (10,000 =g, 5 min) was performed to
separate the solid particles. Subsequently, extraction was carried out
using 96-well Qasis MCX solid phase extraction plates (SPE, Oasis MCX
10 mg). The sorbents were first conditioned under vacuum using 500 pL
of methanol and 500 pL ultrapure water, with 0.3 % v/v formic acid.
Then, the supernatant (1.8 mL) was loaded under vacuum, followed by a
series of washing steps using (i) 500 L ultrapure water +0.3 % formic
acid, (ii) 500 pL methanol +0.3 % formic acid, and finally, (iii) 500 pL
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30470 (v/v) methanol /water. The sorbent was dried under vacuum for 5 using the Shapiro-Wilk test and Brown-Forsythe test, respectively, at a
min, after which the analytes of interest were eluted with 200 pL of 5% significance level of 5 %. To compare differences between two groups,
(v/v) ammonia in a methanol solution. The eluent was then evaporated we employed either a Student t-test (data normality and equality of
to dryness on a Biotage SPE Dry 96 device with heated nitrogen (37 “C, variance were assumed), a Welch t-test (data normality but equality of
25 L/min bottem, 50 L/min top). The resulting residues were recon- variance was not assumed), or a Mann-Whitney Rank Sum Test (data
stituted by adding 120 pL of 95/5 (v/¥) ultrapure water/methanol normality was not assumed) at the 5 % significance level. To assess
containing 0.1 % formic acid. The samples were then vortexed (2.5 min spatiotemporal differences in the use of psychoactive pharmaceuticals,
at 1500 xg) and filtered (Agilent 0.2 um polypropylene, 96 well, 1 mL). either One-way ANOVA or Kruskal-Wallis test (for non-parametric
Finally, the samples were analysed using liquid chromatography- analysis), followed by Tukey's post-hoc test, was used. In addition, to
tandem mass spectrometry (LC-MS/MS). evaluate temporal variations in psychoactive pharmaceutical use, the

Chromatographic separation was carried out on a Waters Atlantis T3 calculated PNMLs (mg/day/1000 inhabitants) were scaled to daily

Column (150 x 2.1 mm, 3pm) maintained at 30 “C with Mobile Phase A propertions by dividing the mass loads by the sum of the mass loads
consisted of 0.1 % v/v formic acid in ultrapure water, and Mobile Phase within seven days of sampling. In this manner, locations could be

B consisted of 0.1 % v/v formic acid in methanol. Compounds were combined to examine overall temporal patterns in psychoactive phar-
eluted using gradient elution (total run time 25 min). The gradient was maceutical use while facilitating comparisons between different periods
as follows: 0-0.5min: 5 % B; 0.5-5min: increase to 25 % B; 5-16min: within a single location. A Mann-Kendall trend analysis was applied to
increase to 30 % B; 16-21 min: increase to 95 % B; 21-21.1 min decrease detect any monotonic increase (positive S value) or decrease (negative S
to 5 % B; and equilibration at 5 % B up to 25min. The flow rate was value) in psychoactive pharmaceutical use across the 7-day sampling
0.275 mL/min. The injection volume of 4pL was used based on the periods at all sampling locations.

sensitivity and peak shape of the analytes of interest.

Complete details can be found in the supplementary information (see 3. Results and discussion

SM: Materials and methods, Measured compounds, and Table §3).
3.1. Method application

2.4. Back-calculations Out of the twelve biomarkers investigated, ten were quantified at
least once (Table 1) and were subsequently selected for spatiotemporal
analysis. However, melitracen and mCPP were below the lower limit of
quantification (LLOQ), which is the minimum concentration of an ana-
lyte that can be accurately and precisely measured. Consequently, these
two compounds were excluded from the analysis.

The measured PNMLs in all locations during the sampling periods
can be found in Table §4. On average, the highest PNMLs were found for
the antidepressants O-desmethylvenlafaxine (mean + SD: 82.1 + 21.2
mg/day/1000 inhabitants), venlafaxine (38.0 + 10.6 mg/day/1000

In the present study, daily mass loads of antidepressant biomarkers
were calculated by multiplying their measured values with the corre-
sponding daily wastewater flow rates. Mass loads were then normalised
to the number of people contributing to the WWTPs to back-calculate
population-normalised mass loads (PNMLs) expressed as mg
biomarker/day/1000 inhabitants. The WWTPs provided data for the
daily flow rates (I./day) and population equivalents. The equation for
the estimation of the PNMLs is given in Eq. (1):

Back-calculation to population-normalised mass loads

concentration [%) x wastewater flow rate (ﬁ)

PNMLs (mg/day /1000 inhabilants) = ‘ - 1
’ population equivalent

2.5. Statistical analysis inhabitants), citalopram (27.7 + 11.4 mg/day/1000 inhabitants), and

norcitalopram (12.3 + 7.2 mg/day/1000 inhabitants) across all sam-

A statistical evaluation was conducted using SigmaPlot 14.0 and R ples. This observation is consistent with the annual number of pre-

Studio. The normality and equality of variance of the data were tested scriptions obtained from the database of the Health Insurance Institute

Table 1
Quantification frequency (percentage of samples =LLOQ) of target compounds during all sampling periods (summer 2019, winter/spring 2020 and winter/spring
2021) in Ljubljana, Maribor, Novo Mesto, Velenje, Domzale-Kamnik and Koper (n = 35 per location).

Gompound LLOO (ng/L) Quantificarion frequency (%)
Ljubljana (LJ) Maribor (MB) Novo Mesto (NM) Velenje (VE) Domzale-Kamnik (DK) Koper (KP)

Amitriptyline 25 0 4] ab 0 ) [}
Bupropion 10 6 6 0 0 ) 21
Bupropion-OH 10 100 100 100 91 100 100
Citalopram 10 100 100 100 100 100 100
Norcitalopram 20 100 100 100 85.7 100 100
Melitracen 25 0 o3 0 0 0 o}
Moclobemide 2.5 100 100 100 97 100 94
Normirtazapine 10 91 94 91 6 31 89
Trazodone 5 100 100 100 G4 100 100
mCPP 30 0 0 1] 0 1] 0
Venlafaxine 5 100 100 100 97 100 100
O-desmethylvenlafaxine 50 100 100 100 97 100 100
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of Slovenia (7775, 2022). Venlafaxine, citalopram, trazodone, and
mirtazapine were the most frequently prescribed antidepressants.
Similar findings have been reported in other studies conducted in
Belgium, Greece, India, Turkey, and the USA, where the highest PNMLs

A.

Population-normalised mass loads
(mg/day/1000 inhabitants)

Moclobemide (U)
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of antidepressants were observed for venlafaxine/O-desmethylvenla-
faxine (Boogaerts et al., 2019; Kosma et al., 2019; Papagecrgiou et al.,
2016; Quireyns et al,, 2022; Skees et al.,, 2018; Subedi et al., 2017;
Yavuz-Guzel et al., 2022).
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Fig. 1. Plots showing populaticn-normalised mass loads (PNMLs) in mg/day/1000 inhabitants of biomarkers of antidepressants, Data shows statistically significant
lower PNMLs and a decreasing trend during weekends (A) and higher PNMLs and an increasing trend at weekends (B).
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3.2. Temporal differences in antidepressant use

3.2.1, Weekly trends (weekdays vs, weekends)

In general, the consumption of antidepressants is expected to be
stable since patients are required to take their medication continuously
and at strict time intervals. Initiating or discontinuing treatment is
usually done by gradually adjusting the dosage. When a trend analysis
was conducted to examine weekday-weekend (Mon-Fri vs Sat-Sun) an-
tidepressant use, a few minor trends were identified; however, no clear
overall pattern in the PNMLs emerged. Most statistically significant
differences were observed prior to the pandemic, with a decrease (p <
0.05) in the PNMLs of moclobemide in Ljubljana (summer 2019), nor-
mirtazapine in Maribor (winter 2020), and bupropion-OH in Koper
(summer 2019) during the weekend (Fig. 1A). Conversely, a statistically
significant increase (p < 0.05) in the PNMLs of trazodone in Domzale-
Kamnik (summer 2019) was observed during the weekend (Fig. 1B).
Furthermore, the negative S-value of the Mann-Kendall trend indicated a
decreasing trend over the sampling week (Tig. 1A) for moclobemide (S
= —21) in Velenje (summer 2019), venlafaxine/O-desmethylvenlafaxine
(8 = —13/-15), and bupropion-OH (8§ — —15) in Maribor (winter 2020).

The only discernible effect of the pandemic, as indicated by a com-
parison between weekdays and weekends, was observed for citalopram/
norcitalopram in DomZale-Kamnik during the first wave in spring 2020
and for bupropion-OH in Novo Mesto during the second wave in winter
2021. The data demonstrate a statistically significant increase in the
PNMLs of citalopram and norcitalopram during the weekend (p < 0.05),
whereas the PNMLs of bupropion-OH decreased (p < 0.05). The Mann-
Kendall trend analysis revealed similar outcomes, indicating a mono-
tonic decrease in the PNMLs of bupropion-OH in Novo Mesto (S = -15)
during the sampling week of winter 2021. Conversely, the PNMLs of the
other antidepressants exhibited independent distributions throughout
the sampling periods, suggesting consistent use throughout the week
(Fig. 51-86). A trend in the PNMLs of antidepressants between weekdays
and weekends was also observed in Belgium during the pre-pandemic
period and second lockdown (October 2020-May 2021), with the
highest PNMLs mainly observed during the weekends (Boogaerts et al.,
2023a). However, in contrast to the findings of Boogacris et al. (2023a)
and this study, other studies by Yavuz-Guzel et al. (2022) and Reinsta-
dler et al. (2021) did not reveal a statistically significant difference in
antidepressant consumption between weekdays and weekends, Conse-
quently, it is challenging to draw definite conclusions regarding whether
the differences observed in our data are related to the pandemic or
influenced by other factors, such as population movement.

During the pandemic and the associated social restrictions, including
lockdown measures and remote working, the reduced disparity in the
PNMLs between workdays and weekends could be attributed to changes
in the socio-demographic characteristics of the population within the
catchment area. To test this, Boogaerts et al. (2023a) employed a dy-
namic population proxy, specifically mobile phone data, to attribute the
observed weekly pattern to demographic shifts induced by the pandemic
measures within the catchment population. These shifts included
reduced weekday commuting, increased weekend visitors, and the
impact of reduced tourism. However, in our study, we relied on a fixed
population size provided by the WWTPs, as accessing mobile phone data
was nol feasible.

3.2.2, Long-term trends (2019-2021)

Diverse temporal patterns in psychoactive pharmaceutical use were
identified across the six locations in Slovenia (Fig. 2), with Domzale-
Kamnik exhibiting the highest degree of variation while Velenje and
Koper showed the least variability. In Domzale-Kamnik, we observed a
significant increase (p < 0.05) in the PNMLs of bupropion-OH, cit-
alopram, norcitalopram, moclobemide and normirtazapine in both
winter and spring 2020 compared to winter and spring 2021 (Fig. 2 and
Fig. 87). Conversely, in Ljubljana, there was relatively less temporal
variation in the usage of antidepressants, suggesting a consistent pattern
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in the PNMLs of these medications, except for moclobemide which
exhibited a 50 % decrease in consumption from 10.3 + 1.4 mg/day/
1000 inhabitants in summer 2019 to 5.1 + 1.7 mg/day/1000 in-
habitants during lockdown in spring 2021 (Fig. 2 and Fig. $8).

A similar trend for moclobemide was also observed in Novo Mesto,
with a 36 % decrease in PNMLs from summer 2019 to spring 2021 (Fig. 2
and Fig. §9). This decline was also reflected in the number of annual
preseriptions for moclobemide, which decreased by 16 % between 2019
and 2021, Moclobemide belongs to a class of antidepressants that,
despite being among the most effective for treating unipolar major
depression, is not commonly prescribed due to dietary restrictions, side
effects and safety concerns (Sub Laban and Saadabadi, 2023). Itis worth
noting that there were no significant fluctuations in the mass loads of
trazodone, except during winter 2021 when the PNMLs reached 27.9
mg/day/1000 inhabitants on Wednesday, compared to the average of
7.4 = 1.1 mg/day/1000 inhabitants during the rest of the sampling
periods. Additionally, in Novo Mesto, only a few temporal variations
were observed. Except for moclobemide, there was a general inerease in
the PNMLs of several antidepressants during the COVID-19 pandemic
(Fig. 2 and Fig. 89). For instance, the PNMLs of trazodone increased by
35 % between the pre-pandemic and lockdown periods. Moreover, an
increase in the PNMLs of amitriptyline, normirtazapine, venlafaxine,
and O-desmethylvenlafaxine, was also observed, especially during the
spring 2021 lockdown (7.9, 5.2, 35.7, and 67.6 mg/day/1000 in-
habitants, respectively), compared to winter 2020 (3.1, 2.8, 22.2, 44.2
mg/day/ 1000 inhabitants, respectively).

The variations in PNMLs may be attributed to changes in the popu-
lation dynamics during the pandemic, such as the implementation of
work-from-home policies, restrictions on movement between munici-
palities, and the absence of tourism. According to the available Mobility
Report for Slovenia, the percentage of time spent in the municipality of
residence and working from home increased to 25 % and 55 %,
respectively, during the spring 2020 and winter 2021 lockdown periods
compared to the pre-pandemic period (Mathieu et al.,, 2020). Another
possible explanation could be the sharp decline in international tourist
arrivals in Slovenia, mainly in Ljubljana, during the pandemic. Annual
reports indicale an average 60-70 % decrease in tourist numbers be-
tween 2019 and 2021 (Tourism in numbers/Turizem v stevilkah,
2020,2021). Boogaerts et al. (2023a) also observed increased PNMLs of
antidepressants during the initial lockdown phase (March—June 2020),
likely resulting from the demographic shifts occurring during the
COVID-19 pandemic rather than consumption habits.

In Velenje, there was an increasing trend in the consumption of
trazodone during both winter and spring 2021, with a 60 % increase in
the PNMLs observed in spring 2021 (18.8 + 10.5 mg/day/1000 in-
habitants) compared to spring 2020 (7.5 + 0.9 mg/day/1000 in-
habitants). The data also indicated slightly increased PNMLs for
citalopram, norcitalopram, venlafaxine, and O-desmethylvenlafaxine
from summer 2019 to spring 2021 (T'ig. 2 and Fig. 510). However, it is
important to note that the PNMLs for citalopram during one day
(Tuesday) in the sampling week of spring 2020 were exceptionally high
(351.3 mg/day/1000 inhabitants) compared to the rest of the week
(average 30.1 = 13.4 mg/day/1000 inhabitants). This fluctuation was
not observed in the PNMLs of its metabolite, norcitalopram (11.6 mg/
day/1000 inhabitants on that day and 11.0 + 1.7 mg/day/1000 in-
habitants on average). This discrepancy suggests direct disposal of eit-
alopram rather than consumption (Fig. 2 and Fig. §10). In Koper (Fig. 2
and Fig. §11), there were no significant variations observed in the
consumption of antidepressants, except for bupropion, which showed an
increase in consumption between 2020 (< LLOQ) and 2021 (4 + 1.7 mg/
day /1000 inhabitants). Similar studies have reported different findings;
for instance, some show a significant increase in PNMLs (Boogaerls
et al., 2023a; Yavuz-Guzel et al., 2022), while others found no statisti-
cally significant difference or a slight increase, except for venlafaxine,
which exhibited a notable increase (Alygizakis et al., 2021; Galani et al.,
2021; Reinstadler et al., 2021).
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The overall increase in the PNMLs of venlafaxine, normirtazapine,
and trazodone from summer 2019 to winter 2021 aligns with the rise in
their annual number of prescriptions, specifically a 4 % increase in
venlafaxine, a 5 % increase for the parent drug mirtazapine, and a 10 %
increase for trazodone (“ZZZS”, 2022). However, there was a 7 % in-
crease in mirtazapine annual prescriptions in 2020, followed by a slight
2 % decrease compared to 2021. Similarly, bupropion and citalopram
exhibited a comparable trend, with a 5 % and 7 % increase in the annual
number of prescriptions between 2019 and 2020, respectively, returning
to similar levels as 2019 in 2021. It is important to note that sales and
prescription data are compiled nationally, while WBE operates at
different spatial resolutions, such as city-level or national-level assess-
ments, and this may account for the discrepancies between the number
of prescriptions and WBE data. Furthermore, such differences could
arise from (i) prescriptions may not be filled; (ii) filled prescriptions may
not be consumed; (iii) pharmaceuticals may not be taken at the rec-
ommended dose and (iv) specific insurance modalities are not included.

3.2.3. Seasonal trends

This study compared seasons across different years, which means
that longitudinal trends could have influenced the observed variations.
However, verifying intra-year seasonal patterns is challenging due to the
limited coverage of each season in the sample collection. Also, since the
samples were collected as a part of a previous study (Verovsek et al.,
2023), i.e., not specifically for studying the effects of the pandemic, the
sample size was limited in terms of the seasons and periods within each
season. Nevertheless, longitudinal trends across all locations, resulting
from ANOVA and Kruskal-Wallis test with Tukey's post-hoc test, are
visualised in Fig. $13-518, The results demonstrate comparable patterns
in Ljubljana, Maribor, and Domzale-Kamnik. In winter 2020, the PNMLs
for four (citalopram, norcitalopram, wvenlafaxine, and O-desme-
thylvenlafaxine), five (citalopram, norcitalopram, venlafaxine, O-des-
methylvenlafaxine, and normirtazapine) and six (bupropion-OH,
citalopram, norcitalopram, venlafaxine, 0-desmethylvenlafaxine, and
moclobemide) antidepressant biomarkers, respectively, were statisti-
cally higher compared to summer 2019. This observation could be
attributed to seasonal variation, as both sampling campaigns occurred
before the pandemic. Similar findings of higher mass loads during
winter have been reported in long-term monitoring studies for antide-
pressants (Golovko et al., 2014), such as citalopram, venlafaxine and
tramadol (Mackul'ak et al., 2016),

This seasonal increase could be associated with seasonal affective
disorder (SAD), a mood disorder where individuals with nermal mental
health throughout most of the year exhibit depressive symptoms at the
same time each year, commonly but not always in winter months when
sunlight is reduced. In Maribor, seasonal variation is more apparent, as
the PNMLs of citalopram, norcitalopram, O-desmethylvenlafaxine and
normirtazapine in both winter 2020 and winter 2021 were higher
compared to summer 2019 (p < 0.05) (I'ig. 2 and Fig. S12).

3.3. Spatial differences

Spatial differences, determined by ANOVA or Kruskal-Wallis test with
Tukey's post-hoc test, are visualised in Fig. $19. The data reveals spatial
trends for all compounds in almost &1l sampling periods (Fig. 3). These
differences could be attributed to variations in the demographic char-
acteristics of the catchment areas, such as average age, the proportion of
university students, and the tourist numbers. On average, the highest
PNMLs for O-desmethylvenlafaxine were obtained in Velenje (106.9 £
19.6 mg/day/1000 inhabitants), displaying a statistically significant
difference (p < 0,05) compared to Novo Mesto, which had the lowest
PNMLs (55.7 + 11.5 mg/day,/1000 inhabitants). Both venlafaxine and O-
desmethylvenlafaxine exhibited similar spatial variations across all
sampling periods, with the highest variation observed in spring 2020
during the first wave of the pandemic. Notably, they show identical
spatial variations in winter and spring 2020 (Fig. 3. and Fig. 520).
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Spatial variations were observed for citalopram and its metabolite
noreitalopram in winter 2020, while no spatial variations were observed
in spring 2021, The highest PNMLs (Fig. 3 and Fig. $20) for trazodone
(12.3 + 4.4 mg/day/1000 inhabitants) were found in Velenje (12.3 =
4.4 mg/day,/1000 inhabitants). Variations in PNMLs of trazodone were
mainly observed during the winter and spring of 2021. Amitviptyline
was only detected above LLOQ in Novo Mesto. On the other hand,
bupropion was detected and quantified primarily in Koper (sampling
periods summer 2019 and winter and spring 2021), as well as in
Ljubljana and Maribor, while it was <LLOQ in Velenje, Domzale-Kam-
nik and Novo Mesto (Fig. 3 and Fig. S20). Koper exhibited the highest
PNMLs for bupropion-OH (13.2 mg/day/1000 inhabitants), consistent
with the higher PNMLs of bupropion as the parent compound in the
same location. Moclobemide had significantly lower PNMLs in Domzale-
Kamnik than the other WWTPs, with most spatial variations ohserved in
spring 2020 during the first lockdown. However, for normirtazapine,
which was measured in all WWTPs except for Velenje (only in spring
2021 was >LLOQ), the greatest spatial variation was in spring 2021
(Fig. 2 and Fig. 520). Overall, the results show that spatial variations
were mainly evident for bupropion, venlafaxine, moclobemide and
tramadol during spring 2020, coinciding with the first wave of the
pandemic in Slovenia.

3.4. Parent compound/metabolite ratios

In the present study, both the parent compound and the metabolite
were included for the following substances: bupropion, citalopram,
trazodone, and venlafaxine. The metabolite/parent compound ratdo (M/
PC ratio) was not calculated for trazodone/mCPP since the concentra-
tion of mCPP was below the LLOQ. The M/PC ratios for citalopram/
norcitalopram and venlafaxine/O-desmethylvenlafaxine remained
relatively stable across all the sampling periods and locations, with a
relative standard deviation (% RSD) of the measured M/PC ratio below
25 %. The measured M/PC ratios in influent wastewater are consistent
with other studies (Table 2). However, the average M/PC ratios of
buprepion/bupropion-OH were slightly lower than in other WBE studies
(Boogaerts et al,, 2019). Notably, the bupropion/bupropion-OH ratios
were only above the LLOQ in a limited number of samples. The relatively
stable spatiotemporal pattern in the M/PC ratios suggests that the mass
loads of the biomarkers likely derive from consumption rather than
direct disposal of the parent compound. However, for citalopram, there
was a notable change in the M/PC (0.03 compared to the average of
0.44) on a specific sampling day during spring 2020 in Velenje, indi-
cating potential dumping (Section 3.2.2).

3.5. Limitations of the study

The sampling campaign involved six WWTPs in urban and rural
areas, accounting for just 30 % of the Slovenian population; however,
they cover the main geographic regions, and are used in the SCORE
monitoring. Due to logistical considerations and the involvement of
multiple sampling locations and periods, the start of sampling collection
varied by location, resulting in different orders of data points across
sampling periods and locations. Therefore, the data was arranged from
Monday to Sunday to facilitate statistical comparisons and evaluate
spatiotemporal trends. Another limitation is the inclusion of only one
week of sampling within each period (summer 2019, winter 2020,
spring 2020, winter 2021 and spring 2021) for the spatiotemporal
comparisons. Consequently, consumption rates may not fully represent
the rest of the year. However, since all sampling periods were conducted
in a “typical” week, which should reflect baseline consumption, we as-
sume that weekdays and weekends represent baseline use within a
regular working week. Furthermore, the fact that we did not consistently
sample in the same season adds complexity to the interpretation of any
seasonal trends.

Another limitation is the use of fixed population data provided by the
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Table 2
Comparison of the measured metabolite/parent compound ratios with other
WEE studies.

Parent compound/ Measured M/ Measured M/ Ref.

melabolite PC ratio in PC ratio in
this study other studies
(average =
8D)
RBupropion/Bupropion- 3.98 + 1.36 4.5 (Boogaerls el al.,
o1l 2019
Citalopram,/ 0.44 1 0.06 0.5-0.8 (Boogaerts et al.,
Norcilalopram 2023a, 2019)
Venlafaxine /0- 2.33 4+ 0.25 2058 (Boogaerts ct al.,
desmethylvenlafaxine 2023a, 2019; Ria-

Gomez and
Piittrmann, 2012)

WWTPs, in the back-caleulations of psychoactive pharmaceutical con-
sumption. It is important to note that variations in population could
occur due to pandemic measures resulting in factors such as changes in
commuting habits and tourism. An increase in the mass loads could be
attributed to a greater number of people consuming psychoactive
pharmaceuticals, higher quantities, or a combination of both. To address
this limitation, the use of dynamic population markers is recommended.
Previous studies have utilised markers such as mobile phone data
(Boogacrts ct al., 2023a), chemical oxygen demand, biological oxygen
demand, phosphorus, nitrogen, and ammeonium loads (Di Marcantonio
etal., 2022; Reinstadler et al., 2021; Tomscne et al., 2022) to account for
variations in the socio-demographics of the catchment population.
However, in this study, we attempted to use mobile phone tracking data,
but permission to access this data was denied. Additionally, using other
dynamic population markers, such as nitrogen, is not feasible due to the
inclusion of wastewater from agricultural activities.

4, Conclusions

This study highlights the potential of WBE as a valuable tool for
monitoring trends in psychoactive pharmaceutical consumption with a
high level of temporal and spatal resolution, surpassing other data
sources such as general population surveys, hospital records, and pre-
scription and sales data. The findings of the study revealed numercus
temporal and spatial variations, However, no clear patterns related to
the pandemic were observed in the analysis of weekdays vs weekends
and spatial trends. Incorporating dynamic population numbers in the
caleulation of PNMLs would be beneficial in elucidating changes in the
socio-demographic characteristics of the population within the catch-
ment area. Among the compounds detected, O-desmethylvenlafaxine,
venlafaxine, citalopram and norcitalopram exhibited the highest
PNMLs, while the M/PC ratios of the different biomarkers were consis-
tent with findings from other WBE studies, demonstrating relative sta-
bility throughout the entire sampling campaign. This finding suggests
that measured PNMLs likely derive from human consumption rather
than dumping. Overall, the PNMLs of most psychoactive pharmaceuti-
cals showed an increasing trend during the sampling campaigns,
particularly during the first wave of the pandemic in the spring of 2020.
These findings align with available data on annual prescriptions, further
supporting the validity of the results obtained through WBE.
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My role in this international work included performing experimental work (sample
preparation of Slovenian wastewater samples) and reviewing and editing the manuscript.

NPS represent a significant public health issue on a global scale and require systematic
and comprehensive information on their availability and usage trends. Due to the
ambiguous legal status of NPS, their rapidly evolving market, and the lack of information
on their identity and related safety and health risks, this issue warrants attention. However,
data on the worldwide prevalence of NPS remains scarce (1.1.4 New psychoactive
substances and 1.2.2 Current dynamics of the NPS market). To address this gap, the
present international study aimed to examine spatial and temporal trends in NPS use by
applying a harmonised wastewater analysis protocol and comparing these findings with
other available data sources.

A total of 546 municipal influent wastewater samples were collected over three
consecutive New Year periods—2019/2020, 2020/2021, and 2021/2022. Over this time, the
number of participating countries (sites) increased from eight (12 sites) to ten (25 sites)
and, in the last year of the study, to 16 (47 sites). Notably, Slovenia participated in the
sampling campaign (the 2021/2022 New Year period), contributing data from Ljubljana,
Maribor, Novo Mesto, and Kranj.

To ensure consistency and comparability of the results across all locations, a
standardised sampling and analysis protocol was followed. Each participating country was
required to collect a maximum of seven consecutive 24-hour composite samples of raw
influent wastewater at each sampling site during a predefined period (e.g., December 29,
2021, to January 4, 2022) and to extract the analytes using the same SPE extraction
protocol with UCT XtracT DAU cartridges. All extracts were analysed at the University
of Queensland, Australia.

Eighteen NPS, primarily synthetic cathinones, followed by phenethylamines and
designer benzodiazepines, were detected within the three years of monitoring, which aligns
with UNODC reports [1]. Their occurrence varied across all participating countries,
following distinctive regional trends. Particularly, 3-MMC and N-ethylhexedrone were
dominant in Europe, while eutylone and mephedrone were more prevalent in New Zealand,
2F-DCK was more frequently found in China, and the US showed the highest mass loads
of mitragynine.

Temporal shifts in NPS usage were also observed, including the impact of the
COVID-19 pandemic. However, 3-MMC was consistently detected across all campaigns,
with its presence spreading from Europe to Oceania and its consumption increasing
significantly from 5 mg/day/1,000 inhabitants in 2019/2020 to >100 mg/day/1,000
inhabitants by 2021/2022. The highest mass loads were found in Spain and Slovenia.
Eutylone and mitragynine were also detected in samples from Slovenia.
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This study highlights the utility and effectiveness of wastewater analysis for monitoring
NPS use worldwide. It also establishes a foundation for further systematic surveillance of
specific NPS use through wastewater analysis, following the example of the existing
initiatives such as the SCORE network, and encourages the development of advanced
workflows, including non-target approaches.

Study outcomes were presented at two scientific conferences: the Annual Conference of
the International Association of Forensic Toxicologists (TIAFT 2024), St. Gallen,
Switzerland, September 2-6, 2024, and Testing the Waters 6 (TTW6), Oxford, United
Kingdom, June 26-27, 2023.
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Synthetic cathinones were the most found class followed by phenethylamines and designer benzodiazepines.
Furthermore, two ketamine analogues, one plant based NPS (mitragynine) and methiopropamine were also
quantified across the three years. This work demonstrates that NPS are used across different continents and
counlries with the use of some more evident in particular regions. For example, mitragynine has highest mass
loads in sites in the United States, while eulylone and 3-methylmethcathinone increased considerably in New
Zealand and in several European countries, respectively. Moreover, 2F-deschloroketamine, an analogue of ke-
tamine, has emerged more recently and could be quantified in several sites, including one in China, where it is
considered as one of the drugs of most concern. Finally, some NPS were detected in specific regions during the
initial sampling campaigns and spread to additional sites by the third campaign. Hence, wastewater surveillance
can provide an insight into temporal and spatial trends of NPS use.

1. Introduction

New psychoactive substances (NPS) are compounds that have been
designed to mimic the effect of conventional illicit drugs, while evading
legal restrictions and are thus of international public health concern.
From fentanyl-laced heroin (Jannetto et al., 2019) to counterfeit Xanax
(Blakey et al., 2022) and adulterated MDMA (Krotulsld et al., 2021;
HighAlert, 2021), NP5 may pose a risk to illicit users. The United Na-
tdons Office of Drugs and Crime (UNODC) runs an Early Warning
Advisory (EWA) program on NPS, which is updated with information
from international drug enforecement and intelligence agencies, health
authorities and toxicologists. As of mid-2022, 136 countries and terri-
tories, covering all continents had reported more than 1100 NPS to the
EWA,

The consumption of NPS is influenced by their specific effects,
availability, price, potential undetectability in routine drug tests and
their use as adulterants (Peacock et al., 2019; United Nations Office on
Drugs and Crime 2022). It is imperative from a public health viewpoint
to monitor the use of these drugs given our limited knowledge of their
specific effects, their interactions with other drugs, and the harms that
they cause. It is difficult for law enforcement to control the circulation of
these compounds because they are generally manufactured in much
smaller guantities than traditional illicit drugs such as cocaine and
methamphetamine and many have a ‘grey” legal status.

Information on the prevalence of NPS use is collected from forensic
analyses, surveys, and pill testing as well as social media and dark web
menitoring (Peacock et al., 2019; Pascoe et al., 2022; Barenholtz et al,,
2021). Each of these serves as a complementary tool for identification,
monitoring, surveillance, control and ultimately evaluation of public
health impacts of NPS use. Fach has its distinct advantages such as rapid
identification of substances, early warning capabilities and outlining
demographics and profiles of users. However, not all jurisdictions have
access to these data sources and thus some communities could be mis-
informed. There is increased concern around music festivals, where
NPS-adulterated drugs can be mistakenly consumed. This can increase
the risk of overdoses, resulting in more emergency department pre-
sentations. Wastewater analysis can help to fill this gap and has been
used in many countries to assess licit and illicit drug use (Gracia-Lor
et al., 2017).

The global prevalence of NPS use remains unknown and data are
limited to a few countries with appropriate resources (UNODC 2022;
Khaled et al., 2016). The current wark presents data from wastewater
sampling across the New Year period in three consecutive years
(2019-20, 2020-21 and 2021-22). The use of NPS typically increases
during festivals such as those of the New Year period that are associated
with parties and festivals. The number of countries (and sites) has
increased from 8 (12) in the first iteration to 10 (25) and finally to 16
(47). Throughout this project, the number of targeted analytes changed
to include the most relevant NPS, based on findings from the UNODC
EWA on NPS, international forensic findings, and published scientific
literature. The aims of this worl are: i) to study international spatial
trends in NPS use; ii) to examine if preferences for NPS drugs change
from year to year; iii) to evaluate the impact of the COVID-19 pandemic
on NPS use and iv) to establish whether data on NPS obtained from

wastewater analysis is comparable to that from other data sources.
2. Results

Across the three vears, the number of countries (and sites) investi-
gated increased from & (12) to 10 (25) and finally 16 (47). Across all
three campaigns, a total of 546 individual samples were analysed, be-
tween 115 (2019/20) and 287 (2021/22). A total of 18 NPS were found
across the three sampling campaigns (Table 1, structures in Table 51),
with yearly totals from nine (2019-20 and 2021-22) to ten (2020-21)
individual NPS. Each year, the number of analytes included in the
analytical method has changed (Table 52) based on information from
the UNODC EWA, forensic agencies, peer reviewed publications and
availability of reference analytical standards. For example, 3-methyl-
metheathinone (3-MMC), mephedrone and methylone were analysed
across all years, while 2F-deschloroketamine (2F-DCK), mitragynine,
clonazolam and etizolam were only included in the third campaign. 4-
Methylethcathinone (4-MEC), methylenedioxypyrovalerone (MDPV),
methiopropamine, methoxetamine and parg-methoxyamphetamine
(PMA) were not included in the 2021-22 campaign because there was
limited identification in international forensic analyses and in the early
warning systems of the UNODC and EMCDDA.

A variety of classes of NPS were found during this campaign. Syn-
thetic cathinones were the most common (Table 1). Phenethylamines (4-
fluoroamphetamine and PMA), designer benzodiazepines (clonazolam
and etizolam), ketamine analogues (2F-DCK and methoxetamine) as
well as the plant-based NPS mitragynine and methiopropamine were
also quantified at least once across the three years.

2.1. Spatial trends

Over the three yvears of these data, some spatial patterns emerged.
The synthetic cathinone 3-MMC was found consistently in all years,
primarily in Europe (Fig. 1). However, in 2020-21 and 2021-22, it was
found in at least one site in New Zealand. In the latter sampling period, it
was also found on selected days in the United States, Mephedrone and
methylone were also found across the three campaigns. They were pri-
marily located in Oceania and North America, with highest levels in New
Zealand. Across the European sites, they were only found in one site in
Spain in the 2021-22 collection (Table 1). Like mephedrene, eutylone
was also primarily seen in sites in New Zealand (up to 55 mg/day/1000
people) in both 2020-21 and 2021-22 (Fig. 2A).

N-ethylpentylone, pentylone and ethylone had the lowest levels of
synthetic cathinones found across the three sampling campaigns. N-
ethylpentylone and pentylone had highest levels in the United States.
Several compounds were only seen once: 4-flucroamphetamine, 4-MEC
and MDPV in the Netherlands, methiopropamine and methoxetamine in
Australia and PMA in New Zealand (Table 1).

Some substances were only quantified in the most recent surveillance
campaign in 2021-22. Mitragynine (Fig. 3) was found at the highest
levels in the United States, mostly between 1000 and 5000 mg/day/
1000 people. Sites in Sweden had the next highest levels. Most other
sites where the compound was found had levels below 50 mg/day/1000
people. There was generally no increase in levels over the New Year in
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Fig. 1. Estimated excreted mass loads of 3-MMC from all sites over the three-year sampling period. Note: 2019-20 and 2020-21 wvalues are taken from previous
publications (Rade et al., 2021; Bade et al., 2022). Sites are ordered by continent. Countries with multiple sites are numbered according to Table 3. Only sites where
the compound was found are included in the figure. *: Statistically significant difference (p < 0.05) following independent t-tests (for sites with two years of data) ora
one-way ANOVA, followed by a pairwise t-test with Bonferroni correction (for sites with three years of data). ES: Spain; IT: Ttaly; NL: the Netherlands™ BE: Belgium;
NZ: New Zealand; FR: France; GR: Greece; 1S: Iceland; SE: Sweden; SI: Slovenia; US: United States.

any site except for specific sites in Slovenia and Sweden. N-ethyl-
hexedrone was only quantifiable in two sites in Sweden and Spain, with
particularly high levels in one site from Sweden on New Year's Day. The
designer benzodiazepines clonazolam and etizolam were also found,
with highest loads at a site in Iceland, while levels in wastewater at other
sites were below the limit of quantification of our method.

2F-DCK was found in samples from nine sites across Canada, China,
Spain, France, Iceland, Ttaly, and the United States (Fig. 4). Increases
over New Year's Eve were evident in Canada and Spain (Table 54}, while
highest levels were seen across the entire sampling week in China. It was
only quantifiable on certain days in Iceland, Italy, and the United States.

2.2, Temporal trends

Tor sites and compounds that were monitored over multiple years,
statistical tests were performed to determine significance. 3-MMC was
monitored across all three years and the measured excreted mass loads
increased from 5 to 10 mg/day/1000 people in the first two sampling
campaigns to more than 100 mg/day/1000 people in 2021-22. The
highest levels were found in the 2021-22 sampling campaign at sites in
Spain and Slovenia. In sites monitored over multiple years, there was
also an increase (i.e. Belgium (BE), Spain (ES 1), New Zealand (NZ 3),
and Italy (IT)). A statistically significant increase was seen in sites in
Belgium, Italy and Spain between 2020-21 and 2021-22 (p < 0.05).
There was also a statistically significant increase in the site in Italy be-
tween 2019-20 and 2021-22 (p < 0.05). In the New Zealand site where
3-MMC was found in both 2020-21 and 2021-22, there was also a sta-
Ustically significant increase (p < 0.05). In most sites, there was an in-
crease in mass loads over New Year's Eve and New Year's Day.

Eutylone was analysed over the two most recent campaigns. The
three sites in New Zealand that were monitored over 2020-21 were also
included in 2021-22. NZ 2 and NZ 3 showed similar trends for the
different periods, with statistically significant increases found (p <
0.05), while eutylone at NZ 4 had no significant difference between the
two sampling periods . Eutylone was also found at much lower levels in
sites in Australia, North America, Brazil, Republic of Korea and specific
sites in Europe (Fig. 2B), These differences for both 3-MMC and eutylone
from 2020 to 21 to 2021-22 could reflect the impact of COVID-19
restrictions.

