LICIT AND ILLICIT DRUGS IN WASTE- AND
ENVIRONMENTAL WATERS:
EPIDEMIOLOGICAL AND
ENVIRONMENTAL APPLICATIONS

Taja Verovsek



Doctoral Dissertation
Jozef Stefan International Postgraduate School
Ljubljana, Slovenia

Supervisor: Prof. Dr. Ester Heath, Jozef Stefan Institute, Ljubljana, Slovenia

Evaluation Board:

Prof. Dr. Nives Ogrinc, Chair, Jozef Stefan International Postgraduate School and Jozef
Stefan Institute, Ljubljana, Slovenia

Prof. Dr. Helena Prosen, Member, Faculty of Chemistry and Chemical Technology,
University of Ljubljana, Ljubljana, Slovenia

Prof. Dr. Lubertus Bijlsma, Member, Department of Physical and Analytical Chemistry,
Universitat Jaume I, Castellon de la Plana, Spain



MEDNARODNA PODIPLOMSKA SOLA JOZEFA STEFANA
JOZEF STEFAN INTERNATIONAL POSTGRADUATE SCHOOL

Taja Verovsek

LICIT AND ILLICIT DRUGS IN WASTE- AND
ENVIRONMENTAL WATERS: EPIDEMIOLOGICAL
AND ENVIRONMENTAL APPLICATIONS

Doctoral Dissertation

DOLOCANJE DOVOLJENIH IN NEDOVOLJENIH
DROG V ODPADNIH IN OKOLJSKIH VODAH:
EPIDEMIOLOSKI IN OKOLJSKI VIDIK

Doktorska disertacija

Supervisor: Prof. Dr. Ester Heath

Ljubljana, Slovenia, September 2023






To my children, TevZ and Lenart

“If you’re always trying to be normal, you will never know, how

amazing you can be.”
(Maya Angelou)






vii

Acknowledgments

First of all, I would like to thank my supervisor, prof. dr. Ester Heath, for all the support,
encouragement, and guidance. Thank you for being strict and understanding at the same
time and allowing me to grow professionally and personally. Many thanks also to dr. David
Heath, for stoically bearing the many wrongs I have done to the English language. Thank
you for all suggestions, discussions, help and optimism you brought when I needed it the
most.

Also, I would like to thank dr. Ivona Krizman Matasic¢ for helping me to build the firm
grounds of my Ph.D., but above all, for the friendship we forged.

My years at the institute would not have been as joyful without my co-workers. Dr. Ana
Kovacic, dr. Tjasa Gornik, dr. Milka Ljoncheva, dr. David Skufca, dr. Ziga Tkalec, Helena
Plesnik, Anja Vehar, Tamara Gajst, Maria Laimou-Geraniou, Firini Andreasidou, Zan
Rekar, and dr. Doris Potocnik, thank you for encouraging me in the most desperate
moments, for long talks with spicy humor, enthusiastic workouts, and even for original
nicknames. You brightened up every day we spent together in the office, laboratory or
volleyball court.

I will always be grateful to prof. dr. Félix Herndndez and prof. dr. Lubertus Bijlsma for
warmly welcoming me to their institute. Thank you for introducing me to the science you
do and showing me the beauty of Spanish culture despite the pandemic. Many thanks also
to dr. Alberto Celma Tirado, who, in addition to prof. dr. Lubertus Bijlsma patiently
answers my countless “why” and “how” questions. My stay in Spain would never have
been so adventurous without the “Becaria team”: Claudia Simarro Gimeno, Elisa Gracia
Marin, David Izquierdo Sandoval and dr. Merve Kuloglu Geng¢. Thank you for all the trips
we made and the joyful memories we created.

Many thanks to doc. dr. Tina Kosjek, dr. Ada Hocevar Grom, Andreja Drev, dr. Urska
Blaznik, prof. dr. Helena Prosen, assist. prof. dr. Tina Elersek, Ariana Sustaric, dr. David
Kocman, dr. Mitja JanzZa, dr. Roman Kranvogl, Denisa Krevh and Labtim d.o.o. for fruitful
cooperation in the research process. Special thanks go to the personnel of Central
wastewater treatment plants of Ljubljana and DomZale-Kamnik, Komunalno podjetje
Velenje, Marjetica Koper, Komunala Novo mesto, AquaSystems, and Komunala Kranj
who enabled my studies by providing (waste)water samples. Also, I would like to thank
the committee members for addressing the thesis, which would not have been possible
without the support provided by the JoZef Stefan Institute and Slovenian Research and
Innovation Agency (ARIS, former Slovenian Research Agency — ARRS) in the frame of
program group P1-0143 and national projects L1-9191 and N1-0143.

Last but not least, I would like to thank my parents and brother Urban for being my
strong support and encouraging me always to stand up and fight. Many thanks to my
grandmother, Vera, for helping me with my children whenever I asked. Special thanks to
Tevz and Lenart — moje vse; thank you for being my shining stars.



viii



ix

Abstract

The analysis of drug residues in waste and environmental waters offers valuable insights
into the epidemiological and environmental implications of drug use. This study employs
a wastewater-based epidemiology (WBE) approach to estimate the use of licit and illicit
drugs and new psychoactive substances (NPS) among both general and specific
populations. In the latter case, the main focus is on evaluating drug use within educational
institutions. Notably, this study comprehensively assessed the presence of illicit drugs in
primary schools for the first time. Previously, except for cannabis, such data have not been
obtained even through conventional surveys. Additionally, the study evaluates the use of
WBE as part of an early warning system capable of detecting the presence of a wide range
of psychoactive substances in educational institutions without exposing individuals, as is
the case with drug testing. Lastly, this research aims to address a significant knowledge
gap regarding the impact of drug use on aquatic ecosystems.

Herein are described the target analytical methods (LC-MS/MS) developed to determine
both licit and illicit drug residues in raw wastewater. To study new psychoactive substances
(NPS) in educational institutions, suspect screening (LC-IMS-HRMS) was applied.
Enantiomeric profiling (chiral derivatization, GC-MS/MS) and determining isotopic
composition (GC-C-IRMS) of carbon in biomarkers were explored as complementary
approaches to the obtained WBE data. Targeted analytical methods (LC-MS/MS) were
also developed to determine drug residues in treated wastewater, surface water, and
groundwater. The aim was to assess the removal efficiency of drug residues using
conventional biological wastewater treatment processes and determine their occurrence in
effluent-receiving rivers and groundwater. In addition, the distribution of drug residues in
groundwater was predicted using solute transport modelling.

The toxicity of drug residues towards green algae Chlamydomonas reinhardtii, which
serves as a representative primary producer in the aquatic food web, was also explored.
This was accomplished through in vivo testing, specifically the algal growth inhibition test.
Furthermore, the environmental risks posed by drug residues in effluent-receiving rivers
were assessed using in silico methods (ECOSAR).

The research findings on the use of licit, illicit drugs and NPS in the general population
reveal distinct patterns. The use of stimulants shows similarities to Western and Southern
FEuropean countries, with cocaine being the predominant drug detected, as observed
through international SCORE monitoring. Among the NPS identified, the use of eutylone,
3-MMC, and mitragynine is confirmed based on international NPS monitoring, with 3-
MMC having one of the highest detected mass loads within the study. In educational
institutions, drugs are also detected, with nicotine, alcohol, and cannabis being the most
prevalent, along with the unequivocal identification of four NPS (stimulants: 3-MMC,
ephedrine, 4-chloro- o -PPP, and ethcathinone). It is worth noting that, despite
methodological differences, the results obtained through WBE only partially align with
data from other sources, regardless of the target population.

In addition to WBE data, a dumping event is confirmed solely through enantiomeric
profiling of MDMA | a drug with a straightforward synthesis and excretion profile. Although
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the effectiveness of determining the isotopic composition of light elements (C**/C") in drug
residues from raw wastewater for reducing the uncertainty of WBE consumption estimates
has not been established, it could be used as a complementary method to drug profiling,
potentially providing an early warning system for detecting changes in drug supply.
However, further studies are required to substantiate this claim.

Due to the incomplete removal of drug residues during conventional biological
wastewater treatment, their presence has been detected in effluent-receiving rivers within
the ng/L range. In the algal growth inhibition test conducted on Chlamydomonas
reinhardtii, a species of green algae, no adverse effects were observed, even at
concentrations higher than those measured (1 mg/L). However, in silico predictions
indicate potential effects on aquatic organisms for nicotine, methadone, EDDP, morphine,
and MDMA, which warrant further in vivo studies. Furthermore, drug residues have also
been found in groundwater within the low ng/L range, which raises concerns considering
that groundwater is a primary source of drinking water globally. Contrary to expectations,
it was found that the River Sava, which recharges the Ljubljansko polje aquifer and
contains drug residues (ng/L range), is not their primary source. Instead, the source has
been identified as Ljubljana's leaky sewer infrastructure, emphasizing the need to address
raw wastewater as an important source of pollutants when studying urban aquifers.

To summarize, while the thesis successfully addressed several gaps related to estimating
drug use through WBE and understanding the environmental impact of drug residues, it
has also raised numerous new research questions in epidemiology and environmental and
human risk evaluation. For instance, the application of determining the isotopic
composition of drug residues in raw wastewater opens up opportunities for further
investigation of its applicability as support for forensic intelligence. Additionally, there is
a need for ecotoxicological studies to assess the potential harm caused by drug residues
(e.g., to subterranean organisms) and studies to examine the occurrence and impact of
these residues in drinking water.



xi

Povzetek

Analiza ostankov zdravil v odpadnih in okoljskih vodah omogoca vpogled v stanje na
podrocju uporabe drog (epidemiologija) ter vpogled v vplive, ki jih uporaba drog ima na
okolje. V okviru studije smo z epidemiologijo na osnovi odpadnih vod (WBE) ocenili
uporabo dovoljenih in prepovedanih drog ter novih psihoaktivnih snovi (NPS) v splosni in
specificni populaciji, s poudarkom na oceni uporabe drog v izobrazevalnih ustanovah. Kot
prvic je bila celovito ocenjena prisotnost prepovedanih drog v osnovnih Solah, saj se tovrstni
podatki, z izjemo uporabe konoplje, ne zbirajo niti s klasi¢nimi raziskavami (vprasalniki).
Ocenili smo tudi aplikativnost WBE za sistem zgodnjega opozarjanja kot postopek, ki je
sposoben zaznati prisotnost Sirokega nabora psihoaktivnih snovi v izobrazevalnih
ustanovah, ne da bi pri tem izpostavil posameznike (kot je to v primeru testiranja na droge
v urinu). Poleg tega smo v raziskavi odpravili veliko vrzel v poznavanju posledic uporabe
drog na vodne ekosisteme.

Za dosego ciljev smo razvili taréne analizne metode (LC-MS/MS), s katerimi smo
doloc¢ili ostanke dovoljenih in prepovedanih drog v nepreéis¢eni odpadni vodi. Za
preucevanje pojavnosti novih psihoaktivnih snovi (NPS) v odpadni vodi izobrazevalnih
ustanov smo uporabili netaréno analizo (Eng., suspect screening; LC-IMS-HRMS).
Dodatno smo raziskali uporabo enantiomernega profiliranja (derivatizacija s kiralnim
reagentom, GC-MS/MS) in doloc¢anje izotopske sestave (GC-C-IRMS) ogljika biomarkerjev
za identifikacijo neuporabljene droge, ki je bila odvrzena v kanalizacijski sistem kot
dopolnitev podatkov o uporabi drog, ki so bili pridobljeni s klasi¢no analizo neprecis¢ene
odpadne vode (WBE). Tar¢ne analizne metode (LC-MS/MS) smo razvili tudi za dolocanje
ostankov drog v precisceni odpadni in povrsinski vodi ter podtalnici s ciljem, da bi ocenili
odpadne vode, pridobili podatke o pojavljanju ostankov drog v rekah, v katere se precis¢ena
odpadna voda iz cistilnih naprav izliva, in ocenili pojavnost ostankov drog v podzemni
vodi. Poleg tega smo z modeliranjem prenosa snovi predvideli porazdelitev ostankov drog
v podzemni vodi. Toksi¢nost ostankov drog smo raziskali za zelene alge Chlamydomonas
reinhardtii, ki predstavljajo primarnega proizvajalca prehranjevalne verige v vodnem
okolju. Izvedli smo tudi in vivo test zaviranja rasti alg, tveganja, ki jih predstavljajo ostanki
drog v rekah, v katera se izliva precéis¢ena odpadna voda, pa smo ocenili in silico
(ECOSAR).