3. Discussion

The societal burden attributable to illicit drug use is increasing. For
example, in Australia, the societal burden due to illicit drug use
increased by 35% from 2003 to 2018 and was responsible for 72% of all
burden due to poisonings and almost all burden related to drug use
disorders (excluding alcohol) (Australian Institute of Health and Welfare
2021). However, the burden specifically related to NPS use is not easily
quantified. This wastewater-based study provides a broader insight into
NPS use and establishes which NPS are most used across sites in 16
countries and may potentially contribute to disease burden. Highest
consumption was recorded for most NPS around the New Year period,
indicating that consumption increases at festivals and parties. This may
be due to higher consumption of regular consumers and/or “new’” users
who consume NPS intentionally or unintentionally. [t must be noted that
in countries where Lunar New Year is celebrated (i.e. China and the
Republic of Korea), the December-January collection does not coincide
with a specific holiday season. Nevertheless, this allows this work to also
show the use of NPS in sites during a ‘normal” time of the year,

3.1. Impact of the COVID-19 pandemic

The novelty of this work is emphasised by comparing the sampling
campaigns covering sites before the COVID-19 pandemic (2019-20),
when most severe COVID-19 related restrietions were in place
(2020-21) and when most restrictions had eased (2021-22). Despite
these three distinet periods and the impacts on the population, there was
little difference in the total number of NPS detections. In fact, for a few
compounds, high levels were seen during the 2020-21 period, such as
eutylone in sites in New Zealand. Increases between 2020-21 and
2021-22 were observed in two sites in New Zealand, while a third had
no significant change. These results are not unexpected, as pill testing
over both periods carried out in New Zealand found that eutylone was
the most commonly found cathinone ([XnowYourStuffNZ 2023). Most
compounds were at lower levels during the 2020-21 period particularly
for 3-MMC in the European sites. It is acknowledged that the restriction
of movement, as well as the cancellation of festivals and social gather-
ings likely resulted at these lower levels.

Moreover, the use of synthetic cathinones such as 3-MMC and
eutylone is linked with that of MDMA (Pascoe et al., 2022). For example,
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Fig. 2. Bstimated excreted mass loads of eutylone from all sites. Figure is separated to show the sites with highest levels (A) and the lower levels (B). Note: 2020-21
values are taken from a previous publications (Bade et al., 2022). Sites are ordered by continent. Countries with multiple sites are numbered according to Table 53.
Only sites where the compound was found are included in the figure. *: Statistically significant difference (p < 0.05) following independent t-tests (for sites with two

vears of data).

NZ: New Zealand; AU: Australia; CA: Canada; US: United States; BE: Belgium; BR: Brazil; ES: Spain; GR: Greece; IT: Ttaly; KR: Republic of Korea; ST: Slovenia.

the increase in eutylone in the summer of 2020-21 was hypothesised to
be due to a reduction of MDMA in the country (Radic New Zealand
2022 Radio New Zealand 2021). MDMA was reported to have declined
during 2020 in Europe, Australia and Canada, which could have resulted
in the increased levels of 3-MMC and/or eutylone in this work (Bade
et al., 2021; Been et al., 2021; Alygizakis et al., 2021; Staltistics Canada
2023).

With the same time periods being monitored over the three years,
this study is able to provide a ‘snapshot” of NPS consumption. As such,
the primary difference between the 2020-21 collection and those before
and after is the COVID-19 pandemic. We therefore hypothesise that this
was the driving factor for the differences observed.

3.2. Spatial and temporal trends

With samples collected at the same time every year, it is possible to
see spatial and temporal changes in consumption trends (Supporting
Information, Fig. S1). Many NPS seemingly follow regional trends. For
example, mitragynine has highest loads in sites in the United States
while eutylone and mephedrone were most common in New Zealand, 3-
MMC and N-ethylhexedrone in Europe and 2F-DCK in China. Some NPS

that were initially detected in specific regions spread to additional parts
of the world in the third sampling campaign. For instance, 3-MMC was
initially found in Europe, then spread to Oceania in 2020-21 and North
America in 2021-22. BEutylone that was only detected in Oceania and
North America in the second campaign but was detected in Europe in the
last campaign, 2021-22. This study has identified the potential origin of
NPS use around the world and could be used to monitor rapid changes in
global consumers habits,

These results suggest that reducing NPS use and protecting public
health should not only be done at the national level; it requires an
organised global campaign. They also show the global spread of NPS in
spite of current legislation. There are blanket bans on any NPS in
countries such as China, New Zealand and Australia, while compound-
specific bans also exist internationally. For example, the Convention
on Psychotropic Substances 1971 from the United Nations is a treaty
designed to control psychoactive drugs. The World Iealth Organisation
(WHOQ) Expert Committee on Drug Dependence meets regularly to
discuss the possible addition of new substances to the list of controlled
drugs. In recent years, the NPS eutylone, N-ethylhexedrone and N-eth-
vlpentylone have been added to the convention, while 3-MMC is
currently under review and wmitragynine is under surveillance
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(International Narcotics Control Board 2021; World Health Organiza-
tion 2021; World Health Organization 2022).

3.2.1. Synthetic cathinones

The synthetic cathinones are stimulants that constitute the largest
group of NPS reported to the UNODC EWA (United Nations Office on
Drugs and Crime 2021) and 3-MMC, eutylone, N-ethylhexedrone and
mephedrone were all found in this work. 3-MMC is of particular concern
in Europe. Since it was first reported in 2012 in Sweden, it has gained in
popularity, particularly since 2020 (European Monitoring Centre for
Drugs and Drug Addiction 2022). This is reflected in acute poisonings in
the Netherlands (Nugteren-van Lonkhuyzen et al., 2022), while it was
one of the most common NPS seized in Italy between May and October
2020 (Vincenti et al.,, 2021), and was also the NP8 with the highest mass
loads found in a recent national study conducted in Ttaly (Salgueir-
o-Gonzalez et al., 2022). This European prevalence is reflected in Fig. 1,
In the sites with multiple years of data, an increase in measured mass
loads is evident. This increase in use has unfortunately resulted in at
least 291 acute poisonings and 27 deaths in Europe (European Moni-
toring Centre for Drugs and Drug Addiction 2022). In early 2022, aftera
risk assessment report of 3-MMC commissioned by the EMCDDA, the
European Commission recommended control measures and member
states were given six months to introduce national legislation (European
Monitoring Centre for Drugs and Drug Addiction 2022). The WHO has
also decided to include 3-MMC amongst nine NPS for critical review by
its Expert Committee on Drug Dependence because of its
dependence-producing properties and potential harms (World Health
Organization 2022).

In this study, the only sites outside of Europe where 3-MMC was
found were in New Zealand and the United States, albeit at much lower
levels than in Europe. There is no current literature around the use of 3-
MMC in the United States or New Zealand but the New Zealand drug
information website, High Alert, did release an article about 3-MMC in
mid-2021 (HighAlert 2021). In New Zealand in late 2020, it was re-
ported that there was also a decline in MDMA, which was maintained
through 2021 (New Zealand Police 2021; New Zealand Police 2022).
With some of the sites in the New Zealand locations incorporating music
festivals, it is possible that the 3-MMC measured may have been from the
consumption of adulterated MDMA. This hypothesis is supported by a
study from the United Kingdom on drug use at festivals, which found
that as MDMA detection decreased, cathinone detections increased and
3-MMC represented more than 20% of all cathinones found (Pascoc
et al., 2022).

Mephedrone (4-methylmethcathinone) is an isomer of 3-MMC and
was one of the most popular NPS in the early 2010s but has maintained
its popularity despite legislation restrictions (Hutton, 2020). In the three
years of this work, it has been found at relatively low levels, particularly
in New Zealand and Australia. However, in 2021-22, it was also found in
a site in Spain.

In this work, eutylone had highest levels in New Zealand. In late
2020, the New Zealand Drug Information website put out an alert for
eutylone (HighAlert, 2021), Over the 2020-21 summer festival season in
New Zealand, testing of party drugs across the country found that up to
50% of samples thought to be of MDMA contained eutylone. This
reduced to around 10% the following year (Radio New Zealand 2022).
However, in Fig. 2, similar levels were cbtained across both years while
site NZ 2 showed a statistically significant increase in 2021-22, In other
sites where eutylone was monitored over 2020-21 and 2021-22, there
was a decrease in sites in Australia and Canada, while eutylone was
found for the first ime in samples from sites in Italy, Belgium, and the
Republic of Korea. According Lo seizure data, the most common NPS
stimulants in Europe were 3-MMC and N-ethylhexedrone (European
Monitoring Centre for Drugs and Drug Addiction. 2022), so it is inter-
esting that some eutylone was found in several European sites. N-eth-
ylhexedrone was only found in a couple of European sites (in Spain,
Belgium and Sweden), with quite high levels found in a site Sweden.
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3.2.2, Mitragynine

Mitragynine is the primary alkaloid derived from a plant (kratom)
found in South-East Asia, where it is traditionally used to combat fatigue
and improve work productivity (Cinosi et al., 2015; Suwanlert, 1975). In
recent years, it has become particularly popular in the United States as a
‘legal high’ for its stimulant and/or opioid-like effects (Tobacyk et al.,
2022}, The U.5. Food and Drug Administration has repeatedly warned of
the dangers of kratom, including addiction, abuse and dependence
(United States Food and Drug Administration 2022). It is not currently
federally regulated in the United States, but some states have banned the
substance, while others have imposed age restrictions. Use of the com-
pound is legal in all the sites analysed in this study in the United States,
but age restrictions may be in place to limit consumption by minors.
Estimates of how many people use kratom in the United States vary, but
the National Institute on Drug Abuse estimate that 0.6% (i.e. 1.7 million
people} of the population aged 12 or older in 2021 reported using kra-
tomn in the past 12 months (Substance Abuse and Mental Health Services
Administration 2022). Amongst the other sites in this project, mitragy-
nine was only legal in Brazil, Belgium, Canada, Spain, and Greece. The
legal status of mitragynine was not necessarily reflected in the measured
mass loads calculated in this work. While sites in the United States had
by far the highest levels of mitragynine, the next highest were in Swe-
den, Slovenia, and Australia — where it is illegal.

3.2.3. ZF-deschloroketamine

2F-deschloroketamine (2F-DCK}) is an analogue of ketamine that has
emerged over the past few years. Ketamine has been one of the drugs of
most concern in China but major interventions have resulted in a large
decline in registered ketamine users (United Nations Office on Drugs and
Crime 2020). In recent years, ketamine analogues have emerged and
become particularly prevalent in South-East Asia, including China. The
highest levels of 2F-DCK were found in samples from one site in China
and were similar to those previously reported (Shao et al,, 2021; Liet al.,
2022). It was also evident that there was no weekend (New Year) peak in
use in the Chinese site, in contrast to other sites where 2F-DCK was
found (e.g. Spain and Canada). It was also found infrequently in sites in
the United States, Italy, and Iceland, at relatively low levels. According
to the UNODC EWA, 2F-DCK is the second-most prevalent dissociative —
behind ketamine —in all reporting countries since 2020 (United Nations
Office on Drugs and Crime 2022).

3.2.3. Designer benzodiazepines

Etizolam and clonazolam are designer benzodiazepines, a class
associated with the greatest fatalities (United Nations Office on Drugs
and Crime 2021) and hence of greatest public health concern. Etizolam
was found in eight countries in this work, with most at or below our limit
of quantification. However, a site in [celand had the highest mass loads.
Clonazolam was only found in this same site in [celand. According to the
Nordic Health and Welfare Statistics, Iceland has the highest prescrip-
tion sales rate of benzodiazepines of all Nordic countries (Nordic Health
and Welfare Statistics 2022). Both etizolam and clonazolam have been
sold as counterfeit Xanax (Blakey et al., 2022) so it is possible that the
high etizolam levels in Iceland were due to illicit or unwitting use of
Xanax/alprazolam.

3.3. Future perspectives

The SPE method used for this work has previously been validated for
synthetic cathinones, phenethylamines and opioids (Bade et al., 2020).
However, recoveries for synthetic cannabinoids, benzodiazepines and
plant-based NPS range between 10 and 50% (data not shown). Addi-
Honally, studies have shown that acidified conditions are unsuitable for
the optimal quantification of cannabinoids and benzodiazepines (Bade
et al., 2021; Pandopulos et al.,, 2020). While internal standards were
included in this work to help cater for losses during extraction, it is
possible that the limited detection frequency of the designer
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benzodiazepines and synthetic cannabinoids could be due to their
instability in acidic conditions. To make a single method suitable for
such a wide range of classes is challenging, but several methods have
been developed to detect multiple classes of NPS in wastewater (Bade
et al., 2020; O"Rourke and Subedi, 2020). As the varfety and number of
NPS continue to rise, it is important to continue developing new
methods suitable to cover a wide number of classes in a single
extraction.

The results of this study highlighted the need for a global campaign,
as the issue of NPS use affects all countries to a different level and de-
gree. Therefore, organisations, such as the UNODC and the EMCDDA,
eould adopt a similar wastewater analysis approach as a surveillance
tool for NPS, since it allows the assessment of larger populations while
minimising costs, provides data in an objective way, reducing the impact
of self-reported data and presents no ethical implications, as the samples
are anonymous. Annual and targeted (e.g., New Year period, music
festivals and other special events) campaigns could act as a warning
system for the prevalence of NPS.

4. Conclusion

Monitoring and surveillance of NPS internationally is an ongoing and
complex problem, This wastewater-based study provides an insight into
the NPS market internationally over the past three years, including
before, during and after the COVID-19 pandemic. The use of NPS was
mainly lower during the pandemic with a few exceptions, such as
eutylone in specific sites. Higher NPS consumption around the world
was found during the New Year holiday period and there were specific
regional trends in which NPS was detected. For example, mitragynine
had highest loads in sites in the United States, eutylone and mephedrone
in New Zealand, 3-MMC and N-ethylhexedrone in Europe and 2F-DCK in
China. These data indicate the promise of more systematic wastewater
analyses to identify and monitor trends in the use of specific NPS in
different populations and identify temporal and spatial patterns in their
global spread of use.

5. Materials and methods
5.1. Compounds

A total of 52 compounds were analysed across the three years of this
project, with between 26 and 34 analysed each year (Table §2).

5.2, Sampling campaigns

All information related to the wastewater collection and sites
(collection dates, flow rates and population) can be found in the Sup-
plemental Files (Table 53). As part of an ongoing global surveillance
program, the number of countries (and sites) has increased from 8 (12}
in the first iteration to 10 (25) and finally 16 (47). Data pertaining to the
first two campaigns have been previously published (2019-20) (Bade
et al., 2021) and 2020-21 (Bade et al., 2022). The population covered
has increased from five to more than 17 million inhabitants. All samples
were collected at the end of December - early January, coinciding with
the New Year period. The first sampling campaign was performed before
the COVID-19 pandemic, the second during the pandemic and the third
when restrictions were ended/eased or presented only in a few
countries.

5.3. Sampling, instrumnentation and quality control

The best practice for WBE protocols were followed to minimise un-
certainties relating to sample collection, storage and analytical meth-
odology (Castiglioni et al., 2013). Briefly, 24-h composite influent
wastewater was collected for between one and nine consecutive days.
The wastewater was acidified upon collection and stored at -20 *C until
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sample treatment.

All samples were analysed using validated targeted LC-MS/MS
methods (Bade et al., 2020; Bade et al., 2023), Procedural blanks were
run throughout the analysis, after every 10 injections with the aim to
identify any contamination originating from solvents and laboratory
conditions. A quality control (blank spiked with 100 ng/L standards)
was analysed after every 20 injections. Instruments were cleaned before
the analysis according to vendors’ recommendations.

For quantification purposes, both transitions needed to be present,
while the ion ratio (within 20%) as well as retention time had to
compare with the standard (within 2%). If only one transition was
present, the compound was deemed at above the limit of detection
(LOD) but below the limit of quantification (LOQ). For calculation
purposes, this was given as the midpoint between the LOD and LOQ. As
no analyte-specific internal standards were used for this method,
quantification was based on the peak area ratios between native and
surrogate internal standards compared to an external calibration curve.
All data were acquired and processed with SCIEX OS. Further details
about the analytical methodology are provided in the Supplemental
Files.

5.4. Caleulations

For each compound, a calibration curve of up to 11 points was
constructed from 0.1 to 10,000 ng/1. Concentrations were calculated
using the isotope dilution method and processed using SCIEX OS or
Multiquant 3.0.2. As labelled internal standards were not available for
the NPS in this work, a surrogate internal standard was utilised (Table
54). The flow rates and population data provided by each collaborating
laboratory (Table 53) were then used to calculate excreted mass loads
(Table $4 for 2022-23; (2019-20 (Bade et al., 2021} and 2020-21 (Bade
et al., 2022)).

5.5. Statistical analysis

Statistical tests were performed on all sites and compounds where
more than one year of data was available. For sites with two years of
data, independent t-tests were performed. For sites with three years of
data, a one-way ANOVA was performed, followed by a pairwise t-test
with Bonferroni correction. Differences were deemed statistically sig-
nificant with p < 0,05, All statistical analyses were performed using R,
version 4.2.1.
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3.2.3 Spatiotemporal trends of new psychoactive substances in Slovenia
through influent wastewater analysis

Published: M. Laimou-Geraniou, D. Nadarajan, R. Bade, E. Heath, 2025, Journal of
Hazardous Materials Advances, vol. 19, pp. 100781.

This study is a collaboration between the Jozef Stefan Institute in Ljubljana (Slovenia)
and the Queensland Alliance for Environmental Health Sciences (QAEHS), The University
of Queensland (Australia). My role in this joint work included sample preparation,
instrumental analysis, data analysis and evaluation, visualisation, and writing the
manuscript.

Since 2021, Slovenia has participated in both European [103], [225] and global [100]
campaigns monitoring NPS use during the Christmas and New Year period, revealing
interesting findings regarding NPS consumption in specific sites. Concerns have also been
raised about the presence of NPS within educational institutions [226]. Accordingly, this
study applied WBE to gain additional information on the spatiotemporal use of NPS across
Slovenia over four years of monitoring (2019-2022) during “normal” non-holiday periods.
Furthermore, the COVID-19 pandemic in Slovenia (March 2020) provided a valuable
opportunity to assess its impact on NPS consumption trends.

Influent wastewater samples were collected from seven WWTPs in Slovenia during six
sampling periods: pre-pandemic (summer 2019 and winter 2020), during-pandemic (spring
2020 and winter/spring 2021), and post-pandemic (spring 2022). Following SPE, pooled
weekly influent composite wastewater samples (n=37) were analysed using a combination
of targeted LC-MS/MS method and suspect screening via LC-QTOF-MS in combination
with the HighResNPS database of >2000 NPS and other compounds of toxicological
relevance. Although the combination of qualitative methods (SWATH acquisition on
QTOF) and quantitative approaches (QqQ) provides a more comprehensive overview of
NPS consumption trends, it remains limited in application [100], [103], [227].

Five NPS, including 3-methylmethcathinone (3-MMC), eutylone, mephedrone,
4-fluoroamphetamine (4-FA), and mitragynine, were semi-quantified at least once across
all sites. 3-MMC was the most frequently detected compound, appearing in nearly all sites
and all sampling periods. It was followed by mitragynine, which showed the highest PNMLs
(up to 40 mg/day/1,000 inhabitants), especially in Novo Mesto and Ljubljana. This finding
aligns with other international wastewater studies that reported 3-MMC as one of the
predominant stimulant NPS in Europe, showing an increase in its consumption between
2018 and 2022.

Temporal monitoring revealed a noticeable increase in mass loads of 3-MMC during the
pandemic. Spatial differences were also evident: Koper had the highest number of NPS,
likely due to its status as a key port city, while Velenje showed no detectable NPS levels.
Following suspect screening, 17 additional psychoactive compounds, including NPS
pharmaceuticals, opioids, and illicit drugs, were identified across at least one site during
the sampling campaigns. It is also worth noting that some NPS were detected at only one
site: phentermine and N-methyl-2A1 in Kranj, and 4-FA, 4-OH-MET, mephedrone, and
levamisole in Koper, possibly indicating that supply meets demand or reflects regional
preference. This finding is believed to be the first report of phentermine and 4-HO-MET
in influent wastewater.

These findings demonstrate the utility of WBE for monitoring emerging drug trends
and can serve as an early warning system for potential public health concerns. Continued
monitoring will reveal changes in NPS consumption trends and is essential for informing
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public health and drug policy, particularly in rapidly evolving markets like NPS, thereby
contributing to beneficial outcomes for society.

The study's outcome was presented at two scientific conferences: the SETAC Europe
34"™ Annual Meeting in Seville, Spain, May 5-9, 2024, and the SPECTROMED
Mediterranean Congress on Mass Spectrometry and Its Applications in Hammamet,
Tunisia, April 21-25, 2024.
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New psychoactive substances (NPS) are a continuously evolving class of psychoactive compounds, marketed
initially as legal alternatives to conventional illicit drugs while bypassing legal regulations and, as such, are of
international public health concern. Due to their continuous evelution, with new derivatives continually
appearing on the drug market, monitoring and surveillance of NPS pose a challenge when employing iraditional
socio-epidemiological methods. In this study, we applied wastewater-based epidemiology (WBE) to gain addi-
tional information on the spatiotemporal consumption patterns of NPS. Samples of influent wastewater were
collected from seven wastewater treatment plants (WWTPs) in Slovenia throughout six sampling periods,
covering the pre- and during-pandemic pericds (summer 2019, winter/spring 2020 and winter/spring 2021), and
when most of the restrictions had been eased (spring 2022) due to the COVID-19 pandemic. Following solid-
phase extraction, pooled samples were analysed using two separate methods: a targeted LC-MS/MS method
for NPS analysis and suspect screening using LC-QTOF-MS in combination with the HighResNPS database of
2000 NPS and other compounds of toxicological relevance, Five NPS (3-methylmetheathinone (3-MMC), 4-flu-
oroamphelamine (4-FA), eulylone, mephedrone, and mitragynine) were semi-quantified across all sites. 3-MMC
and mitragynine were the most prevalent NPS detected, with the latter having the highest population-normalised
mass loads (up to 40 mg/day/1000 inhabitants). A noticeable increase in 3-MMC mass loads was observed during
the pandemic. Following suspect screening, 17 additional compounds were detected at least once across all sites.
This study highlights the potential for WBE to provide insight inte Slovenia’s NPS market.

1. Introduction

substances (UNODC, 2023z). The consumption of NPS is influenced by
various factors such as their specific effects, price, availability, use as

In recent years, the proliferation of new psychoactive substances
(NPS) has emerged as a global public health concern, challenging
traditional drug monitoring and regulatory frameworks. These sub-
stances, often designed to mimic the effects of conventional illicit drugs
such as ecstasy (MDMA), cocaine, and cannabis while bypassing legal
restrictions, pose significant risks to individual health and societal well-
being (Peacock et al., 2019). According to the Early Warning Advisory
(EWA) of the United Nations Office on Drugs and Crime (UNODC),
1200 NPS have been reported in 141 countries and territories world-
wide up to 2024, including synthetic cathinones, synthetic cannabi-
noids, synthetic stimulants, synthetic opioids, benzodiazepines,
dissociatives, hallucinogens, phenethylamines, and plant-based
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adulterants, and potential difficulty in detection through routine drug
testing (UNODC, 2022). From a public health perspective, it is crucial to
monitor the usage of these substances due to the limited knowledge of
their identity and toxicity, interactions with other drugs, and potential
side effects. Unlike conventional illicit drugs, which undergo stringent
regulatory processes, NPS rapidly enter the market, exploiting legal
loopholes and evading detection by traditional socio-epidemiological
methods, including self-reported surveys, scizure data, forensic and
toxicological analysis, as well as social media and dark web monitoring
(Barenholtz et al., 2021; Peacock et al., 2019). Therefore, innovative
approaches are needed to monitor drug consumption patterns and
prevalence effectively. Wastewater-based epidemiology (WBE) has
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emerged as one such complementary tool for public health surveillance.

Wastewater-based epidemiology is a well-established approach that
measures trace concentrations of metabolic drug residues (hiomarkers)
in influent wastewater. These measurements are then converted into per
capite mass load estimates of drugs (mg/day,/1000 inhabitants) using a
pharmacokinetic approach, daily flow rates of wastewater, and popu-
lation in the catchment area (Laimou-Geraniou et al.,, 2023a), At pre-
sent, besides the numerous WBE studies on illicit drugs (Estévez Danta
et al., 2022; Huizer et al,, 2021; Perkons et al., 2022), pharmaceuticals
(Boogaerts et al., 2023; Laimou-Geraniou et al., 2023b; Quireyns et al.,
2022), and lifestyle substances like aleohol, tobacco, and caffeine
(Gracia-Lor et al., 2020; Lopez-Garefa et al., 2020; Rousis et al., 2023a;
T. Verovsek et al., 2022), WBE has been applied to address NPS con-
sumption at the national (Bade et al., 2023a; Brandeburova et al., 2020;
Diamanti et al., 2019; Gao et al,, 2017, Jaunay et al., 2024; Lee and Oh,
2023; Moslah et al., 2023; O'Rourke and Subedi, 2020; Perkons et al.,
2022; Rice et al., 2020; Salgueiro-Gonzalez et al., 2022) and interna-
tional level (Bade et al., 2023b; R. 2022, 2021; Castiglioni et al., 2021;
Gatica-Bahamonde et al., 2023; Gent and Paul, 2021; Gonzdlez-Marifio
et al., 2016; Salgueiro-Gonzalez et al., 2024) in which spatiotemporal
trends in NPS use were evaluated. New Psychoactive Substance use was
also investigated in specific small populations such as educational in-
stitutions (Veroviek et al., 2023a) and during social events, like music
festivals (Bijlsma et al., 2020b; Causanilles et al., 2017; Rousis et al.,
2023b; Senta et al.,, 2023) and over the New Year period (Bade et al.,
2023b; R. 2022, 2021).

Monitoring of NPS by WBE has many challenges because of the
diverse and constantly evolving nature of these substances, their ex-
pected low concentration levels, the lack of pharmacokinetic studies,
and limited stability data (Bijlsma et al., 2020a; Reid et al., 2014). To
address these challenges, targeted (liquid chromatography-tandem mass
spectrometry, LC-MS/MS) and suspect sereening (high-resclution mass
spectrometry, HRMS) methodologies have been developed to enhance
the detection of NPS in wastewater, However, the combination of both
techniques remains limited in application (Bade et al., 2023b; Rousis
et al., 2023b; Salgueiro-Gonzalez et al., 2024), although it provides a
more comprehensive overview of trends in NPS usage.

Slovenia has been included in Eurcpean campaigns (Castiglioni
et al,, 2021; Salgueiro-Gonzalez et al., 2024) and in a global campaign
on surveillance of NPS during the Christmas and New period since 2021,
with some interesting findings regarding the consumption of NPS in
some specifie sites (Bade et al., 2023b). Additionally, the presence of
NPS in educational institutions was of great concern (Verovsek et al.,
2023a). This study aims to investigate the spatiotemporal use of NPS at a
higher degree of granularity in Slovenia over four years of monitoring
(2019-2022) during regular non-holiday periods, applying both quan-
titative and qualitative analysis. Moreover, the outbreak of the
COVID-19 pandemic in Slovenia in March 2020 also provided a valuable
opportunity to evaluate the influence of the pandemic on NPS use.

2. Materials and methods
2.1, Chemicals and materials

The NPS selected for targeted analysis were based on the European
Union Drugs Agency, EUDA (formerly the European Monitoring Centre
for Drugs and Drug Addiction, EMCDDA) and the United Nations Office
on Drugs and Crime (UNODC]) list. Full details concerning the chemicals
used are given in the Supporting Information (see SM: 82, Materials and
methods).

2.2. Sample collection
Seven wastewater treatment plants (WWTPs) in urban and rural

areas across Slovenia (Ljubljana, Maribor, Kranj, DomzZale-Kamnik,
Novo Mesto, Koper, and Velenje) were included in the study (Table S1).
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The selected WWTPs, which account for 31 % of the Slovenian popu-
lation, cover the main geographic regions and form part of the Sewage
analysis CORe group — Furope (SCORE) monitoring. Influent wastewater
samples {24-h composites) were collected for seven consecutive days,
representing “normal” conditions at the WWTPs; these sampling periods
excluded any special events such as maintenance activities, festivals, or
extreme weather events. The samples (n = 259) were collected during
the summer of 2019, winter of 2020, spring of 2020, winter of 2021,
spring of 2021, and spring of 2022 (Table §1). These sampling periods
also coincided with the COVID-19 pandemic and the related social re-
strictions in Slovenia. Particularly, the first wave hit Slovenia in the
spring of 2020 (March 2020), the second wave started in the autumn of
2020 (October 2020), and the third in the spring of 2021 (March 2021),
while most restrictions had eased during the final sampling period of
spring 2022) The WWTP of Kranj was only included in the last sampling
period of spring 2022, This work aimed to investigate long-term trends
rather than weekly trends. For this, 37 pooled weekly samples were
prepared by mixing aliquots (20 mL) of daily influent wastewater
collected for seven consecutive days from each WWTP during each
sampling period. All samples were stored at —20'C until analysis.

2.3. Sample preparation

Pooled influent wastewater samples were extracted using previously
published protocols (Bade et al., 2020), Briefly, samples (100 mIL.) 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) car-
tridges (UCT XtracT DAU, 300 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 washed with sodium ace-
tate buffer (20 mM, 6 mL), 0.1 M acetic acid (2 mL), and methanol (6
mL). The sorbent was dried under vacuum for 15 min. The dried car-
tridges were stored at —20 "C before shipping to the University of
Queensland (UQ) for analysis. On arrival at UQ, cartridges were again
stored at 20 °C for less than one week before elution. The cartridges
were then thawed to room temperature, and a mixture of dichlor-
omethane/isopropanol/aqueous ammeonia (80:16:4 v/v/v, 6 mL) was
used to 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 added, and the sample evapo-
rated to dryness. The dry residue was reconstituted with 0.1 % formic
acid in methanol (20 pL) and 0.1 % formic acid in ultrapure water (80
pL), giving a final volume of 100 pL (i.e., a 1000 times concentration
factor).

2.4. Instrumental analysis

Quantitative analysis was performed using a liquid chromatography-
tandem mass spectrometry (LC-MS/MS) method utilising a Shimadzu
Nexera 1C-40 (Kyoto, Japan) coupled to a SCIEX Triple Quad 7500
system (Framingham, MA, USA). Chromatographic separation was
achieved using a Phenomenex Kinetex Bipheny! column (50 mm x 2.1
mm, 2.6 ) fitted with a Phenomenex security guard ultra cartridges
HPLC Biphenyl 2.1 mm ID columns at a flow rate of 0.45 mL/min and an
injection volume of 2 pL. 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 % formic
acid. The chromatographic gradient was as follows: 5 % B at 0 min and
held for 1 min, linear increase to 100 % B at 7 min and held for 2 min,
then decreased to 5 % B at 9.1 min and kept steady for the final 1.9 min
to equilibrate the system. The total runtime was 11 min. The mass
spectrometer was run in scheduled multiple reaction monitoring
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(sMRM) mode in positive ionisation mode, with a 30 s retention time
window around the expected retention time of each analyte, Optimised
SMRM conditions and retention times for all NPS can be found in the
supplementary information (S2.1 Acquisition parameters, Table §2).

Qualitative analysis was performed using LC—HRMS utilising a
Shimadzu UHPLC system (Nexera X2) coupled to a SCIEX TripleTOF
5600+ mass spectrometer (Bade et al., 2024), The qualitative analysis
employed a previously published suspect screening workflow, with data
processing incorporating the open-source InSpectra platform (Bade
et al., 2024).

2.5, Quantification, back-calculations, and quality control

The extracts were semi-guantified using a targeted LC-MS/MS
method. The analytical MS method was based on a previously pub-
lished direct injection method (Nadarajan et al., 2024), adapted to the
SPE method. As additional compounds have been included in the
analytical methaod, the SPE method was revalidated, with 54 compounds
passing. To confirm a compeund in the wastewater samples, both
transitions had to be present, with an ion ratio within 30 % and a
retention time within 0.1 min of the reference standard
(SANTE/11312/2021v2, 2021). As analyte-specific internal standards
were unavailable for all analytes, the concentration 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-quantitication.

Linearity, limit of detection (LOD), limit of quantification (LOQ),
repetability, extraction recovery, and matrix effect can be found in the
supplementary information (Table §3). Both LOD and LOQ were eval-
uated by analysing duplicate wastewater samples that had been spiked
at in-sample concentrations of 1, 5, 10 and 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. Intra-day repeatability was assessed as the
relative standard deviation (% RSD) of three replicate analyses of spiked
samples at 10 and 100 ng/L, to evaluate precision. Extraction recovery
was evaluated at 10 and 100 ng/L in pre- and post-extracted samples, as
previously described (Matuszewski et al., 2003). The matrix effect was
assessed at 10 and 100 ng/L, comparing the post-extracts and the neat
solvent, Extraction recovery and matrix effect were both determined in
triplicates. A linear response (R? > 0.99) was observed between
LOQ-1000 ng/L (nine-point calibration curves) for all NPS, with LOD:
0.10-3.88 ng/L and LOQ: 0.29-11.8 ng/L.

In the present study, NPS mass loads were calculated by multiplying
their concentrations (ng/L) of pooled samples by the average influent
wastewater daily flow rates [m3/day) reported in Table 81. Mass loads
were then normalised to the population contributing to the WWTPs
(Table §1) to back caleulate population-normalised mass loads (PNMLs)
expressed as mg/day/1000 inhabitants. The WWTPs provided data for
the daily flow rates and population equivalents. The NPS consumption
was estimated according to the PNMLs as shown in Eq. (1)

PNMLs (mg / day / 1000 inhabitants) =

concentration (%) x wastewater flow rate (%)

population equivalent
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Most WBE approaches estimate substance consumption (e.g. illicit
drugs) by back-calculating using correction factors that account for
metabolism (excretion rates). However, the lack of comprehensive data
on NPS metabolism complicates this step. Consequently, PNMLs of
parent compounds (or metabolites) were solely considered to assess NPS
use.

Quality control for the quantitative method includes control at 100
ng/1, and 250 ng/L. for every 10 samples. As part of quality control
assurance, a double-blank injection without internal standards was
injected for every five samples. All standards were freshly made on the
day of analysis.

Regarding the HRMS qualitative method QC procedure, all samples
were spiked with internal standards (n — 15), which were used to
monitor instrument performance such as sensitivity, sample variation
and retention time drift. For identification purposes, a mixture of NPS
and illicit drug standards (and internal standards) were injected at the
beginning and end of each run and after regular intervals to monitor
chromatographic and mass spectrometric performance. Instrumental
blanks of Milli-Q water were analysed within the sample batch after
every 10 samples. The instrument was calibrated before each batch and
after every 15 samples using the SCIEX ESI Calibration Solution to
ensure mass acCuracy.

3. Results and discussion
3.1, Quantification of NPS

A total of five NPS from three different classes: synthetic cathinones
(eutylone, mephedrone, and 3-methylmethcathinone 3-MMC), phene-
thylamines (4-fluoroamphetamine 4-FA), and the plant-based NPS
mitragynine, were semi-quantified across all sites at least once and were
subsequently selected for descriptive spatiotemporal analysis (Table 1).
However, Velenje WWTP was the only site where NPS were below the
LOQ (Table $3) during all sampling periods. Structures of all detected
compounds are given in the supporting information (Table S4).

The highest average population-normalised mass loads (PNMLs)
were found for mitragynine (3.7 mg/day/1000 inhabitants (Koper) to
39.7 mg/day/1000 inhabitants (Novo Mesto), while for the remaining
NPS, the PNMLs were lower than 2 mg/day/1000 inhabitants, Measured
PNMLs were relatively low for most of the compounds, especially for 3-
MMC and eutylone, compared with findings from previous international
wastewater studies, including Slovenia (Bade et al., 2023b; Salgueir-
o-Gonzalez et al., 2024). However, this is probably expected since
pooled samples were analysed, and stimulants, such as those found in
this study, are expected to have higher use on the weekends. In addition,
previous studies reported significantly higher use of NPS during festivals
(Brandeburova et al., 2020; Rousis el al., 2023b), special events such as
during the New Year period (Bade et al., 2023b; R. 2022), and weekends
(Gonzalez-Marifio et al., 2016; Salgueciro-Gonzalez et al., 2024; Sal-
gueiro-Gonzdlez et al., 2022; Tscharke et al., 2016), indicating their use
in a recreational context, The measured PNMLs in all locations during
the sampling periods can be found in Table S5.

3.1.1. Spatial trends
The data reveals several spatial patterns over the four-year moni-

1)
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Table 1
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Quantification frequency of target compounds during all sampling periods (summer 2019, winter/spring 2020 and winter/spring 2021, spring 2022) in Ljubljana,
Maribor, Novo Mesto, Velenje, Domzale-Kamnik, and Koper. Kranj was included only in the sampling period of spring 2022.

Compound Quantification frequency { %)

Tjuhljana NMaribor Domzale-Kamnil () {n = 6) Velenje Nova Meslo Koper Kranj

(L) (n — 6) [(MB) (n — &) (VE) (n — &) (NM) (n — 6) (KP) (n —6) (KR)(n—1)
3-MMC 100 (6/6) 33.3 (2/6) 83.3(5/6) 0 33.3 (2/6) 50 (3/6) 100 (1/1)
4-FA 0 (0/6) 0(0/6) 0 (0/6) 0 0 50 (3/6) 1]
Eutylone 16.7 (1/6) 16.7 (1/6) 16.7 (1/6) 0 0 16.7 (1/6) o
Mephedrone 4] 0 16.7 (1/6) 1] 0 83.3 (5/6) 1]
Mitragynine 33.3 (2/6) 50 (3/6) 50 (3/6) 0 16.7 (1/6) 16.7 (1/6) 1]

Abbreviations: 3-MMC, 3-methylcathinone; 4-FA, 4-Fluoroamphetamine.

toring period (Fig. 1). These variations could be attributed to differences
in the demographic characteristics of the regions heing studied,
including factors like the proportion of university students, the average
age, and the number of tourists (Laimou-Geraniou et al., 2023b).

The highest number of NPS detections (n = 5) was in the WWTP from
Koper, a major port servicing central Europe. Although no specific NPS
was found in all WWTPs, the synthetic cathinone 3-MMC was the most
abundant, identified in all catchment areas except for Velenje (Fig. 1A).
The highest PNMLs for 3-MMC (Table $5), ranging from 0.1 to 1.3 mg/
day/1000 inhabitants were found in Ljubljana and Domzale-Kamnik,
followed by Koper (0.1-0.8 mg/day/1000 inhabitants). According to
UNODC and EUDA, 3-MMC is one of the predominant stimulant NPS in
Europe (EUDA, 2022a; UNODC, 2023b). This finding is in line with
previous international wastewater studies, which also reported that
3-MMC had the highest levels in multiple European countries (Bade
et al., 2023b; R. 2022, 2021; Rousis et al., 2023b; Salgueiro-Gonzalez
et al., 2024; Salgueiro-Gonzalez et al., 2022). In particular, from 2018 to
2022, according to WBE studies, the use of 3-MMC increased in Europe
(Bade et al., 2023b; Salgueiro-Gonzalez et al., 2024).

In 2021, the EUDA added 3-MMC to its monitoring list (FUDA,
2022b), and recently, in March 2023, the Commission on Narcotic Drugs
(CND) decided to subject 3-MMC under international regulatiomn,
following the World Health Organization’s (WHO) suggestion (WHO,
2022). The use of 3-MMC in Slovenia was reported for the first time in
2012 (Sande, 2016) and recently demonstrated in forensic (NFL, 2022)
and wastewater analysis (Rade et al., 2023b; Salgueiro-Gonzalez et al.,
2024; Veroviek et al., 2023a). After the ban on the sales of mephedrone,
and until 2014, 3-MMC was one of the most sought-after drugs in the
country, even though it was already legally controlled in Slovenia
(Sande, 2016). Its popularity has since decreased, but it is still among the
most frequently used and well-known NP5 among users, including
young people (primary, secondary, and tertiary educational institutions)
(Ferreira et al., 2019; Veroviek et al., 2023a), and has been associated
with drug intoxication (WNIJZ, 2019). The prevalence of 3-MMC in
Slovenia could be partly attributed to the rapid growth of the NPS
market, the geographical positioning of Slovenia, and its legal status
remaining intact for an extended period in neighbouring countries.