Rezultati raziskav o uporabi dovoljenih, prepovedanih drog in NPS v splosni populaciji
so pokazali specificne vzorce uporabe drog v Sloveniji. Na primer, v mednarodnem SCORE
monitoringu je bilo ugotovljeno, da se v Sloveniji, podobno kot v drzavah zahodne in juzne
Evrope, med stimulansi najve¢ uporablja kokain, na podlagi NPS monitoringa pa je bila
detektirana uporaba eutilona, 3-MMC in mitraginina, pri ¢emer so bile vrednosti masnih
obremenitev 3-MMC med najvisjimi v Studiji. V izobrazevalnih ustanovah smo najveckrat
zaznali nikotin, alkohol in konopljo, od NPS pa smo identificirali stiri stimulanse: 3-MMC,
efedrin, 4-kloro- @ -PPP in etkatinon. Zaradi metodoloskih razlik so se rezultati, pridobljeni
z WBE, ne glede na tar¢no populacijo, vedno le delno ujemali s podatki iz drugih virov.
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Poleg pridobljenih WBE podatkov o uporabi drog smo zaznali tudi odvrzeno
neuporabljeno drogo v kanalizacijskem sistemu. In sicer smo z enantiomernim profiliranjem
potrdili prisotnost neuporabljene MDMA kot droge z enostavnim enantiomernim profilom
sinteze in izlo¢anja. Ceprav z dolo¢anjem izotopske sestave lahkih elementov (ogljika)
biomarkerjev, prisotnih v neprecis¢eni odpadni vodi, nismo mogli zmanjsati negotovosti
uporabe drog v populaciji, bi doloc¢anje izotopske sestave ostankov drog lahko uporabili kot
sistem zgodnjega opozarjanja na spremembe v ponudbi drog na trgu in tako dopolnili
podatke, ki se obic¢ajno pridobivajo s profiliranjem (zasezenih) drog. Vendar pa so za
utemeljitev te trditve potrebne nadaljnje studije.

Zaradi nepopolne odstranitve ostankov drog med konvencionalnim bioloskim ¢is¢enjem
odpadne vode smo ostanke drog (ng/L) dolo¢ili tudi v rekah, v katere se iztoki iz Cistilnih
naprav izlivajo. Pri testu zaviranja rasti alg, opravljenem na zelenih algah Chlamydomonas
reinhardtii, nismo opazili uc¢inkov na njihovo rast, ¢eprav so bile testirane koncentracije
(1 mg/L) precej visje od izmerjenih rec¢nih koncentracij. Ker pa smo predvideli u¢inke na
vodne organizme pri teh koncentracijah in silico za nikotin, metadon, EDDP, morfij in
MDMA, bi bilo za te ostanke drog smiselno opraviti nadaljnje in vivo ekotoksikologke
studije. Ostanke drog smo detektirali tudi v podzemni vodi (spodnje obmoéje ng/L), kar
vzbuja zaskrbljenost tudi v svetovnem merilu, saj je podzemna voda obic¢ajno glavni vir
pitne vode. V nasprotju s pricakovanji smo v studiji ugotovili, da v preiskovanem
vodonosniku (Ljubljansko polje) reka Sava, ki vodonosnik napaja in vsebuje ostanke drog
(ng/L), ne doprinese pomembno k pojavljanju ostankov drog v podzemni vodi. Kot njihov
primarni vir smo identificirali pusc¢anje kanalizacijskega sistema Ljubljane, kar poudarja
potrebo po obravnavanju nepreciséene odpadne vode kot pomembnega vira onesnazeval pri
preucevanju urbanih vodonosnikov.

Medtem ko smo v okviru doktorske disertacije uspesno premostili stevilne vrzeli, ki so
povezane z ocenjevanjem uporabe drog z uporabo WBE in razumevanjem njenega vpliva
na okolje, smo odprli tudi stevilna nova raziskovalna podrocja, ki so povezana z uporabo
drog, tako v okviru epidemiologije kot tudi ocenjevanja okoljskega tveganja in tveganja za
zdravje ljudi. Na primer, dolo¢anje izotopske sestave ostankov drog v neprecis¢eni odpadni
vodi odpira moznosti za nadaljnje raziskave njene uporabnosti kot podpore obvescevalnim
sluzbam. Po drugi strani pa so se kot potrebne izkazale dodatne ekotoksikoloske studije
ostankov drog na okoljske organizme (npr. na podzemne organizme), pa tudi studije, ki
preucujejo pojav ostankov drog v pitni vodi in njihov morebitni vpliv na ¢loveka.
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Glossary

Alcohol — ethanol (if not specified otherwise).

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

Chiral molecules — molecules that contain an asymmetric (chiral) carbon atom, which
results in two enantiomeric forms: R(—) and S(+).

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, behavior and (eco)toxicological effects
are not well understood”.

Dark web — also known as the darknet, the Dark web is an internet network that can be
accessed only with specific software, configuration, or authorization.

Decriminalization — the process in which a criminal offense is reclassified as non-criminal
through legislation. The behavior remains an offense but is addressed by other means than
criminal law. Decriminalization is within the provisions of international drug control
conventions.

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).

Depenalization — when behavior remains a criminal offense but with reduced criminal
sanctions. A change in the legal framework is not needed.

Diastereomers — are molecules of the same chemical composition that differ in 3D
configuration at one or more stereocenters, but are not mirroring images of one another.

(Current) drinkers — are defined by the WHO as “those who have consumed a drink
containing alcohol in the last 12 months”.

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.

FAIR data — are the data that meet four foundational principles, namely findability,
accessibility, interoperability, and reusability.
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Heavy drinkers — drinkers, that consume more alcohol than the established limit of reduced-
risk drinking, 7.e., more than four standard drinks per day (14 standard drinks per week)
for men and three drinks per day (seven drinks per week) for women.

Isotopes — atoms of the same element with the same number of protons and electrons (same
atomic number) but differing numbers of neutrons, i.e., atomic mass. Isotopes can be stable
(non-radioactive) or unstable (radioactive).

Legalization — the commercialization of controlled substances for non-medical and non-
scientific purposes, including production, export/import, and distribution, entailing no
penalty. Legalization is not within the provisions of international drug control conventions.

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

Limit of quantification (LO@) — the lowest concentration of an analyte that can be
quantified with an acceptable method performance (accuracy and repeatability).

Matriz effect — the effect (enhancement or suppression) of co-eluting residual matrix
components of the sample on the ionization of the target analyte in mass spectrometry.

Recorded alcohol — alcohol beverages, recorded in official statistics on sales and taxation.

Second-hand smoke — smoke emitted from lighted tobacco products, namely cigarettes,
bidis, and water pipes, and exhaled smoke of the smoker.

(Standard) daily dose — defined by WHO as “the assumed average maintenance dose per
day for a drug used for its main indication in adults”.

Substitutional drugs — pharmaceutical opioids used to treat people with opioid use disorder.

Unrecorded alcohol — alcohol, such as homemade alcohol (legal and illegal), smuggled
alcohol, alcohol intended for medical and industrial use, alcohol obtained from cross-border
marketing and surrogate alcohol (e.g., mouthwash and medical tinctures), which is
produced outside of government control and is not accounted for in official statistics on
sales and taxation.

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.



Chapter 1

Introduction

1.1 Psychoactive Substances

Psychoactive substances are chemicals that, after administration, act upon the central
nervous system and change a person's perception, consciousness, cognition, mood, and
emotions [1]. They can be classified based on their pharmaceutical effect, origin, and legal
status (Table 1). The United Nations Office on Drugs and Crime (UNODC) [2] classifies
psychoactive substances as hallucinogens, stimulants and depressants based on their
pharmaceutical effect. Hallucinogens, sometimes called “psychedelics”, induce synesthesia
and alter a person's perception of reality. In contrast, dissociative anesthetics, another type
of hallucinogen, create feelings of detachment and separation from self and environment
[3], while stimulants increase alertness, heighten arousal and cause behavioral excitement.
Some stimulants, e.g., amphetamines or amphetamine-type stimulants, have established
therapeutic uses [4]. In contrast, depressants, namely opioids, sedatives, tranquilizers and
hypnotics, suppress brain activity. The term “opioids” refers to several groups of
substances, including natural opium poppy alkaloids known as opiates, their semi-synthetic
derivatives, and synthetic opioids, primarily synthesized by the pharmaceutical industry
to enhance the effectiveness of painkillers [5].

Based on their origin, psychoactive substances are divided into natural, semi-synthetic
and synthetic. Natural or plant-based substances are directly extracted from plants or
fungi, while semi-synthetic substances are synthesized from these natural precursors using
addition or substitution reactions and share a similar chemical structure. In contrast,
synthetic substances are synthesized from chemical precursors using multistep chemical
reactions [5].



Table 1: Classification of psychoactive drugs with most prominent examples [2].

Pharmaceutical effect

Origin

International legal status

Hallucinogens: Classic hallucinogens (psychedelics): Most of the common hallucinogens:
- Classic hallucinogens - natural: mescaline, psilocybin, naturally-occurring tryptamines  Regulated under UN71
(psychedelics) - semi-synthetic: lysergic acid diethylamide (LSD)
- Dissociative - synthetic: dimethyltryptamine (DMT) analogs, NBOMe series ~ Some synthetic hallucinogens:
anesthetics Dissociative anesthetics: Unregulated — labeled as NPS (e.g.,
- Cannabinoids - synthetic: phencyclidine (PCP), ketamine ketamine)
Cannabinoids:
- natural: tetrahydrocannabinol (THC)
- synthetic: synthetic cannabinoids (e.g., HU-210, CP-47,497,
JWH-018)
Stimulants - natural: cocaine, “crack” cocaine, nicotine, caffeine Legal stimulants:

- synthetic: amphetamine, methamphetamine, 3,4-
methylenedioxymethamphetamine (MDMA)*, 3 4-

methylenedioxyamphetamine (MDA), 3,4-

methylenedioxymethamphetamine (MDEA), and synthetic

cathinones (e.g., mephedrone)

Nicotine, caffeine

Regulated stimulants:
Regulated under UN61, UN71 (e.g.,
cocaine, amphetamines, MDMA)

Newly emerged stimulants:
Unregulated — labeled as NPS (e.g.,
synthetic cathinones)
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Table 1: Continued.

Depressants: Opioids: Legal depressants:
- Opioids - natural: opiates, namely morphine and codeine Alcohol (ethanol)
- Sedatives, - semi-synthetic: opiates, namely heroin
tranquilizers and - synthetic: fentanyl Regulated depressants:
hypnotics Sedatives, tranquilizers and hypnotics: Regulated under UN61 (most opioids),
- natural: alcohol (ethanol) UNT1 (most sedatives, tranquilizers and
- synthetic: benzodiazepines, barbiturates, gabapentinoids, hypnotics)

methaqualone, gamma-hydroxybutyric acid (GHB)
Newly emerged depressants:
Unregulated — labeled as NPS (e.g.,
synthetic opioids)

*Since 2002, MDMA has been classified as a hallucinogen and a stimulant.

NBOMe — N-methoxybenzyl-substituted phenethylamines, NPS — new psychoactive substances, UN61 — the Single Convention on Narcotic Drugs
1961, UNT71 — the Convention on Psychoactive Substances 1971, UN88 — 1988 United Nations Convention Against Illicit Traffic in Narcotic Drugs
and Psychoactive Substances
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The legal status of psychoactive substances is regulated under international and national
laws, which classify substances as legal (licit or unregulated) and illicit (controlled). The
prohibition of the recreational use of selected psychoactive substances (called illicit or
controlled substances) began in the late 19™ and early 20™ century, considering factors
such as health and social risks of use, colonial interests and culture [6]. Alcohol and tobacco,
for example, which are socially accepted drugs in European countries, have never been
considered subject to international laws, even though they are known to contribute more
overall harm to society than the misuse of some controlled drugs, such as ecstasy [6].

Coherent international law controlling illicit psychoactive drug consumption, possession
and trade was established after World War II. More than 300 psychoactive substances were
classified under the United Nations Convention on Narcotic Drugs in 1961 (UN61) [7] and
the Convention on Psychoactive Substances in 1971 (UN71) [8] based on their therapeutic
value, risk of abuse, and health risks (Table 2). In addition, the United Nations
Convention Against Illicit Traffic in Narcotic Drugs and Psychoactive Substances (UN88)
[9] was written in 1988 to control the trade of drug precursors and reagents. Parties to the
conventions can also prohibit specific substances as part of their national legal frameworks.
Accordingly, different concepts of legalization, namely depenalization, decriminalization
and legalization, are used when discussing the status of, for example, cannabis (Cannabis
sativa L.). Slovenia has signed the UN61, UN71, and UN88 conventions and classifies illicit
psychoactive drugs into three levels (Table 2); cannabis is classified under level II [10].

Substances for which trade and consumption are not prohibited by law are marked as
legal. These can be divided into prescription pharmaceuticals, recreational or culturally
used substances (e.g., nicotine and alcohol), and new psychoactive substances (NPS).
Despite being licit, misuse, abuse, unauthorized synthesis, and trade of prescribed
pharmaceuticals are considered illicit. In some cases, when misuse is of particular concern,
i.e., in the case of substitutional drugs (pharmaceutical opioids used to treat people with
opioid use disorder), their use is internationally controlled (UN61) [7].