Tn our study, the second most widespread NPS was mitragynine,
measured in five out of seven wastewater treatment plants at least once
(Fig. 1B). Mitragynine showed the highest PNMLs in Novo Mesto (< 40
mg/day/1000 inhabitants) even though it was only present in the
sampling period of spring 2021. More frequently, it was detected in
Maribor, Domzale-Kamnik, and Ljubljana with measured PNMLS up to
32.0, 12.4, and 32,7 mg/day/1000 inhabitants respectively. Mitragy-
nine, the principal alkaloid extracted from the kratom plant, native to
Southeast Asia, has traditionally been used in the region to enhance
work efficiency and productivity (Zhang et al., 2022). Although mitra-
gynine stands out as one of the most frequently reported plant-based
NPS, especially in the USA (UNODC, 2023D), it is primarily used as an
opioid-like pain relief rather than a stimulant. Mitragynine is considered
a legal drug in some European countries (e.g. Belgium, Greece, and
Spain); however, this was not necessarily reflected in the measured

PNMLS (Bade et al., 2023b; Rousis et al., 2023b). Surprisingly, Sweden
and Slovenia, where mitragynine is illegal, have the highest consump-
tion in Europe (Bade et al., 2023b).

Eutylone was sporadically detected in Ljubljana, Maribor, Domzale-
Kamnik, and Koper, having the lowest PNMLS (0.02 - 0.06 mg/day/
1000 inhabitants) among measured NP5 (I'ig. 1C). 4-FA was exclusively
detected in Koper (on average 0.3 mg/day/1000 inhabitants), while
mephedrone showed the highest PNMILs (0.77 mg/day/1000 in-
habitants) in Domzale-Kamnik, even though it was only measured there
once during the sampling campaign (Fig. 1D and Fig. 1E). Interestingly,
in this work, mephedrone was mainly found in Koper, which is located
close to the border with Italy, where mephedrone was also identified in
2020 only in Trieste and Gorizia (Salgueiro-Gonzalez et al., 2022),
Mephedrone (4-methylmethcathinone) is an isomer of 3-MMC, and in
the early 2010s, it was one of the most popular NPS reported in Europe
(Castiglioni et al., 2015; Mwenesongole et al., 2013; Sande and Purkart,
2011). In Slovenia, mephedrone was categorised as a Class I controlled
substance in 2011 (Decrec RS 157/20, 2020; Sande, 2016), as the
Slovenian government updated its regulations regarding the classifica-
tion of illegal drugs. This change was prompted by the Furopean
Couneil’s decision, which mandated EU Member States to regulate the
new psychoactive substance in the preceding vear (Sande, 2016).
Despite legal restrictions, mephedrone maintained its popularity among
the most reported NPS in Europe (UNODC, 2023b), particularly in the
UK (Hutton, 2020).

3.1.2, Temporal trends

By monitoring the same period from 2019 to 2022, this study can
provide a “snapshot” of NPS consumption in Slovenia and evaluate
temporal trends on the six sites investigated. The WWTP of Kranj was
only included in the last sampling period; therefore, temporal evaluation
could not be performed. Diverse temporal patterns in NPS use were
identified in this study (Fig. 2).

A common observation for all the detected NPS is their disappear-
ance during the sampling period of spring 2020, except for 3-MMC,
which was measured in Ljubljana at 0.25 mg/day/1000 inhabitants.
During that sampling period, Slovenia was in a strict lockdown with
severe restrictions on movement between municipalities and limited
social interactions due to the COVID-19 pandemic. 3-MMC was the only
substance found in all sampling periods, with its measured PNMLs
showing a progressive increase with time, indicating rising use in most
catchments (Fig. 2A). In Ljubljana and DomzZale-Kamnik, PNMLs of 3-
MMC increased from 0.11 mg/day/1000 inhabitants (summer 2019)
to respectively 1.27 and 1.32 mg/day/1000 inhabitants (spring 2021).
In the following sampling period (spring 2022), where almost all re-
strictions had been eased, PNMLs of 3-MMC showed a decrease of 84 %
and 36 % in Ljubljana and Domzale-Kamnik, respectively. A similar
trend was observed in Koper. In particular, 3-MMC was first measured in
Koper during the winter 2021 sampling period, with PNMLs corre-
sponding to 0.25 mg/day/1000 inhabitants, then increased to 0.77 mg/
day/1000 inhabitants (spring 2021) and finally decreased to 0.12 mg/
day/1000 inhabitants (84 % decrease) in spring 2022. In Maribor, 3-
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Fig. 1. Graphs showing the spatial variations in the PNMLs of NPS in all WWTPs. No NPS were detected in Velenje and is not included in the graphs.
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Fig. 2. Graphs showing the temporal variations in the PNMLs of NPS found in the present study. No NPS were detected in Velenje; thus, it is not included in
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MMC was only measured twice: in summer 2019 (0.02 mg/day/1000
inhabitants} and winter 2021 (0.10 mg/day/1000 inhabitants). Simi-
larly, in Novo Mesto, 3-MMC was measured in winter 2020 (0.03 mg/
day/1000 inhabitants) and spring 2021 (0.20 mg/day/1000 in-
habitants), while it remained below LOQ for the rest of the sampling
periods in both catchments (Fig. 2A). These results are in line with an
international study (Bade et al., 2023b), according to which, increased
levels of 3-MMC and eutylone between 2020-21 and 2021-22 could be
linked with the decreased levels of MDMA reported in Europe, Australia,
and Canada during the COVID-19 pandemic (EUDA, 2024; Price et al.,
2022).

In the current study, eutylone was detected infrequently (four times)
with very low PNMLs (Fig. 2B). Eutylone appeared before the pandemic
(winter 2020) in DomZale-Kamnik (0.05 mg/day,/1000 inhabitants) and
Koper (0.03 mg/day/1000 inhabitants) and also during the spring 2022
sampling period in Ljubljana (0.06 mg/day/1000 inhabitants) and
Maribor (0.02 mg/day/1000 inhabitants). In Ljubljana, mitragynine
appeared in the spring of 2021, and its PNMLs increased from 22.5 to
32.7 mg/day/1000 inhabitants during spring 2022. In contrast, mitra-
gynine PNMLs decreased from 12.4 mg/day/1000 inhabitants (summer
2019) to 2.14 mg/day/1000 inhabitants (spring 2022) in Domzale-
Kamnik (Fig. 2C). An opposite trend was found in Maribor, i.e., mitra-
gynine significantly increased from 1.23 mg/day/1000 inhabitants
(summer 2019) to 32.0 mg/day/1000 inhabitants (winter 2020), then
dramatically decreased by 69 % (winter 2021) until it was below LOD
during the remaining sampling periods. 4-FA, detected only in Koper
(Fig. 2D), increased by 29 % between winter 2021, when it was first
measured, and spring 2021, followed by a decrease to the previous levels
(0.22 mg/day/1000 inhabitants).

Lastly, mephedrone, which was also mainly detected in Koper,
increased from 0.03 to 0.17 mg/day/1000 inhabitants between summer
2019 and winter 2020, while the PNMLs remained roughly stable af-
terwards (Fig. 2E). According to a study conducted in 2016 and 2017
(Castiglioni et al., 2021) mephedrone mass loads in Ljubljana, decreased
by 40 %, while in the present study, it was not detected in Ljubljana
during any sampling period. The absence of mephedrone in Ljubljana,
its detection in Koper, and the variations in temporal trends indicate a
potential change in the market or the use of NPS over the investigated
period.

Table 2
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3.2. Qualitative screening of NPS

A qualitative screening method was applied to all pooled wastewater
samples, using a database of 2000 NPS, pharmaceuticals of potential
abuse, and illicit drugs (Bade et al., 2024). Five to 11 compounds were
identified at levels 1 and 2 for each WWTP. After the final reprocessing,
a total of 17 psychoactive compounds, including NPS (Table 2), phar-
maceuticals, opioids, and illicit drugs (Table §7), were found across at
least one site during the sampling campaigns. Nine were identified at
confidence level 1, with a reference standard available for confirmation,
while the remaining eight were identified at confidence level 2, based on
actual retention time within the set threshold of 3 min and comparative
fragmentation (Table 86) to that reported in HighResNPS database
(Mardal er al., 2019). All identified NPS (levels 1 and 2) are listed in
Table 2, while the remaining detected psychoactive compounds can be
found in the Supplementary Information (Table $7).

Due to strict identification criteria regarding intensity and the pres-
ence of fragment ions, alongside the typically lower usage rates
compared to conventional illicit drugs and pharmaceuticals. Although it
was anticipated that NPS would not be detected in high numbers, six
NPS were identified: 4-hydroxy-N-methyl-N-ethyltryptamine (4-HO-
MET), levamisole, ephedrine, phentermine, N-methyl-2Al, and aman-
tadine (Table 2). This workflow offers a complementary insight into the
Slovenian NPS market and the spatiotemporal trends in NPS use. Le-
vamisole, an adulterant illicit street drug (e.g. cocaine, heroin, and
fentanyl), and 4-HO-MET, a lesser-known psychedelic drug that is a
functicnal and structural analogue of psilocin, were only identified in
Koper during all sampling periods. Similarly, the stimulant phentermine
and the designer drug N-methyl-2A1 (rigid analogue of methamphet-
amine) were only identified in Kranj. Their detection in only one loca-
tion possibly indicates supply meeting demand or regional preference.
To the authors” knowledge, this is the first time that 4-HO-MET and
phentermine have been identified in influent wastewater. Levamisole
and N-methyl-2A1 have been previously reported in Europe, Brazil, and
the US (Bade et al., 2024; Salgueiro-Gonzdlez et al., 2019).

Among the unequivocally identified stimulants (Table 2), ephedrine
is the only one that can be of natural or synthetic origin. Apart from its
use as a medication in traditional and Eastern medicine, ephedrine has
several other uses, such as a precursor in the clandestine synthesis of
methamphetamine and as a drug of abuse (mainly by athletes or drug
users). It is expected to be detected in wastewater since it is a common
ingredient in preparations for treating asthma, colds, and narcolepsy

NPS identified at confidence levels 1 and 2 (Schymanski et al., 2014) in pooled influent wastewater samples across all sites and during all sampling periods by

qualitative analysis, ordered alphabetically.

Psychoactive Confidence Type WWIP Sampling period

< d level found

compoun e eund Summer ‘Winter Spring Winter Spring Spring

2019 2020 2020 2021 2021 2022

4-HO-MET Level 2 NPS - stimulant Kp v < ' s ' '

Amantadine Level 2 NPS - other DK v s ® v o s
VE x s 4 NA NA 4

Ephedrine Level 1 NPS - stimulant DK v + x v ' s
VE x v v NA NA v
MB v s ® s % '
KR NA NA NA NA NA v
NM v 4 x v s s

Levamisole Level 2 NPS/ cocaine Kp v o ' s ' o

aculterant
N-methyl-2AI Level 2 NPS - other KR NA NA NA NA NA '
Phentermine Level 2 NPS - stimulant KR NA NA NA NA NA v

Velenje (VE) winter/spring 2021 samples are missing due to an instrumental issue.
Abbreviations: 4-HO-MET, 4-hydroxy-N-methyl-N-ethyltryptamine; N-methyl-2AI, N-methyl-2-amineindane; NA: not analysed.
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(Gad et al., 2021). However, in Slovenia, medical ephedrine is only
available in the injectable form of ephedrine hydrochloride, used to treat
hypotension during local and general anaesthesia (CBZ, 2023). There-
fore, there have been reports of recreational use of ephedrine in Slovenia
(NIJZ, 2019; Veroviek et al., 2023a), and while this work cannot
confirm this, it is noteworthy that ephedrine was identified (mainly in
Maribor, Nove Mesto, Domzale-Kamnik, and Velenje) during all sam-
pling periods except for the spring 2020 when strict lockdown was
enforced due to the first wave of COVID-19 pandemic.

Morphine, tramadol, and codeine were the most detected opioid
analgesics, found unequivocally during all sampling periods in almost
all sampled Slovenian wastewater (Table S7). Two additional opioids,
tapentadol and levorphanol, met level 1 and 2 identification criteria,
respectively (Table S7). Tapentadol, a relatively new opioid, at the
beginning of the sampling campaign, was found sporadically in six out of
seven sites across Slovenia. In contrast, since the sampling period of
winter 2021, it has been detected in all WWTPs, indicating its increasing
popularity. It has previously been reported in Australia (Ahmed et al.,
2023, Bade et al., 2024) and Greece (Alygizakis et al., 2021), with the
latter study showing that its use declined during the pandemic. Levor-
phanol was also found sporadically, mainly in Koper, Maribor, Ljubl-
jana, and Domzale-Kamnik during all sampling periods, with the
difference disappearing in the spring of 2020 (first lockdown). Even
though opioid-like psychoactive substances are frequently used as easily
accessible alternatives to prescription medications under medical su-
pervision (Andersson and Kjellgren, 2016), there is limited available
metadata regarding their presence in Slovenia to confirm their use as
street drugs. Finally, the illicit drugs cocaine and MDMA, the antide-
pressant venlafaxine, and its metabolite O-desmethylvenlafaxine were
identified and confirmed in almost all WWTPs and sampling periods
(Table 57). Their presence in Slovenia has already been reported in other
studies (Laimou-Geraniou et al., 2023b; Verovsek et al., 2023b; T. 2022)
and also in the frame of SCORE international monitoring on stimulant
consumption (SCORE, 2023),

3.3. Limitations

As the study was focussed on long-term temporal trends, rather than
weekly patterns, all analysed samples were weekly pools. It is thus
possible that the numbers of NPS reported in this work is an underrep-
resentation as the continuous use of NPS is not expected throughout the
week. Moreover, with pooled weekly samples, the mass loads are not
necessarily comparable to previous studies.

4. Conclusions

This study provides an insight into the NPS market in Slovenia,
including before, during and after the COVID-19 pandemic, highlighting
the potential of WBE as a valuable tool for monitoring trends in NPS
consumption by providing primary spatiotemporal information that is
complementary to seized data. The findings of the study revealed several
temporal and spatial variations. Five substances were semi-quantified
across all sites at least once, with 3-MMC being the most prevalent,
followed by mitragynine, which showed the highest population-
normalised mass loads. This finding is in line with other international
wastewater studies reporting 3-MMC as one of the predominant stimu-
lant NPS in Europe, showing an increase in its use from 2018 to 2022. It
is also worth noting that some NPS were only detected in one specific
site, such as phentermine and N-methyl-2AI in Kranj and 4-FA, 4-0OH-
MET, mephedrone, and levamiscle in Koper. Temporal monitoring
revealed an increasing trend of 3-MMC use during the pandemic.
Following suspect screening, 17 additional compounds were detected
across all sites at least once. Due to the dynamic nature of the market,
capturing all NPS in targeted analysis poses challenges. However,
employing qualitative methods (SWATH acquisition on QTOF) and
quantitative approaches (Qq)) provides a more comprehensive
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overview of trends in NPS usage. Continued monitoring will reveal other
NPS consumption trend changes and help to identify and control
emerging trends in NPS use, thereby contributing to beneficial outcomes
for society.
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This study is a collaboration between the Jozef Stefan Institute in Ljubljana (Slovenia)
and the Ecotoxicological Centre at the University of Antwerp (Belgium). All aspects of the
work — from experimental design, data analysis and interpretation to manuscript writing
were shared equally between me and M. Quireyns (co-author).

WBE has emerged as a powerful tool for assessing community-wide pharmaceutical
consumption. However, accurate estimations depend on the in-sewer and in-sample
stability of drug biomarkers. Degradation or transformation of target biomarkers may occur
at various stages, including excretion, in-sewer transport, sampling, storage, and analysis,
leading to under- or overestimation of actual consumption levels.

The number of publications evaluating the in-sample and in-sewer stability of
antidepressants and benzodiazepines has increased, but despite this, information on the
stability of antipsychotics in influent wastewater is lacking. To the date, this is the first
comprehensive study of the stability of 11 antipsychotic biomarkers, including parent
compounds and metabolites, in influent wastewater, using a series of experiments
mimicking in-sewer transport (in-sewer setup and deconjugation) and in-sample stability
(benchtop, frozen cartridge, WWTP autosampler, long-term sample storage, and freeze-
thaw) under various conditions (i.e., filtration, acidification) commonly used for storage.
All experiments used spiked influent wastewater samples processed by SPE and analysed
by UPLC-MS/MS.

The results reveal that biomarker stability is highly compound-specific, with quetiapine,
N-desalkylquetiapine, and risperidone showing notably high stability across most tested
conditions. In contrast, N-desmethylolanzapine and dehydroaripiprazole, metabolites of
olanzapine and aripiprazole, respectively, degraded rapidly. Acidification before storage
resulted in significant degradation of several compounds, thereby decreasing the accuracy
of WBE consumption estimates and highlighting its unsuitability as a sample storage
method. Freeze-thaw testing revealed that a single cycle was generally acceptable, but
repeated cycles reduced stability for specific compounds, especially when acidified. Storage
on frozen SPE cartridges was highly effective, maintaining high stability for up to three
months, except for N-desalkylquetiapine (up to 6 weeks), making them suitable for sample
transport and batch analysis.

These findings are essential for enhancing the accuracy, reliability, and comparability
of WBE studies focused on antipsychotic drug surveillance. Overall, this study suggests
that spatiotemporal comparisons should be approached cautiously and tailored to specific
biomarkers to ensure accurate conclusions.



116 Chapter 3. Publications

Journal of Pharmaceutical and Biomedical Analysis 257 (2025) 116702
Contents lists available at ScienceDirect

Journal of Pharmaceutical and Biomedical Analysis

journal homepage: www.journals.elsevier.com/journal-of-pharmaceutical-and-biomedical-analysis

Check far
Updates

Stability of antipsychotic biomarkers for wastewater-based epidemiology
Maria Laimou-Geraniou ™', Maarten Quireyns ', Tim Boogaerts °, David Heath®,
Adrian Covaci®, Alexander L.N. van Nuijs ©, Ester Heath ™"

* Jokef Stefan Institule, Jamova 39, Liubliana 1000, Slovenia

® Josef Stefan Iernarional Postgraduate School, Jamova 39, Liubljana 1000, Slovenia
* Toxicological Centre, University of Antwerp, Universiteitsplein 1, Wilrijk 2610, Belgium

ARTICLE INFO ABSTRACT
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Wastewater-based epidemiology (WBE) offers a promising approach by providing objective data on antipsychotic
drug consumption within a population that can be used to monitor abuse, misuse, and regional prescription
patterns. However, accurate estimations depend on knowing the stability of drug biomarkers. This study provides
a comprehensive analysis of the stability of 11 antipsychotie biomarkers (parent drugs and their metabolites) in
influent wastewater, using a series of experiments mimicking in-sewer transport (in-sewer setup and deconju-
gation) and in-sample stability (benchtop, frozen cartridge, long-term sample storage, and freeze-thaw). In-
sample stability experiments are exposed to various conditions (i.e., filtration, acidification) commonly used for
storage. The results reveal compound-specific stability profiles, with quetiapine showing notable high stability
across most experiments. In contrast, N-desmelhylolanzapine and dehydroaripiprazole demonstrated rapid
degradation. Acidification before storage led 1o significant degradalion of some compounds, decreasing the
accuracy of WBE consumption estimates and rendering it unsuitable as a sample storage method. Overall, the
study found that compound-specific degradation patterns underscore the necessity for tailored analytical ap-
proaches when using WBE to manitor antipsychotic drug use. Future research should focus on bioreactor studies
mimicking in-sewer conditions and the application of correction factors to enhance the accuracy of consumption
estimates, facilitating more reliable public health surveillance through WRE,

1. Introduction based on the analysis of biomarkers (i.e., human metabolic excretion

products of xenobiotics) in wastewater, can provide insights into

Antipsychotics are used to treat a variety of disorders, including
acute antipsychotic symptoms, and as a maintenance therapy to prevent
relapse. They are commonly prescribed for schizophrenia, which is
associated with increased social and physical burden, such as increased
risk of cardio-cerebrovascular disease, obesity, and significantly reduced
life expectancy [1,2]. At the population level, aggregated data provide
an overview that helps identify trends and patterns in drug use. From a
public health perspective, it would be interesting to know how anti-
psychotic use changes due to various factors such as rising mental health
issues, increased diagnosis, or a change in prescription patterns, While
antipsychotics are mainly used for the treatment of severe mental con-
ditions, there is scientific evidence that certain antipsychotic medica-
tions, such as quetiapine and olanzapine, have been misused or even
abused [3-5]. Wastewater-based epidemiology (WBE), a technique

population-wide drug consumption patterns and public health trends.
Untreated wastewater, typically composite 24-h influent wastewater
samples, is collected at the wastewater treatment plant (WWTP).
Knowing the concentration of the biomarker in the wastewater, the flow
rate and the size of the population in the treatment plant catchment
area, it is possible to calculate the population-normalised mass load of a
biomarker (PNML, mg/day/1000 people), which acts as a proxy for
consumption [6]. Tracking antipsychotic consumption using WBE has
significant public health benefits, It offers valuable, cost-effective,
ohjective, spatiotemporal information on the consumption of antipsy-
chotics in the general population that may be difficult to measure using
traditional drug research, e.g., surveys, number of prescriptions, sales,
and dispensing data. Over time and across locations, it enables the
identification of overall trends and usage patterns that may not be
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captured through surveys or prescription records.

In WBE, accurate estimations depend on the stability of drug bio-
markers in influent wastewater, but unfortunately, current information
on the stability of antipsychotics in influent wastewater during sam-
pling, storage, and sample preparation is lacking. At different stages,
from excretion, transport, sampling, sample storage and final analysis,
degradation and formation of the target biomarkers may occur, leading
to an under- ar overestimation of their actual consumption. It is essen-
tial, therefore, that the chosen biomarker is stable or that a suitable
correction factor is applied to make correct assumptions regarding
consumption [7]. To date, the publication by Logarinho et al is the only
one that examined the stability of six antipsychotic drugs: chlorproma-
zine, clozapine, cyamemazine, haloperidol, levomepromazine, and
quetiapine. It is limited to the short-term stability of spiked influent
wastewater left at room temperature for 24 hours [8], This study is the
first comprehensive report on the stability of antipsychotic drugs and
their metabolites in wastewater. More precisely, we evaluate the sta-
bility of 11 antipsychotic biomarkers (parent drugs and their metabo-
lites) using a series of experiments mimicking in-sewer transport
(in-sewer setup, deconjugation) and in-sample stability (benchtop,
frozen cartridge, long-term sample storage, WWTP autosampler, and
freeze-thaw). In-sample stability experiments are exposed to various
conditions (i.e., filtration, acidification) commonly used for storage.

2, Materials and methods
2.1. Materials

Eleven biomarkers of the most popular antipsychotic drugs were
selected based on sales and prescription data in Slovenia and Belgium.
These included the parent compounds and their main metabolites: ari-
piprazole and dehydroaripiprazole, clozapine and N-desmethylcloza-
pine, olanzapine and N-desmethylolanzapine, risperidone and
paliperidone, quetiapine and N-desalkylquetiapine, and haloperidol.
Further details regarding reagents and materials can be found in the
Supplementary material (§81. Materials and Methods).

2.2. Sample collection and treatment

Composite 24-h influent wastewater samples were collected from the
wastewater treatment plant (WWTP) servicing Domzale-Kamnik (pop-
ulation 77,981), Slovenia. Samples were collected in a flow-proportional
manner (1 L of sample is collected every hour according to flow) on the
same day as the experimental analysis during a “normal” period, i.e., no
special events oceurred. The samples were collected in 1 L high-density
polyethylene (HDPE) bottles, transported directly to the laboratory and
processed immediately.

Pre-concentration of target compounds was achieved using Oasis
Prime MCX solid-phase extraction (SPE) cartridges (60 mg/3 mL, Wa-
ters, Milford, MA, USA), followed by analysis using ultra-performance
liquid chromatography coupled with tandem mass spectrometry
(UPLC-MS/MS). Any addition of standards and modifiers such as HCI
(when needed) was done after filtraticn as it was not intended to assess
filtration recovery, Prior to SPE, 50 mL aliquots were spiked with 6 pL of
working internal standard (ISTD) mixture (final concentration 240 ng/
1), acidified (HCl 37 %) to pH 2, and centrifuged for 25 min at
10,000 rpm to sediment any solid particles. The aliquot was loaded on
the cartridges and washed with 5 mL of ultrapure water. The sorbent
was dried under vacuum for 30 min, and the analytes were eluted using
6 mL of 0.5 % ammonium solution in methanol. The samples were
evaporated to dryness at 35 “C and reconstituted in 200 pL of the starting
mobile phase (ultrapure water: methanol (3:1 v/v) + 0.1 % of formic
acid). Before injection, the extracts were centrifugally filtered (0.45 pm)
for 3 min at 14,000 rpm, transferred to an autosampler vial and analysed
using UPLC-MS/MS.
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2.3. Liquid chromatography-tandem mass spectrometry

All samples were analysed using UPLC (Shimadzu, Kyoto, Japan)
coupled to MS/MS (AB Sciex 4500 QTRAP, Sciex, Framingham, MA,
USA). Chromatographic separation was achieved using a Phenomenex
Kinetex Phenyl-Hexyl (150 = 2.1 mm, 2.6 pm) reversed-phase column
(Phenomenex Inc. Torrance, CA, USA). A flow rate of 0.3 mL/min and an
injection volume of 1 pL was used. Ultrapure water + 0.1 % formic acid
{A) and methanol + 0.1 % formic acid (B) were used as the mobile
phases. The chromatographic gradient was as follows: 25 % B at 0 min
and held for 0.5 min, increase to 80 % B at 13 min, 87 % B at 15 min,
100 % B at 16 min and held for 1 min, then decreased to 25 % B at
17.5 min and kept steady for the final 9.5 min to equilibrate the system.
The total run time was 27.1 min. The mass spectrometer was run in
scheduled multiple reaction monitoring (sMRM) mode in positive ion-
isation mode, with a 60 s retention time window around the expected
retention time of each analyte. For compound identification, retention
times, two transitions and peak area ratios between the transitions were
used (Eurcopean Union Decision 2002/657/EC, 2002}, while relative
response factors of the analyte to the ISTD were used for quantification
[S]. Optimised sMRM conditions and retention times for all analytes can
be found in the supplementary information (§1.1 Acquisition parame-
ters, Table 51).

2.4. Method validation

The method was validated in terms of linearity, limits of detection
(LOD), limits of quantification (LOQ), extraction recovery (ER), matrix
effect (ME), accuracy, and repeatability, following the SANTE protocol,
with minor adjustments, at two concentration levels (S1.2 Method
validation, Table 52) [9]. Tap water was used as a matrix, and a
deuterated ISTD mix, structurally similar to the compounds under
investigation, was used to correct for matrix effects. A linear response
(R? > 0.99) was observed between LOQ-1000 ng/mL (final extract
concentration) for all biomarkers, with LOD: 0.5-3.6 ng/L and LOQ:
1.5-11.9 ng/L (Table 52).

2.5. Stability experiments

In each experiment, the samples were spiked in separate pools to
ensure that any transformation of the parent to metabolite (and vice
versa) did not affect the results (Table 1). Spiking of each pool, with
either parent or metabolite mixture, was performed at a final concen-
tration of 1000 ng/L and the internal standard (ISTD) mixture (final
concentration 240 ng/L) after filtration (when applicable), This spiked
concentration was well above native concentrations, ranging from

Table 1
Included antipsychotic biomarkers, internal standards, and the wastewater pool.

Compound ISTD Spiked pool

Aripiprazole Aripiprazole- Parent

Dy
Aripiprazole, Dehydro Aripiprazole- Metabolite
Dy
Clozapine Olanzapine-Dy Parent
Clozapine, N- Olanzapine-Dy Metabolite
desmethyl

Haloperidol Haloperidol-D,;  Parent

Olanzapine Olanzapine-Dy Farent

Olanzapine, N- Olanzapine-Dg Metabolite

desmerhyl
Baliperidonc Risperidone-D, Metabolite
(parent drug and metabolite of
risperidone)

Quetiapine Olanzapine-Dy Parent

Quetiapine, N-desalkyl Olanzapine-Dy Metabolite

Risperidone Risperidone-D;  Parent
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below LOQ to 80 ng/L of influent wastewater, according to preliminary
analysis. The substantially higher concentration ensures that the spiked
biomarkers would be detectable above any background noise and reduce
analytical uncertainty in the wastewater matrix. Individual samples
were prepared according to the Section 2.2 Sample collection and
treatment. Concentrations of biomarkers of interest were obtained using
an external calibration curve. When needed, samples were collected and
extracted at different sampling times, and the SPE cartridges containing
the adsorbed analytes were dried and frozen, Subsequently, all car-
tridges were eluted and analysed simultaneously.

The final stability classification at each sampling time followed the
eriteria outlined by McCall et al.: categorised as high if the trans-
formation was < 20 %, medium if between 20 % and 60 %, low if = 60 Y%,
and results deviating from previously published literature are cat-
egorised as variable [7]. The 95 % confidence interval was calculated
based on a student t-distribution with n-1 degrees of freedom
(n — analysed number of replicates). In all cases, triplicates (n — 3) were
taken except where otherwise indicated.

2.5.1. In-sewer (ransport

2.5.1.1. In-sewer stability. Aerobic in-sewer stability was evaluated at 4
*C and 20 “C representing a broad range of sewer wastewater temper-
atures [10]. In winter, the average wastewater temperature in Slovenian
WWTPs (including Domzale-Kamnik) is around 8 “C. According to the
literature, snowmelt inflow significantly impacts sewer system temper-
atures, lowering the average daily sewage temperature by 2-3 degrees.
[11]. Considering Slovenia’s Alpine geography, in our study 4 °C were
selected as an extreme scenario (worst-case condition) rather than the
typical 10 *C winter temperature. For each temperature, two 1200 mL
raw wastewater samples were spiked with either metabolites or parent
compounds. During the experiment, each wastewater sample was
maintained at the desired temperature using a water bath and contin-
uously stirred to simulate sewer flow. This setup does not fully mimic the
real-life sewer conditions, as discussed later (3.1.1.1 Tn-sewer stability).
At each designated sampling time: immediate (0 h), 2h, 6 h, 10 h, 24 h,
and 48 h; three 50 mL aliquots were collected and processed (including
the addition of ISTD mixture). After the extraction, the cartridges were
thoroughly dried and stored in the freezer (-20 °C). All samples were
eluted immediately after collecting the final sample at t — 48 h. The
mean concentrations were then normalised against the initial time point
(t = 0 h) to evaluate stability based on the specified criteria. The 48-hour
mark was chosen as the final sampling time based on the average resi-
dence time (<12 h, exceptionally <24 h) for most WWTPs [7].

2.5.1.2. Deconjugation. Urinary exeretion of antipsychotic drugs and
metabolites is typically heavily conjugated [12,13]. To test for
remaining levels of glucuronidated biomarkers in wastewater, enzy-
matic deconjugation by fi-glucuronidase from Helix pomatia (Type H-2)
was used. No sulphated metabolites were reported in the literature for
the included compounds [12,14]. The experimental setup was similar to
that of Ryuetal. [15] and used nine 50 mL aliquots of composite influent
wastewater, These were divided into three groups: (i) initial, extracted
without undergoing any additional treatment; (ii) treated, each aliquot
was spiked with 0.25 mL f-glucuronidase; and (iif) control, untreated but
underwent the same sample procedure as the wreated group. The treated
and watreated groups were deconjugated by incubating them in the dark
on a rotary shaker (80 rpm) for 2 h at 37 *C. The pH of the influent
wastewater was pH 6.5 (unadjusted). The mean concentrations of the
treated and untreated groups were then normalised against the initial
concentrations.

2.5.2. In-sample stability
In-sample stability was assessed under different storage conditions
using a combination of filtration (filtered or unfiltered) and modifiers
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(raw wastewater or acidified to pH 2). Again, each pool was spiked with
either parent or metabolite mixture at a final concentration of 1000 ng/L
and the internal standard (ISTD) mixture at a final concentration of
240 ng/L.

2.5.2.1. Frozen cartridge stability. Each raw wastewater sample was
divided into two portions of 1200 mL, and each portion was spiked, as
mentioned above. These spiked pools were subdivided into 50 mL ali-
quots and processed using the standard sample preparation procedure
described in Section 2.2, including the SPE drying step. Subsequently,
the cartridges were stored at 20 “C in an air-tight freezer bag for the
different sampling times: immediate (0 h), 1 week, 6 weeks, and 3
months. Cartridges were prepared in triplicate for each sampling time
and immediately analysed after elution. The mean concentrations were
then normalised against time zero (0 h) to evaluate the stability based on
the specified criteria.

2.5.2.2. Benchtop stability. Benchtop stability or short-term stability at
room temperature indicates the analyte stability under sample prepa-
ration conditions. The benchtop stability experiment was exposed to
indirect sunlight. Two different wastewater pools were created and
spiked for each experimental combination (filtered, unfiltered, raw, and
acidified) with 1000 ng/l. final concentration of either parent or
metabolite. All sampling was performed in triplicate. For benchtop
stability, 20 *C was chosen and sampled at t = Oh, 1 h, 31, and 6 h. At
each designated sampling time, three 50 mL aliquots were collected and
processed, including the addition of the ISTD. After the extractiorn, the
cartridges were dried and stored in the freezer (-20 *C). All samples were
eluted immediately after collecting the final sample and analysed at the
end of the experiment. Measured concentrations were normalised
against the initial time point (0 h).

2.5.2.3. WWTP autosampler stability. During composite sampling at the
WWTP, multiple samples are collected at the WWTP composite sampling
device over the required time (e.g. 24 hours). Stability is an important
factor, given that compounds can already degrade during the sample
collection, especially during the extended exposure time. Therefore,
during collection, the sample is commonly stored at the WWTP com-
posite sampling devices exposed at 4 *C to reduce degradation processes.
The WWTP autosampler stability, referring to the stability at the WWTP
composite sampling devices, was assessed at 4 "C in influent raw
wastewater (not stirred). Again, two raw wastewater pools were spiked
with either metabolites or parent compound and ISTD mixture and
sampled at t = 0 h, 6 h, 24 h, and 48 h. The experiment ran up to
48 hours as an extreme case. At each designated sampling time, three
50 mL aliquots were collected and processed, including the addition of
the ISTD. After the extraction, the cartridges were dried and stored in the
freezer (-20 "C). All samples were eluted immediately after collecting
the final sample and analysed at the end of the experiment. Measured
concentrations were normalised against the initial time point (0 h).

2.5.2.4. Long-term sample storage stability. Long-term sample storage
stability at —20 °C was tested under different conditions (filtered,
unfiltered, raw, and acidified). Two different wastewater pools were
created and spiked for each experimental combination with 1000 ng/L
final concentration of either parent or metabolite and the ISTD mixture,
Each spiked pool was sampled at t = 0 h, 1 week, 6 weeks, and 3 months.
At each designated sampling time, three 50 mL aliquots were collected
and processed, including the addition of the [STD. After the extraction,
the cartridges were dried and stored in the freezer (-20 °C). All samples
were eluted immediately after collecting the final sample and analysed
at the end of the experiment. Measured concentrations were normalised
against the initial time point (0 h).

2.5.2.5. Freeze-thaw stability. To test the effect of multiple freeze-thaw
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cycles on stability, each sample was frozen for at least 12 hours before
being thawed to room temperature. The sample then underwent sample
treatment or was subjected to another freeze-thaw cycle. The influence
of different storage conditions was evaluated in this experiment using a
combination of filtration (filtered or unfiltered) and acidification (raw
wastewater or acidified to pH 2). Two different wastewater pocls were
created, and after filtration and acidification, depending on the experi-
ment, they were spiked with either a parent or metabolite mixture. Each
freeze-thaw cycle experimental setup was prepared in triplicate.

Freeze-thaw experiments were conducted on consecutive days, with
tme points initial (fresh sample, no freeze-thaw cycle), 1, 2, and 3
freeze-thaw cyeles. Again, intermediate time points were processed,
including the addition of the ISTD. After the extraction, the cartridges
were dried and stored in the freezer (-20 °C). All samples were eluted
immediately after the last freeze-thaw cycle and analysed at the end of
the experiment. Measured concentrations at each freeze-thaw cycle are
normalised against the initial Hme point (unfrozen).

3. Results and discussion
3.1. In-sewer transport

3.1.1. In-sewer stability
In-sewer stability was assessed at 4 °C and 20 °C over 48 h. The
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results (Fig. 1, Table 53 and Table S4) show that only quetiapine and
risperidone were stable at both temperatures for 48 h, with most other
compounds being stable for at least 10 h, For most WWTPs, this is not an
issue since the mean residence time is < 12 h (exceptionally <24 h), but
this finding emphasises the importance of considering individual WWTP
transit imes and temperature variations for accurate uncertainty as-
sessments [7].

We hypothesise that the observed increase in clozapine (at 20 “C)
could be caused by an unknown compound that is transformed to clo-
zapine or deconjugation occurs (see 3.1.1.2). Similarly, the increase in
paliperidone might be due to the transformation of an unknown com-
pound in the influent wastewater [7,16]. However, in the case of clo-
zapine this increase was not observed at 4 “C. Considering that influent
wastewater is such a complex matrix, we could only hypothesise that
this transformation could be affected by higher temperatures, as slower
formation at lower temperatures could be possible. These differences
enhance our results revealing compound-specific stability profiles.
Olanzapine and its metabolite N-desmethylolanzapine show rapid
degradation over time in influent wastewater. In other biological
matrices, results on the stability of the parent compound olanzapine
were mixed [17-19]. The transit time, which is dependent on the spe-
cific WWTP, must be taken into account.

A correction factor could be used if the degradation is shown to be
constant over different WWTPs with varying characteristics. However,
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Fig. 1. Plots showing the stability of antipsychotics up to 48 hours, measured under biofilm-free aerobic in-sewer conditions at temperatures of 4 °C and 20 “C. The

concentration of each time point is normalised against the initial time point.
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the in-sewer stability experiment, though rudimentary, served only as an
initial exploration of antipsychotic stability within gravity sewer sys-
tems. A more comprehensive evaluation should be performed using
bioreactors, which better mimic the sewer system by considering bio-
film, suspended solids, and other parameters [20]. However, our study
provides an initial and conservative estimate of stability, which is
important since previous studies on pharmaceuticals and illicit drugs
were consistently overestimated using lab-scale sewer reactors [21].

3.1.2. Deconjugation

Previous research has shown that the absence of conjugated com-
pounds is attributed to the presence of f-glucuronidase enzymes pro-
duced by faecal bacteria that end up in the sewer [22,23], Since urinary
excretion of antipsychotic drugs and metabolites is typically heavily
conjugated, this experiment was performed to confirm the complete
deglucuronidation of biomarkers before analysis [12,13]. An obvious
limitation of this experiment is that, since no spiking is performed of
conjugated standards, it is only relevant for compounds consumed by
the serviced WWTP catchment area on the sampling day of the experi-
ment. The untreated group is used as a reference for residual deconju-
gation in the native influent wastewater sample, as hacteria and
enzymes may still be present, and to control for the effect of temperature
degradation. If the treated and untreated groups are lower than the inftinl
group, this indicates loss of the compound over time. Compared to the
initial group, an increase in the residual percentage of the treated group,
but not the untreated, would indicate deconjugation. However, if both
increase, it indicates the transformation of other compounds or decon-
jugation in both samples (i.e., residual enzyme in the untreated sample).
An overview of the experimental outcome can be found in the supple-
mentary information (Table 55). The Kruskal-Wallis test (significance
level « = 0.05) was used to determine if all groups (initial, treated, and
untreated) originated from the same distribution. There was no signifi-
cant significance for olanzapine {p value 0.094), borderline significance
for quetiapine (p value 0.050), and significant for clozapine (p value
0.027) and N-desalkylquetiapine (p value 0.027).

Clozapine increased by 38 % in the treated (95 % confidence interval,
95CL 6 %-71 %) and 98 % untreated (95CI: 60-135 %) groups, sug-
gesting that transformation (incl. deconjugation) processes are involved.
Hydroxylation can also occur in-sewer; however, the transformation of
N-desmethylclozapine as a significant metabolic pathway is minimal,
given the structure and the fact that it was < 1.0OQ across all experimental
groups [24]. The decrease in N-desalkylgquetiapine in both the treated
(-41 %, 95CI-49 % Lo -33 %) and untreated (-24 %, 95CI-26 % to -21 %)
groups illustrates the impact of temperature on degradation, i.e., during
the in-sewer experiment at 20 “C, N-desalkylquetiapine was not
degraded to the same extent over 48 hours (Fig. 1, section 3.1.1.1
In-sewer stability). For quetiapine, more research would be required on
why it could not be quantified in the treated group, despite the only
difference being the addition of the g-glucuronidase enzyme. The con-
eentration in the initial and untreated group was =>LOQ. Matrix effects are
a possible explanation since the composition of wastewater differs daily,
and during validation, matrix effects were only assessed in tap water,

3.2. In-sample stability

In-sample stability, including frozen cartridge (Table 56), benchtop
(I'ig. S1), WWTP autosampler (Iig. 52), long-term sample storage
(Fig. 53), and freeze-thaw stability (Fig. 54) was assessed since in-sample
conditions during storage and analysis can lead to biomarker trans-
formation and subsequently, the under- or overestimation of antipsy-
chotic mass loads when applying WBE.

3.2.1. Frozen cartridge stability

Except for the metabolite N-desalkylquetiapine, which was stable for
at least six weeks, all the remaining antipsychotics and metabolites were
stable when stored frozen on the SPE cartridge for at least three months
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(Table 56). The results show how, with the exception of N-desal-
kylquetiapine (6 weeks), the analytes of interest can be stored on the
cartridges for up to three months. Such a storage method could be more
practical than freezing substantial volumes of wastewater samples or
transporting samples to (other) laboratories for analysis. Additionally,
processing many samples can be more efficiently achieved by eluting
more cartridges overall and reducing potential instrumental variability.

3.2.2. Benchtop stability

Most targeted compounds showed high (85 %) benchtop stability
under all conditions at 20 *C up to 6 h when exposed to standard lab-
oratory conditions. Exceptions were dehydroaripiprazole, risperidone,
and N-desalkylquetiapine, which showed medium (63-78 %) stability
when unfiltered and acidified. Metabolite N-desalkylquetiapine was
only medium stable when filtered and acidified (Table 57). In the study
of Andreassen et al, the stability of olanzapine in serum remained
undegraded after 24 h under intense light (3000 lux) but was degraded
by 50 % after 48 h. Therefore, it is still recommended that samples
should be stored in the dark [25].

3.2.3. WWTP autosampler stability

Regarding WWTP autosampler stability at 4 °C in influent raw
wastewater without stirring, almost half of the included antipsychotics,
including haloperidol, olanzapine, N-desmethylolanzapine, quetiapine,
N-desalkylquetiapine, and risperidone, showed high (84-97 %) stability
up to 48 hours (Table 58). Ceolotto et al. showed similar results high
stability of 85-100 %) for quetiapine, the only antipsychotic included in
their study [26]. Aripiprazole, dehydroaripiprazole, clozapine, and
N-desmethylclozapine showed medium (69-76 %) stability after 6 or
24 h (Table 58). What is noticeable, is the inerease (125 %) of paliper-
idone after 24 h, similar to the in-sewer results (3.1.1.1) after 24 h in
both 4 °C (132 %) and 20 “C (123 %).

3.2.4. Long-term sample storage stability

Additionally, long-term sample storage at 20 °C in all conditions
(filtered, unfiltered, raw, and acidified) was assessed. The results
showed high (82-103 %) stability for most of the compounds up to 3
months in all conditions, except for N-desalkylquetiapine, paliperidone,
and N-desmethylclozapine which showed medium (86-69 %) stability
after six weels when unfiltered and acidified. Only risperidone showed
medium (76-54 %) stability already in the first week of storage when
unfiltered and acidified (Table 59).

3.2.5. Freeze-thaw stability

Samples were frozen for at least 12 h (approx. 18 h each time) hefaore
being thawed to room temperature on consecutive days. Only clozapine
and haloperidol (Fig. 54 and Table $10) showed high stability in all
conditions during three freeze-thaw cycles. In contrast, olanzapine and
its metabolite N-desmethylolanzapine showed medium stability after
the second freeze-thaw cycle under all conditions. The remaining com-
pounds showed high stability when filtered and raw (not acidified)
during all freeze-thaw cycles, while N-desmethylclozapine showed high
stability when filtered and acidified. Finally, the compounds risperi-
done, paliperidone, and N-desalkylquetiapine showed medium stability
only when unfiltered and acidified. In conclusion, one freeze-thaw cycle
is acceptable for all compounds under all storage conditions, but mul-
tiple may influence consumption estimates.

3.3. Stability overview

This study presents comprehensive data on the stability of antipsy-
chotics in influent wastewater under various conditions to date. Fig. 2
provides a comparative overview of the different storage/sampling
conditions and associated stability, including the time the compound is
highly stable under the given conditions. The results showed that in-
sewer degradation is compound-specific and is influenced by the
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Fig. 2. Overview of stability of included antipsychotic biomarkers showing the final stability over the entire experiment duration (coloured) and the minimum time
the compound was highly stable during the experiment (text label) abbreviations: FT, freeze-thaw; LTS, long-term storage; WWTP, wastewater treatment plant.

environmental conditions present in the sewers, such as temperature
and residence time, For most WWTPs, the residence time ranges be-
tween 30 min and 12 h, and therefore, it might not be relevant for many
compounds [7]. In addition, in-sewer results show that some com-
pounds, such as clozapine and aripiprazole, are unstable, a [act that
should be taken into account. Acidification before storage is, in most use
cases, not recommended as some analytes already degrade at low pH
within the first week of storage. Also, when acidified, some biomarkers
showed only medium stability after the second freeze-thaw cycle.
However, SPE cartridges could be used for sample storage since all
compounds except quetiapine were stable for at least three months.
Overall, among the tested compounds, quetiapine,

N-desalkylquetiapine, and risperidone seem to be the most stable under
all tested conditions,

Given these results, spatiotemporal comparisons should be
cautiously approached and tailored to specific biomarkers to ensure
correct conclusions are made. Future WBE research to refine antipsy-
chotic consumption estimates should focus on in-sewer bioreactor
degradation studies and the potential of applying a correction factor.

3.4. Limitations

The inclusion of lab-scale sewer reactors experiments would further
provide insights into the current in-sewer degradation findings,
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However, this requires specialised equipment optimized for stability
studies which is only available in a limited number of laboratories.
Howaever, previous research indicates that lab-scale sewer reactors may
overestimate degradation [21]. Therefore, the experiments in this study
provide an initial and more conservative estimate.

The experimental setup of WWTP autosampler stability could be
further optimized by mimicking the addition of a specific portion of the
wastewater to the collection pool. However, the exact volume and the
frequency of the added wastewater sample also depend on the auto-
sampler collection method (e.g., time-, flow-proportional). According to
recent studies evaluating the stability of new psychoactive substances
(NPS), stimulants, opioids, personal care products, and other pharma-
ceuticals, a similar setup of refrigerated influent wastewater pool at 4 °C
was used to mimic sampling conditions related to storage within an
autosampler at a WWTP [26,27], In our study, refrigerated storage of
influent wastewater at 4 °C for 48 hours, as an extreme case, has been
explored mainly as an indication of WWTP autosampler stability
considering worst-case scenarios.

CRediT authorship contribution statement

Laimou-Geraniou Maria: Writing — original draft, Visualization,
Validation, Methodology, Investigation, Data curation. Quireyns
Maarten: Writing — original draft, Visualization, Validation, Method-
ology, Investigation, Data curation. Boogaerts Tim: Writing - review &
editing, Supervision. Heath David John: Writing - review & editing,
Supervision, Methodology, Conceptualization. Covaci Adrian: Writing
- review & editing, Supervision, Conceptualization. L.N. van Nuijs
Alexander: Writing — review & editing, Supervision, Conceptualization,
Heath Ester: Writing — review & editing, Validation, Supervision,
Methodology, Funding acquisition, Conceptualization.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgements

This research was supported by the Slovenian Research and Inno-
vation Agency (ARIS Program group P1-0143 and Projects N1-0143,
J2-4427, and L7-4422) and the Research Foundation - Flanders (FWO),
under grant number GO60920N (Maarten Quireyns) and 1225924 N
(Tim Boogaerts).

Appendix A, Supporting information

Supplementary data associated with this article can be found in the
online version at doi:10.1016/j.jpba.2025.116702.

References

[1]1 C.U. Correll, M. Solmi, G, Croatto, 1.K. Schneider, 5.C, Rohani-Montez, 1., Fairley,

N. Smith, I Bitter, P. Gorwood, H. Taipale, J. Tiihonen, Mortality in people with

schizoplirenia: a systematic review and imeta-analysis of relative risk and

aggravating or attenuating factors, World Psychiatey 21 (2022) 248 271, hrps://

doi.org/10.1002/wps.20094.

J. Lally, J.H. MacCabe, Antipsychotic medication in schizophrenia: a review, Br.

Med. Bull. 114 (2015) 169-179, https://doi.crg/10.1093/bmb/ldv017,

K.L. Cvoy, C. Teng, V.G. Encarnacion, B. Frescas, J. Ilakim, 8. Saklad, C.R. Frei,

Comparison of quetispine abuse and misuse reports (o the FDA adverse evenl

reporting system with other second-generation antipsychotics, Subst. Use 13

(2019) 1178221819844205, https://doi.org/10.1177/1178221819844205.

M.E. Montebello, J. Brett, Misuse and associated harms of quetiapine and other

atypical antipsychotics, in: 8. Nielsen, R. Bruno, 8. Schenk (Eds.), Non-Medical and

TMieil Use of Psychoactive Drugs, Springer Inlernalional Publishing, Cham, 2017,

pp. 125-139, https://doi.org/10.1007,/7854_2015_424.

[3] S. Roy, R. Charrcteur, M. Peries, F. Kheloufi, C. Eiden, N. Nagot, . Donnadicu-
Rigole, J. Micallef, H. Peyrigre, Abuse and misuse of second-generation

[Z

]

[3

=

14

16

[7

[8]

9

[1o]

[11]

[12]

[131

[14]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

Chapter 3. Publications

Journal of Pharmaceutical and Biomedical Analysis 257 (2025} 116702

anlipsychotics: an analysis using VigiBase, the World Health Organisation
pharmacovigilance database, Br. J. Clin. Pharm. 88 (2022} 46464653, https://
doi.org/10.1111/bep. 15420,

H.E. Jones, M. Hickman, B. Kasprzyk-Hordern, N.J. Welton, D.R. Baker, A.E. Ades,
Mlicit and pharmaccutical drug consumption estimated via wastewater analysis,
Part B: placing back-calculations in a formal statistical framewark, Sci. Total
Environ. 487 (2014) 642-650, https://dol.org/10/ghhtmt,

A.-K. McCall, R. Bade, J. Kinyua, F.Y. Lai, P.K. Thai, A. Covaci, L. Bijlsma, A.L.
N. van Nuijs, C. Ort, Critical review on the stability of illicit drugs in sewers and
wastewater samples, Water Res 88 (2016) 933-947, https://dolorg/10.1016/].
walres, 2015.10,040,

T. Logarinho, T. Rosado, C. Louren¢o, M. Barroso, A.R.T.S. Araujo, E. Gallardo,
Determination of antipsychotic drugs in hospital and wastewater treatment plant
sumples by gas chromatography/tandem mass spectrometry, J. Chromatogr. B
Anal. Technol. Biomed. Life Sci. 1038 (2016) 127-135, https://doi.org/10.1016/]).
jehromb. 2016.10.031,

T. Pihlstrom, A.R. Fernandez-Alba, C.I'. Amate, M.E. Poulsen, B. Hardehusch,

M. Anastassiades, R. Lippold, 1.C. Cabrera, A. de Kok, F. ORegan, et al., Analytical
quality control and method validation procedures for pesticide residues analysis in
food and feed, Sante 11312 (2021) v2.

1. Senla, T. Krizman, M. Ahel, 8. Terzic, Assessment of stahilily of drug biomarkers
in municipal wastewater as a factor influencing the estimation of drug
consumption using sewage epidemiolagy, Sci. Total Environ. 487 (2014) 659 665,
https://doi.org/10.1016/j.scitoteny, 2013.12.054.

1mpact of Snowmelt Inflow on Temperature of Sewage Discharged to Treatment
Plants, Pol. J. Environ. Stud. 21 (n.d.) 381-386.

R.C. Baselt. Disposition of Toxic Drugs and Chemicals in Man, ninth ed.,

Biomed Publications, Seal Beach (Cal.), 2011.

M.C, Mauri, S. Paletta, M, Maffini, A, Colasanti, F. Dragogna, C, Di Pace, A

C. Altamura, Clinical pharmacology of atypical antipsychotics: an update, EXCLL J.
13 (2014) 1163-1191.

C. Knox, M. Wilson, C.M. Elinger, M. Franklin, E. Oler, A. Wilson, A, Pon, J. Cox, N.
E.L. Chin, S.A. Strawbridge, M. Garcia-Patino, R. Kruger, A. Sivakumaran,

8. Sanford, R. Doshi, N. Khetarpal, O. Fatokun, D. Doueet, A, Zubkowskd, T

Y. Rayat, H. Jackson, K. Harford, A. Anjum, M. “Zakir, F. Wang, 8. lian, B. Lec,
J, Liigand, H. Pelers, R.Q.R. Wang, T. Nguyen, D. So, M. Sharp, R. da Silva,

€. Gabriel, J. Scantlebury, M. Jasinski, D. Ackerman, T. Jewison, T. Sajed,

V. Gautam, D.5. Wishart, DrugBank 6.0: the DrugBank Knowledgebase for 2024,
Nucleic Acids Res 52 (2024) D12656-111275, hitps://daiorg/10.1093 mar/
gkad976.

Y. Ryu, M.J. Reid, K.V. Thomas, Liquid chromatography-high resolution mass
spectrometry with immunoatfinity clean-up for the determination of the oxidative
stress biomarker 8-iso-prostaglandin F2alpha in wastewater, J. Chromatogr, A
1409 (2015) 146-151, htips://doi.org/ 10,1016/ .chroma. 201 5.07.060.

N.V. Heuett, S.R. Batchu, P.R. Gardinali, Understanding the magnitude of emergent
contaminant releases through target sereening and metabolite identification using
high resolution mass spectrometry: illicit drugs in raw sewage intluents, J. [Tazard
Mater. 282 (2015) 41-50, heepa://dolorg 101016/ jhazmar. 201 408,009,

D.S. Tisher, 5.J. Partridge, S.A. Handley, R.J. Flanagan, Stability of some atypical
antipsychotics in human plasma, haemolysed whole blood, oral fluid, human
serum and ealfl serum, Forensic Sci. Int 229 (2013) 151-156, hiips://doi.org/
10.1016/ forseiint. 2013.03.021.

L. Patteet, K.E. Maudens, B. Sabbe, M. Morrens, M. De Doncker, H. Neels, High
throughput identification and quantification of 16 antipsychotics and 8 major
metabalites in serum using nltra-high performance liguid chromatography-tandem
mass spectrometry, Clin. Chim. Acta 429 (2014) 51-58, hitps://doiorg/ 101016/
cea.2013.11.024,

E. Saar, D. Gerostamoulos, O.H. Drummer, J. Beyer, Assessment of the stability of
30 antipsychotic drugs in stored blood specimens, Torensic Sci. Int 215 (2012)
152-158, https://doi.org/10.1016/].forsciint. 2011.02.022,

J. Gao, L. 11, G. Jiang, A.H. Shypanski, LM. Nieradaik, Z. Yuan, J.F. Mueller, C. Ort,
P.K. Thai, Systematic evaluation of
Water Res 151 (2019) 447-455, https://doi.org/10. 1016/ watr X

P.M. Choi, J. Li, J. Gao, J.W. O'Brien, K.V. Thomas, P.K. Thai, G. Jiang, J.

F. Mucller, Considerations for assessing stability of wastewater-based
epidemiology biomarkers using biofilm-free and sewer reaclor tests, Sci, Total
Environ. 709 (2020) 136228, https://dol.org/ 10, L016/f.scitoteny, 2019, 136228,
L. Gonzdlez-Marifio, R. Rodil, L Barrio, R. Cela, J.B. Quintana, Wastewatcr-based
epidemiology as a new tool for estimating population exposure to phthalate
plasticizers, Environ. Sci. Technol. 51 (2017} 3902-3910, htps://doi.org/
10,1021 /acs.es1,6b05612,

1. Senta, 8. Rodriguez-Mozaz, L. Corominas, M. Petrovie, Wastewater-based
epidemiology to assess human exposure to personal care and household products
a review of bivmarkers, analytical methods, and applications, Trends Environ,
Anal. Chem. 28 (2020) e00103, htips://doi.org/10.1016/].teac. 202000103,

J. Kinyua, N. Negreira, A-K. McCall, T. Boogserls, C. Orl, A, Covaci, A LN, van
Nuijs, Investigating in-sewer transformation products formed from synthetic
cathinones and phenethylamines using liquid chromatography coupled to
quadrupole time-of-flight mass spectrometry, Sci. Total Environ. 634 (2018)
331-340, https://doi.org/10.1016/].scitotenv.2018.03.253.

T.N. Andreassen, B.M.H. Falch, O. Spigsel, A UPLC-MSMS melhod for the analysis
of olanzapine in serum—with particular emphasis on drug stability testing,




Reducing WBE Uncertainties: Stability of Psychoactive Pharmaceuticals and NPS 123

M. Latmou-Geraniou et al

[26]

J. Chromartogr. B Anal. Technol. Biomed. Life Sci. 1006 (2015) 112-120, htips://
doi org/10.1016/1.jchromb.2015,10.029,

N. Ceolotto, P. Dollamore, A. Hold, B. Balne, K.K. Jagadeesan, R. Standerwick,
M. Robertson, R. Barden, B. Kasprzyk-Hordern, A new Wastewater-Based
Epidemiology workflow to estimate community wide non-communicable discase
prevalence using pharmaceutical proxy data, J. Hazard Mater, 461 (2024) 132645,
https://doi.org/10.1016/j.jhazmat. 2023.132645.

Journal of Pharmaceutical and Biomedical Analysis 257 (2025) 116702

[27] N. Salgueiro-Gonzalez, F. Béen, L. Bijlsma, T. Boogaerts, A. Covaci, J.A. Baz-

Lomba, B, Kasprzyk-Hordern, J. Matias, C. Ort, 1. Bodik, E. Heath, K. Styszko,
E. Emke, F. Hernandez, A.L.N. van Nuijs, 5. Castiglioni, Influent wastewater
analysis to investigate emerging trends of new psychoactive substances use in
Lurope, Water Res. 254 (2024) 121390, hrtps://dof.org/10.1016/].

walres, 2024,121390,



124 Chapter 3. Publications

3.3.2 Wastewater analysis as a global toxicovigilance tool for new
psychoactive substances monitoring

Published: D. Nadarajan, M. Laimou-Geraniou, A. Chappell, C. Baduel, L. Bijlsma, T.
Boogaerts, D. A. Burgard, S. Castiglioni, N. Ceolotto, E. M. Driver, F. Fabriz Sodre, D.
Fatta Kassinos, H. Flores Quintana, C. Gerber, E. Gracia-Lor, E. Gracia-Marin, R. U.
Halden, E. Heath, J. Huchthausen, B. Kasprzyk-Hordern, E. L. Keller, F. Yin Lai, A. Sue-
Ching Love, J. Matias, V. Ocenaskova, J. E. Oh, T. Oluseyi, K. Phung, M. Pineda-Castro,
M. Psichoudaki, N. Salgueiro-Gonzalez, J. M. Santos, C. Silvino-Gomes, B. Subedi, N.
Thomaidis, D. Wang, N. Van Wichelen, V. Yargeau, S. Cresswell, J. Mueller, R. Bade,
2026, Water Research, vol. 289 (A), pp. 124847.

In this international work, I contributed to experimental work, instrumental analysis, and
reviewing and editing the manuscript.

NPS represent an ongoing global health and policy challenge due to their rapid emergence,
often unregulated status, and potential health risks. NPS regulations vary globally, with
some countries adopting broad definitions and implementing blanket bans or total
prohibition of all NPS. In contrast, others employ more targeted approaches, scheduling
NPS based on their structural scaffolds (analogue control) or through individual listings
(1.1.4 New psychoactive substances). This study provides recent data on the international
snapshot of NPS use via WBE, analysing influent wastewater from 52 sites across 20
countries during the 2022/2023 New Year period. Using SPE followed by targeted
LC-MS/MS, 21 of 54 monitored NPS were detected, with mitragynine,
3-methylmethcathinone (3-MMC), and eutylone being the most prevalent. Findings
confirm that synthetic cathinones remain the dominant class, particularly in Europe, while
designer benzodiazepines and ketamine analogues were geographically specific.

A significant feature of this study, crucial for accurate WBE estimations, was the
investigation of the stability of 61 selected NPS, including seven ISTDs, on loaded SPE
cartridges, under five temperatures (—80 °C, —20 °C, 4 °C, 22 °C, and 37 °C) across five
time points (3 days to 4 months), simulating differing storage conditions, as well as the
winter and summer conditions over the New Year period around the world.

Results showed that storage at —20 °C maintained acceptable recovery (80-120%) for
most analytes for up to four months, making it an ideal condition for international
shipment and potential delayed analysis. Only two compounds, including phenibut and
acetoxymethylketobemidone, exhibited lower stability (<80%), while others (e.g., six
nitazenes) showed elevated recoveries (>120%). These findings provide critical insight for
future global WBE campaigns, where consistent, long-term storage and transportation
conditions are necessary. Overall, this study highlights the value of WBE not only for
global monitoring of emerging NPS threats but also for policy evaluation and assessment.

In addition to the spatiotemporal investigation of NPS occurrence, this study
retrospectively examined the longitudinal trends of 3-MMC as a case study to understand
the general decline in its mass loads. The decrease observed in European cities could be
related to the strengthening of existing local regulations following the COVID-19 pandemic,
along with ongoing scheduling of 3-MMC at both the European Union and international
levels.

The study's outcome was presented at two scientific conferences: The 61* Annual
Conference of the International Association of Forensic Toxicologists (TTAFT 2025),
Aotearoa New Zealand, November 23-28, 2025, and in Testing the Waters 8 (TTWS):
International conference on wastewater-based epidemiology /surveillance, Tacoma, WA,
United States, June 2-4, 2025.
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New psychoactive substances are a group of synthetic or naturally occurring drugs that mimic the effects of
controlled illicit drugs. With limited information around potency, effects and health risks, there is international
concern around their use and thus surveillance efforts are needed for public health. This study presents a global
assessment of new psychoactive substances in influent wastewater from 52 sites across 20 countries during the
2022/2023 New Year period. Using solid-phase extraction followed by liquid chromatography-tandem mass
spectrometry, 21 new psychoactive substances were detected with mitragynine, 3-methylmethcathinone, and
cutylone being the most prevalent. Notably, 3,4-methylenedioxy-PV8 was identified for the first time in sites in
Australia and the United States. A retrospective analysis of population normalised mass loads for 3-methylmeth-
cathinone at Furopean sites revealed downward trends in 2022/2023 sampling period compared to the previous
years, suggesting a possible impact of regional scheduling measures. Additionally, this work demonstrates the
stability of new psychoactive substances in loaded cartridges for up to four months when stored at -20 “C. These
findings highlight the value of wastewater-based epidemiclogy for global monitoring of emerging new psy-

choactive substances threats and policy evaluation.

Introduction

New psychoactive substances (NPS) are a group of synthetic or
naturally oecurring chemicals that mimic the effects of controlled illicit
drugs but are not listed in the United Nations International Drug
Convention 1961-1971 (United Nations Office on Drugs and Crime,
2024). These substances are not necessarily ‘new’. Some, such as
benzimidazole synthetic opicids, were synthesized in the 1950s and
never intended for human consumption (Ujvary et al, 2021). New
chemicals have continued to circumvent the early warning systems
replacing illieit drugs and scheduled NPS in the drug market (European
Monitoring Centre for Drugs and Drug 2021). As of 2024, the United
Nations Office on Drugs and Crime (UNODC) have identified 1300 NPS
(United Nations Office on Drugs and Crime, 2023), while the European
Union Drug Agency (EUDA) (European Union Drug Agency, 2024) were
monitoring over 1000 NPS, with 47 new substances emerging in Euro-
pean market during 2024 (Europcan Union Drugs Agency 2024). In
October 2024, 83 NP5 were placed under international control (United
Nations Office on Drugs and Crime, 2023}, underscoring the continuing
global need for regulation informed by toxicological risk assessments
related to human consumption.

The fatalities due to toxicity and increased recreational use of NP§
has been well documented (Kronstrand el al., 2018; Andreasen et al.,
2015; Nugteren-van Lonkhuyzen et al., 2022; Montanari et al., 2022).
Given the dynamic nature of the drug market and the sporadic emer-
gence of new compounds, a range of complementary tools are employed
to monitor NPS occurrence. These include drug seizure records (Vincenti
et al, 2021), eclinical toxicology reports, forensic post-mortems,

population surveys (12), dark-web surveillance (Catalani et al,, 2021),
and wastewater-based epidemiology (WBE) (Borova et al., 2015; Cas-
tiglioni et al., 2021). Some countries have also implemented early
warning systems (EWS) to rapidly detect and respond to emerging NPS
threats, enhancing coordination across forensic and public health sec-
tors (Evans-Brown and Sedefov, 2018). Each method serves a distinct
role and offers insight at different stages with its uncertainty, ranging
from early detection and tracking of consumption patterns to assessing
health outcomes and regulatory action.

WEE is recognised for its near real-time reporting of population-level
sewage biomarkers through anonymised, aggregate samples collected
from wastewater treatment plants (Daughton, 2018). Following inges-
tion, exogenous compounds are excreted in urine and faeces either un-
changed as parent compounds or as metabolites, The concentration of
these biomarkers in raw wastewater can be used to estimate
population-level consumption by back calculating based on the catch-
ment population size and flow rate data (Daughton, 2001; Daughton,
2011). However, with limited pharmacckinetic data available for NPS,
accurate back calculation requires cautious interpretation. Nevertheless,
WBE has provided valuable insight for public health, which was
demonstrated during the Covid-19 outbreak, where population-level
monitoring was achieved in real time without recruiting individuals
and thus avoided human ethics and logistic procedures (Bivins et al.,
2020).

In 2019, an international NPS wastewater monitoring was initiated
to provide insight into NPS use during the New Year’s period (Bade
et al., 2021). A similar study was also conducted in Europe, comparing
pooled weekdays and weekends for weekly use patterns (Castiglioni
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et al., 2021). Other NPS studies have offered country-specific insights
(Salgueiro-Gonzalez et al.,, 2022; Jaunay et al., 2024; O'Rourke and
Subedi, 2020; Gao et al., 2017; Senta et al., 2015; Bade et al., 2020) or
focus on specific events (Bijlsma et al., 2020; Nadarajan et al., 2024),
collectively demonstrating the feasibility of WBE as the complementary
tool for near real time analysis.

The regulation of NPS varies globally. Some countries have broad
definitions, implementing blanket bans or total prohibition of all NPS,
while others use more targeted approaches, scheduling NPS based on
their structural scaffolds (analogue control), or through individual
listing (Evans-Brown et al., 2022). NPS may also be regulated under
customs acts, medicinal legislation, and/or through consumer law,
depending on national context. Among the NPS, 3-methylmethcathi-
none (3-MMC) has consistently been one of the most frequently detec-
ted NPS in all iterations of the international wastewater project since its
inception in 2016/2020 (Bade et al., 2021; Bade et al., 2022; Bade et al.,
2023). It has also been one of the most frequently reported NPS to the
European Union Early Warning System, with notable rises in customs
seizures recorded in 2020 (European Union Drug Moenitoring, EU Drug
Market, 2024).

Due to the potential for preblematic patterns of use, efforts were
made to include 3-MMC under international control (UNODC 2024).
Although it was not scheduled following the initial UNODC critical re-
view in 2016, growing evidence from customs seizures and toxicology
cases prompted a second review in 2022 (World Health Organisation
2022). Eventually, in March 2023, 3-MMC was formally placed under
international control, alongside six other NPS, following the recom-
mendation by the World Health Organisation (WHO) expert committee
(UNODC 2022). It is now classified as Schedule 1I Drug under the
Convention of Psychotropic Substances of 1971 and entered into force in
November 2023.

While the list of NPS from EUDA is similar to UNODC, regulatory
actions within Furopean Union may precede the international sched-
uling. For example, 3-MMC was added to the EU’s list of controlled
drugs on 18 March 2022, a year before the UNODC, through Commis-
sion Delegated Dircetive (EU) 2022/1326 (Commission, 2022). The
member states were given a year until 18 February 2023 to adopt the
directives into their national legislation. Before this directive, 15
Member States controlled 3-MMC under national drug control legisla-
tion, six under NPS legislation, and one under other legislation.

The New Year period is recognised as a time of the year of potentially
increased recreational drug use (Bade et al., 2021; Bade et al., 2022;
Bade et al., 2023). The overarching aim of this study is to investigate
global NPS use during 2022,/2023 New Year's period. The specific ob-
jectives were: (i) to determine the geographical prevalence of NPS use
during this period; and (ii) to assess the potential impact of 3-MMC
legislation by analysing longitudinal wastewater data in the context of
national and international scheduling. In addition to the specific ob-
jectives, the study also included an assessment of stability of NPS on
loaded solid phase extraction (SPE) cartridges to support reliable sample
shipment and analysis. Materials and Methods

2.1. Selection of NPS

This work investigates 54 NPS (Table S1-1, Electronic Supplementary
Information 1). They were selected based on data published by UNODC
Early Warning Advisory (United Nations Office on Drugs and Crime,
2023), EUDA Early Warning System (European Union Drug Agency,
2024), and in verbal consultation with local and international forensic
agencies and are thus all of public health relevance.

2.2. Chemicals and reagents
Analytical reference standards used for quantification at The Uni-

versity of Queensland were kindly donated by Forensic Science
Queensland, Australia. Deuterated internal standards (ISTD)
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benzoylecgonine-d3, ketamine-d4, 3,4-methylenedioxymethampheth-
amine (MDMA)-d5, mephedrone-d3, methylone-d3, and O-desmethyl-
cis-tramadol-d6 were purchased from Cerilliant (Round Rock, TX, USA)
and morphine-d3 monohydrate from Lipomed GmbIl (Germany). For-
mic acid (Optima LC/MS grade, purity »99.0 %), isopropanol,
dichloromethane, glacial acetic acid, and ammonia (28 %) were from
Fisher Scientific (Tingalpa, QLD, Australia). LC/MS hypergrade meth-
anocl (MeOH, purity >99.9 %) and hydrochloric acid (FHC] fuming 37 %)
were obtained from Merck (Highway Bayswater, Australia), Working
standards consisting of 54 analytes at 0.05 ng/mL, 5 ng/mL, and 50 ng/
mL in MeOH were prepared along with mixed ISTD at 12.5 ng/mL in
MeOH. All standards were stored in amber vials at —20 °C until use.
Filtered ultrapure water (resistivity 18.2 M€ cm at 25 “C) was from a
Milli-Q system (Millipore, Bedford, USA).

2.3. Sample collection

Influent wastewater samples were collected from three to 11 days
from the 25th of December 2022 to the 5th of January 2023. For the
majority of sites, they were collected for between 7 and 11 consecutive
days (Table 8I-2). However, in one site in the United Kingdom, samples
were collected on seven non-consecutive days between 11th to 25th
December 2022 while for eight sites in the United States, samples were
collected for three non-consecutive days between 27th December 2022
to 4th Jan 2023. In total, samples were collected from 52 wastewater
treatment plants in 20 countries: Australia (two-letter ISO code: AU, n —
8 sites), Belgium (BE; 1), Brazil (BR; 4), Canada (CA; 1), China (CN; 1),
Cyprus (CY; 2), Czechia (CZ; 2), France (FR; 1), Germany (DE; 1), Greece
(GR; 1), Iceland (IS; 1), Italy (IT; 1), Republic of Korea (KR; 1), New
Zealand (NZ; 4), Nigeria (NG; 1), Slovenia (SI; 7), Spain (ES; 2), Sweden
(SE; 2), United Kingdom (UK; 1), and the United States (US; 10). These
sites covered about 20 million inhabitants from both small and large
cities as well as holiday destinations. The sampling date, flow rate, and
population size are reported in Table §1-2, Electronic Supplementary in-
Sformation 1. A standard protocol for the collection procedure was pro-
vided to all collaborators to minimise variability. Briefly, 24-hour
composite samples were collected by flow or time proportion. The
collected samples were acidified immediately to pH 2 using 2 M hy-
drochloric acid to suppress microbial growth, then stored at —20 °C until
SPE sample extraction,

2.4. SPE extraction and validation

The sample treatment followed an SPE protocol (Bade et al., 2020)
distributed to all participants using UCT XtracT DAU, 500 mg/ 6 mL
cartridges (UCT Ine, Bristol, PA, USA). Steps 1-7 (Text S1. Supplementary
Methodology - 1. SPE Extraction, Flectronic Supplementary Information 1)
were carried out in the country of collection. The ISTD were added after
filtration and pH adjustment in Step 3 at the country of origin except for
samples from Germany, Greece, and United States Site 2. After washing,
the cartridges were dried, stored at —20 “C (Step 7), and shipped to The
University of Queensland for elution and LC-M5/MS analysis (Steps 8 to
12).

The SPE method in this work was an adapted method with the
addition of new compounds (Table $1-3) and has been validated pre-
viously (Laimou-Geraniou et al., 2025). The method validation includes
selectivity, recovery, matrix effect, limits of detection (LOD), and limits
of quantification (LOQ) in wastewater. The linearity and R-squared
values were assessed using a 10 % MeOH solution. In addition to the
validation, loaded cartridges were examined for NP§ stability under
various temperatures and storage conditions. The details for the vali-
dation procedure and cartridge stability are included in Electronic Sup-
plementary Information 1 In Text S1: Supplementary Methodology,
Section 2 (SPE validation) and 3 (Stability of loaded cartridges),
respectively.
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2.5. HPLC-MS5/MS

The instrument was an LC (Shimadzu Nexera 1.C-40, Kyoto, Japan)
coupled to a tandem mass spectrometry instrument (SCIEX Triple Quad
7500 system, Framingham, MA, USA) (Nadarajan et al, 2024).
Table S1-4 details the operating conditions for liquid chromatography
and mass spectrometry. All data were acquired in positive ionisation
with scheduled multiple reaction monitoring (sSMRM}) mode as shown in
Table §1-1.

2.6. Quantification and quality control

The identification and confirmation of NPS compounds followed N*
SANTE/11,312/2021 (40) guidelines based on the two product ion
transitions with an ion ratio of + 30 % and a retention time of + 0.1 min
of a reference standard. The concentration of NPS compounds was
determined using a nine-point external calibration curve (0.5 — 1000
ng/L) prepared in 10 % MeOH containing ISTD. Quantification of un-
known was based on the peak area ratio between known analyte in the
calibration curve and ISTD. Sites without ISTD were reported qualita-
tively as ‘Detected’, Procedural blanks were analysed at the beginning of
each sample site. To confirm the identity of NPS detected for the first
time in wastewater, reference standards were spiked into SPE extracts
and compared with their respective unspiked counterparts. Instrumental
blanks and quality control standards were sequenced after every ten
samples to monitor the batch performance. All reported concentrations
were procedural blank-carrected, whenever needed,

The population normalised mass load (PNML) was estimated based
on Eq. (1). The concentration (ng/L) obtained from the sample was
multiplied by the daily influent wastewater flow rate (Megalitre, ML) for
the population served in the catchment, normalised to 1000 people. In
this work, the specific correction factor on parent/metabolite ratio was
not included in the back-calculation due to limited information on NPS
pharmacokinetic studies.
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Results and discussion
3.1. SPE method validation

The SPE method was validated and reported previously for selec-
tvity, limit of detection (LOD), limit of quantitication (LOQ), recovery,
and matrix effects (Laimou-Geraniou et al., 2025). The analytical figures
of merit are provided in Table 51-5 in Electronic Supplementary Infor-
mation 1. The LOQ ranged between 0.29 ng/1. and 12 ng/1. across all
compounds. Most NPS exhibited SPE recoveries between 80 % and 120
%. Acetoxymethylketobemidone, clonazolam, flutoprazepam, phenibut,
and SL-164 had recoveries below 50 % at 10 ng/L and 100 ng/L.
Meanwhile, flubromazolam recovered at 121 % = 3.2 % at 10 ng/L and
194 % + 3.8 % at 100 ng/L. The matrix effect was substantial, with ion
suppression predominating in the SPE matrix. Thirty compounds at 10
ng/L and 19 compounds at 100 ng/L exhibited a matrix effect of = 51 %.
Due to the unavailability of isotopically labelled ISTD for most target
NPS, MDMA-d5 was employed as a surrogate ISTD for quantification.