The numerous proven adverse effects of tobacco and alcohol use have resulted in
legislation controlling their prevalence. Internationally, the Framework Convention on
Tobacco Control (FCTC) [11] and The Tobacco Products Directive (2014/40/EU) [12]
regulate the production, distribution, taxation, sale, packaging, advertisement, and use of
tobacco products. In 2018, heated tobacco products (HTP) became subject to FCTC
control, while other novel tobacco and nicotine products, namely electronic nicotine
delivery systems (ENDS) and electronic non-nicotine delivery systems (ENNDS), remain
unregulated [13], [14]. In the case of alcohol, guidelines for reducing its harmful use were
published by the World Health Organization (WHO) in 2010 [15]. In Slovenia, the first
tobacco restrictions were introduced in 1996. It was later adopted to implement the
European directive 2014/40/EU [16], while restrictions on alcohol sales and advertisement
were made in 2003 [17]. Among others, tobacco, tobacco-related products and alcohol were
prohibited from being sold to persons under 18 years of age. In addition, their use and sale
were banned within educational institutions [17], [18].



Table 2: International and national substance scheduling (adapted by [7], [8], [10]).

Single Convention on Narcotic Drugs (1961)

Classification Schedule 1 Schedule 11 Schedule III Schedule IV
Type of substances  Highly addictive substances  Substances used for medical Preparations containing a ~ The most dangerous
(examples) with a high risk of abuse purposes, with a lower risk  low number of substances substances, already listed

of abuse than substances in
Schedule I (codeine)

(cannabis, cocaine, heroin,
methadone, morphine, coca
leaf, opium)

in Schedule II and cocaine
(<2.5 % codeine, <0.1 %
cocaine)

in Schedule I, with
limited therapeutic value
(heroin)

Degree of control

Very strict: taking all Less strict
measures of control under

the 1961 convention

Lenient

Very strict: a complete
ban on the production,
export /import, trade,
possession, and use.
Exceptions: medical and
scientific purposes

Convention on Psychoactive Substances (1971)

Classification Schedule 1 Schedule 11 Schedule IIT Schedule IV
Type of substances  Substances with a high risk ~ Substances with a risk of Substances with a risk of Substances with a risk of
(examples) of abuse and little/no abuse and low/moderate abuse and moderate/high abuse and high

therapeutic value which
pose a serious threat to
public health
(amphetamines)

therapeutic value, which
pose a serious threat to
public health (LSD, MDMA,
cathinone, THC)

therapeutic value that pose

a serious threat to public
health (barbiturates,
buprenorphine)

therapeutic value, which
pose a minor threat to
public health
(tranquilizers, analgesics,
and narcotics)

Degree of control

Very strict: use limited to Less strict
medical and scientific

purposes

Available for medical
purposes

Available for medical
purposes




Table 2: Continued.

Decree on the classification of illicit drugs in Slovenia, no. 69/19, 157/20,162/21

Classification Group 1 Group II Group III

Type of substances Substances (and plants) Substances (and plants) Substances (and plants) with known therapeutic value,

(examples) with no therapeutic with a known therapeutic which pose a medium threat to public health if abused
value, which pose a value that pose a serious (GHB)

serious threat to public
health if abused (heroin,

MDMA, coca leaves)

threat to public health if
abused (Cannabis sativa L.
— herd, extracts and resins,
cocaine, codeine,
methadone)

Degree of control Very strict: production,
trade, and use limited to
educational and scientific

purposes

They may be produced, traded, possessed, and used for medical, veterinary,
educational, or scientific purposes.

GHB - gamma-hydroxybutyric acid, LSD
tetrahydrocannabinol

lysergic acid diethylamide, MDMA - 34-methylenedioxymethamphetamine, THC
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1.1.1 New psychoactive substances

New psychoactive substances are substances that have recently appeared on the drug
market and are not controlled under UN61 or UN71 [19], [20]. According to UNODC [20],
they are classified into 15 main groups based on their pharmacological effect, origin and
chemical structure (Table 3).

Table 3: UNODC NPS classification (June 2023) [20].

NPS class Pharmaceutical effect Substituted illicit drug

Aminoindanes Stimulant 2-aminoindane (2-Al)

(New) benzodiazepines Sedative/hypnotics Benzodiazepines

Fentanyl analogs Depressant Fentanyl

Lysergamides Hallucinogen Lysergic acid diethylamide
(LSD)

Nitazenes Depressant n.a.

Phencyclidine-type Stimulant, dissociative Phencyclidine (PCP),

substances ketamine

Phenethylamines Stimulant, hallucinogen Amphetamine,
methamphetamine, and
MDMA

Phenidates Stimulant Methylphenidate

Phenmetrazines Stimulant n.a.

Piperazines Antidepressant, opioid MDMA, 1-benzylpiperazine

(rarely) (BZP)
Plant-based substances n.a. n.a.
Synthetic cannabinoids  Stimulants, hallucinogens, =~ Cannabinoids (THC)
dissociative

Synthetic cathinones Stimulant Natural cathinone (khat
plant)

Tryptamines Hallucinogen Dimethyltryptamine
(DMT)

Other substances Hallucinogen, stimulant, n.a.

opioid, sedative/hypnotics

n.a. — not applicable;
MDMA - 3,4-methylenedioxymethamphetamine, THC — tetrahydrocannabinol

New psychoactive substances are intended to replicate the effects of controlled
substances, as outlined in Table 3. Although they may also be present as adulterants in
controlled substances, they are primarily accessible as legal alternatives [21], [22]. With
time, individual NPS and their classes may come under control primarily within national
laws established in more than 60 countries, including Slovenia [20], [23]. However, the
regulation of NPS at the international level is slow, considering the rapidly growing number
of newly produced and identified NPS. For example, in the 15 years up to December 2021,
1,127 NPS were newly identified, while only 300 psychoactive substances have been
scheduled under international drug conventions since 1961 [19].

The ease of NPS synthesis through minor modification (substitution/addition of
functional groups; Figure 1) also makes NPS regulation problematic, and their market is
large and dynamic. For example, in 2021 alone, 52 new NPS were reported in Europe and
50 in the United States [20], [24]. Moreover, the lack of safety data on toxicity, carcinogenic
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potential, long-term effects, purity, and compound identity presents a challenge for public
health and puts users at risk of intoxication [20], [21], [24].

a) 0 b) o)
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Figure 1: Examples of synthetic cathinones: (a) mephedrone, (b) methylone,
(c) pyrovalerone and (d) 3,4-methylenedioxypyrovalerone (MDPV).

1.2 Estimating Drug Use Prevalence

Drug abuse imposes a significant burden on society, the economy, and public health. For
instance, in 2019, licit drugs such as tobacco and alcohol, as well as illicit drugs, accounted
for 5 % of all substance use-related deaths and 9 % of all substance use-related healthy
years of life lost [22]. Therefore, to establish effective prevention programs, accurately
monitoring the prevalence of drug use is crucial [25], [26]. The prevalence of legal drug use
is usually estimated using sales data and self-reported population surveys. In contrast, the
use of illicit drugs is usually evaluated using self-reported population surveys, medical and
toxicological reports, drug-related crime statistics, police seizures, and data from treatment
programs [27], [28].