3.2. Stability of analytes in loaded SPE cartridges

One critical aspect of this study was assessing the stability of NP5 on
SPE cartridges, particularly to ensure the analytes remain stable during
international shipping and potential delays. As such, an experiment was
conducted to test the stability of all analytes spiked at 500 ng/L in
influent wastewater and loaded onto SPE cartridges. As the standard
protocol involves shipping dried SPE cartridges to Australia, the stability
study commenced after loading and drying steps. A total of 61 analytes,
including the seven ISTD, were evaluated for stability at five tempera-
tures (—80 *C, —20 “C, 4 °C, 22 °C, and 37 *C) across five time points
(three days to four months), simulating differing storage conditions, as
well as the winter and summer conditions over the New Year period
around the world. Stability was considered acceptable with recoveries
remaining between 80 % and 120 %. Out of 54 compounds, two NPS
(phenibut, and acetoxymethylketobemidone) had recovery below 80 %

1000

Population normalised mass load (PNML, mg / day / 1000 people) = concentratiou(%) » flow rate (ML) x ———— (1)

2.7. Statistical method and data analysis

For the 3-MMC trend analysis, additional statistics were performed.
The normality of the distribution for temporal data was tested using the
Shapiro-Wilk test and the Kolmogorov-Smirnov test. Due to the non-
normal distribution of the data, Kruskal-Wallis’s test was applied to
check the significance of the temporal trend of the 3-MMC PNML. The
mean rank contribution of results within the groups was statistically
compared pairwise using post-hoe Dunn’s test. For the number of sites n
= 2, the Mann-Whitney U test was applied to check the null hypothesis.
For all results, the null hypothesis was not rejected when the p-value =
0.05 at two-tailed. Sites with n < 2 were compared visually using
descriptive statistics.

Peak integration was done using SCIEX OS. Statistical analysis and
visualisation were performed using Microsoft Excel Version 2410 and
GraphPad Prism Version 10.1.2 for Windows (Boston, MA, USA).

population

and six (isotonitazene, etonitazepyne, 25iP-NBOMe, protonitazene, N-
desethyl isotonitazene, butonitazene, and desoxymethoxetamine) had
recovery above 120 % at —20 °C up to four months storage. Data were
unavailable for the three-day and ene-month time points at —20 *C and
day three at 22 "C due to sample loss. Individual stability profiles for
each analyte are presented in Fig. §1-1 in Electronic Supplementary In-
formation 1.

These findings provide a foundation for future monitoring studies of
current and emerging NPS and their stability on cartridge. For example,
the nitazene compounds exhibited slightly more variation in their sta-
bility over time. Nevertheless, based on our study, storage at —20 “Cis
ideal, along with prompt shipment of cartridges within four months and
immediate analysis of extracts after extraction to minimise the degra-
dation of sensitive NPS.

3.3. 2022/2023 NPS snapshot

A summary of the 2022/2023 New Year campaign conducted across
52 sites from 20 countries using 343 samples is presented in Figs. 1 and
2. Based on Fig. 2, the most prevalent NPS classes in this cohort were
synthetic cathinones (42 %), followed by benzodiazepines (23 %),
phencyclidine-type substances (14 %) and phenmetrazines, nitazenes,
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Fig. 1. Summary of detected NPS across sampling sites, including their respective detection frequencies. Note: PNML estimates are based on individual WWTP

catchments and should not be extrapolated to entire cities or countries.

plant-based and others, each at 4.8 %. Of the 54 NPS in the method, 21
were detected: 2-fluorodeschloroketamine (2F-DCK), 2-oxo-PCE, 3,4-
methylenedioxy PV8, 3-chlorophenmetrazine, 3-methylmethcathinone,
alpha-D2PV, bromazolam, butylone, desalleylflurazepam, dibutylone,
etizolam, eutylone, flubromazolam, flubrotizolam, hydroxetamine,
mephedrone, mitragynine, N,N-dimethylpentylone, pentylone, pheni-
but, and protonitazene. The chemical and structural information is
provided in Table S1-6. The most frequently detected NPS was mitra-
gynine (38,55 sites), followed by 3-MMC (28,/55) and eutylone (25/55),
which is consistent with previous work (Bade et al., 2023). Compounds
such as flubromazolam and butylone were only found in sites in Brazil,
whereas protonitazene and hydroxetamine were only detected in sites in
the United States. Although methcathinone and O-desmethyltramadol
were detected at high concentrations in all sites in this work, they were
excluded from the discussion, due to the uncertainty around their con-
sumption. Metheathinone is potentially an in-sewer oxidation product of
ephedrine or pseudoephedrine (Simpson et al., 2022), while O-desme-
thyltramadol is a metabolite of tramadol. However, it has also been sold
and used as an NPS on its own (Castro et al., 2022). Therefore, this study
could not distinguish between the licit and illicit use of tramadol and its
metabolite, O-desmethyliramadol. No NPS were detected in samples
from Nigeria and the Republic of Korea. However, previous studies in
Korea have reported the presence of N-ethyl pentylone and methcathi-
none, phenmetrazine, 25E-NBOMe, 25D-NBOMe, N-methyl-2-Al,
N-ethylpentylone, etizolam, and eutylone (Bade et al., 2022; Bade et al.,
2023; Kim et al,, 2023; Lee and Oh, 2023), Although both local and
international media have reported the use of plant-based and non-NPS
substances in Nigeria, a 2021 review emphasised that empirical
research on NPS in the country remain scarce (Dumbili et al., 2021). The
current method includes limited number of plant-based target analytes,

which may restrict the detection of such compounds. The PNML and the
detection frequency for each NPS and site are provided in Electronic
Supplementary Information 2.

3.3.1. Synthetic cathinones

As shown in Fig. 2, synthetic cathinones were the most detected class
of NPS in this work. Among the cathinones, 3-MMC was the most
frequently found, particularly in Europe, where it was detected in all but
two sites. It was also present in samples from the United States and
Australia. Mephedrone and eutylone were the next most prevalent
cathinones, with the highest PNML levels observed in sites in New
Zealand. Both compounds were also detected at lower levels in sites
across Europe and the United States. Mephedrone is an isomer of 3-
MMC, the current chromatographic method was able to differentiate
between the two compounds (Fig. §1-2).

Although mephedrone has been prohibited in Europe since 2010, it
was consistently detected between 2019 and 2022 (Bade ef al., 2021;
Bade et al., 2022; Bade et al., 2023). In the present study, mephedrone
was detected in five European sites: Cyprus (CY1), Czechia(CZ1), Ger-
many, Slovenia {814), Spain (ES1), and the United Kingdom with the
highest PNML of 4.3 mg/day/1000 people observed in the United
Kingdom on 18th December 2022. It is also detected at twao sites in
Australia and one in New Zealand.

As shown in Table §1-6, eutylone, a structural isomer of pentylone,
was detected in Belgium, Czechia, Germany, Italy, New Zealand,
Slovenia, Spain, the United Kingdom and the United States, The highest
PNML recorded in this study was in a site in New Zealand (653 mg/day/
1000 people), marking the highest level detected since monitoring
began in this international study (Bade et al., 2022; Bade et al., 2023).

N,N-dimethylpentylone and pentylone (also a metabolite of N,N-
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dimethylpentylone) (Jaunay et al., 2024), were found almost exclusively
in Oceania, appearing across sites in Australia and New Zealand. The
highest PNML for N, N-dimethylpentylone, 63 mg/day/1000 people, was
observed at site AU7 on 3rd January 2023. The highest for pentylone
was 15 mg/day/1000 people at site AUS on 2nd of January 2023.

In this work, one synthetic cathinone, 3,4-methylenedioxy PV8, was
detected for the first time at sites in Australia and the United States. To
confirm its identification via LC-MS/MS, a secondary experiment was
conducted, in which the extract was spiked with a reference standard
(Fig. $1-3), confirming the presence of the compound at a retention time
of 5.1 min. 3,4-Methylenedioxy PV8 was detected at four sites in
Australia (AU3, AU5, AU6 and AU7) throughout the entire sampling
week, with increased levels observed over the New Year period, reach-
ing a maximum PNML of 0.98 mg/day/1000 pecple. In the United
States, 3,4-methylenedioxy PV8 was detected at one site, albeit at much
lower levels. The first 3,4-methylenedioxy PV8 clinical case was re-
ported in Sweden in 2019 through a retrospective analysis of oral fluid
samples (Axelsson et al., 2022). In September of the same year, the
compound was formally notified to the EMCDDA (now the EUDA).
Subsequently, in May 2020, a surveillance tool based on web crawling
known as NPSfinder® reported the online discussion of the same com-
pound on social media (Catalani et al., 2021).

Reducing WBE Uncertainties: Stability of Psychoactive Pharmaceuticals and NPS

131

Water Research 289 (2026) 124847

3.3.2. Designer bengodiazepines

Three different classes of designer benzodiazepines were detected in
the 2022/2023 New Year period: 1,4-benzodiazepin-2-one (desalkyl-
flurazepam), thienotriazolobenzodiazepine (flubrotizolam), and tri-
azolobenzodiazepine (bromazolam and flubromazolam). The highest
PNML values were observed for bromazolam (48 mg/day,/1000 people)
in Sweden, desalkylflurazepam (4.2 mg/day/1000 people) in Canada,
flubrotizolam (2.3 mg/day/1000 people) in Cyprus, and etizolam (0.33
mg/day/1000 people) in Australia.

Bromazolam was detected at five sites in Australia, one in Brazil, two
in Sweden, one in the United Kingdom, and six in the United States. First
reported in Sweden in 2016 (WHO 2023), bromazolam continues to be
detected in the wastewater samples. Desalkylflurazepam (known as
norflurazepam) (Manchester et al., 2018) was detected in sites in Can-
ada, Brazil (BR1- BR4), Czechia (CZ1 - CZ2), Italy, and Slovenia (SL1). It
is both an active metabolite and structural analogue of several benzo-
diazepines, including flurazepam, flutoprazepam, fludiazepam, mid-
azolam, flutazolam, quazepam, and ethyl loflazepate (Manchester et al.,
2018; Mivaguchi et al., 2006). Flubrotizolam was detected in Brazil
(BR2) and Cyprus (CY1 and CY2), whereas flubromazolam was detected
only at site BR2 in Brazil. Due to the high recovery of flubromazolam
during method validation, the result should be interpreted cautiously.
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pink circle: after implementation.
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3.3.3. Other compounds

Mitragynine was the most frequently detected NPS in this study and
also exhibited the highest PNML among all the NPS in this work.
Howaever, as it remains legal in some countries, including all states in the
United States where samples were collected, distinguishing between licit
and illicit use remains challenging. The synthetic opioid protonitazene
was detected in two sites in the United States, as previously published
(Bade et al., 2024). 3-Chlorophenmetrazine was found at two sites in
Europe (8lovenia and United Kingdom), Although phenibut is not clas-
sified as an NPS under the UNODC definition, it was detected across sites
in the United States, Europe and Oceania. Three ketamine analogues
were also identified: hydroxetamine, 2-oxo PCE and 2F-DCK, with
2F-DCK being the most frequently seen in sites in Australia, Belgium,
China, France, Italy, Spain, Sweden and Slovenia. The highest PNML for
2F-DCK was recorded in Australia at the site AU4 with PNML of 72
myg/day/1000 people.

3.4. Temporal trend of 3-MMC 2019/2020 - 2022/2023

A temporal trend analysis for 3-MMC was conducted across multiple
years with a focus on European sites located in Belgium, Spain, France,
Iceland, Italy, Sweden, and Slovenia. This region was selected based on
the EUDA 3-MMC scheduling decision in 2022 and the availability of
longitudinal wastewater data from 2019/2020 and 2021/2022 (Rade
et al., 2021; Bade et al.,, 2022; Bade et al., 2023). As shown in Fig. 3,
significant trends in 3-MMC were observed in Europe. Belgium (BE) was
the only site that showed no changes in PNML across the three sampling
years from 2020,/2021 to 2022/2023.

Sites in Spain (ES1 and ES2), France, Iceland, Italy, Sweden (SE1 and
SE2), and Slavenia (SI1- 5$14) had high 3-MMC PNML during 2021,/2022
compared to the preceding and/or subsequent years. A Kruskal-Wallis's
test showed significant differences across sampling years at the Spanish
site ES2 (H (3) = 13.89, p = 0.003). Post hoc Dunn’s test indicated
significant increase from 2020,/2021 and 2021/2022 (p — 0.002) at the
same site. Similarly, in Italy, an increase was observed in 2021/2022
compared to preceding years. Both sites showed a statistically signifi-
cant increase of 3-MMC PNML during 2021/2022 in conjunction with
Covid-19 pandemic. A subsequent decline was observed at all sites in the
following year (present study) except in Belgium, Spain (ES2), and
Slovenia (SI3). Although 3-MMC appears to persist in some sites, none of
the mass loads have reached the heights of 2021-2022,

The mass loads in this study were consistent with the wastewater
data reported for 3-MMC in Europe from 2019 to 2021. For example,
multiday pooled wastewater samples collected on weekdays and
weekends in March and April 2021 ranged from 0.91 to 8.50 mg/day/
1000 people in two Belgian cities (Salguciro-Gonzalez et al., 2024). The
three years New Year results showed a similar mass load range, between
0.87 to 16.15 mg/day/1000 people, indicating relatively stable use of
3-MMC in Belgium, which may not be influenced by festival activities.
Additionally, studies conducted in [taly show similar trends to our work.
The multiday pooled weekends mass loads increased from 0.12 - 3.80
mg/day/1000 people in 2020 (Salguciro-Gonzalez et al., 2022) to 3.64
to 6.99 mg/day/1000 people in 2021 (Salgueiro-Gonzalez et al., 2024).

Other data sources corroborate these increases in 3-MMC observed in
sites in Europe. Postal seizures in Italy between May and October 2020
show that 3-MMC was the most seized NPS (Vincenti et al., 2021), A
sharp increase was also observed in 3-MMC poisonings reported by
healthcare professionals to the Dutch Poisons Information Centre in the
Netherlands from 2019 to the first half of 2021 (Nugteren-van Lonk-
huyzen et al., 2022).

Official reports from the European Union have identified synthetic
cathinones, including 3-MMC, being sold as “legal” alternatives of
MDMA or other stimulants (Commission, 2022). This is supported by
drug-checking services across 13 European sites, which reported syn-
thetic cathinones as the most common adulterants found in MDMA
samples (EUDA 2024). However, adulteration with 3-MMC was not
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specifically mentioned in their report. Since the scheduling of mephe-
drone, 3-MMC has replaced other cathinones in the European market
(Ferreira et al., 2019; Biackberg et al,, 2015), To further understand the
relationship between 3-MMC and MDMA, wastewater data from 2019 to
2023 was analysed for spatial trends for Belgium, Italy, Spain, Slovenia,
and Sweden using the EUDA/ SCORE dashboard data (EUDA 2024). A
lower consumption of MDMA was observed at all sites for the vear
2021/2022 compared to 2020,/2021 and 2022/2023 (Fig. 51-4). While
wastewater data alone cannot definitively show compound substitution
and/or adulteration, it is worth noting that the observed trends align
with the findings of the EUDA.

Overall, based on the four years data, a decline population-
normalised mass loads were observed at sites in Spain and Italy in
2022/2023 compared to the previous years, except for Belgium. A
general declining trend was observed at sites in Iceland, France,
Slovenia, and Sweden. This coincides with legislation being introduced
in Europe and internationally to control 3-MMC. It is potentially too
early to confirm this trend is directly associated with the legislation, as
there could be multiple factors at play. Hence, long term continuous
monitoring is recommended to understand the trend and effectiveness of
these control measures.

3.5. Challenges in the present work

The present work demonstrates the application of a wastewater
analysis workflow on a global scale to understand the spatial-temporal
trend of NPS, covering a population of over 20 milliocn people across
20 countries for the 2022/2023 New Year period. However, it must be
noted that the sites within this study cannot reflect the entire country.
The method targeted 54 NP5, representing, <5 % of the over 1300
known NPS reported to date. Therefore, the observed prevalence is
inherently method-dependent and does not imply the absence of other
NPS in the sites and countries monitored. High-resolution mass spec-
trometry may serve as a complementary approach, provided the in-
strument’s sensitivity is sufficient to detect trace levels of NPS (Bijlsma
et al., 2021). Moreover, non-detections of compounds within this study
do not mean that these compounds were not used, considering the
different dose sizes of the NPS and the potential small user pool.

This study focused exclusively on samples collected during the New
Year period, a time specifically selected as there will be typically
increased drug use associated with festive occasions. However, this
means that the levels of NPS observed in the current work may be higher
than those normally seen in ‘normal’ weeks, and care should be taken
when comparing studies. Additionally, it is important to recognise that
data from a single site does not represent the entire country. Never-
theless, detection of an NPS at a single location may still indicate
localised use, which could have public health implications. For example,
the detection of protonitazene, a potent synthetic opioid, at even one site
may warrant serious attention.

Finally, a recognised uncertainty in wastewater-based epidemiology
is the estimation of the catchment population. The New Year period
typically involves population movement due to holidays and travel
(Boogaerts et al., 2024). This could skew the data towards potentially
higher consumption trends in the regions where the oceasion is cele-
brated. As such, there may be a larger than normal uncertainty associ-
ated with the population used due to holiday travel. In this study, many
sites used static population estimates based on census data across sam-
pling weeks, which may lead to over- or underestimation of PNML. At
present, there is no universally accepted population biomarker to ac-
count for population movement. This remains an active area of research,
and the integration of multiple biomarkers could represent an important
future direction which could refine population estimates and improve
the robustness of cross-national WBE assessments.
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4, Conclusions

The present study provides a snapshot of the international preva-
lence of NPS in influent wastewater from 52 sites across 20 countries
during the 2022/2023 New Year. A total of 21 NPS were detected in this
work. These findings were based on an updated analytical method,
applied to the emerging compounds relevant at the time of study. The
most commonly identified NPS were synthetic cathinones, benzodiaze-
pines, and phencyclidine-type substances, with mitragynine, 3-MMC,
and eutylone being the most frequently reported compounds. In addi-
tion to the spatiotemporal investigation of NPS occurrence, the study
examined temporal trends of 3-MMC to understand the general
declining trend of 3-MMC PNML mass loads. The decline in European
cities could be associated with the enhancement of existing local legis-
lation after Covid-19, in addition to ongoing scheduling of 3-MMGC in the
European Union and at the international level. Furthermore, the eval-
uation of the loaded SPE cartridge provides a body of knowledge on the
stability of NPS compounds at various storage conditions, with —20 °C
being the ideal temperature up to four months. As new NPS emerge onto
the drug market, spatiotemporal wastewater analysis in combination
with scheduling information of controlled NPS can offer insights into
dynamic drug markets. The present worl demonstrated the possible
application of wastewater as an auxiliary assessment tocl to understand
the effectiveness and impact of scheduling of NPS through long-term
surveillance.
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3.4 Psychoactive Pharmaceutical Residues in the Aqueous
Environment: Removal, Occurrence, and Ecotoxicity

3.4.1 Psychoactive pharmaceuticals: Consumption trends, removal
during wastewater treatment and occurrence in receiving waters
with associated environmental risks

Published: M. Laimou-Geraniou, T. Kos, D. Heath, E. Heath, 2025, Journal of Hazardous
Materials Advances, vol. 19, pp. 100816.

I was fully responsible for the experimental work, method optimisation and validation,
instrumental analysis, data analysis and evaluation, visualisation, and writing the
manuscript.

Although recent studies have used WBE to examine the impact of the COVID-19 pandemic
on temporal trends in psychoactive pharmaceutical consumption, they predominantly focus
on antidepressants, with fewer looking at benzodiazepines or antipsychotics. Additionally,
the widespread use of psychoactive pharmaceuticals has raised concerns about their
residues in the environment, as they are excreted from the body (either parent compounds
or metabolites) and subsequently enter the sewer system, where they are transported to
the local WWTP. Due to incomplete removal during wastewater treatment, psychoactive
pharmaceutical residues are continuously released into receiving environmental waters via
wastewater effluent, potentially affecting the aquatic ecosystems.

Similar to WBE studies, several studies have already addressed the efficiency of certain
wastewater treatment technologies for removing antidepressant residues and investigated
their impact on the aquatic ecosystems; however, only a few have focused on a limited
number of antipsychotics and benzodiazepines. Furthermore, additional studies are needed
considering the recently revised UWWTD that came into effect on 1.1.2025 (UWWTD,
2024), which indicates the requirement of additional quaternary treatment in order to
achieve >80% removal of at least 6 out of 13 listed organic micropollutants, including the
antidepressants carbamazepine, citalopram, and venlafaxine.

To fill this knowledge gap, this study aimed to evaluate temporal trends in the use of
psychoactive pharmaceuticals in Slovenia, including before, during, and after the pandemic
and to determine the removal efficiency of seven Slovenian WWTPs varying in size and
configuration (AS, SBR, SBR with UV, MBR, and MBBR), for removing antidepressant,
antipsychotic, and benzodiazepine residues. For the first time, removal efficiencies of
psychoactive pharmaceuticals were reported for a moving bed biofilm reactor (MBBR).
Additionally, the occurrence of psychoactive pharmaceuticals in receiving surface waters
was explored using developed analytical methods and a prediction approach based on
measured concentrations in effluent wastewater combined with site-specific dilution factors.
Finally, an environmental risk assessment was made for the studied receiving surface waters
based on measured concentrations of psychoactive pharmaceutical residues and effect
concentrations predicted using the ECOSAR software.

Regarding WBE, the antidepressants sertraline and carbamazepine, the antipsychotics
clozapine and quetiapine, and the benzodiazepines zolpidem and oxazepam showed the
highest PNMLs (50-110, 10-75, and 8-78 mg/day/1,000 inhabitants, respectively). The
remaining compounds ranged from 1 to 30 mg/day/1,000 inhabitants, while others were
detected but not quantified. Temporal patterns reveal variability in psychoactive
pharmaceutical use, which likely reflects the influence of external factors such as
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COVID-19-related public health measures, seasonal trends and changes in regional
population dynamics. Overall, the PNMLs of most psychoactive pharmaceuticals selected
for temporal analysis showed a decreasing trend during the pandemic, and particularly
during the first wave in spring 2020.

Psychoactive pharmaceutical residues were detected in wastewater influents and
effluents of seven Slovene WWTPs in the range of ng/L to pg/L. Results showed that
treatment technologies exhibit varying removal efficiencies for psychoactive
pharmaceuticals, with AS and MBR bioreactors achieving the highest (50-60%) and MBBR
the lowest (20%). Removal efficiency was also compound-dependent, with citalopram,
venlafaxine, and oxazepam exhibiting poor removal in all cases. Poor removal (<80%) of
three compounds listed in the revised UWWTD (carbamazepine, citalopram, and
venlafaxine) indicated the need for additional quaternary treatment at conventional
WWTPs. Overall, the highest average REs (>80%) were observed only for the
antipsychotics paliperidone (88%) and quetiapine (87%). On average, higher removals were
found for antipsychotics (73%), followed by benzodiazepines (45%) and antidepressants
(39%).

The removal of psychoactive pharmaceutical residues at various WW'TPs influences
their occurrence in receiving surface waters, which are detected at ng/L levels. Comparable
results were obtained from both water analysis and predictions of environmental
concentrations, suggesting that prediction methods could be used as a practical alternative
to the cost- and labour-intensive water analysis. Environmental risk assessment using the
ECOSAR predictive model indicated potential acute risks to aquatic organisms,
particularly from venlafaxine, O-desmethylvenlafaxine, citalopram, and sertraline. These
findings underscore the need to upgrade treatment processes, particularly in plants with
low dilution factors or inefficient technologies, to mitigate ecological impacts.

The study results were presented at the 7" International Conference on Testing the
Waters (TTWT7): The International Conference on Wastewater Surveillance, held in
Lisbon, Portugal, October 21-22, 2024.
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ARTICLE INFO ABSTRACT

Keywords: This study applied wastewater-based epidemiclogy to evaluate temporal changes in the consumption of psy-
Antidepressants choactive pharmaceuticals before, during, and after the COVID-19 pandemic in Slovenia. 24-hour influent
Antipsychotics

composite wastewater samples were collected over seven consecutive days within seven distinet sampling pe-
riods (summer 2019, winter/spring 2020, winter/spring 2021, spring 2022, and spring 2023) from the Ljubljana
wastewater treatment plant (WWTP), The antidepressants sertraline and carbamazepine, the antipsychotics
clozapine and quetiapine, and the benzodiazepines zolpidem (Ambien) and oxazepam showed the highest
population-normalised mass loads (50 110, 10 75, and 8 78 mg/day/1000 inhabitants, respectively). The
remaining compounds ranged between 1 30 mg/day/1000 inhabitants, while others were detected but not
quantified. Temporal patterns reveal variability in psychoactive pharmaceutical use, which likely reflects the
influence of external factors such as, COVID-19 related public health measures, seasonal trends and changes in
regional population dynamics. Forly-cne psychoactive pharmaceutical residues were also delermined in
wastewaters (influent and effluent) of seven Slovene WWw'TPs differing in size and configuration and receiving
surface waters. Results showed that treatment technologies have varying removal efficiencies for psychoactive
pharmaceuticals, with activated sludge and membrane bioreactor having the highest (50-60 %) and moving bed
biofilm reactor having the lowest efficiency (20 %). Removal efficiency was also compound-dependent, with
citalopram, venlafaxine, and oxazepam exhibiting poor removal in all cases. Poor removal (<80 %) of three
compounds listed in the revised Urban Waste Water Treatment Directive (carbamazepine, citalopram, and
venlafaxine) indicates the need for additional quaternary treatment at common WWTPs. On average, higher
removals were found for antipsychotics (73 %), followed by benzodiazepines (45 %) and antidepressants (39 Y%).
Finally, environmental risk assessment revealed that levels of citalopram, sertraline, and venlafaxine could pose a
risk to aquatic organisms.

Benzodiazepines
Temporal trends
COVID-19 pandemic
Surf"dn:e waler
ECOSAR

1. Introduction

According to the World Health Organization (WHO), substance
dependence and mental health disorders, such as anxiety, depression,
post-traumatic stress disorder (PTSD), insomnia, bipolar disorder, and
schizophrenia, affect 360 million people worldwide (WHO, 2022). The
result is the increasing use of psychoactive pharmaceuticals, including
antidepressants, antipsychotics, and benzodiazepines. Additionally, the
COVID-19 pandemic profoundly impacted people’s lives, which,
together with the subsequent lockdowns, is known to have had a sig-
nificant effect on people’s mental health (Diaz-Camal et al., 2022;
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Laimou-Geraniou et al., 2023b; Pazzagli et al., 2022; Tiger et al., 2023).

In Slovenia, the first epidemic was declared on the 12th of March
2020, followed by the first lockdown (i.e., the closing of all educational
institutions, restaurants, bars, and nightlife), prior to a full lockdown on
the 20th of March 2020, including the closure of all non-essential ac-
tivities, moving restrictions to the municipality of residence, limited
public gatherings, and a de facto quarantine (Bildea, 2021). Restrictions
were gradually relaxed by May 2020, when Slovenia became the first
Eurcpean country to declare the epidemic officially over (Baldea, 2021).
However, a second wave in October 2020 prompted a new lockdown
with the closure of schools, a night-time curfew, a strict ban on all
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unnecessary commercial activities, and the suspension of most public
services and inter-municipality travel. A brief holiday relaxation was
followed by a third wave and a partial lockdown in April 2021, during
which schools and non-essential businesses and services were again
closed. The epidemic officially ended in June 2021 (HSRM, 2021). From
mid-June 2021 onwards, although the epidemic was officially declared
over in Slovenia, many control measures remained enforced. Despite
high case numbers during the upcoming autumn and winter months, a
gradual easing of restrictions began in early 2022, By February 2022,
most public health mandates were lifted, including travel-related
quarantines, and by the end of May 2022, all remaining COVID-19
measures were officially disbanded, signaling a return to
pre-pandemic conditions (HSRM, 2021). Finally, in May 2023, the WHO
declared an end to the public health emergency of international concern.

Wastewater-based epidemiology (WBFE) is a well-established
approach for monitoring substance consumption or exposure to
various xenobiotics within specific populations by analysing human
metabolic excretion products (biomarkers) in influent wastewater
(Gracia-Lor et al., 2018; Laimou-Geraniou et al., 2023a). Besides the
numerous WBE studies focused on the consumption of alcohol, tobacco,
illicit drugs, and new psychoactive substances (Bade et al., 2021; Cas-
tiglioni et al., 2021; Estévez-Danta et al.,, 2022; Gent and Paul, 2021;
Gracia-Lor et al., 2020; Huizer et al., 2021; Verovéek et al., 2022, 2020;
Zheng et al., 2023), it has been successfully applied to evaluate psy-
choactive pharmaceutical consumption (Boogaerts et al., 2021, 2019;
Laimou-Geraniou et al., 2023a; Li et al., 2024; Quireyns et al., 2022;
Rice et al., 2020), Wastewater-hased epidemiology also provides valu-
able insights into the consumption trends of psychoactive pharmaceu-
ticals over time, with high temporal resolution. This information is
particularly relevant as weekly patterns can help identify potential
recreational use. Moreover, recent studies have utilised WBE to examine
the impact of the COVID-19 pandemic’s effect on temporal trends in
psychoactive pharmaceutical consumption (Boogaerts et al., 2023; TLai-
mou-Geraniou et al., 2023b; Tiger et al., 2023; Tomscne et al., 2022; E,
E. Yavuz-Guzel et al., 2022). However, these studies predominantly
focus on antidepressants, with fewer looking at benzodiazepines
(Adhikari et al., 2023; Bade et al., 2020) or antipsychoties (Kosma et al.,
2019).

The widespread use of psychoactive pharmaceuticals has also raised
concerns about the presence of their residues in the environment, as, like
most drugs, they are excreted from the body in urine and faeces as either
parent compounds or metabolites and subsequently enter the sewer
system, where they are typically transported to a local wastewater
treatment plant (WWTP) (Mohan et al., 2021; Pivetta et al., 2020). Their
removal, however, depends on their physicochemical properties,
influent concentration, treatment technology, and environmental pa-
rameters (Verovsek et al., 2023). In most cases, conventional WWTPs
have limited removal efficiency in eliminating such compounds (Jiang
et al., 2024; Pivetta et al., 2020; Singh et al., 2022; A. A. Zergui and
Nkontcheu Kenko, 2024). Consequently, psychoactive pharmaceutical
residues, including parent compounds and metabolites, due to their
continuous release, exhibit pseudo persistence in the aquatic environ-
ment and are present in receiving waters such as rivers, lakes and oceans
and have even been detected in drinking water (Escudero et al., 2021; A
A. Zergui and Nkontcheu Kenko, 2024).

The presence of psychoactive pharmaceutical residues in receiving
surface waters, even at low concentrations (ng/L), potentially poses a
risk to non-target aquatic organisms, and prolonged exposure can result
in chronic ecological and evolutionary impacts (Grabicovd et al., 2020;
Jiang et al., 2024; Niu et al., 2024; Rathi et al., 2021). Furthermore, their
presence may contribute to additive or synergistic effects (Farre el al.,
2008). In order to protect the environment and public health from the
adverse effects of wastewater discharges from municipal and specific
industrial sources, the urban wastewater treatment directive (UWWTD)
was recently revised (UWWTD, 1991; UWWTD, 2024}, coming into ef-
fect on 1.1.2025. Among other adaptations, urban WWTPs will be
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required to include additional quaternary treatment (time on installa-
tion depends on WWTP size) in order to remove =80 % of at least 6 out
of 13 listed organic micropollutants (Contaminants of Emerging
Concern, CEC). Among these 13 CECs are the antidepressants carba-
mazepine, citalopram, and venlafaxine, which are also the subject of this
study.

Unfortunately, comprehensive data on psychoactive pharmaceutical
removal and occurrence in environmental waters remain limited due to
the number of residues tested and the diversity of exposed aquatic or-
ganisms, Although several studies have investigated the removal of
antidepressants and their impact on the aquatic environment (Jiang
et al., 2024; Mohan et al., 2021; Niu et al., 2024; Pivetta et al., 2020;
Schliisener et al., 2015; Singh et al., 2022; Wang et al., 2023), few have
addressed limited number of antipsychotics (Escudero et al., 2021;
Reichert et al,, 2019) or benzodiazepines (A. A, Zergui and Nkontcheu
Kenko, 2024) and their risk assessment in aquatic ecosystems.

This study evaluates (1) temporal trends in the use of psychoactive
pharmaceuticals in Slovenia, including before, during, and after the
pandemic, (ii) the removal efficiency of seven Slovenian WWTPs varying
in size and configuration, for removing antidepressant, antipsychotic,
and benzodiazepine residues; (iii) their occurrence in receiving surface
waters, and (iv) the ecological risk posed by measured psychoactive
pharmaceutical residue concentrations in receiving surface waters using
the Ecological Structure-Activity Relationships (ECOSAR) predictive
model (US EPA, 2015).

2. Materials and methods
2.1. Compounds of interest

Torty-one biomarkers of the most widely preseribed psychoactive
pharmaceuticals (antidepressants, antipsychotics, and benzodiazepines)
in Slovenia, including the parent compounds and their primary metab-
olites in most cases, were selected for analysis, The selection was based
on national prescription frequency and sales data and limited informa-
tion, especially for antipsychotics and benzodiazepines, concerning their
occurrence, removal, and potential impact on the aquatic environment.
These included the parent compounds and their primary metabolites.
More specifically, 17 residues of antidepressants (amitriptyline- AMIT,
nortriptyline- NORT, bupropion- BUP, hydroxybupropion- BUP-OH, carba-
mazepine-CBZ, Carbamazepine-10,11-epoxide- CBZ-E, citalopram- CIT,
norcitalopram- norCIT, duloxetine- DUX; fluoxetine- FXT, normirtazapine-
norMIRT, paroxetine- PAR, sertraline- SER, trazedone- TZD, m-chlor-
ophenylpiperazine- mCPP, venlafaxine- VEN, and O-desmethylvenlafaxine-
ODVEN), 11 residues of antipsychotics {aripiprazole- APZ, dehydroar-
ipiprazole- DARI, clozapine- CLOZ, norclozapine- norCLOZ, haloperidol-
HAL, quetiapine- QTP, norguetiapine- norQTP, olanzapine- OLZ, desme-
thylolanzapine- DMO, risperidone- RIS, and paliperidone-PAL), and 13
residues of benzodiazepines (alprazolam- ALP, a-hydroxyalprazolam- a-
OH-ALP, bromazepam- BZP, hydrexybromazepam- BZP-OH, clonazepam-
CZP, 7-aminoclonazepam- 7-ACL, diazepam- DZP, nordiazepam- norDZP,
lorazepam- LOR, oxazepam- OXA, temazepam- TEM, zolpidem- ZOL, and
zolpidem-phenyl-carboxylic acid- ZPCA) were targeted in wastewater
(influents and effluents) and receiving surface waters. Mirtazapine was
excluded from the bicanalytical assay because it did not meet the
method validation requirements due to poor accuracy and precision.
However, its consumption can still be assessed through its metabolite,
normirtazapine, which met all validation criteria. The stability of anti-
depressants (Boogaerts et al., 2019; Choi et al., 2020), antipsychotics
(Laimou-Geraniou et al., 2025), and benzodiazepines (Bade et al., 2020;
Racamonde el al., 2014) has been previously investigated. All details
regarding standards, reagents, materials and suppliers are provided in
the Supplementary Material (S1. Materials and methods).
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2.2, Sampling

Influent wastewater samples were collected from the Ljubljana
WWTP, Slovenia (covering approximately 13 % of the Slovenian popu-
lation), in order to evaluate temporal trends in psychoactive pharma-
ceutical consumption during seven sampling periods, including summer
2019, winter 2020, spring 2020, winter 2021, spring 2021, spring 2022,
and spring 2023 (Table $1). These sampling periods also coincided with
the COVID-19 pandemic and the related social restrictions in Slovenia.
The pandemic’s first wave hit Slovenia in the spring of 2020 (March
2020), the second in the autumn of 2020 (October 2020), and the third
in the spring of 2021 (April 2021), while most restrictions had eased
during the sampling period of spring 2022, and the WHO declared an
end to the public health emergency of international concern. The time-
proportional samples (n = 49) were collected over 24 h for seven
consecutive days, representing “normal™ conditions at the WWTPs, i.e.,
no special events such as maintenance activities, festivals, or extreme
weather events. After transport, all samples were stored at —20 °C until
analysis. Details about the WWTP, including flow rates and population
equivalents, are presented in Table S1.

In the spring of 2022, in addition to Ljubljana WWTP, psychoactive
pharmaceutical residues were also determined in wastewaters (influent
and effluent) of six Slovene WWTPs and receiving surface waters to
evaluate their occurrence and removal and perform an environmental
risk assessment. Seven WWTPs varying in catchment size
(25,414-270,305 inhabitants) and type of wastewater treatment tech-
nology (activated sludge — AS, sequential batch reactor — SBR, SBR with
UV disinfection, membrane bioreactor - MBR, and moving bed biofilm
reactor — MBBR) were included in the study (Table $2). For seven
consecutive days, 24-h composite wastewater influent (n = 49) and
effluent (n = 49) samples were collected using time- or flow-
proportional sampling, taking hydraulic-retention times (HRTs) into
account. Surface waters (Table §2) varying in hydrological conditions,
such as dilution factor (2.17-815), calculated as the ratio between the
receiving surface water flow and wastewater effluent flow, were
collected (for seven consecutive days) as grab samples (n = 42)
approximately 100 m downstream of the WWTPs outflows. Grab sam-
pling is not the most suitable method, as it only represents the conditions
at a particular point in time, failing to account for short or long-term
concentration variations, which could lead to an inaccurate concentra-
tion profile of the studied system (Laimou-Geraniou et al., 2023z). In the
case of WWTP 4, the collection of surface water was not possible
(Table §2). After transport, all samples were stored at —20 °C until
analysis. Full details about the WWTPs and receiving surface waters are
given in Table S2.

2.3. Sample preparation and analysis

Pre-concentration of antidepressant, antipsychotic, and benzodiaz-
epine biomarker residues was achieved following the method of Lai-
mou-Geraniou ¢t al. (2025) with minor modifications. Prior to SPE,
wastewater (influent: 50 mL, effluent: 250 mL) and receiving surface
water (500 mL) samples were spiked with an isotopically labelled in-
ternal standard (ISTD) mixture (60 ng/mL in final extract) and acidified
(HCl 37 %) to pH 2.

Influent wastewater samples were centrifuged for 25 min at 10,000
rpm to sediment any solid particles, while effluent wastewater and
receiving surface water samples were sequentially filtered using GF/D
(2.7 pm) and GF/C (1.2 ym) glass microfiber filters (Whatman, USA).
Fach sample was then loaded on the SPE cartridges (influent waste-
water: Oasis Prime MCX, 60 mg/ 3 mL, effluent wastewater and
receiving surface water: Qasis Prime MCX, 150 mg/ 6 mL, Waters Mil-
ford, MA, USA) and washed with 5 mL of Milli-Q water. After drying the
sorbent under vacuum for 30 min, the analytes of interest were eluted
with 6 mL of a 0.5 % ammonium solution in methanol. The samples were
evaporated to dryness at 35 "C and reconstituted in 200 L (influent
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wastewater), 400 pL (effluent wastewater), and 100 pL (surface water)
of the starting mobile phase (ultrapure water: methanol (3:1 v/v) + 0.1
% of formic acid). Before injection, the extracts were centrifugally
filtered (0.45 pm) for 3 min at 14,000 rpm and transferred to an LC
autosampler vial.

All samples were analysed using reverse-phase UPLC (Shimadzu,
Kyoto, Japan) coupled to MS/MS (AB Sciex 4500 QTRAP, Sciex, Fra-
mingham, MA, USA). Chromatographic separation was achieved using a
Phenomenex Kinetex Phenyl-Hexyl (150 x 2.1 mm, 2.6 pm) column
(Phenomenex Inc. Torrance, CA, USA) with Mobile Phase A consisted of
ultrapure water + 0.1 % formic acid, and Mobile Phase B consisted of
methanol + 0.1 % formic acid. A 0.3 mL/min flow rate and an injection
volume of 1 pL were used. The chromatographic gradient (total run time
27.1 min) was as follows: 25 % B at 0 min and held for 0.5 min, increase
to 80 % B at 13 min, 87 % B at 15 min, 100 % B at 16 min and held for 1
min, then decreased to 25 % B at 17.5 min and kept steady for the final
9.5 min to equilibrate the system. The total run time was 27.1 min.

The mass spectrometer was run in scheduled multiple reaction
monitoring (sSMRM) mode in positive electrospray ionisation mode
(ESI+), with a 60 s retention time window around the expected reten-
tion time of each analyte. Retention times, two transitions and the peak
area ratios between the transitions were used to identify the targeted
psychoactive pharmaceutical residues (European Union Commission
Decision 2002/657/EC, 2002), while relative response factors of the
analyte to the ISTD were used for quantification
(SANTE/11312/2021v2, 2021). Retention times and optimised sMRM
conditions of all analytes are presented in the supplementary informa-
tion ($1.2. Acquisition parameters, Table $3).

2,4, Methed validation

The methods were validated by assessing the following parameters:
extraction recovery (ER), accuracy, repeatability, matrix effect (ME) at
two concentration levels, linearity, limits of detection (LOD), and limits
of quantification (LOQ), following the SANTE protocol
(SANTE/11312,/2021v2, 2021), with minor adjustments (81.3 Method
validation), Deuterated ISTDs, structurally similar to the compounds
under investigation, were used to correct for matrix effects. A linear
response (R2 = 0.99) was observed between LOQ-1000 ng/mL (final
extract concentration) for all psychoactive pharmaceutical residues.
Exceptions were: BUP/BUP-OH (LOQ-750 ng/mL), ZOL/ZPCA
(LOQ-500 ng/mL), AMIT (LOQ-750 ng/ml), and 7-ACL (1L.0OQ-500
ng/mlL) for influent wastewater (Table §4), BUP/BUP-OH (LOQ-750
ng/mL), HAL (LOQ-750 ng/mL), and 7-ACL (LOQ-500 ng/mL) for
effluent wastewater (Table §5), and CBZ-E (LOQ-500 ng/mL), norMIRT
(LOQ-500 ng/mL), PAL (LOQ-750 ng/mL), and 7-ACL {LOQ-500 ng/mL)
for receiving water (Table S6). For influent wastewater, the LOD ranged
between 3.13-10.1 ng/L (except DUX: 27.0 ng/L) and the LOQ between
1.04-33.7 ng/L (except DUX:90.0 ng/L), for effluent wastewater, the
LOD ranged between 0.406-9.73 ng/L (except DUX: 26.2 ng/L) and the
LOQ between 0.703-16.6 ng/L (except BZP-OH: 32.4 ng/L, and DUX:
87.2 ng/L), while for receiving water, the LOD ranged between
0.0322-0.750 ng/L (except DUX: 7.32 ng/L, BZP-OH: 5.00 ng/L, and
LOR: 6.43 ng/L) and the LOQ between (.107-2.50 ng/L (except DUX:
24.4 ng/L, BZP-OH: 16.7 ng/L, and LOR: 21.4 ng/L). The higher LODs
and LOQs in the case of DUX, BZP-OH, and LOR could be due to low
ionization efficiency under the applied ESI+ conditions, which leads to
weak MS signals and lower sensitivity, especially at low concentrations;
as such, the ones used for the determination of LOD and LOQ. For
influent wastewater, the relative and absolute extraction recoveries
(Tables $4-S6) were 74-114 % and 81-109 %, respectively, and for
effluent wastewater ranged between 81 and 115 % and 83-116 %,
respectively. For receiving surface water, recoveries were 71-114 % and
74-117 %, respectively. Finally, signal enhancement or suppression
(Tables 54-S6) was observed for influent wastewater (ME: —37-22 %),
effluent wastewater (ME: —28-13 %), and receiving surface water (ME:
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—26-18 %). Despite higher matrix effects in some cases (i.e., paliper-
idone, norclozapine), good accuracies were obtained for all targeted
compounds (85-111 %). Additionally, for all targeted compounds, the
RSDs of both relative and absolute extraction recoveries were below the
threshold of 20 %, indicating that the ISTDs robustly compensate for
matrix effects and losses during sample preparation. All validation re-
sults are presented in Tables §4-86.

2.5. Back-calculations

In the present study, daily mass loads of psychoactive pharmaceu-
tical (antidepressants, antipsychotics, and benzodiazepines) biomarkers
were calculated by multiplying their measured concentrations (ng/L) by
the corresponding daily influent wastewater flow rates (m‘a’/day) re-
ported in Table S1. Mass loads were normalised to the population
serviced by the Ljubljana WWTP to back-calculate population-normal-
ised mass loads (PNMLs) expressed as mg/day/ 1000 inhabitants.
Ljubljana WWTP provided daily flow rates and population equivalents.
The psychoactive pharmaceutical consumplion was estimated according
to the PNMLs as shown in Eq. (1):

L
PNMLs (mg [ day / 1000 inhabitants) =

2.6. Determining removal efficiency (RE)

Removal efficiency (RE) was calculated according to Eq. (2):

RE(%) — 100 — (Cﬁ? x 100) (2)
cinf

where Cuy is the concentration of the target biomarker (ng/L) in
wastewater effluent, and Cyy is the concentration of the target
biomarker (ng/L) in wastewater influent. When the Cjyr was <LOQ in
wastewater influent, the RE was not calculated, whereas when the Cygr
was <LOQ in wastewater effluent, LOQ was used as a worst-case
scenario,

2.7. Prediciing environmental concentration of psychoactive
pharmaceutical residues in receiving surface waters

An approach adapted from previously published studies (Keller et al.,
2014; Verovsele et al,, 2023) was employed to predict environmental
concentrations of down-the-drain chemicals in surface waters by
generating dilution factors. Psychoactive pharmaceutical residue con-
centrations in receiving surface waters were predicted using these
calculated dilution factors (Table 52) alongside the measured concen-
trations in wastewater effluents (Table §7). The predicted concentra-
tions were then compared with those measured directly in the receiving
surface waters (Table S7).

2.8. Environmental risk assessment

An environmental risk assessment (ERA) addressed the ecological
threat of psychoactive pharmaceutical residues in receiving surface
waters. In the present study, for the characterisation of potential ERA,
based on Directive 93/67/EEC on Risk assessment for newly notified
substances, Regulation (EC) no. 1488,/94 on Risk assessment for existing
substances, Directive 98/8/EC concerning the placing of biocidal
products on the market (Directive 93/67/EC, 1488/94 and 98/8/EC,

concentration (”5] % wastewater flow rate (L’;})

population equivalent
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2003), and US Environmental Protection Agency (EPA) guidelines (US
EPA, 2024), we used the risk quotient (RQ). The RQ of each psychoac-
tive pharmaceutical residue is the ratio between measured environ-
mental concentration (MEC) and predicted no-effect concentration
(PNEC), as shown in Eq. (3):

MEC

RQ= prme

(3

The MEC corresponds to the maximal and average amount of each
psychoactive pharmaceutical residue in the receiving surface water. If
the measured concentrations were <LOQ, the LOQ was used in the
calculation as a worst-case scenario. The PNEC was calculated (i) for
acute (short-term) toxicity by dividing the lowest values of the median
lethal concentration (LCsp) or median effective concentration (ECsg)
with an assessment factor (AF) and (if) for chronic (long-term) toxicity,
by dividing the values of the no observed effect concentration (NOEC)
with the relative AF (Table §8), An AF=1000 was used to assess acute
effects, while an AF=50 was used to address chronic risks (Huropean
Directive 93/67/EC, 1488/94 and 98/8/EC, 2003). Without experi-
mental data for most of the target psychoactive pharmaceutical residues,
the LCsq and ECsp were predicted (Table §8) using the ECOSAR software
(version 2.2). This software is widely used (Singh et al., 2022; Veroviek

1)

etal., 2023; Wang et al., 2023) to predict the toxicity of new or untested
chemicals based on their structural similarities to substances whose
toxicity in the aquatic environment has been estimated. NOEC was
caleulated by dividing the chronic value (ChV) derived from ECOSAR
software with V’2 (European Directive 93/67/EC, 1488/94 and
98/8/EC, 2003).

Finally, the RQ values expressing risk to aquatic organisms (fish,
daphnids, and algae) were compared to the levels of concern (LOC)
determined by the US EPA (Table §9) (US EPA, 2024). When RQ:>1,
there is a potential acute risk to aquatic plants, while when RQ:-0.05,
there is a potential acute risk to aquatic animals. An RQ1 indicates a
chronic effect on aquatic animals, while no chronic risk assessment was
made for aquatic plants.

2.9. Statistical analysis

Univariate and multivariate analysis revealed any differences in RE
between the WWTPs (variation between WWTPs) and in the occurrence
of psychoactive pharmaceutical residues in different receiving surface
waters (variation between rivers). The data were assessed for normality
and variance equality using the Shapiro-Wilk and Brown-Forsythe tests,
respectively, at a confidence level of 95 % («t — 0.05). To evaluate dif-
ferences between the two groups, a Student t-test, where data normality
and equality of variance were assumed; a Welch t-test, where data
normality but equality of varlance was not assumed; and a Mann-
Whitmey Rank Sum Test, where data normality was not assumed, was
used. All three were tested at the 95 % confidence level (¢ = 0.05).

To assess temporal differences in the use of psychoactive pharma-
ceuticals, we employed either One-way ANOVA or a Kruskal-Wallis test
for non-parametric analysis, followed by Tukey’s post-hoc test. The
Mann-Kendall trend analysis was applied to identify monotonic trends in
psychoactive pharmaceutical use, indicating an increase (positive S
value) or a decrease (negative S value) within the 7-day sampling
periods.

Principal component analysis — PCA (unsupervised) was used to
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explore the variation within the data set, while orthogonal projection to
latent squares-discriminant analysis - OPLS-DA (supervised) was
employed to assess the importance of the variables (psychoactive
pharmaceutical residues) in the projection (VIP) score at 95 % confi-
dence interval. A permutation test (n — 100) was performed to prevent
overfitting of the OPLS-DA model. For both PCA and OPLS-DA, data
were scaled using Pareto (Par) or unit variance (UV), with logarithmic
transformation applied where necessary. Statistical evaluations were
conducted using GraphPad Prism 8.4.3, SigmaPlot 14,0, Simca 15.0, and
R Studio.

3. Results
3.1. Temporal differences in psychoactive pharmaceutical use

A study on the spatiotemporal trends of 12 antidepressant bio-
markers (amitriptyline, bupropion, bupropion-OH, citalopram, norci-
talopram, melitracen, moclobemide, normirtazapine, trazodone, mCPP,
venlafaxine, and O-desmethylvenlafaxine) in Slovenian wastewaters has
been previously conducted (Laimou-Geraniou et al., 2023b). However,
antidepressant biomarkers of carbamazepine and its metabolite CBZ-E,
fluoxetine, nortriptyline, paroxetine, duloxetine, and sertraline have
been additionally investigated in the present study.

Out of the 31 remaining psychoactive pharmaceutical biomarkers
investigated, 16 biomarkers, including four antidepressants (CBZ, CBZ-
E, SER, and FXT), seven antipsychotics (APZ, CLOZ, norCLOZ, QTP,
norQTP, OLZ, and PAL) and five benzodiazepines (norDZP, OXA, TEM,
ZOL, and ZPCA) were quantified at least once in Ljubljana WWTP during
all sampling periods, and were subsequently selected for temporal
analysis. The rest of the psychoactive pharmaceutical biomarkers were
below the LOQ and were excluded from further temporal analysis.

The measured PNMLs at the Ljubljana WWTP during all sampling
periods can be bound in Table 510. On average the highest PNMLs were
found for the antidepressants sertraline (mean+SD: 57.5 + 18.7 mg/
day/1000 inhabitants) and carbamazepine (55.7 = 16.3 mg/day/1000
inhabitants), for the antipsychotics clozapine (40.2 + 15.2 mg/day/
1000 inhabitants) and quetiapine (15.8 = 8.2 mg/day/1000 in-
habitants), and the benzodiazepines ZPCA (58.0 = 20.3 mg/day,/1000
inhabitants) a zolpidem metabolite, and oxazepam (7.3 = 2.1 mg/day/
1000 inhabitants). These findings align with the yearly prescription data
for Slovenia (NIJZ, 2024a; 2024b; ZZZS, 2023). Sertraline, quetiapine,
and zolpidem were among the most frequently prescribed psychoactive
pharmaceuticals.

3.1.1. Weekly trends: weekends vs weekdays

Psychoactive pharmaceutical consumption is expected to remain
stable, as patients need to take their medication consistently and at
strictly prescribed intervals, Starting or stopping treatment is typically
managed through gradual dosage adjustments. A trend analysis was
performed to investigate differences in antidepressant, antipsychotie,
and benzodiazepine use between weekdays (Mon-Fri) and weekends
(Sat-Sun), revealing a few minor trends; however, no distinct general
pattern in the PNMLs emerged. Most statistically significant differences
were observed either prior or post to the pandemic. According to Mann-
Kendall trend analysis, the negative S-values indicated a negative trend
(monotonic decrease) in the PNMLs for clozapine (§—-13) (Fig. S1-a),
noreclozapine (§=—15) (Fig. S1-b), and sertraline (S=—15) (Fig. §2-d)
within the sampling week of summer 2019, for temazepam (S=-19)
within the sampling week of spring 2023 (Fig. 53-b), and ZPCA (5——21
and S=-14) within the sampling week of winter 2020 and spring 2022,
respectively (Fig. $3-d). Additionally, during the sampling period of
spring 2022, when most restrictions had been eased, a statistically sig-
nificant decrease (p < 0.05) in the PNMLs of quetiapine (Fig. 51-¢) and
its metabolite norquetiapine (Fig. 51-d) was observed during the
weekend.

The only noticeable potential effect of the pandemic, as indicated by
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a monotonic increase in the PNMLs within the sampling week, was
observed for the antidepressant fluoxetine (S = 7) and the benzodiaze-
pine temazepam (§=12) during the sampling period of winter 2021
(second wave of the pandemic) (Fig. 5§2-c and Fig §3-b, respectively). On
the contrary, a decreasing trend in the PNMLs of the antipsychotic clo-
zapine (S——17) was observed during the same sampling week (Fig. 51-
a). Meanwhile, the PNMLs of the other psychoactive pharmaceuticals
showed independent distributions across the sampling periods—such a
finding suggests consistent daily usage throughout the week (Fig. 81-
53). However, determining if differences are from the pandemic or are a
result of other factors, such as population movement, remains
challenging.

Throughout the pandemic, social restrictions such as lockdowns,
suspension of inter-municipality travel, and remote work likely influ-
enced the population dynamics within the WWTP catchment area,
leading to a decrease in PNMLs between weekdays and weekends. Only
a few studies (Boogaerts et al., 2023, 2022) used mobile phone data as a
dynamic population marker to account for fluctuations in population
units during the COVID-19 pandemic. Previously published studies have
shown that mobile network data can effectively capture and accurately
account for variations in population movement (Baz-l.omba et al., 2019;
Thomas et al., 2017). However, in this study, fixed population equiva-
lents reported by the WWTP were used due to the unavailability of
real-time mobile population data.

3.1.2. Long-term trends (2019-2023)

Temporal patterns were identified in the usage of psychoactive
pharmaceuticals in Ljubljana WWTP (Fig. 1-3), A significant decrease (p
< 0.05) in the PNMLs of the antipsychotics quetiapine and norquetia-
pine was observed during the first wave of the pandemic (spring 2020,
Tig. 1A and Fig. 1B, respectively). Similar results were found for the
benzodiazepine temazepam, which showed a significant decrease of 34
% in consumption during the sampling period of spring 2020 compared
to the other sampling periods (Fig. 2A). On the contrary, a significant
increase (p = 0.05) for the antipsychotics Fig, 1C) and paliperidone
(Tig. 1D) was observed during the pandemic, in the winter 2021 sam-
pling period. In particular, olanzapine exhibited a 72 % increase in the
PNMLs from 3.2 mg/day/1000 inhabitants to 11.5 mg/day/1000 in-
habitants during lockdown in winter 2021 (Fig. 1C).

The antipsychotic aripiprazole exhibited a gradual decrease and
became undetectable after the first wave of the pandemic (Fig. 1E).
Additionally, ZPCA, the major metabolite of zolpidem revealed a sig-
nificant (p = 0.05) reduction (34 %) in PLMS during the pandemic fol-
lowed by a notable increase (53 %) in spring 2022 and spring 2023
(Fig. 2C). The data also showed a significant reduction in PNMLs for the
benzodiazepine oxazepam from winter 2020 to spring 2020, while it
remained relatively stable for the remaining sampling periods (Fig. 2D).
In contrast to studies reporting a significant increase antidepressants use
during the pandemic (Boogaerts el al., 2023; Laimou-Geraniou el al.,
2023Db; E. E. Yavuz-Guzel et al., 2022), this study found a significant (p <
0.05) decrease in the PNMLs of carbamazepine (Fiz. 3A) and its
metabolite CBZ-E (Fig. 3B) from winter 2021, i.e., the second wave of
pandemic onwards. Sertraline also decreased during the pandemic;
however, its PNMLs increased by 50 % in spring 2021 (third pandemic
wave) before returning to pre-pandemic levels (Fig. 3C).

The fluctuations in PNMLs could be linked to shifts in the population
dynamics during the pandemic, including travel restrictions between
municipalities, implementation of work-from-home policies, and
decline in tourism activity. Based on the Mobility Report for Slovenia,
there was a significant rise in the proportion of time individuals spent in
their home municipalities and working remotely, reaching 25 % and 55
%, respectively, during the spring 2020 and winter 2021 lockdowns
compared to pre-COVID-19 levels (Ritchie, 2020). Additionally, a
notable drop in international tourism, particularly in Ljubljana, may
have contributed to these trends, with official records showing a 60-70
% decrease in tourist arrivals between 2019 and 2021.
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Fig. 1. Boxplots showing the long-term trends in population-normalised mass loads of the antipsychotic biomarkers quetiapine (A), norquetiapine (B), olanzapine
(C), paliperidone (D), aripiprazole (E), clozapine (F), and norclozapine (G) in Ljubljana WWTP. Pre-pandemic: summer 2019 and winter 2020; during pandemic:
spring 2020, winter 2021, and spring 2021; post pandemic: spring 2022 and spring 2023.
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Fig. 2. Boxplots showing the long-term trends in population-normalised mass loads of the benzodiazepine biomarkers temazepam (A), zolpidem (B), ZPCA (C),
oxazepam (D), and nordiazepam (F) in Ijubljana WWTP. Pre-pandemic: summer 2019 and winter 2020; during pandemic: spring 2020, winter 2021, and spring
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Fig. 3. Boxplots showing the long-term trends in population-normalised mass loads of the antidepressant biomarkers carbamazepine (A), CBZ-E (B), sertraline (C),
and fluoxetine (D) in Ljubljana WWTP. Pre-pandemic: summer 2019 and winter 2020; during pandemic: spring 2020, winter 2021, and spring 2021; post pandemic:

spring 2022 and spring 2023,

Another notable finding is a significant (p < 0.0.5) increase (50 %) in
the PNMLs of fluoxetine during winter 2020 and winter 2021 compared
to other sampling periods, suggesting possible seasonal variation
(Iig. 3D). Seasonal variations have been reported for other antidepres-
sants including venlafaxine, citalopram, and normirtazapine (Golovko
et al., 2014; Laimou-Geraniou et al., 2023b; Mackulak et al., 2016). This
seasonal variation may be associated with seasonal affective disorder
(SAD), a mood disorder characterised by recurring depressive symptoms
in individuals with otherwise stable mental health, typically in winter
months due to reduced sunlight exposure.

3.2, Occurrence in wastewaters

In the influent, 35 out of the 41 psychoactive pharmaceutical resi-
dues had high detection frequencies (DF =80 %), while low DF (<20)
were found for nortriptyline (14 %), aripiprazole (16 %), 7-aminoclona-
zepam (12 %), and bromazepam (12 %) had (Fig. $4). The amount of
psychoactive pharmaceuticals is closely related to their consumption
levels and other factors, such as excretion rates (Croft et al., 2020; Lai-
mot-Geraniou et al., 2023a). The DF and the levels of psychoactive
pharmaceutical residues in aqueous samples collected in spring 2022 are
given in Table 57. The antidepressant residues in the highest concen-
trations were O-desmethylvenlafaxine (189-496 ng/L), the primary
metabolite of venlafaxine, followed by carbamazepine (138-460 ng/L)
and sertraline (74.8-313). Notably, significantly higher concentrations
of O-desmethylvenlafaxine and carbamazepine compared to other an-
tidepressants have been reported previously (Jiang et al., 2024; Kosma
et al., 2020; Niu et al., 2024; Wang et al., 2023; A, A. Zergui and
Nkontcheu Kenko, 2024). The most abundant antipsychotics were clo-
zapine (28.5-528 ng/L) and quetiapine (17.2-174 ng/L). (Reichert
et al, 2019) reported the highest concentration of haloperidol
(1.43—2.73 pg/L), risperidone (0.92—0.98 pg/L), and clozapine
(0.56—0.97 ug/L). However, in this study, risperidone (Risperdal) was
<LOQ in all WWTPs. Among benzodiazepine residues, ZPCA, a zolpidem
(Ambien) metabolite, was in the highest concentration (37.2-509 ng/L),
followed by temazepam (Restoril} (16.4-69.2 ng/L) and oxazepam
(9.88-46.0 ng/L).

In effluent, nineteen of the 41 psychoactive pharmaceutical residues
had a DF »80 %, whereas the antipsychotics olanzapine (10 %) and
paliperidone (10 %), and the antidepressants amitriptyline (10 %),
fluoxetine (10 %4), and paroxetine (10 %) had low DF <20 % (Fig 54).
Also, thirteen psychoactive pharmaceutical residues, including nortrip-
tyline, duloxetine, aripiprazole, dehydroaripiprazole, desmethylo-
lanzapine, risperidone, alprazolam, a-OH-alprazolam, diazepam,
lorazepam, clonazepam, 7-aminoclonazepam, and bromazepam were
<LOD in all WWTP effluents. As expected, most psychoactive pharma-
ceutical residues had lower concentrations in the effluent than in the
influent (Table §7). The effluent contained antidepressant residues up to

437 ng/L (O-desmethylvenlafaxine), antipsychotic residues up to 70.3
ng/L (clozapine), and benzodiazepine residues up to 200 ng/L (ZPCA).

3.3. Removal efficiencies

Removal efficiencies were evaluated only for the compounds (n =
28) detected in the influent at a concentration above the LOQ. The REs
of the selected psychoactive pharmaceuticals in the WWTPs varied. On
average, the REs of antipsychotic residues ranged from 62 % to 88 %,
followed by 31 % to 53 %o for benzodiazepine residues, while the average
REs of antidepressant residues (9 % to 69 %) were the lowest (Table 1).
RE has been considered as high (70 %), moderate (25-70 %), low (<25
%), and negative (<0 %). The highest average REs (>80 %) were
observed only for the antipsychotics paliperidone (88 %) and quetiapine
(87 %), while the lowest average REs were found for the antidepressants
citalopram (24 %) and venlafaxine (17 %), together with their corre-
sponding metabolites norcitalopram (26 %) and O-desmethylvenlafasx-
ine (9 %), respectively (Table 1), Most results agree with published
albeit fragmented data (Table 1). However, any discrepancies could be
attributed to factors such as different treatment technologies applied,
specific operational and design parameters of each WWTP (i.e., hy-
draulic retention time, sludge retention time, characteristics or activated
sludge, pH, and microbial activity during the sampling period), the
presence or not of tertiary treatment, wastewater composition, and
environmental conditions (Choi et al., 2018; Ofrydopoulou et al., 2022),
Furthermore, comparing results across different WWTPs is challenging,
not only because of these operational differences but also due to the
variability in the efficiency of removal mechanisms such as biodegra-
dation and sludge adsorption.

The negative REs of bupropion-OH, citalopram, normirtazapine,
venlafaxine, O-desmethylvenlafaxine, clozapine, norquetiapine, oxaz-
epam, and ZPCA, (Table 1) indicate that these psychoactive pharma-
ceutical residues were present in higher concentration in effluent
wastewater than the influent. Notably, negative REs, especially for an-
tidepressants, have been widely reported (Table 1). They are likely due
to the mutual transformation of conjugated metabolites and parent
compounds, deconjugation of glucuronide conjugates, and the trans-
formation of parent compound/precursor during wastewater treatment,
or by an inadequate matching of influent and effluent wastewater
samples, 1e., sampling occurring outside of the HRT range (Gurke et al,,
2015; Niu et al., 2024; Verlicchi et al., 2012; Verovsek et al., 2023).

The differences in the RE among the seven WWTPs for the studied
psychoactive pharmaceuticals were explored using PCA (Fig. 4A). Ac-
cording to PCA visualisations, only WWTP_6, which employs MBBR
biclogical treatment, formed a distinet cluster separate from the other
WWTPs. This finding agrees with the average removal efficiencies that
are significantly lower for most of the compounds in WWTP_6 compared
to the other WWTPs (Fig. 4B), as shown by an ANOVA. For the
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Table 1 Table 1 (continued »
Inldividual antidepressant, antipsychotic, and benzodiazepine residue removal psychoactive pharmaceutical residue verage omher et
efficiencies, RE (average and range) in the present study and related literature RE studies
data. (range) [
Psychoactive pharmaceutical residue Average Other Ref. %l
r studies ctal., 2024;
(range) [ Ofrydopoulou
%l et al., 2022;
Antidepressants Amitriptyline” 35 15, 5, (Gurke et al., Schliisener et al.,
(28-44) 63 2015; 2015)
Lopez-Ilerguedas ODVEN 9 31 (Gurle et al.,
et al., 2023; (8 23) 2015)
Ofrydapoulou Antipsychotics Clozapine 64 30 {Gurke et al.,
et al., 2022) (-31-95) 2015)
Bupropion 42 - - Norclozapine 71
(1-64) (24-95)
Bupropion-OH 32 21 (Schlisener et al., Haloperidol 62 - -
(-12-59) 2015) o (25-84)
Carbamazepine 42 7,32, (Afunso-Olivares Quetiapine 87 67 {Guwke ct al.,
(8-65) &0, et al., 2017; Celi¢ (51-94) 2015)
—12, ctal., 2019; Norqueliapine 68 - -
7,2, Collado et al., (-19-90) )
65, 2014; Golovko Olanzapine* 70 87, (Celié et al., 2019;
35,43,  ctal, 2014; Gurke (63-81) 100 Ofrydopoulon
50 ctal, 2015; Li et al., 2022)
et al., 2024; Paliperidone ™ 88 - -
Lopez-Herguedas . . (83-91)
ot al., 2023; Benzodiazepines  Rromazepam- 42 - _
Molnarova et al., ou (28-51)
2024; Nordiazepam 41 - -
Nicto-Judrez et al., (5-67)
2021; Oxazepam El -17, {Golovko el al,,
Ofrydopoulou (-11-49) 12,33 2014; Molnarova
ctal., 2022) e.l_u\.k 2024;
CBZ-E 39 16 (Celié et al., 2019) Ofrydopoulou
(7-54) L‘l_aL, 2022)
Citalopram 24 27,70,  (Celié et al., 2019; Temazepam 53 14 (Li et al., 2024)
(4473 18,10, Colladoetal, (16-75)
26,53,  2014; Golovko Zolpidem 52 47 (Molnarova et al.,
35, 35 el al,, 2014; Gurke (11-81) 2024)
ot al., 2015; Li ZPCA 52 - -
ct al., 2024 (-2-74)
Molnarova et al, " calculated only from one WWTP
2024; Abbreviations: RE- removal efficiency, mCPE- m-chlorophenylpiperazine,
Ofrydopoulou . . .
) i ZPCA- zolpidem-phenyl-carboxylic acid.
et al., 2022;
Sehlisener et al.,
2015) projection, the difference in removal efficiencies of bupropion-OH,
Norcitulopram 26 13, (Gurke et al. carbamazepine, CBZ-E, clozapine, norclozapine, norquetiapine, tema-
(3-56) 42 2015; Schliisener i N X .
ctal. 2015) zepam, sertraline, and ZPCA residues was important (OPLS-DA) with
Fluoxetine* 69 63,53,  (Afonso-Olivares significantly lower removals obtained for WWTP_6 (bupropion-OH:
(58-77) 65 et al., 2017; Celi¢ Ustatistic— 14, p < 0.001, a—0.05; carbamazepine: Uy, tistic—16, p < 0.001,
et al., 2019; @=0.05; CBZ-E: Uggausiic=7, p < 0.001, u=0.05; clozapine: Ugagisic—0, p

Schhiisener et al,,

< 0.001, ®=0.05; norclozapine: Uguagisiic—0, p < 0.001, a=0.05; nor-

2015) P - <

Normirtazapine 47 _ _ quetiapine: Usatistic=0, p < 0.001, @=0.05; temazepam: Ustaristic—=0, p <

(-3-79) 0.001, «=0.05; sertraline: Ugatigric—=2, p = 0.001, a=0.05; ZPCA:

Paroxetine” 31 20,76 (Collado et al., Ustatistic=" P = 0.001, «=0.05). Other WWTPs, e.g., WWTP_3 and
(17-47) 2014; Schliisener

WWTP_4, form a dght cluster indicating similar treatment efticiencies.
Considering that WWTP_3 employs SBR and WWTP_4 employs SBR with

d 2015)
Sertraline 54 50, 81, (Celi¢ et al., 2019;

(15-74) 79,82 Golovko et al, UV disinfection, the results indicate that UV treatment does not signif-
2014; Gornik icantly enhance RE (Fig. 4B). Similar results are also reported elsewhere

et al., 2020; (Collado et al., 2014; Verovsek et al., 2023; Wang et al., 2023).
zfﬁ‘;mm etal, It is known that RE of various pollutants, except for the size and type
Trazodone 52 39,40 (Celiceral, 2019; of wastewater received, also depends on the commonly employed
(23-82) Collado et al., wastewater treatment technologies (Jiang et al., 2024; Yadav et al.,
2014) 2017}, and in terms of efficiency is ranked as follows: MBR > AS >
mCPP 8 trickling filters (Nguyen et al., 2024; Niu er al., 2024; Pérez-Bou et al.,
Venlafaine Ff? 78) 10,25, (Celi cral, 2019; 2024, Wang et al., 2023; A, A, Zergui and Nkontcheu Kenko, 2024), The
(648 1,8 Collado et al., present study observed no difference (clustering) in REs between AS and
-81, 2014; Golovke MBR. Moreover, RE is compound specific (Gurke et al., 2015; Jiang
39,18 et “;‘- i?}:“? ‘13“-[1“‘ et al., 2024), as confirmed by the results for citalopram, norcitalopram,

el al., 5 Li

venlafaxine, O-desmethylvenlafaxine, and oxazepam being poorly
removed in all WWTPs (Table 8§11). It is important to emphasise that
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Fig. 4. PCA scatter plot (A) and boxplots (B) show variation in REs* dataset in the studied WWTPs (WWTP1 to WWTP7).

venlafaxine, citalopram, and carbamazepine are among the 13 CECs
included in the revised UWWTD. The data on their removal can be found
in the literature, but they are fragmented, making a proper comparison
difficult (Table 1). In contrast, the present study offers a simultaneous
sampling of wastewater from different WWTPs, including different
wastewater compositions, sizes, and treatment technologies (AS, MBR,
SBR, SBR with UV disinfection, and MBBR). Results showed that REs of
carbamazepine, citalopram, and venlafaxine, together with their corre-
sponding metabolites, were in all cases <80 %, Considering that the
UWWTD mandates six out of the 13 CECs to have removal efficiencies
=80 %, our comprehensive study (seven WWTPs with different sizes and
configurations) shows that carbamazepine, citalopram, and venlafaxine
do not reach this criterion for all involved WWTPDs indicating the need
for additional quaternary treatment of common urban WWTPs.

Finally, although MBBR treatment technology has been previously
studied on drugs of abuse and illicit drugs (Veroviek et al., 2023), this is
believed to be the first time MBBR was studied for the removal of psy-
choactive pharmaceuticals, indicaling poor REs for three antidepressant
residues (bupropion-OH, carbamazepine, CBZ-E) three antipsychotic
residues (clozapine, norclozapine, norquetiapine) and three benzodiaz-
epine residues (temazepam, sertraline, ZPCA),

3.4. Occurrence in receiving surface waters

The presence of psychoactive pharmaceutical residues in receiving
surface waters (Table §7) is expected due to their occurrence in WWTP
effluent. Sixteen out of 41 psycheactive pharmaceutical residues had
high average DF =80 % (Fig 55), while low average DF (<220 %, Fig 55)
was obtained for bupropion, fluoxetine, haloperidol, olanzapine, pal-
iperidone, and bromazepam-OH. Thirteen psychoactive pharmaceutical
residues, including two antidepressants (nortriptyline and fluoxetine),
four antipsychotics (aripiprazole, dehydroaripiprazole, desmethylo-
lanzapine, and risperidone), and seven benzodiazepines (alprazolam, a-
OH-alprazolam, diazepam, lorazepam, clonazepam, 7-aminoclonaze-
pam, and bromazepam) residues were < LOD in the tested receiving
surface waters (Fig S5). As expected, lower levels of psychoactive
pharmaceutical residues were detected in receiving surface waters than
in the effluents (Table 57) due to dilution (Table $2). However, higher
DFs in receiving surface waters (100 %) than in the effluent (71 %) were
found for amitriptyline, fluoxetine, olanzapine, and paliperidone (Fig
55, Table §7). These results can be explained by the much lower LOD/
LOQ (2-21 fold) obtained for surface waters (Table 56). In general, in
receiving surface waters, antidepressant residues were detected in
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Fig. 5. Scatter plot (PCA) of samples with data on the occurrence of psychoactive pharmaceutical residues in the studied rivers (R_1 to R_7).
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concentrations up to 102 ng/L (O-desmethylvenlafaxine), antipsychotic
residues in concentrations up to 24.4 ng/L (clozapine), and residues of
henzodiazepines in concentrations up to 12.7 ng/1. (ZPCA) (Table 87).
The presence of psychoactive pharmaceutical residues, mainly antide-
pressants, in river waters has also been reported by (Liang ct al., 2021;
Ma et al., 2020; Petrie and Moffat, 2022; Pivetta et al., 2020; Schliisener
et al., 2015; Singh et al., 2022; Wang et al., 2023; Wu et al., 2017).

The variations in the occurrence of psychoactive pharmaceutical
residues were explored in six different rivers with different dilution
factors using multi-variant analysis. The PCA visualisations (Fig. 5)
show how R_3 (WWTP_3) and R_6 (WWTP_6) form separate clusters. For
the projection, the difference in the occurrence of bupropion-OH, car-
bamazepine, citalopram, norcitalopram, venlafaxine, O-desme-
thylvenlafaxine, clozapine, norclozapine, quetiapine, and norquetiapine
residues was important (OPLS-DA), with significantly higher concen-
trations measured in R_3 and R_6 (Table §12). These results are likely
due to a lower dilution factor of B_3 (1.67-2.35) and R_6 (4.44-5.37)
compared to other studied rivers (17.6-1004) along with the lower REs,
enhancing the impact of effluent wastewater on the quality of receiving
surface waters.

3.5. Measured vs predicted values of psycheactive pharmaceutical
residues in surface waters

A comparison between measured vs estimated levels of psychoactive
pharmaceutical residues in receiving surface waters showed that the
variations fall within an order of magnitude, with an average ratio of
17.20 between the measured and estimated values. With a few excep-
tions, the measured values were higher than the predicted values (Tig
56-811), likely due to sampling-related factors. Surface water sampling
from the riverbank does not fully capture the complex hydrodynamics of
the river section. Additionally, the surface water samples were collected
as grab samples, which makes getting a representative sample more
challenging (Veroviek et al., 2023).

This assumption is supported by the discrepancies between measured
and estimated concentrations, which are more noticeable in rivers with
higher flow rates. Other factors include the representativeness of the
selected monitering stations and uncertainties in the river discharge
data. The most significant discrepancies were observed at WWTP_2 and
WWTP_7, where dilution is highest (WWTP_2: 376-1004, WWTP_7:
335-882; other WWTPs: 1.97-236), and the closest accessible hydro-
logical stations are situated approximately 20 and 10 km downstream,
accordingly. At these two sites, the most significant differences between
measured and estimated values were recorded, with a maximum
measured-to-estimated ratio of 111 for R_2 and 65.3 for R_7. Despite a
few variations, the findings suggest that predicting environmental con-
centrations can be a viable alternative to surface water analysis when
reliable river flow data are available. This approach can be especially
beneficial in locations where sampling is challenging or where analytical
COsts are a concern,

3.6. Environmental risk assessment

The concern regarding the increased use of psychoactive pharma-
ceuticals and their occurrence in surface waters is the uncertainty sur-
rounding their potential toxicological impact on aquatic organisms.
Although several studies have been published on the presence of psy-
choactive pharmaceuticals in aqueous matrices, only a limited number
have conducted a risk assessment, focusing mainly on antidepressants
(Moreira et al., 2022; Singh et al., 2022; Wang et al., 2023; Wu et al.,
2017) and less on antipsychotics (Kosma et al., 2020; Reichert et al.,
2019) or benzodiazepines (Ofrydopoulou et al., 2022). The acute and
chronic toxicity of psychoactive pharmaceutical residues, including
parent compounds and corresponding metabolites in most cases, was
predicted using the ECOSAR software, similar to other studies (Singh
et al., 2022; Verovsek et al., 2023; Wang et al,, 2023), as experimental
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data were not always available for most of the targeted compounds,
especially for antipsychotics and benzodiazepines. Risk quotients cor-
responding to maximum and mean concentrations of the target psy-
choactive pharmaceutical residues in the receiving surface waters are
given in Tables §13-S19. While interactions among different psychoac-
tive pharmaceuticals may lead to additive and synergistic effects (Farré
et al., 2008), this study focused solely on predicting the effects of indi-
vidual psychoactive pharmaceutical residues.