Estimating the use of NPS is equally essential, but it faces many unique challenges due
to, for example, the short-lived nature of these drugs on the market. Also, estimating NPS
use by reporting quantities of consumed or seized NPS remains inaccurate, as little is
known about their typical dose. Accordingly, NPS trends are mainly monitored by counting
their number on the drug market and acquiring their identity. At the European Union
(EU) level, the European Union Early Warning System (EWS) was established in 1997 to
collect, analyze, assess, and communicate data on NPS [29], while the Early Warning
Advisory (EWA), established by the UNODC in 2013 [20], monitors, analyzes, and reports
trends in the use of NPS at the global level.

1.2.1 Licit drugs: production, trafficking and consumption trends

1.2.1.1 Pharmaceutical opioids

When expressed in standard daily doses, the most widely used pharmaceutical opioid
globally in 2020 was codeine (and its preparations), followed by hydrocodone, fentanyl,



methadone, buprenorphine, oxycodone and morphine. However, codeine use declined by
30 % between 2016-2020, while the use of substitutional drugs (opioids, used in the
treatment of opioid use disorder) has an increase over a more extensive period (1999-2019),
i.e., the amount of methadone and buprenorphine, the most frequently prescribed
substitutional drugs, increased six-fold [22], [30]. In general, the availability of
substitutional drugs depends on a country's income, the prevalence of their use as
analgesics, the number of people with opioid use disorder and policies related to opioid
agonist treatment. For example, opioids are extensively available in North America,
Western and Central Europe, and the most developed parts of Oceania, while their
availability is limited in Africa and Asia [30]. The COVID-19 pandemic has significantly
impacted the availability of substitutional treatment. In countries with limited resources,
there has been a reduced availability of substitutional drugs, while in others, there has
been a decrease in supervised services; for instance, users in the United States were provided
with up to 28 days of take-home medicines [31].

Substitution treatment in Slovenia is fully financed by national health insurance and is
available under supervision at centers for the prevention and treatment of illicit drug
addiction, as well as in prison clinics. In 2020, users included in the substitution treatment
(approximately 3,100) were mainly prescribed methadone (59 %), buprenorphine (31 %),
and morphine (10 %). Most users included in the substitution treatment program (62 %)
were over 40 years of age [32].

1.2.1.2 Tobacco and related products

Tobacco is grown on approximately 4 million ha of land across 125 low-and-middle-income
countries, mainly in southern Africa, the Middle East, south and east Asia, Latin America,
and the Caribbean [33], [34]. Within those countries, cigarettes are produced in
approximately 500 factories [34]. In 2020, tobacco was used by 1.3 billion people (22 % of
the global population), among which 10 % were children (age 13-15), 14 % were adolescents
(age 15-24), and 22 % were young adults (age 25-34). As a result of international and
national tobacco controls, the trend in tobacco use is declining, with 20 % of the global
population predicted to use tobacco in 2025. Regardless, the so-called tobacco epidemic is
considered the biggest health threat and is responsible for more than 8 million deaths
annually, among which 1.2 million are related to exposure to second-hand smoking [13].

Since 2014, a new health threat has arisen from the increasing popularity of novel
tobacco and nicotine products, whose use, in contrast to traditional tobacco use, is expected
to continue to grow, mainly at the expense of new users. These products were launched on
the tobacco market by companies independent of the tobacco industry. Still, their
increasing popularity attracted the tobacco industry's attention, which purchased shares
in those companies and started to develop new brands [13]. Currently, novel tobacco and
nicotine products are available in more than 40 countries, with Western Europe and North
America being the largest markets. Nevertheless, they still represent only a small share of
the total tobacco market, e.g., 2 % of the global market are ENDS, while cigarettes
represent 91 % [13].

According to the latest data, every fifth adult (18-74 years of age) and almost every 10™
youth (15 years of age) smokes tobacco in Slovenia, while the primary users of novel
tobacco and nicotine products have been young people (<25 years of age). For example, e-
cigarettes were used by 13 % of 13-, 28 % of 15-, 31 % of 17-year-olds, and only 4 % of 25—
T4-year-olds in 2020. Following global trends, tobacco use declined in Slovenia between
2000-2020, while the use of novel tobacco and nicotine products has been increasing since
they became available in 2017. Regardless, tobacco smoking still prevails; 20 % of tobacco
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and related product users report tobacco smoking, 1.9 % report using smokeless tobacco
products, and 2.2 % of electronic cigarettes [35].

1.21.3  Alcohol (ethanol)

Since ancient times, alcoholic beverages have been produced in tribes and villages in
batches by fermentation or distilling various local vegetables and fruits. With the industrial
revolution, alcohol (ethanol) production became industrialized. Nowadays, the alcohol
market is centralized, with ten transnational alcohol corporations dominating the
production and branding. On the retail level, alcohol sales are mainly organized separately
from its producers (recorded alcohol), considering national legislation. However, traditional
production of alcohol (unrecorded alcohol) still represents approximately one-quarter of all
consumed alcohol [36].

According to the latest data on global consumption of alcohol (2016), 2.3 billion people
use alcohol (are current drinkers). While, on average, 57 % of the world's adult population
(aged 15 and above) reported not drinking alcohol (being abstinent) in the last 12 months,
three WHO regions - Europe (60 % drinkers), the Americas (54 % drinkers), and the West
Pacific Region (54 % drinkers) - reported alcohol consumption by more than half of their
population [37]. Adults generally drink 6.4 L of pure alcohol per year, while the highest
consumption of alcohol (10 L of pure alcohol/adult/year) was reported for the WHO
European Region [37]. According to the European School Survey Project on Alcohol and
Other Drugs (ESPAD), alcohol is the psychoactive substance that is most available to
young people [38]. The ratio between abstinent and current drinkers among the young
population (15-19 years of age) reflects drinking habits in the general population, i.e., the
highest number of young people reported drinking was in the WHO European Region
(44 %), followed by Region of America (38 %) and Western Pacific Region (approx.
38 %) [37].

In 2020, only 21 % of Slovene adults (18-74 years of age) were alcohol abstinent, and
55 % were heavy drinkers [39]. Adolescents (11-, 13-, 15- and 17-year-olds) also reported
drinking alcohol, with the percentage of those who had tried alcohol at least once in their
lifetime increasing with age (11-year-olds: 15 %, 17-years old: 86 %) [40]. Compared to the
WHO average global consumption of registered alcohol (6.4 L of pure alcohol/adult/year
[37]), Slovenia, with 10.4 L of pure alcohol/adult/year, is way above the average.
Additionally, it is estimated that 1.8 L/adult/year of unrecorded alcohol was
consumed [41].