The results showed that none of the targeted compounds, at average
or maximal measured concentrations, pose an acute risk for aguatic
plants. However, among the antidepressant residues, acute effects to
aquatic animals were predicted for O-desmethylvenlafaxine and ser-
traline at average (ODVEN: 36.8-90.3 ng/L; RQ average= 0.07-0.18
and SER: 3.86-6.11ng/L; RQ average— 0.06-0.08) and maximal
(ODVEN: 31.6-102 ng/L; RQ max= 0.06-0.20 and SER; 3.62-6.67 ng/1;
RQ max= 0.05-0.09) measured concentrations in the receiving rivers
R_1, R_3 and R 6. Addidonally, in R_3, acute risks for aquatic animals
were predicted for venlafaxine at maximal (61.6 ng/L; RQ max= 0.06)
measured concentration and for citalopram at average (69.1 ng/L;
RQaverage—0.11) and maximal (79.2 ng/L; RQ max—0.12) measured
concentrations. Other studies (Kosma et al., 2020; Ofrydopoulou et al.,
2022; Papageorgion et al., 2019) that used values of LCgp/ECsg found
from available data reported in the literature also reported acute effects
of venlafaxine, sertraline, and citalopram on aquatic organisms. Finally,
among the antipsychetic and benzodiazepine residues, no acute effects
on aquatic animals were predicted for the measured concentrations. In
contrast, Reichert et al. (2019) reported high environmental risk
(RQ=1) for the antipsychotics ¢lozapine and risperidone, indicating
high persistence, bivaccumulation and toxicity. Considering that ven-
lafaxine, O-desmethylvenlafaxine, citalopram, and sertraline could
affect aquatic animals at the levels detected in the studied rivers,
monitoring and regulatory actions may be warranted.

3.7, Limitations of the study

A limitation of this study is that the temporal evaluation was based
on only one week of sampling within each period (i.e., summer 2019,
winter/spring 2020, winter/spring 2021, spring 2022, and spring 2023).
As aresult, these weekly snapshots may not fully capture broader annual
consumption patterns. Nevertheless, since all sampling campaigns were
conducted during a “typical” week, intended to reflect standard week-
day and weekend consumption, the results are assumed to represent
baseline consumption levels during a regular working week. Addition-
ally, not sampling consistently during the same season each year
complicated the identification and interpretation of seasonal variaticns.

Another limitation lies in using fixed population units, provided by
the WWTPs, to back-calculate psychoactive pharmaceutical consump-
tion. Population dynamics likely shifted during the pandemic due to
changes in commuting behavior and tourism, which may have influ-
enced observed mass loads. Increased loads could reflect a rise in the
number of users, greater consumption quantities, or both. While using
dynamic population markers is recommended to reduce such un-
certainties (Boogaerts et al,, 2023), we could not integrate mobile phone
tracking data due to restrictions in data access. Similarly, alternative
markers such as nitrogen or phosphorus were unsuitable for this study,
as the wastewater included discharges from agricultural sources, which
could bias population estimates.

4. Conclusion

The present study highlighted the potential of WBE as an effective
tool for monitoring trends in antidepressant, antipsychotic, and benzo-
diazepine use with a high level of temporal resolution, surpassing other
conventional socio-epidemiological sources. Although the study
revealed several temporal variations, no clear patterns associated with
the pandemic were observed between weekdays and weekends, as most
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statistically significant differences observed were before or after the
pandemic. Only the biomarkers fluoxetine, temazepam, and clozapine
followed a monotonic trend (increase or decrease) within the 7-day
sampling period (Monday to Sunday) of winter 2021, which coincided
with the pandemic. Among the psychoactive pharmaceuticals detected,
sertraline, clozapine, and ZPCA exhibited the highest PNMLs for anti-
depressants, antipsychotics, and benzodiazepines, respectively. Overall,
the PNMLs of most psychoactive pharmaceuticals selected for temporal
analysis showed a decreasing trend during the pandemic, particularly
during the first wave in spring 2020,

Although the presence of psychoactive pharmaceutical residues in
wastewater is well-known, comprehensive information on their removal
efficiencies and related occurrence in surface waters, particularly con-
cerning their ecotoxicity, remains limited. This study addressed these
gaps by evaluating the efficiency of different hiological treatments (AS,
SBR, SBR with UV, MBR, and MBBR) in eliminating known psychoactive
pharmaceutical residues from wastewater. It also assessed their occur-
rence in downstream surface waters, using LC-MS/MS analysis, and
compared them to predicted values. The potential ecological risks of the
detected psychoactive pharmaceutical residues were further estimated
using ECOSAR prediction software. The study showed that the different
treatment technologies remove psychoactive pharmaceuticals to
differing degrees, with AS and MBR being the most efficient and MBBR
the least efficient. It also revealed how removal is compound dependent,
with, e.g., oxazepam, venlafaxine/O-desmethylvenlafaxine, and cit-
alopram,/norcitalopram being poorly removed (average RE< 40 %) in
all cases. Overall, the highest average REs (=80 %) were observed only
for the antipsychotics paliperidone (88 %) and quetiapine (87 %). On
average, better removals were found for antipsychotics (REs=73 %),
followed by benzodiazepines (REs=45 %), then antidepressants
(REs=39 %). Furthermore, the study revealed that applied treatment
technologies also impact the levels of psychoactive pharmaceutical
residues in the receiving surface water. Comparable results were ob-
tained through water analysis and the prediction of environmental
concentrations. In addition, ECOSAR predicted ECgg values suggest that
determined levels of venlafaxine, O-desmethylvenlafaxine, citalopram,
and sertraline residues in the studied rivers B_1, R_3, and R_6 may pose
an acute toxicity risk to aquatic animals in the receiving waters.

The findings highlighted the need for targeted monitoring and reg-
ulatory measures to address specific psychoactive pharmaceutical resi-
dues in receiving surface waters and associated environmental risks. The
study also highlights the need for enhanced wastewater treatment,
aligning with the revised Urban Wastewater Treatment Directive, which
mandates quaternary treatment for WWTPs of a certain size when the
removal efficiency for specific CECs, including carbamazepine, cit-
alopram, and venlafaxine, analysed in this study, is below 80 %. Based
on their proven efficiency in removing persistent psychoactive residues,
quaternary technologies such as ozonation and activated carbon
adsorption are recommended. Ozonation is particularly suitable for
large-scale WWTPs, while PAC dosing offers a flexible and cost-effective
solution for smaller plants. These technologies are aligned with the
revised Urban Wastewater Treatment Directive and could be feasible for
Slovenian WWTPs, particularly when adapted to WWTP size, infra-
structure, and regional funding capabilities. Newvertheless, future
research should expand the list of target compounds and incorporate
suspect screening and non-targeted analysis to better understand the
cycling and effects of psychoactive substances (including their metab-
olites and transformation products) in wastewater and receiving waters,
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3.5 Novel Sampling Approaches for Psychoactive Substances
in Wastewater

Based on the following publication:

3.5.1 In-situ evaluation of an active-passive sampling (APS) technique

for monitoring psychoactive compounds in wastewater

To be submitted to Environmental Pollution (December 2025): A. Jun Anies*’, M. Laimou-
Geraniou™ ¢, M. Quireyns?, T. Boogaerts?, T. Verovsek "¢, D. Heath®, E. Heath™ ¢ A. L. N.
van Nuijs!, A. Covaci?, R. Blust*, R. Town®.

* ECOSPHERE, Department of Biology, University of Antwerp, Groenenborgerlaan 171, 2020
Antwerp, Belgium

" Department of Environmental Sciences, Jozef Stefan Institute, Jamova c. 39, 1000 Ljubljana,
Slovenia,

¢ Jozef Stefan International Postgraduate School, Jamova c. 39, 1000, Ljubljana, Slovenia

4 Toxicological Centre, University of Antwerp, Universiteitsplein 1, Wilrijk 2610, Antwerp, Belgium

This study is a collaboration between the JoZef Stefan Institute in Ljubljana (Slovenia),
the Ecotoxicological Centre at the University of Antwerp (Belgium) and ECOSPHERE
(Belgium). The development and optimisation of the APS devices, as well as the
characterisation of the sorption dynamics of biomarkers to the APS sorbents, took place in
ECOSPHERE (Belgium). My part included all aspects of analytical method development
and validation for the quantification of target biomarkers in wastewater and sorbents using
GC-MS/MS, the application and deployment of APS devices in a Slovenian WWTP, and
data processing, which took place at the Jozef Stefan Institute in Ljubljana (Slovenia). In
addition, I performed data evaluation and assisted in drafting the analytical part of the
manuscript regarding the Slovenian samples.

An overall issue to be addressed in WBE is the sampling process. In this study, an
innovative sampling strategy that exploits APS strategies developed at the University of
Antwerp was employed in real wastewater. For the first time, APS devices were fully
deployed in WWTPs in Slovenia and Belgium for the determination of illicit drug, opioid,
and psychoactive pharmaceutical biomarkers in wastewater. The following subchapter is
part of a broader common study to be published in Environmental Pollution (to be
submitted in December 2025). This subchapter presents the method development and
application of the APS device to Slovenian wastewater and compares it with conventional
24-hour composite sampling to assess the relative efficiency of APS for monitoring
psychoactive compounds.
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3.5.1.1 Introduction

The presence of psychoactive compounds, including prescription medications and illicit
drugs, in the aquatic environment has raised significant environmental and public health
concerns. These substances, excreted as parent compounds or metabolites, enter WWTPs
and may persist in effluents, eventually reaching surface waters [8], [203], [210], [228].
Exposure to these contaminants has been associated with endocrine disruption,
neurotoxicity, and behavioural alterations in aquatic organisms [228], [229]. Given the
widespread consumption of psychoactive substances and their incomplete removal during
wastewater treatment, it is crucial to monitor their presence and fate in the environment.

Wastewater-based epidemiology (WBE) has emerged as a valuable tool for tracking
community-wide drug and pharmaceutical consumption by analysing wastewater samples
and back-calculating their population-normalised mass loads (PNMLs) in mg/day/1,000
inhabitants. [5], [48], [198], [230]. Traditionally, 24-hour composite sampling followed by
solid-phase extraction (SPE) and high-resolution analytical techniques, such as liquid or
gas chromatography coupled with mass spectrometry, have been used to detect these
substances [2], [148]. However, conventional methods, such as grab or composite sampling,
have limitations in obtaining time-weighted average (TWA) concentrations, including the
need to sample and store numerous samples and their costly analysis, as well as potential
fluctuations in analyte concentrations due to degradation or interactions with suspended
particulate matter (SPM) [231].

To overcome these challenges, passive sampling techniques have been developed,
allowing for in-situ pre-concentration of contaminants and providing time-weighted average
concentrations [110], [232]. Unlike composite sampling, which captures only a snapshot of
contaminant levels during a specific period (e.g. 24 hours), passive samplers allow for TWA
concentrations of compounds of interest over much more extended periods (typically
1-3 weeks), thereby providing a more representative and accurate measure of exposure that
accounts for short-term fluctuations and enables the detection of contaminants that may
occur intermittently or at low concentrations. Additionally, passive sampling devices can
be deployed for specific periods without manual operation or external power sources, at a
comparatively low cost.

Common passive sampling devices currently available for organic compounds include
the polar organic chemical integrative sampler (POCIS) [213], microporous polyethylene
membrane samplers [87], Chemcatcher [201], and organic diffusive gradients in thin films
(0-DGT) [233]. Out of these, POCIS, o-DGT, and Chemcatcher® have been applied for
the analysis of over 300 polar organic substances in aquatic samples, including
pharmaceuticals and illicit drugs, as well as other polar contaminants such as pesticides
[45], [96], [112], [113], [234], [235], [236]. These samplers are designed to monitor trace levels
of organic contaminants in aquatic environments. They are particularly effective for
tracking TWA concentrations of hydrophilic pharmaceuticals, such as antidepressants,
antipsychotics, benzodiazepines, and other psychoactive substances, which are often
present at low levels and may fluctuate due to varying usage patterns or discharges. Despite
their advantages (TWA concentration, in-situ pre-concentration, low operational cost, no
need for power systems, minimal human intervention, and suitability for monitoring a
broad range of polar organic compounds), passive samplers rely on diffusion-driven uptake,
making them susceptible to water turbulence, temperature, and flow dynamics.

An alternative is to use an APS device, designed to overcome the limitations of both
composite and passive sampling approaches. An APS integrates active and passive
sampling mechanisms, incorporating a controlled laminar flow system that enables the
accumulation of target compounds independently of external hydrodynamic conditions
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[117], [118], [119]. By actively pumping the aqueous sample through a diffusion cell
containing a specific receiving phase, such as Hydrophilic-Lipophilic Balanced (HLB) or
Mixed-mode Cation Exchange (MCX) sorbents, both of which are commonly used for
extracting polar compounds (i.e., psychoactive substance residues) in SPE applications,
APS combines the benefits of passive pre-concentration with improved control over
sampling conditions. This hybrid approach has been proposed as a promising tool for WBE
and environmental monitoring campaigns. So far, APS have been used for the simultaneous
measurement of a wide range of contaminants (i.e., metal cations, polar and non-polar
organic compounds) mainly in surface waters [119].

The primary aim of this study is to compare the APS device with o-DGT and
conventional 24-hour composite sampling to assess their relative efficiency in monitoring
psychoactive compounds in wastewater. This comparison provides valuable insights for
improved environmental surveillance and wastewater-based epidemiological applications.
To the best of our knowledge, this is the first such application of an APS device in real
wastewater.

3.5.1.2 Materials and methods

3.5.1.2.1 Chemicals and sorbents

Reference standards and deuterated ISTDs for the analytes under investigation
(purity > 98%) were obtained as solutions in methanol (MeOH) or acetonitrile (ACN) at
concentrations of 1 mg/mL or 100 pg/mL from Cerilliant Corporation (Round Rock, Texas,
USA). Working solutions (analytes: 10 mg/L, deuterated analogues: 2 mg/L) were prepared
from the stock solutions in methanol. Standards and working solutions were stored in the
dark at 20 °C. LC-MS grade MeOH was purchased from JT Baker (Philipsburg, USA),
LC-MS grade hydrochloric acid (HCI, 37%) from VWR Chemicals (Pennsylvania, USA),
formic acid (HCOOH) from Fluka (Switzerland) and aqueous ammonia (NHs, 25%) from
Merck (Darmstadt, Germany). The derivatisation agent MSTFA + 1% TMCS was
purchased from Merck (Darmstadt, Germany). Milli-Q was obtained using the Millipore
Direct-Q purifying system.

HLB- and MCX-based polymeric sorbents were purchased from Affinisep (FR) as
custom-made AttractSPE™ pads, with 90% w/w sorbent material and a thickness of
0.5 mm. The sorbent pads were conditioned with MeOH and stored in deionised water
(HLB) and in pH 2 deionised water (MCX) at 4 °C until further use.

3.5.1.2.2 Compounds of interest

Seven biomarker residues of psychoactive compounds such as illicit drugs, opioids, and
antidepressants were selected based on different functionalities, prescription frequency and
sales in Slovenia, high prevalence in wastewater, and ecological relevance. These included
either parent compounds or their corresponding metabolites (Table 7). More specifically,
two biomarkers of illicit drugs, three biomarkers of opioids, and two biomarkers of
antidepressants were targeted in wastewater influents and effluents.
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Table 7: Compounds of interest (human metabolic residues).

Psychoactive drug/ pharmaceutical | Compound of interest Abbreviation | Internal
(target compound) standard
Illicit drugs Amphetamine Amphetamine AMP AMP-d6
Cocaine Benzoylecgonine BZE BZE-d3
Opioids Methadone 2-Ethylidene-1,5-dimethyl- EDDP EDDP-d3
3,3-diphenylpyrrolidine
Morphine Morphine MOR MOR-d3
Tramadol Tramadol TRA VEN-d6
Antidepressants | Bupropion Hydroxybupropion HBP VEN-d6
Venlafaxine O-desmethylvenlafaxine ODV VEN-d6

Chemical structure, physicochemical properties, and chemical speciation (data obtained
from ChemAxon 2024) of the target compounds at pH 7.8 (average pH of wastewater) are
presented in Figure 10. Morphine, EDDP, tramadol, and O-desmethylvenlafaxine, all
having tertiary ammonium ions, and amphetamine with a primary ammonium group
predominantly exist as cationic (+1) species; hydroxybupropion primarily exists in neutral
form (approx. 59%); however, the remaining fraction is present mainly as a monocationic
species due to protonation of the amine group; while benzoylecgonine is mainly in a
zwitterionic form (Figure 10). The stability of illicit drugs [237], opioids [92], [237], and
antidepressants [84], [238] has been previously investigated.
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Figure 10: Physicochemical properties, chemical structures and speciation (cationic, neutral,
zwitterionic, anionic), at pH 7.0 — 8.0, of the target psychoactive compounds. Data obtained from
ChemAzon, 2024. The logP (elsewhere referred to as log Kow) values shown in this figure represent
the octanol-water partition coefficient of the neutral species, as provided by ChemAzxon.
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Figure 10 (continued): Physicochemical properties, chemical structures and speciation
(cationic, neutral, zwitterionic, anionic), at pH 7.0 — 8.0, of the target psychoactive compounds.
Data obtained from ChemAxon, 2024. The logP (elsewhere referred to as log Kow) values shown in
this figure represent the octanol-water partition coefficient of the neutral species, as provided by

ChemAzon.
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3.5.1.2.3  Active-passive sampling (APS) device

The APS device (Figure 11) incorporates a diffusion cell constructed from polyether ether
ketone (PEEK), a pump at the inlet, a flow meter at the outlet to maintain a constant
flow rate, and temperature and humidity sensors [118]. Regular measurements of flow rate
(set at 5.4 cm?® s'), water temperature and air humidity were logged using the sampler’s
embedded online software. The diffusion cell consists of two blocks separated by a 5 mm
thick spacer. Each block contains two pockets designed to house the receiving phases (HLB-
and MCX-based) in 40 x 20 mm and 20 x 20 mm sizes, with two replicates per sorbent
(Figure 11). Each receiving phase was topped with a filter membrane (polyethersulfone,
PES, 0.2 pm pore size, 145 pm thickness). The APS device is coupled with an external
100 um Nylon mesh filter to prevent the entry of large particles into the diffusion cell.

APS diffusion cell

Sorbent gels Outlet

f

Mesh filter
100 pm

0 A

Figure 11: The active-passive sampling (APS) device. (A and B) The diffusion cell, pump,
and flowmeter are placed inside the floating device, along with a set of batteries to provide
power to the system. (C) A filter connected externally to the inlet of the device.
(D) Schematic and cross-section (not to scale) of the APS diffusion cell. (E) Affinisep™
HLB and MCX (in PTFE matrix) SPE pads. (F) Picture illustrating the external
appearance of the APS diffusion cell.

3.5.1.24  Organic diffusive gradients in thin films (o-DGT)

The o-DGT samplers (Figure 12) used in the sampling campaigns were constructed
according to the standard DGT configuration, with the identical sorbents (HLB and MCX)
as those used in the APS device. The HLB- and MCX-based binding layers were topped
with an agarose diffusive gel (1.5% w/w agarose gel, 0.75 mm thickness) and a PES filter
membrane (0.2 pm pore size, 145 pm thickness). For comparison, commercially available
0o-DGT samplers with an HLB binding layer, topped with a 0.8 mm agarose diffusive gel
and a PTFE filter membrane, were purchased from DGT® Research (UK).



Novel Sampling Approaches for Psychoactive Substances in Wastewater 157

/ Membrane filter

DGT top C 2 - Diffusive layer
o ) <— Diffusive gel

DGT b{\ o

Resin gel

B)

Figure 12: (A) Commercially available o-DGT samplers with HLB sorbent topped with
0.8 mm agarose diffusive gel and PTFE filter membrane and (B) lab-assembled o-DGT
samplers using APS sorbent phases (HLB and MCX) topped with agarose diffusive gel and
a PES filter membrane.

3.5.1.2.5 Field experiment setup

Field experiments were conducted at the Ljubljana WWTP in Slovenia, covering
approximately 13% of the Slovenian population. Although designed to float, each sampler
was suspended from a bridge with the mesh-filter intake submerged in the effluent at 0.3 m,
while the o-DGT devices were placed on aluminium holders, securely attached to the APS
mesh filter (Figure 13). The o-DGT samplers were included in the setup to assess the
differences between the two sampling techniques.

Figure 13: Deployment of APS in (A) influent and (B) effluent wastewater, in Ljubljana
WWTP (Photo (A): David Heath and photo (B): Maria Laimou-Geraniou).



158 Chapter 3. Publications

The APS and o-DGT samplers were simultaneously deployed at both the influent and
effluent of the WWTP in Ljubljana (population: 270,305) to obtain relevant information
on analyte concentrations and to assess treatment efficiency. For the influent sampling,
the APS sampler was deployed after the clarifier tank to avoid contact with large debris
and particulate matter. However, after only 18 hours of exposure, the filters became
clogged, resulting in pump failure. Thus, the sampling campaign in the influent wastewater
was cancelled. Consequently, APS and o-DGT sampling devices were deployed as planned
only in the effluent of Ljubljana WWTP for five sampling periods: 3 days (26-29/09/2023),
6 days (03-09/09/2023), 9 days (27/09-06/10/2023), 12 days (11-23/10/2023), and 14 days
(26/09-10/10/2023). Daily conventional 24-hour composite samples were collected and
analysed separately during the same sampling periods to determine psychoactive
compounds and for subsequent comparison with APS and o-DGT devices.

3.5.1.2.6  Sample preparation

Two different extraction procedures were employed: a classical solid-phase extraction
(SPE) for the 24-hour composite effluent wastewater samples and a sonication-assisted
extraction for the passive sample (APS and o-DGT) sorbent gels (MCX and HLB)

3.5.1.2.6.1 Conventional 24-hour composite samples

Pre-concentration of psychoactive compounds in composite effluent wastewater samples
was achieved using SPE with OASIS MCX cartridges, following the method of
Laimou-Geraniou et.al [8] with minor modifications. Prior to SPE, effluent wastewater
samples (125 mL) were spiked with the isotopically labelled ISTD mixture (200 ng/mL in
final extract) and subsequently filtered through GF/D (2.7 pm) and GF/C (1.2 pm) glass
microfiber filters (Whatman, USA). After acidification to pH 2 with HCI (37 %), analytes
were loaded onto Oasis Prime MCX cartridges (150 mg/6 mL, Waters, Milford, MA, USA)
and washed with 5mL of Milli-Q water. After drying the sorbent under vacuum for
30 minutes, the target analytes were eluted with 6 mL of a 0.5 % ammonium solution in
methanol. The samples were evaporated to dryness at 35 °C and reconstituted in 100 pL
of methanol. A 50 uL aliquot (for EDDP) was transferred into GC-MS vials and stored at
—10 °C until further analysis. The remaining aliquot of 50 pl. was then evaporated to
dryness under a gentle stream of N, and the dry extract was derivatised using 50 pL of
MSTFA + 1% TMCS in a microwave oven at 800 W for 3 min. After cooling to room
temperature, the extracts were transferred to GC glass inserts and then to GC vials, where
they were analysed using gas chromatography-tandem mass spectrometry (GC-MS/MS).

3.5.1.2.6.2  APS and o-DGT receiving phases

Extraction of psychoactive compounds from sorbent gels (APS and o-DGT) was achieved
using sonication-assisted extraction, following the method of Anies et al. [239]. Prior to
extraction, exposed sorbent gels were spiked with an isotopically labelled ISTD mixture
(200 ng/mL in the final extract). For the HLB sorbent, 3 mL of 2% formic acid in methanol
was added, followed by vortex mixing for 30 seconds and sonication for 10 minutes. This
extraction process was then repeated twice (3 mL then 2 mL), and the supernatants were
pooled and evaporated to dryness (35 °C, N,). For the MCX sorbent, the same extraction
procedure was performed, using 3 mL of methanol followed by 3 mL and 2 mL of 1.25%
NH; in methanol. The supernatants were then pooled and evaporated to dryness (35 °C,
N,). Dried extracts were then reconstituted with 100 pL of methanol. Similar to the SPE
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procedure, a 50 pL aliquot (for EDDP) was transferred into GC-MS vials and stored at
—10 °C until further analysis. The remaining aliquot of 50 pl. was then evaporated to
dryness (N,) and the dry extracts derivatised using 50 pL of MSTFA + 1% TMCS in a
microwave oven at 800 W for 3 min. After cooling down to room temperature, the extracts
were transferred to GC vials and analysed using GC-MS/MS.

3.5.1.2.7  Gas chromatography-tandem mass spectrometry

All samples were analysed using an 7890B gas chromatograph (GC) coupled with a 7000
GC/MS Triple quadrupole mass spectrometer (Agilent Technologies, US). The injection
was performed in splitless mode (260 °C) with an injection volume of 1 pL.
Chromatographic separation was achieved using a DB-BMS capillary column
(30 m x 0.25 mm x 0.25 pm; Agilent Technologies, US) and helium as the carrier gas
(1 mL/min). The initial oven temperature was maintained at 100 °C for 1 minute, then
increased to 320 °C at 15 °C/min (held for 5 minutes), resulting in a total run time of
20.5 minutes. The ionisation was achieved in electron impact (EI) at 70 eV. The MS was
operated in selected reaction monitoring (SRM) mode. Retention times and the two most
intense transitions were used for identification (Table 8). Quantification was performed
based on the relative response factors of the analyte to the corresponding ISTD. The
obtained data were processed using MassHunter software. GC-MS/MS parameters for
analytes and ISTD were optimised as presented in Table 8.

Before analysis, the instrument's performance was checked using an air-water control
(leakage check) and by analysing a diazepam solution at 1 pg/mL (intra-laboratory check
of the instrument response). MS was auto-tuned. Experimental quality control was
performed by analysing solvent (ethyl acetate) and procedural blanks (wastewater spiked
only with the internal standard) at the beginning of the batch. QC samples (points of
calibration curves or spiked solvents) were analysed after every 14th sample in the batch
to control potential drift in the signal.
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Table 8: GC-MS/MS parameters.

Analyte Retention MRM Transitions CE Dwell time
time [min)] [m/Z] [eV] [ms]
AMP 6.06 116 — 73 (Q) 25 50
117 — 74 (q) 30 50
BZE 13.19 240 — 82 (Q) 35 50
82 — 67 (q) 45 50
EDDP 11.75 277 — 262 (Q) 30 50
277 — 235 (q) 25 50
262 — 105 (q) 35 50
MOR 14.44 236 — 146 (Q) 20 50
236 — 220 (q) 25 50
TRA 11.20 58 — 43 (Q) 45 80
245 — 58 (q) 30 80
335 — 58 (q) 30 80
HBP 10.53 188 — 145 (Q) 15 50
188 — 44 (q) 25 50
224 — 166 (q) 15 50
ODV 12.30 58 — 43 (Q) 45 80
171 — 73 (q) 30 80
191 — 177 (q) 10 80
AMP-d6 6.03 120 — 73 (Q) 25 50
BZE-d3 13.18 243 — 85 (Q) 35 50
EDDP-d3 11.71 280— 265 (Q) 35 50
MOR-d3 14.43 239 — 149 (Q) 25 50
VEN-d6 11.94 64 — 46 (Q) 45 50

3.5.1.2.8°  Method validation

The method was validated for linearity, limit of detection, limit of quantification,
repeatability, extraction recovery, and accuracy, following the SANTE protocol [240], with
minor adjustments. Deuterated ISTDs, structurally similar to the psychoactive compounds
under investigation, were used to correct for instrumental variations. Spiked tap water at
two concentration levels (100 ng/mL and 500 ng/mL) of the final extracts was used as the
matrix.

Linearity and linearity range were determined from seven- to twelve-point calibration
curves by plotting the peak area ratios (analyte vs. ISTD) as a function of analyte
concentration and assessed using the coefficient of determination (R?).

The LOD and LOQ were determined by calculating signal-to-noise ratios (S/N = 3 and
S/N = 10) in water matrices spiked with a low concentration in five replicates. Following
the European Union Decision 2002/657/EC, two distinct transitions were required for
positive compound identification. In this case, LOD refers to the S/N = 3 ratio for the
transition with the lower intensity (qualifier), and LOQ refers to the S/N = 10 ratio for
the transition used for quantification (quantifier).

Inter-day repeatability was assessed as the relative standard deviation (%RSD) of five
replicate analyses of water samples spiked to evaluate accuracy. Instrumental repeatability
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was determined as the %RSD of three consecutive injections of the same spiked water
sample.

Extraction recovery (ER) was assessed by spiking water samples (in triplicate) with
analytes prior to (sample spike) and after extraction (eluate spike). The extraction recovery
was calculated based on analyte-to-ISTD peak areas ratios (A) as shown in Equation 3:

A(sample spike)

E —
R (%) A(eluate spike)

x 100 (3)

Method accuracy was determined by comparing measured concentrations (c) of spiked
water samples before sample preparation (sample spike) and spiked solvent (STD spike),
as shown in Equation 4. All sample sets were prepared in five replicates.

C (sample spike)
C (STD spike)

Accuracy (%) = 100 (4)

Quality control (QC) was performed by using procedural tap water (spiked only with
ISTD) and processed using the described sample preparation procedure and instrument
(solvent spiked only with ISTD) blanks. QC samples (points of calibration curves or spiked
solvents) were analysed after every 14th sample in the batch to control potential drift in
the signal.

3.5.1.2.9  Calculation and Data analysis/Statistical analysis

For APS, accumulation curves were constructed by plotting the calculated concentrations
in the sorbent, c,, over deployment time. Subsequent calculation of the concentrations in
the water ¢, was done using a nonlinear regression following the first-order kinetics
equation for the passive samplers (Equation 5), where K, is the previously determined
sorbent-water partition coefficient of the target analyte and k, is the accumulation rate
constant [239].

S

For DGT, ¢, was calculated following the DGT principle as described in previous
studies [234], [241] and based on Fick’s first law of diffusion (Equation 6).

MA
w DAI? (6)

C

M is the mass of the target analyte in the sorbent phase, Ag is the thickness of the
diffusive layer, A is the exposure surface area, and t is the deployment time. D is the
diffusion coefficient of the target analyte in the diffusive layer, previously determined
following the method reported by Amato et al. [118].

3.5.1.3 Results and Discussion

3.5.1.3.1 Derivatisation procedure

In this study, a comparison was made between conventional derivatisation (70 °C for 1 h)
and a faster microwave-heating method at 800 W nominal power (3 min). For this purpose,
two sample sets containing the target analytes (except for EDDP) at concentrations of 100
and 500 ng/mL (final extract) were prepared in triplicate. All samples were extracted using
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the described SPE method, and derivatisation was performed using both heating techniques
to assess their effectiveness. No statistically significant differences (p>0.05) were found
(Figure 14).
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Figure 14: Comparison between microwave-assisted derivatisation and derivatisation with
conventional heating.

3.5.1.3.2 Method performance

The analytical method demonstrated good performance (Table 9) when evaluated
according to the SANTE/11312/2021 _v2 Guidance. A linear response (R* > 0.992) was
observed within the range LOQ-5000 ng/mL (final extract concentration) for all target
psychoactive compounds, with LOD: 1.02-7.06 ng/L and LOQ: 2.19-18.50 ng/L (Table 9).
Accuracy ranged from 91% to 110%. Extraction recoveries ranged from 77% to 101%. Inter-
day and instrumental repeatability showed %RSD of 1-9%, all of which fall within the
acceptable SANTE limits for both concentration levels (100 and 500 ng/mL, final extract).
All validation results are presented in Table 9.
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Analyte Linearity range LOD LOQ Concentration level | Accuracy | Extraction Inter-day Instrumental
in ng/mL [ng/L] [ng/L] used for validation [%] recovery repeatability | repeatability
(R?) [ng/mL] [%] [%RSD] [%RSD]

AMP LOQ-5,000 7.06 14.17 100 104 101 5 4
(0.998) 500 103 93 1 7
BZE LOQ-5,000 1.78 5.91 100 105 89 5 3
(0.997) 500 103 81 7 1
EDDP LOQ-5,000 5.56 18.50 100 98 79 7 5
(0.997) 500 110 77 6 S
MOR LOQ-5,000 4.07 13.55 100 96 90 6 9
(0.996) 500 109 96 6 3
TRA LOQ-5,000 1.02 3.39 100 109 98 7 7
(0.995) 500 106 90 7 6
HBP LOQ-5,000 1.62 2.19 100 91 93 7 9
(0.992) 500 108 90 9 9
ODV LOQ-5,000 2.87 11.58 100 99 91 9 5
(0.993) 500 105 88 7 3
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3.5.1.3.3  Application to real samples

Of the seven investigated biomarkers, six were quantified in wastewater effluent at least
once and were subsequently selected for comparison among APS, o-DGTs and conventional
24-hour composite sampling. The measured average concentrations of target psychoactive
compounds obtained using the three different sampling methods during all sampling periods
are presented in Table 10. Only amphetamine was below LOQ in all cases (different
sampling methods) during all sampling periods. This finding could be explained by its high
average removal efficiency (97%) [203]. Consequently, amphetamine was excluded from the
comparison between the conventional 24-hour composite sampling (classical SPE), the
APS, and the o-DGT device. Based on SPE results, the highest average concentrations
were found for O-desmethylvenlafaxine (546 ng/L) and tramadol (399 ng/L), followed by
hydroxybupropion (85.1 ng/L) and EDDP (53.4 ng/L) across all samples.

Table 10: Average concentrations of psychoactive compounds measured with conventional
24-hour composite sampling (SPE), APS, and o-DGT during a 3-, 6-, 9-, 12-, and 14-day
sampling period. All concentrations are reported in ng/L.

3 days of sampling (26-29/09/2023)
Substance SPE APS o-DGT
MCX HLB MCX HLB-1 HLB-2 MCX
AMP <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ
BZE 10.1 20.6 <LOQ <LOQ <LOQ <LOQ
EDDP 50.2 31.6 214 <LOQ 92.8 110
MOR 22.9 29.3 45.1 <LOQ <LOQ <LOQ
TRA 355 * 324 700 559 598
HBP 81.4 * 137 <LOQ <LOQ 113
OobV 542 296 441 323 408 *
6 days of sampling (03-09/10/2023)
Substance SPE APS o-DGT
MCX HLB MCX HLB-1 HLB-2 MCX
AMP <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ
BZE 18.4 29.2 <LOQ 18.4 31.6 *
EDDP 51.2 63.7 29.8 60.0 67.4 *
MOR 18.5 25.2 33.2 <LOQ <LOQ *
TRA 439 684 335 693 699 *
HBP 94.6 44.0 125 12.0 14.0 *
OobV 594 458 361 471 717 *
9 days of sampling (27/09-06/10/2023)
Substance SPE APS o-DGT
MCX HLB MCX HLB-1 HLB-2 MCX
AMP <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ
BZE 15.7 22.0 <LOQ 15.9 18.9 19.2
EDDP 50.7 60.3 20.7 46.3 63.7 120
MOR 20.5 27.3 39.5 22.0 25 40.7
TRA 429 597 403 333 473 681
HBP 93.8 47 131 48.9 <LOQ 99.7
ODbV 593 453 431 404 413 818
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12 days of sampling (11-23/10/2023)
Substance SPE APS o-DGT
MCX HLB MCX HLB-1 HLB-2 MCX
AMP <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ
BZE 23.8 20.3 <LOQ 13.1 16.9 10.8
EDDP 63.6 38.5 17.3 44.0 46.0 42.5
MOR 18.5 17.1 29.5 <LOQ 18.8 17.8
TRA 354 410 356 259 327 214
HBP 64.5 51.8 49.6 14.2 12.4 30.8
oDV 422 305 421 273 317 326
14 days of sampling (26/09-10/10/2023)
Substance SPE APS o-DGT
MCX HLB MCX HLB-1 HLB-2 MCX
AMP <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ
BZE 16.7 24.8 <LOQ 11.9 12.1 12.7
EDDP 51.3 62.5 16.7 60.3 58.5 74.0
MOR 19.6 26.5 37.5 15.4 16.6 23.7
TRA 418 661 266 528 337 269
HBP 91.4 45.3 73.7 7.4 <LOQ 56.8
ODbV 577 416 409 413 276 260

*values without replicates-outliers

3.5.1.3.4  Conventional 24-hour composite sampling vs APS

The measured concentrations of target psychoactive compounds obtained with SPE, APS
and o-DGT are visualised in Figure 15. The x-axis represents the sampling method used,
and the y-axis shows the obtained target biomarker concentrations (ng/L) in effluent
wastewater during the five discrete sampling periods. SPE-MCX refers to the composite
samples extracted using SPE with MCX cartridges. APS (HLB and MCX) refers to the
gels in the APS device. DGT-HLB; is the purchased DGT, while DGT-HLB, and
DGT-MCX are the lab-assembled DGTs. SPE values were represented as dots to indicate
daily concentrations. The red bars represent the average concentration over the sampling
period, with vertical lines indicating the standard deviation of the mean. APS and DGT
values are presented as box plots to represent the time-weighted average concentrations
over each sampling period. Thin bars or missing values for the DGT are due to the lack of
replicates, due to the damage/loss of the gels in the field.



166 Chapter 3. Publications

EDDP Tramadol
150 800
mI] - - - -
- _ 600~ - -
100 1 - |7
ER - EPRRIIL -
= [ - | & 4o, 134 ! i I
H 3 —I. -8 -7 _ z 1% I I _H
o (&) -
so{e8sg? g _ ! 8 ] B -
o : - E - 200—_ . =
A) == -f D)
o 125345 12345 12345 12345 12345 12345 o 12345 12345 12345 12345 12345 12345
SPE, MCX APS, HLE APS, MCX DGT, HLB! OGT, HLB2 DGT, MCX SPE, MCX APS, HLB APS, MCX OGT, HLB! DGT, HLB2 DGT, MCX
. Bupropion, hydroxy- 1000 Venlafaxine, O-desmethyl-
1'50—- SDOj

hy | g i ‘

4 =
g 100~ g
100- ”| -
= 4 = 4 (=1 B -
J" 400 B III B |--
S Jis I i G 400 RS N 1.
50— —_gH - = = i - - -
] - - 200-
B) | — | - E)
e 12345 12345 12345 12345 12345 12345 e 12345 12345 12345 12345 12345 12345
SPE, MCX APS, HLB APS, MCX DGT, HLB1 DGT, HLB2 DGT, MCX SPE,MCX APS, HLE APS, MCX DGT, HLB! DGT, HLB2 DGT, MCX
s0 Morphine - Benzoylecgonine
40 H I - 40- o
] = ]
o 1 a ; —
= 30 - = 304 s -
2 148 III I - g 1 2. g
2 50 o - - 3 0] LA
o 7 I L ] I _- - & 207 + I - - H -
4 B ] : =
10+ . 19__: l - =]
Q 7 F) 1
T12345 12345 12345 12345 12345 12345 0 12345 12345 12345 12345 12345 12345
SPE,MCX APS, HLB APS, MCX DGT, HLB1 DGT, HLBZ DGT, MCX SPE, MCX APS.HLB APS, MCX DGT, HLB1 DGT, HLBZ DGT. MCX

Sampling period:

1.26/09 - 29/09/2023  2.27/09-06/10/2023  3.03/09-09/09/2023  4.26/09-10/10/2023  5.11/10-23/10/2023

Figure 15: Scatterplot and boxplots showing the average concentrations of target psychoactive
pharmaceuticals with all sampling methods tested during all sampling periods.

On average, concentrations of most psychoactive compounds measured using the APS
(HLB and MCX) were in good agreement compared to both conventional 24-hour
composite sampling (followed by SPE) and o-DGT devices (generally <40% difference),
following deployment of 3, 6, 9, 12, and 14 days (Figure 16). One exception was EDDP,
which, according to our results, showed a significantly (p<0.05) lower average
concentration (60% difference) in the APS-MCX compared to the SPE (Figure 15A and
Figure 16A), while no significant discrepancies were found when comparing the SPE,
APS-HLB, and o-DGT-HLB concentrations.

Béuerlein et al. [242] emphasised the influence of analyte functional groups on sorption
to sorbents such as HLB and MCX. Generally, apolar groups, particularly aromatic rings,
play a more significant role in sorption than hydrogen bonding, as both the sorbent and
sorbate can interact with water molecules through H-bonding. Since MCX has fewer
accessible apolar groups compared to HLB, sorption occurs more rapidly on HLB via m-m
interactions. In contrast, MCX provides an additional sorption mechanism through cation
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exchange for cationic species [242]. Our results align with a recent study [239] showing that
EDDP exhibits the strongest sorption on HLB, likely due to its relatively high apolar
surface area. In contrast, sorption of cationic compounds on MCX depends on the
accessibility of their charged functional groups.
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Figure 16: Correlation plots comparing sampling methods. Obtained concentrations are
log-transformed, and the diagonal line represents a 1:1 correlation.

Similarly, hydroxybupropion showed a statistically lower average concentration (50%
difference) with the APS, but this time using the HLB sorbent, compared to the SPE
(Figure 15B). In general, there were no major discrepancies in the concentrations of
targeted compounds. However, for morphine (Figure 15C) and tramadol (Figure 15D),
the APS concentrations, when using MCX and HLB, respectively, were approximately two
times higher than those obtained by SPE composite sampling. O-desmethylvenlafaxine was
the only compound where measured SPE concentrations were slightly higher (<30%
difference) compared to both APS-HLB and APS-MCX concentrations (Figure 15E).
Variations in concentration could be linked to interactions between compound species and
micro- and nanoparticles in wastewater, potentially influencing their sorption rate and
extent onto the sorbent. What is also noteworthy is the case of BZE, whose concentration
was <LOQ when in the APS-MCX sorbent (Figure 15F). This observation could be
attributed to the cation-exchange properties of MCX, which enhance the sorption of
cationic species but are less effective for zwitterionic compounds such as BZE. The average
sorbed concentrations of BZE on APS-HLB sorbent were in good agreement with SPE

(25% difference).

Moreover, as shown in Figure 16B, comparing APS-HLB and o-DGT-HLB revealed
variations in hydroxybupropion concentrations. In particular, the concentration of
hydroxybupropion was on average 60% lower for o-DGT-HLB (both HLB; and HLB,)
compared to APS-HLB. This difference could be due to the smaller exposed surface area
of the o-DGT sorbent compared to that of the APS (3.14 x 10" and 8.0 x 10" m?
respectively). For the remaining target compounds, no significant differences (<30%) were
observed between APS-HLB and o-DGT-HLB. Additionally, the comparison between o-
DGT-HLB; and o-DGT-HLB; revealed no significant differences, with differences <20% in
all cases. Finally, when comparing the o-DGT (HLB,, HLB,, and MCX, with the SPE
concentrations, results showed good agreement for most target compounds, with only a few
variations, mainly for hydroxybupropion (Figure 16C). According to the results,
hydroxybupropion showed a significantly (p<0.05) lower average concentration (75%
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difference) with the o-DGT-HLB device compared to composite samples extracted using
SPE (Figure 16C and Figure 15B).

3.5.1.4 Conclusions

This study demonstrated the first successful in-situ application of the APS for determining
psychoactive compounds (antidepressants, illicit drugs, and opioids) in wastewater
effluents. It compared the APS’s performance with o-DGT (both commercial and
lab-assembled) and conventional 24-hour composite sampling (followed by SPE) during the
same sampling period. Across five deployment periods (3, 6, 9, 12, and 14 days), APS
showed good agreement with both 24-hour composite sampling (followed by SPE) and
0-DGT devices for most compounds, with concentration differences generally within 40%.
APS was remarkably consistent with 24-hour SPE-based measurements for all compounds,
except for EDDP and hydroxybupropion, where compound-specific deviations were
observed, likely driven by differences in sorbent affinities, analyte speciation, or interactions
with particulate matter. Observed variations in compound behaviour suggest the need for
further investigation of chemical speciation, sorption, partitioning, and accumulation rates
on the sorbents, to optimise analytical approaches and include a broader range of
compounds in the future.

APS integrates the advantages of both passive and active sampling techniques,
combining controlled uptake dynamics with broad analyte detection, while avoiding
reliance on high-cost equipment or daily sample handling. Both APS and o-DGT can pre-
concentrate analytes over time, enabling improved detection of low-level compounds
without the complexity or expense of autosamplers. Additionally, APS is particularly
advantageous where controlled flow rates, low detection limits, and integrated monitoring
over multiple days are desired.

Although the results showed the potential of APS in monitoring TWA concentrations
of psychoactive compounds in wastewater effluents, complementing conventional 24-hour
composite sampling by providing continuous monitoring and capturing temporal
variations, APS is not without its limitations. Despite promising results in effluent
wastewater applications, the initial deployment of the APS device in influent wastewater
failed after 18 hours due to filter clogging. Influent matrices are highly complex, containing
large particulate matter, suspended solids, and biological debris, which obstruct flow and
damage system components.

Future research should also include optimisation of the APS device for challenging
matrices, such as influent wastewater monitoring. Such improvements could include
physical modifications (e.g., a metal cage or protective mesh around the PES membrane
to prevent clogging by large debris and solids) and alternative pumping mechanisms, such
as more resilient micro-pump types (e.g., peristaltic or diaphragm pumps) that are less
prone to fouling. Besides allowing for their exploitation in wastewater-based
epidemiological studies, this could also enable the evaluation of WWTP treatment
efficiency, which is in line with the upgraded UWWTD (2024, 1991) [211], [212].



169

Chapter 4

Overall Conclusions

Analytical methods for psychoactive substance biomarkers for WBE

Wastewater-based epidemiology (WBE) is a well-established approach that has quickly
demonstrated its potential to provide objective, independent, cost-effective, and near
real-time data, offering valuable insights into human exposure and consumption of
xenobiotics with high spatial and temporal resolution. Since its first application in 2005 on
cocaine consumption in Italy, WBE has undergone continuous improvements and
advancements.

While WBE was initially focused on monitoring illicit drug use, its applications have
since expanded significantly, as several proof-of-concept studies have demonstrated that
WRBE is also suitable for evaluating community health. For instance, WBE has been applied
to monitor population-level consumption of alcohol, tobacco, caffeine, opioids, artificial
sweeteners, various pharmaceuticals, new psychoactive substances, and personal care
products, to estimate the exposure to emerging chemical contaminants, such as flame
retardants and pesticides, and more recently to monitor the spread of SARS-CoV-2 within
communities. However, compared to illicit drugs, the number of WBE studies focusing on
psychoactive = pharmaceuticals, including antidepressants, antipsychotics, and
benzodiazepines, remains limited.

The initial stages of the WBE approach involve sample collection, pre-treatment,
preparation, and instrumental analysis. This thesis highlighted the literature gap and
provided a comprehensive overview of each step involved in analysing antidepressants,
antipsychotics, benzodiazepines, and their corresponding metabolites in influent
wastewater, within the scope of WBE. From an analytical perspective, SPE for sample
preparation and targeted LC-MS/MS analysis (LC-QqQ-MS or QTrap MS) has been the
most commonly used approach for WBE detection and quantification of psychoactive
pharmaceutical biomarkers, largely due to its high sensitivity.

More recently, HRMS has gained popularity in wastewater analysis, particularly for the
identification of new psychoactive substances (NPS) through both suspect and non-target
screening. Efforts have been made to develop a broader range of bioanalytical methods
that simultaneously measure several antidepressants, antipsychotics, benzodiazepines, and
their metabolites from influent wastewater samples in low concentrations and over different
periods. However, most available WBE studies include only a limited selection of
psychoactive pharmaceutical biomarkers, focusing mainly on antidepressants. Therefore,
more efforts are needed to detect and quantify additional psychoactive pharmaceutical
biomarkers in wastewater.

Accordingly, within the thesis, analytical methods were developed and validated for
determining a broad range of psychoactive pharmaceutical and NPS biomarkers in influent
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wastewater. In particular, a sensitive analytical method based on SPE and LC-QTrap-MS
was developed and validated for the simultaneous determination of 42 psychoactive
pharmaceutical biomarkers, including 18 antidepressant, 11 antipsychotic, and
13 benzodiazepine biomarkers (parent compounds and metabolites) at low ng/L levels in
influent wastewater. The performance criteria for 41 biomarkers (one antidepressant
biomarker was excluded) met the acceptable criteria set by SANTE guidelines.
Additionally, following SPE, a targeted LC-QqQ-MS method for analysing more than 60
NPS biomarkers in influent wastewater was developed and validated. Again, the
performance criteria for 54 NPS biomarkers met the acceptable criteria set by SANTE
guidelines.

Although SPE is the most widely used sample preparation method for the pre-
concentration of psychoactive substance biomarkers in wastewater, it often requires
relatively large sample volumes (>50mL) of influent wastewater to achieve the required
LODs. Most of these analytical methods are both labour-intensive and time-consuming.

Few studies have applied direct injection methods to analyse psychoactive substance
biomarkers in influent wastewater; pre-concentration is typically required to detect and
accurately quantify these biomarkers at trace levels. In this thesis, a high-throughput
method based on a 96-well elution SPE protocol and LC-MS/MS was developed, optimised,
and validated for the quantification of a broad range of psychoactive substances, including
biomarkers for antidepressants, opioids, and illicit drugs in influent wastewater.
Performance criteria were within the EMA-acceptable limits for 28 of 29 psychoactive
substance biomarkers.

This innovative 96-well SPE sample preparation protocol, which requires only 2 mL of
influent wastewater (instead of >50 mL), has been shown to be especially effective for
handling large volumes of influent wastewater samples and for collecting long-term
spatiotemporal data on the consumption of various psychoactive substances. Although the
pre-concentration achieved using 96-well SPE (approximately 20-fold) is lower than that
with traditional SPE methods (around 250-fold), LC-MS/MS still demonstrated sufficient
sensitivity to detect the target analytes at low ng/L concentrations. This difference may
be attributed to variations in matrix effects (ME) between the 96-well elution technique
and conventional SPE protocols.

Currently, there are no reported applications in the literature of time-efficient,
miniaturised SPE versions for analysing a broad spectrum of psychoactive substance
biomarkers in influent wastewater. However, because this approach does not require any
modifications to the LC instrumentation, it could be compatible with nearly all analytical
laboratories. The implementation of this miniaturised sample preparation method
significantly decreases sample processing time, overall analysis duration, and solvent
consumption.

WBE as a complementary tool for monitoring spatiotemporal changes
in psychoactive substance consumption: Application to the Slovenian
population

The use of psychoactive substances (psychoactive pharmaceuticals and NPS) has a
significant impact on public health. Especially since the outbreak of the COVID-19
pandemic, there has been a growing interest in exploring how it affected people's mental
health. Additionally, NPS rapidly enter the market as legal alternatives to conventional
illicit drugs, bypassing legal restrictions and thus becoming an international public health
concern. Conventional socio-epidemiological methods, such as general population surveys,
hospital records, and prescription and sales data, are used to obtain information on trends
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in psychoactive pharmaceutical consumption. Self-reported surveys, seizure data, and
forensic and toxicological analysis are also employed to collect data on NPS consumption
trends in the population; however, these methods have many limitations. To overcome
these challenges, complementary approaches such as WBE are necessary.

WBE offers the potential to serve as an indicator of lifestyle and public health
characteristics within populations, providing data quickly and with high spatial and
temporal resolution. Analysis of only a small number of influent wastewater samples can
deliver anonymous, objective, complementary and real-time data about a community’s
health and lifestyle. Due to its high spatiotemporal resolution, WBE can also serve as an
early warning system for detecting emerging trends in consumption and exposure to
different xenobiotics in defined populations.

In the thesis, the developed and validated analytical methods were used to measure
spatiotemporal changes in the PNMLs of psychoactive pharmaceutical and NPS
biomarkers, and to evaluate their consumption trends in the Slovenian population. Short-
term weekly monitoring (weekdays vs weekends) can reveal potential recreational use of
psychoactive pharmaceuticals, while long-term trends can also provide insights into the
stability or fluctuations in the use of both psychoactive pharmaceuticals and NPS over
time. Additionally, the high spatial resolution enabled area-based evaluations that would
not have been possible with only conventional epidemiological data.

To our knowledge, this is the first WBE study to investigate the spatiotemporal use of
psychoactive pharmaceuticals and NPS at a higher degree of granularity in Slovenia, and
to retrospectively evaluate the influence of the pandemic on their usage patterns.
Specifically, seven WWTPs in urban and rural areas across Slovenia, which cover
approximately 31% of the Slovenian population, were included in the study. In total,
samples were collected during six sampling periods, spanning the pre- and post-pandemic
periods, when most restrictions had been eased.

Our results revealed several temporal and spatial variations for both psychoactive
pharmaceuticals and NPS. Regarding psychoactive pharmaceuticals, there was a general
alignment between measured PNMLs and annual prescription data in Slovenia, further
supporting the validity of the WBE results. However, some notable discrepancies emerged.
For instance, an exceptionally high concentration of citalopram was observed in Velenje
during spring 2020, without a corresponding increase in its metabolite, suggesting direct
disposal rather than consumption. Some psychoactive pharmaceuticals exhibited
temporary increases or decreases in wastewater levels that were not mirrored in prescription
records, indicating potential changes in usage behaviour or population dynamics.

Furthermore, differences in spatial resolution between the localised WBE data and
nationally aggregated prescription data may contribute to such discrepancies. Accordingly,
hypothesis 1 (H1): “Measured levels of psychoactive pharmaceutical biomarkers
in influent wastewater accurately reflect available prescription data on their
consumption trends within Slovenian communities” was partially confirmed.
Therefore, while WBE does not perfectly mirror prescription data, it serves as a valuable
complementary tool to traditional monitoring methods, enhancing the understanding of
pharmaceutical consumption trends in the Slovenian population and offering insights
beyond what prescription data alone can provide.

In addition, the results of this thesis showed that the PNMLs of most antidepressant
biomarkers increased during the sampling campaigns, particularly during the first wave of
the pandemic (spring 2020). On the contrary, the PNMLs of most antipsychotic and
benzodiazepine biomarkers selected for long-term temporal analysis showed a decreasing
trend during the same sampling period and particularly during the first wave in spring
2020. However, no clear patterns related to the pandemic were observed in the short-term
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analysis of weekdays vs weekends, as most statistically significant differences were observed
either before or after the pandemic.

This thesis also demonstrated the ability of WBE to overcome limitations associated
with conventional NPS data collection, including identifying which NPS are circulating on
the market without concrete data on their prevalence or use. Through targeted analysis, it
is possible to quantify NPS use within the target population. Incorporating suspect
screening into the workflow enables the rapid identification of newly emerging NPS.
Accordingly, wastewater monitoring of NPS trends was first implemented during the
2019/2020 New Year period as part of an international initiative, with the long-term aim
of establishing a global surveillance NPS system similar to the SCORE model.

Slovenia was first included in the 3rd international NPS monitoring campaign (New
Year period 2021/22), revealing some interesting findings regarding the consumption of
NPS in some specific sites, such as the detection of eutylone, mitragynine, and 3-MMC,
with the latter having one of the highest mass loads detected within the study. These
results led to a broader investigation of spatiotemporal trends in NPS use in Slovenia over
four years of monitoring (2019-2022) during regular non-holiday periods.

The outbreak of the COVID-19 pandemic in Slovenia in March 2020 also provided a
valuable chance to evaluate the influence of the pandemic on NPS use. Five NPS were
quantified across all sites at least once, with 3-MMC being the most prevalent, followed by
mitragynine, which showed the highest PNMLs. One common observation for all detected
NPS was their disappearance during the first wave of COVID-19 (spring 2020), except for
3-MMC, which, in addition to being measured during all sampling periods, also showed an
increasing trend during the pandemic.

One main limitation regarding the spatiotemporal evaluation of both psychoactive
pharmaceutical and NPS use was that only a single week of sampling was included within
each sampling period. As a consequence, consumption rates may not fully capture the rest
of the year. However, since all sampling campaigns were conducted in a “typical” week, it
is assumed that the data reflect baseline use, with weekdays and weekends representing
baseline consumption within a regular working week.

Overall, the results showed that WBE was capable of monitoring the temporal and
spatial changes in psychoactive substance use during the COVID-19 pandemic,
confirming hypothesis 2 (H2): “WBE can serve as a complementary data source
to evaluate the impact of the COVID-19 pandemic on the use of psychoactive
pharmaceuticals and NPS in Slovenia”.

WBE uncertainties: Stability of psychoactive pharmaceuticals and NPS

Although WBE is a well-established approach for monitoring (ab)use, misuse, and regional
prescription patterns by providing objective information on psychoactive substance use
within a population, there remains a need to reduce methodological uncertainties, such as
stability. In WBE, accurate estimations rely on the stability of substance biomarkers in
influent wastewater; however, current information on the stability of psychoactive
pharmaceuticals, especially antipsychotics, during sampling, storage, and sample
preparation is limited.

Throughout various stages, ranging from excretion and in-sewer transport to sampling,
storage, and final analysis, target biomarkers may be degraded or transformed, potentially
resulting in under- or overestimation of actual substance use. Therefore, it is crucial to
ensure that the selected biomarker is stable or that an appropriate correction factor is
applied to enable an accurate assessment of consumption. This study presents the first
comprehensive analysis of the stability of 11 representative antipsychotic biomarkers,
including parent compounds and related metabolites, in influent wastewater. It uses a series
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of experiments that mimic in-sewer transport and in-sample stability under various
conditions.

The results showed that in-sewer degradation is compound-specific and influenced by
environmental conditions, such as temperature and residence time, although the latter is
often too short to affect many biomarkers significantly. Acidification before storage should
generally be discouraged because it degrades some analytes at low pH and reduces their
stability after freeze-thaw cycles, making this approach unsuitable for preserving samples.
In contrast, SPE cartridges offer a more reliable storage option, with all compounds except
quetiapine remaining stable for up to three months. Given these results, WBE should be
used cautiously to monitor the spatiotemporal use of antipsychotics and tailored to specific
biomarkers to ensure accurate conclusions are made.

Additionally, within the framework of international NPS monitoring, another key focus
of this thesis was evaluating the stability of NPS on SPE cartridges, particularly to ensure
that NPS biomarkers remain stable during international shipping and potential delays. A
total of 54 NPS biomarkers were evaluated for stability at five temperatures (—80 °C,
—20 °C, 4 °C, 22 °C, and 37 °C) across five time points (three days to four months),
simulating differing storage conditions, as well as the winter and summer conditions over
the New Year period around the world. The findings showed that the majority of NPS
biomarkers (n = 46) remained stable for up to three months when loaded onto SPE
cartridges at —20 °C.

Overall, understanding the degradation processes and evaluating the in-sample and in-
sewer biomarker stability further strengthens the accuracy of WBE, as a complementary
data source for monitoring spatiotemporal trends in the consumption of psychoactive
pharmaceuticals and NPS. Accordingly, the confirmation of hypothesis 2 (H2): “WBE
can serve as a complementary data source to evaluate the impact of the
COVID-19 pandemic on the use of psychoactive pharmaceuticals and NPS in
Slovenia” is further supported.

The ecological impact of psychoactive pharmaceutical residues in the
aquatic environment

There is growing recognition that the use of psychoactive pharmaceuticals, including
antidepressants, antipsychotics, and benzodiazepines, not only affects human health and
well-being but also has a significant impact on the environment. The increased consumption
of psychoactive pharmaceuticals in modern society has driven higher production by the
pharmaceutical industries, leading to a greater discharge of pharmaceutical and hospital
waste, beyond municipal waste, into the aquatic environment. In response to the global
rise in psychoactive pharmaceutical use, the UNODC recognised psychoactive
pharmaceutical residues as an increasing environmental threat and advocated for expanded
research into their environmental occurrence and toxicological effects.

Due to their physicochemical properties, particularly high hydrophilicity, psychoactive
pharmaceutical residues tend to accumulate in aquatic environments, with treated
wastewater being their primary source. Accordingly, several studies have assessed the
removal efficiency of psychoactive pharmaceutical residues using conventional wastewater
treatment methods, including activated sludge, membrane bioreactors (MBR), and
sequential batch reactors (SBR).

Comprehensive data on the removal of psychoactive pharmaceuticals remains limited
due to the number of residues and treatment methods (i.e., moving bed biofilm reactor,
MBBR) tested. Additionally, most of the studies have been focused on the removal of
antidepressants, while only a limited number of antipsychotics or benzodiazepines have
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been addressed. Consequently, further research is essential, especially in light of the EU’s
recently revised urban wastewater treatment directive, which requires the inclusion of
additional quaternary treatment to remove >80% of at least six out of 13 listed
micropollutants, including three antidepressants (citalopram, carbamazepine, and
venlafaxine), which are also the subject of this study.

A significant part of this thesis focused on the removal efficiency of antidepressant,
antipsychotic, and benzodiazepine residues in seven Slovenian WW'TPs, which varied in
catchment size and type of wastewater treatment technology, including activated sludge,
SBR, SBR with UV, MBR, and MBBR. Among the studied treatment technologies, the
efficiency of MBBR in removing psychoactive pharmaceutical residues was tested for the
first time. The results showed that the different treatment technologies remove
psychoactive pharmaceuticals to differing degrees, with AS and MBR being the most
efficient and MBBR the least efficient.

This thesis also revealed how removal is compound dependent, with, e.g., oxazepam,
venlafaxine/ O-desmethylvenlafaxine, and citalopram/norcitalopram residues being poorly
removed (average RE<40%) in all cases. On average, better removals were found for
antipsychotics (REs=73%), followed by benzodiazepines (REs=45%), then antidepressants
(REs=39%). Although a few antipsychotics, including clozapine, quetiapine, and
paliperidone, were effectively removed (<90%) with some treatment methods, complete
mineralisation was not achieved, confirming H3: “Conventional biological
wastewater treatment technologies do not entirely remove psychoactive
pharmaceutical residues to <LOQ”. Furthermore, bupropion-OH, carbamazepine,
CBZ-E, clozapine, norclozapine, norquetiapine, temazepam, sertraline, and ZPCA residues
showed significantly lower removal rates in MBBR, systems compared to other treatment
technologies. Psychoactive pharmaceutical residues were also found in various amounts in
effluent-receiving surface waters, reflecting their degree of removal during treatment.

As a result of their continuous release into wastewater, psychoactive pharmaceutical
residues, including both parent compounds and their metabolites, demonstrate pseudo-
persistence in the aquatic environment and have been detected in various receiving waters,
such as rivers, lakes, and oceans, as well as in some cases, even in soil or drinking water
supplies. Even at trace levels (ng/L), their presence in surface waters could pose a threat
to non-target aquatic organisms, and long-term exposure leads to chronic ecological and
evolutionary impacts. Unfortunately, data on their occurrence in environmental waters
remain limited due to the number of residues tested and the diversity of aquatic organisms
exposed. Consequently, more data are required on the environmental presence and toxic
effects of psychoactive pharmaceutical residues to better assess ecological risks.

This thesis explored the occurrence of a broad range of antidepressants, antipsychotics,
and benzodiazepine residues in Slovenian effluent receiving surface waters. Additionally,
the ecological risk posed by the measured concentrations of psychoactive pharmaceutical
residues in the tested receiving surface waters was evaluated using the ECOSAR predictive
model. At the measured concentrations, the effect on aquatic organisms was predicted for
venlafaxine, O-desmethylvenlafaxine, citalopram, and sertraline residues, which leads to
the partial rejection of H5: “Measured levels of psychoactive pharmaceutical
residues in surface waters impacted by WWTP effluent do not pose a risk to
aquatic organisms based on the ECOSAR predictive model”, indicating that some
psychoactive pharmaceutical residues may pose an acute toxicity risk to the aquatic
organisms at the determined levels. Considering the in silico data, further in vivo studies
would be beneficial.
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Novel sampling strategies for the determination of psychoactive
substances in wastewater

An overall issue to be addressed in WBE is the sampling process. This thesis employed an
innovative sampling strategy that utilised APS devices developed at the University of
Antwerp. In brief, the APS relies on generating a controlled flow across sorbents selective
for several classes of compounds, thereby providing on-site, in-situ pre-concentration of
target biomarkers in a well-defined manner. Such an approach yields average
concentrations over the device's deployment time (e.g., a few days to a few weeks), reducing
the required sampling frequency and aligning them with the WBE approach. This
deployment was the first in-situ application of the APS device in wastewater for the
determination of six psychoactive compound biomarkers (antidepressants, illicit drugs, and
opioids), and compared its performance with o-DGT passive samplers (both purchased and
lab-assembled) and conventional 24-hour composite sampling (followed by SPE) during the
same sampling period.

Data from over five deployment periods (3, 6, 9, 12, and 14 days) revealed that APS
results were in good agreement with both 24-hour composite sampling (followed by SPE)
and o-DGT devices for most biomarkers, with concentration differences generally within
40%. APS results were also remarkably consistent with the 24-hour SPE-based
measurements for all biomarkers, except for EDDP and hydroxybupropion, for which
compound-specific deviations were observed, likely driven by chemical speciation,
differences in sorbent binding or interactions with particulate matter.

The APS offers a hybrid approach that integrates the strengths of both passive and
active sampling, providing controlled uptake rates and broad analyte coverage without the
need for expensive equipment or daily maintenance. Like o-DGT, APS enables the time-
integrated pre-concentration of analytes, thereby enhancing the detection of low-
concentration substances while minimising the complexity and associated costs of
autosamplers. Additionally, APS benefits are particularly evident in applications that
require controlled flow rates, low detection limits, and extended monitoring periods.
Although this thesis demonstrated APS’s potential to complement traditional 24-hour
composite sampling by enabling continuous measurement and capturing temporal
fluctuations in psychoactive compound levels in wastewater effluents, APS does have
certain limitations that should be considered. Despite the promising results in effluent
wastewater applications, initial deployment of the APS device in influent wastewater failed
due to filter clogging within 18 hours, which leads to a partial rejection of H4: “APS
provides a more convenient and efficient sampling strategy than conventional
24-hour composite sampling”. Further improvements would provide valuable
opportunities for WBE applications and environmental surveillance.

To summarise, determining psychoactive substance residues in waste and
environmental waters provides significant information on the epidemiological and
environmental aspects of psychoactive substance use. These aspects are closely related and
require a multidisciplinary approach to be understood and addressed effectively. This thesis
used a combination of different methods, including chemical analysis, ecotoxicity predictive
model, and risk assessment, to (i) determine psychoactive substance biomarkers in aquatic
matrices, (ii) monitor spatiotemporal use of psychoactive pharmaceuticals and NPS in the
Slovenian population using WBE and compare the data with the available prescriptions
(for psychoactive pharmaceuticals), (iii) evaluate the influence of the COVID-19 pandemic
on psychoactive pharmaceutical and NPS consumption trends, (iv) assess the stability of
antipsychotic and NPS biomarkers, (v) evaluate removal efficiency of psychoactive
pharmaceutical residues during conventional biological wastewater treatments,
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(vi) determine the occurrence of psychoactive pharmaceutical residues in receiving surface
waters, (vii) estimate associated acute and chronic toxicity to aquatic organisms, and (viii)
deploy and compare innovative (active-passive) and conventional (24-hour composite)
wastewater sampling strategies.

Overall, the work has made significant contributions to both science and society.
Importantly, it has enabled methodological advancements for determining psychoactive
pharmaceuticals and NPS in wastewater within the WBE framework. In particular,
classical SPE protocols and a high-throughput miniaturised SPE protocol using Oasis MCX
96-well plates were developed and validated for the quantification of a broad range of
psychoactive substance biomarkers in waste and surface waters. Additionally, it has
provided timely information on changes in the spatiotemporal patterns of psychoactive
pharmaceutical and NPS use in Slovenia and evaluated the pandemic's influence on their
use, thereby enhancing our understanding of these international trends. It also
comprehensively assessed the stability of antipsychotic and NPS biomarkers, further
supporting WBE in obtaining more accurate consumption data and strengthening its
validity as a complementary approach.

The thesis also contributes additional data on removing psychoactive pharmaceutical
residues during wastewater treatment, including, for the first time, their removal using an
MBBR. Moreover, it has evaluated the prevalence of psychoactive pharmaceutical residues
in receiving surface waters and assessed associated environmental risks by using the
ECOSAR predictive model. Lastly, this thesis investigated, for the first time, innovative
active-passive sampling strategies in wastewater and compared them to conventional
24-hour composite sampling.

These contributions are documented in eight peer-reviewed scientific publications and
one publication to be submitted for revision in Environmental Pollution in December 2025.
The published papers include renowned peer-reviewed publications with impact factors
ranging from 2.6 to 12.4. Three publications were published in the journals with
outstanding scientific performance (A” according to the Slovene Research and Innovation
Agency) classification. The doctoral candidate is the first author in five of the publications.
In addition, the research findings have been presented at eleven scientific conferences,
including both oral presentations and poster sessions.

Despite the contributions this thesis has made, many questions remain unanswered,
and there is considerable scope for further research. In this regard, this work serves as a
foundation for future studies. Future directions (Chapter 5) include, among others,
methodological advancements, applications to specific populations, and further
investigation of the impact of psychoactive substance residues in aquatic ecosystems.
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Chapter 5

Future Perspectives

Methodological improvements

This section highlights key insights and future opportunities for WBE to further contribute
as a complementary epidemiological source, providing independent, accurate, and timely
information on xenobiotic consumption trends at high spatiotemporal resolution. Although
WBE has already been used for two decades to investigate licit and illicit drug
consumption, and it has proven useful in monitoring trends in the use of psychoactive
pharmaceuticals in the general population, additional research is needed on methodological
issues.

New biomarkers (parent compounds or corresponding metabolites) for a selection of
frequently prescribed pharmaceuticals, particularly for antipsychotics and benzodiazepines,
should be included in the target analytical methods, such as the high-throughput 96-well
SPE method. Considering that for some psychoactive pharmaceuticals of interest, such as
fluoxetine, paroxetine, duloxetine, haloperidol, and lorazepam, only parent compounds
have been investigated, their corresponding metabolites should be added to analytical
methods.

The available Phase I and II metabolism studies in the scientific literature should be
further reviewed to identify additional metabolites to be targeted in influent wastewater.
Additionally, it is essential to assess biomarker suitability by evaluating their
pharmacokinetics and stability to address associated uncertainties, particularly when using
parent compounds as biomarkers. This data is also needed for the accurate quantification
of NPS in influent wastewater (e.g., within the framework of international NPS
monitoring). Currently, data on their excretion and metabolism are limited, making it more
challenging to estimate their consumption.

In-sewer (i.e., temperature, pH, time, biofilm presence) and in-sample (i.e., storage,
freeze-thaw, benchtop) conditions can result in the degradation and (bio)transformation of
biomarkers. In-sewer and in-sample stability for several of the investigated biomarkers
(mainly antidepressants and benzodiazepines) have been studied in various other
publications, while there is only limited research for antipsychotics and NPS.

Finding consensus on a suitable experimental setup that fully mimics sewer conditions
remains challenging. A variety of approaches, such as gravity sewers, biofilm-free systems,
and rising main sewer reactors, along with different conditions (pH, temperature, duration,
and biofilm content), have been reported, making it difficult to compare findings across
studies. Similarly, various experiments (benchtop, frozen cartridge, long-term sample
storage, WWTP autosampler, and freeze-thaw) have been used in different studies to
evaluate in-sample stability under different conditions (filtration, temperature, and pH).
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Consequently, the in-sewer and in-sample stability of several target psychoactive substance
biomarkers should be further assessed.

The sampling schemes used in this thesis primarily consisted of daily 24-hour composite
sampling for one week at different times between 2019 and 2023. The applicability of novel
sampling approaches, such as active-passive sampling, should be further explored for
spatiotemporal trend analysis within the WBE framework. Although APS was successfully
applied to effluent wastewater, further optimisation is needed for more complex matrices
such as influent wastewater.

Improvements may include physical adaptations such as installing a metal cage or
protective mesh around the PES membrane to prevent blockages caused by large debris
and suspended solids. Additionally, integrating more robust pumping systems—such as
peristaltic or diaphragm micro-pumps—could help reduce fouling and improve reliability.
Moreover, with the inclusion of a broader range of psychoactive substances in this
approach, these advancements would not only expand the applicability of APS in WBE
studies but also support the assessment of WWTP performance, aligning with the
objectives of the revised Urban Wastewater Treatment Directive.

Further research is also required to reduce uncertainty in estimating the population size
contributing to the WWTP. This omission is of great importance, as failing to account for
population fluctuations may lead to incorrect conclusions about consumption trends or
exposure levels. While various efforts have already been made to track changes in
population sizes to reduce this uncertainty, proposed methods, including the use of mobile
phone data and the determination of hydro-chemical parameters, remain inadequate.
Mobile phone data, for instance, is not easily accessible or even available in all countries
(including Slovenia), and hydro-chemical indicators like chemical oxygen demand (COD)
and biological oxygen demand (BOD) are influenced not only by human activity but also
by industrial and agricultural inputs. In the future, further research and alternative
methods for applying dynamic population proxies are needed to address this methodological
issue effectively.

WBE: application to the Slovenian population

International NPS monitoring is expected to continue, and interlaboratory studies and
best-practice protocols will need to be developed. Slovenia’s ongoing participation in NPS
monitoring is beneficial at both national and international levels. Accordingly, during the
New Year periods of 2023/2024 and 2024/2025, Slovenia contributed to international NPS
monitoring by providing wastewater samples from seven municipalities. However, future
participation also depends on funding.

Beyond methodological development, efforts should also focus on exploring the potential
of applying wastewater analysis to specific populations as a non-invasive alternative to
existing methods, such as individual drug testing. These could include educational
institutions, prisons, and sports settings. Although studies have been made in Slovenian
educational institutions to investigate the use of illicit drugs, monitoring the use of
psychoactive pharmaceuticals would provide additional value. Educational institutions,
mainly high schools and universities, are increasingly associated with the use of medications
(i.e., antidepressants, anxiolytics) either for therapeutic purposes, cognitive enhancement,
or non-medical use. WBE would provide valuable insight into students’ mental health,
which could inform campus health services, awareness campaigns, and policy interventions.
However, ethical considerations, including informed consent and the potential for
misinterpretation or stigmatisation of institutions, must be carefully addressed.

In correctional facilities, WBE could become a powerful tool to monitor the use of
psychoactive pharmaceuticals and NPS in a comprehensive and real-time manner. Prisons
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are high-risk settings for substance misuse, both through the smuggling of illicit drugs and
the diversion of prescribed medications. WBE can serve as a tool for early detection of
drug misuse trends, help evaluate the effectiveness of treatment and harm reduction
programs, and guide health interventions tailored to the specific needs of the incarcerated
population. Additionally, its non-invasive nature and ability to assess drug use at the
population level provide a practical alternative to conventional methods such as random
drug testing, which can be resource-intensive and limited in scope. However, implementing
WBE in prisons must be handled with caution, ensuring strict adherence to ethical
standards that protect privacy and prevent the misuse of data for punitive or
discriminatory purposes.

Recreational and professional athletes represent another potential setting, where
wastewater analysis could be applied to monitor psychoactive substance misuse. Current
doping control methods rely primarily on random individual testing, which may not capture
broader trends or detect the use of new or designer substances that fall outside conventional
testing panels. Here, wastewater analysis could serve as an initial screening method,
providing insight into group-level drug use and guiding more targeted anti-doping
strategies. However, since such an application has not yet been implemented in practice in
the sports domain, careful consideration must be given to ethical implications, such as the
potential stigmatisation of entire teams or clubs, especially when interpreting group-level
data. Beyond identifying drug misuse, the use of suspect screening or non-targeted
analytical approaches in wastewater analysis could also help detect emerging trends in the
use of psychoactive substances in sports. Transparent communication and regulatory
frameworks are essential to ensure fair, responsible, and scientifically grounded applications
in the athletic community.

Ultimately, wastewater analysis is expected to expand its applications beyond
estimating population-level consumption of psychoactive substances. Another promising
direction of WBE is its application to assess the spread of viruses and other diseases within
populations, a role that proved valuable during the COVID-19 pandemic. Moreover, WBE
can be applied to explore population-wide exposure to substances not intended for human
consumption, such as pesticides, plasticisers, and various household or industrial chemicals,
thereby serving as a complementary approach to human biomonitoring. Such an
application is currently being explored through the ongoing European Partnership for the
Assessment of Risks from Chemicals (PARC) project, co-funded by the European Union.
The initiative focuses on evaluating the risks associated with known, emerging, and novel
pollutants, aligning with the EU’s objective of achieving a pollution-free environment.

Psychoactive pharmaceutical residues in receiving surface waters and
associated risks

While this thesis has made important contributions, further research is necessary to deepen
our understanding of the presence of psychoactive pharmaceuticals in environmental
waters. The predominant use of grab sampling as a technique for sampling surface waters
presents limitations because it captures only a snapshot of substance concentrations at the
time of collection and fails to provide time-resolved data. Therefore, alternative methods,
such as passive or active-passive sampling techniques, require further investigation.
Additionally, the evaluation of psychoactive pharmaceutical residues should also be
expanded to include groundwater. Consequently, there is a need for studies that include a
broader spectrum of psychoactive pharmaceuticals and their metabolites to support future
environmental risk assessments, including those linked to the EU Watch List and
Groundwater Watch List under the Water Framework Directive.
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Furthermore, suspect screening and non-target analysis should be considered to detect
substances that may occur in the environment but cannot be detected by targeted
analytical methods. Moreover, conducting studies on psychoactive pharmaceutical residues
in environmental waters is especially critical in developing regions and countries with
limited access to wastewater treatment infrastructure. In these areas, untreated or
inadequately treated wastewater can lead to higher concentrations of psychoactive
pharmaceutical residues in the environment, posing significantly greater risks to ecosystems
and public health.

Exploring the potential impact of psychoactive pharmaceutical residues on other
subsurface aquatic ecosystems (i.e., caves) would be of great interest, given their ecological
sensitivity and fragility, particularly in light of Slovenia's well-known karst landscapes.
However, to gain a comprehensive understanding of how pharmaceutical residues move,
disperse, and persist in subterranean and cave aquatic systems, it is essential to investigate
the stability of these compounds during their passage through soil and within water bodies.

Additionally, research into the effects of psychoactive pharmaceutical residues on
wildlife is necessary, as their impact on aquatic organisms at environmental levels and no-
effect concentrations remains largely unknown. Furthermore, ecotoxicological testing
should be performed on subterranean species across different trophic levels, as such data
are currently scarce or non-existent, although these organisms play vital roles in delicate
karst ecosystems. While the environmental risk assessment in this thesis focused on
psychoactive pharmaceuticals, future studies should also extend predictive ecotoxicological
modelling approaches, such as ECOSAR, to NPS, once appropriate analytical methods,
reference standards, and exposure data become available.

Lastly, more attention should be given to studies that determine the occurrence of
psychoactive pharmaceutical residues in drinking water and evaluate their potential risks
to human health. Many psychoactive pharmaceutical residues are chiral molecules, and
their enantiomers can exhibit differing levels of toxicity. Investigating stereoselective
toxicity is another area for advancing environmental risk assessments of psychoactive
pharmaceutical residues.
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