1.2.2 Ilicit drugs: production and trafficking

Cannabis cultivation is a global phenomenon, as it is known to be cultivated both indoors
and outdoors in at least 190 countries worldwide [42]. In contrast to cultivating plants to
produce other illicit drugs (e.g., cocaine and opiates), cannabis is mainly produced in the
countries where it is consumed [31]. Due to the lack of systematic monitoring of cannabis
cultivation, the global area of cannabis cultivation cannot be estimated. However, its
trafficking can be evaluated through seizure data, which suggests cannabis trafficking has
increased in the last decades and during the COVID-19 pandemic [42], [43].

In contrast to other illicit drugs, hallucinogens are mainly concentrated and trafficked
in America, accounting for 88 % of the hallucinogens seized between 2015 and 2017, while
European seizures accounted for 10 % during the same period. The trafficking of
hallucinogens has increased over the past two decades, with LSD dominating [3].

The total area under coca bush cultivation is estimated at 234,200 ha and is mainly
located in Columbia (61 %), followed by Peru and Bolivia. Cocaine is typically trafficked



11

by sea (89 % of cocaine in 2021) to North America and Europe via well-known routes, with
Columbia and Brazil as the leading countries of departure. Globally, cocaine trafficking is
increasing and expanding from its major markets to Africa, Asia and Indonesia [31].
Trafficking of other conventional stimulants, namely amphetamine, methamphetamine and
ecstasy, is also increasing, with four-, five, and three-fold increases in their seizure in the
past decade, respectively. Methamphetamine is the most sized (2016-2020: 72 % of seizures
were related to methamphetamine), with its trafficking showing a worldwide spread, i.e.,
117 countries reported seizures in 2016-2020 compared with 84 countries in 2006-2010 [19].
In comparison to cocaine, where production and trafficking were not disrupted during the
COVID-19 pandemic, production and trafficking of other stimulants (especially ecstasy)
were affected by the unavailability of precursors and applied measures [22], [43].

Globally, Afghanistan, followed by Myanmar (South-East Asia) and Mexico, accounted
for 95 % of cultivated opium poppy (total cultivation area: 246,800 ha) in 2021 and for
97 % of illicit opium produced between 2017-2021 [31], [42]. The trafficking of opiates
continues to increase, with seized amounts doubling in the period 2000-2020 [42]. No effect
of COVID-19 was observed on opium and heroin production in 2020 [43]. Similarly,
trafficking with pharmaceutical opioids increased in the last decade, with tramadol being
the most seized in quantity and fentanyl in the number of defined daily doses [42].

1.2.2.1 Drug production and trafficking in Slovenia

Slovenia is known to be an important logistic point for organized criminal groups across
Europe and beyond. It lies on the main route for the illicit trafficking of heroin (produced
in Turkey) and cannabis (produced in Western Balkan countries), known as the Balkan
route. Recently, it has become an important European entry point for cocaine. Illicit drugs
entering Slovenia are typically not intended for the Slovene market but are transported
through Slovenia to other countries by heavy goods vehicles. The Slovenian illicit drug
market is self-sufficient with locally grown cannabis, which is even exported to neighboring
countries, namely Austria, Italy, Croatia, and Germany [44]. Stimulants, such as
amphetamine, MDMA, and cocaine, intended for the Slovenian market are mainly
smuggled to Slovenia from the Netherlands, while clandestine amphetamine laboratories
have also been reported to exist in Slovenia [16].

1.2.3 licit drugs: Consumption trends

From 2000 to 2020, the number of drug users (15-74-year-olds) grew by 26 % to 284
million, partly due to an increasing global population. In 2020, cannabis was the drug of
choice (209 million users), followed by opioids (61 million users, out of which 31 million
are using opiates, mainly heroin), amphetamines (34 million users), cocaine (21 million
users) and ecstasy (20 million users). The number of cannabis users has increased by 23 %
over the past decade and remains the highest in North America [22], [30].

Opioids remain a significant health risk, i.e., accounting for two-thirds of drug use-
related deaths, primarily due to overdose. There are two epidemics of non-medical use of
opioids, namely fentanyl (North America) and tramadol (North and West Africa, the Near
and Middle East and South-West Asia). The use of cocaine continues to grow in North
America and Europe and is spreading in Africa and Asia. Similarly, the prevalence of
amphetamines has increased, with the highest use reported in North America and the
highest number of users in East and South-East Asia [22], [30].

The latest data indicate that 284,600 (21 %) Slovenians (15-64 years of age) have used
illicit drugs at least once. Cannabis is the most commonly used illicit drug (the use reported
by 21 % of users), followed by ecstasy (2.9 %), cocaine (2.6 %), amphetamine (2.3 %) and
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LSD (2.2 %). Between young adults (15-34 years of age), the lifetime prevalence of illicit
drug use was 34 %. Again, cannabis was the most commonly used (21 % of 15- and 42 %
of 17-year-olds), while a lower percentage of young people used other drugs. For example,
4.5 % of 17-year-olds reported using ecstasy, 4.2 % non-medical use of pharmaceuticals
(stimulants, tranquilizers and analgesics), 4.1 % magic mushrooms, 3.8 % cocaine, 3.8 %
amphetamine or methamphetamine, 3.6 % solvents, 2.8 % LSD and <1%
heroin [16], [40], [45].

1.2.4 NPS market

New psychoactive substances have no established, large or long-standing market; NPS are
rapidly changing and quickly replaced, making it impossible to generate long-term demand
for a specific NPS. Regarding the number of NPS available, the market expanded globally
after 2009 and stabilized in 2018 at approximately 550 readily available NPS. The most
diverse among them are stimulants, followed by synthetic cannabinoids and opioids. The
latter has diversified in the past decade, from one known opioid NPS in 2009 to 87 in 2020
[19], [22].

In general, NPS use is assumed to be decreasing in North America and most parts of
Europe, while it is likely to increase in Eastern Europe, Asia, and Africa [22]. Two
important NPS markets have formed: synthetic and plant-based. The synthetic NPS
market has expanded geographically, from 30 countries reporting their seizure between
2009 and 2010 to 57 between 2019 and 2020 (based mainly on reports from East and South-
East Asia) [19], [22]. Among synthetic NPS, ketamine was the most commonly seized [19],
[22]. In contrast, the trafficking of plant-based NPS expanded more slowly, with 28
countries reporting their seizure between 2009 and 2010 and 37 between 2019 and 2020.
Among plant-based NPS, kratom was the most seized in 2020, followed by khat [19].

According to the latest data, 0.3 % of inhabitants of Slovenia (15-64-year-olds) reported
using NPS [32], [40]. Although students of the University of Ljubljana reported their first
NPS use at the age of 21 in 2021 [45], data from other studies suggest that the age of first
NPS use is even lower. For example, 2 % of 17-year-olds reported using NPS in 2018, and
5 % of 15-16-year-olds reported their use in 2019 [16], [32], [40]. The most commonly
recognized NPS by the students of the University of Ljubljana were benzodiazepines
(83 %), followed by ketamine (83 %), gamma-hydroxybutyric acid/gamma butyrolactone
GHB/GBL (52 %), and DMT (33 %). Identified NPS from street drug analysis for Slovenia
in 2021 are shown in Table 4 [45].
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Table 4: Identified NPS in Slovenia in 2021 (acute emergency cases, anonymous testing
of street drugs and drug seizures, adapted by [45]).

NPS class

NPS

(New)
benzodiazepines

- Triazolobenzodiazepine (TBZD)
- Clonazolam

- Bromazolam

- FEtizolam

- Flualprazolam

- Flubromazepam

- Flubromazolam

- Meclonazepam

Fentanyl analogs

- Brorphine

Lysergamides

- 1cP-LSD
- 1P-LSD

Nitazenes

- Etazene
- Etonitazepyne
- Metonitazene

Phencyclidine-type
substances

- N-ethyldeschloroketamine (2-Oxo-PCE)
- 2-fluoro deschloroketamine (2-FDCK)

Phenethylamines

- X-fluoroethamphetamine (X-FEA)

- 2-fluoromethamphetamine (2-FMA)

- 4-fluoromethamphetamine (4-FMA)

- 1-(benzofuran-5-yl)- N-methylpropan-2-amine (5-MAPB)
- 6-(2-aminopropyl)benzofuran (6-APB)

- 4-bromo-2,5-dimethoxyphenethylamine (2C-B)

- 4-fluoroamphetamine (4-FA)

Phenidates

- 4-fluoromethylphenidate (4F-MPH)

Phenmetrazines

- 3-fluorophenmetrazine (3-FPM)

Synthetic
cannabinoids

- MDMB-4EN-PINACA
- ADB-BUTINACA

Synthetic
cathinones

- 3-methylmethcathinone (3-MMC)

- 4-methylmethcathinone (4-MMC)

- 4-methyl-alpha-pyrrolidinopentiophenone (alpha-PHiP)
- 4-chloro-alpha-pyrrolidinovalerophenone (4Cl-PVP)

- 4-chloromethcatinone (4-CMC)

- alpha-pyrrolidinohexanophenone (alpha-PHP)

- 1-phenyl-2-(1-pyrrolidinyl)-1-pentanone (alpha-PVP)

- Eutylone

- N-Ethylhexedrone

Tryptamines

- 4-hydroxy- N-methyl- N-isopropyltryptamine (4-HO-MiPT)
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1.2.5 World Wide Web — an alternative market for licit and illicit drugs

The internet provides new opportunities for tobacco (and related products) and alcohol
marketing. Websites (including video games) and applications provide platforms for cross-
border advertisement through banners, pop-up advertisements, and videos. At the same
time, social media present new ways of engaging consumers, e.q., via shared media. Taking
personalized advertisements and the power of social influence into account, marketing on
the internet is highly effective and may (non-)intentionally target users whom it should
not reach, i.e., youth [36], [46]. In the case of tobacco or novel tobacco and nicotine
products, internet marketing is especially prominent and raises additional concerns due to
deceptive health claims [46].

With the high levels of anonymity, increased interconnectivity, and continuing evolution
of online platforms, internet sales using social media, messaging, and dating applications
means the internet has become an alternative way of illicit drug distribution. Transactions
are done in person, by an online payment system, or by cryptocurrency. The latter is used
especially on the dark web, which quadrupled between 2017-2020 compared to 2011-2017.
In 2021, cannabis was the most sold drug on the dark web (49 % of the sales on investigated
markets), followed by amphetamines (16 %), cocaine (12 %), benzodiazepines (6 %), opioids
and pharmaceuticals (5 %). Between 2019 and 2020, shipments of the drugs bought on the
dark web were mainly sent to Eastern Europe, with notable geographic expansion to
marketplaces in Asia and South America. Despite the growth in illicit drug sales on 19
monitored dark web markets, darknet sales present only 0.2 % of total illicit drug sales in
the United States (US) and the EU (2017-2020). Dark web sales remained stable during
the COVID-19 pandemic, i.e., no pronounced increase or decrease was observed. However,
the smuggling trend shifted towards remote and contactless modes, such as mail and food
delivery services [31].

1.3 Wastewater-Based Epidemiology — A Complementary
Approach to Conventional Epidemiological Approaches

Estimating illicit drug consumption is essential from many aspects, e.g., public health and
crime control, and is typically done wusing socio-epidemiological methods
(Chapter 1.2 Estimating Drug Use Prevalence. These methods pose ethical challenges and
are susceptible to recall bias, sampling limitations, and time lag in reported data [19], [47],
suggesting the need for a different approach not subject to such limitations. Accordingly,
in 2001, Daughton et al. [48] proposed a complementary method for the estimation of illicit
drug consumption using targeted chemical analysis of raw (untreated) wastewater for pre-
selected drug metabolic residues (biomarkers). The proposed approach, known as
wastewater-based epidemiology (WBE), is non-invasive, cost-effective, and can gather
spatial and temporal consumption data in near real-time [49]. It was first implemented in
2005 to address the consumption of cocaine in Milan, Italy [50]. Since then, most WBE
studies have adopted the same approach, which consists of the following steps (Figure 2):
raw wastewater collection, targeted wastewater analysis for selected biomarkers, and back-
calculation of drug consumption [51], [52]. In 2010, the approach was synchronized in the
frame of the Sewage Analysis CORe group Europe (SCORE) COST Action [53], which
developed a best practice protocol considering wastewater sampling, sample storage, and
wastewater analysis [51] and established the SCORE network.

From estimating illicit drug consumption, the use of WBE has expanded to include
consumption estimation of licit drugs (e.g., tobacco and alcohol), food and artificial
sweeteners; use of pharmaceuticals and personal care products; determining human
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exposure to hazardous substances (e.g., to pesticides, mycotoxins, and bisphenols); and
population health assessment (e.g., stress, and COVID-19) [52]. Moreover, non-target
wastewater analysis was introduced into the WBE protocol to identify known (suspect
screening) and unknown substances in wastewater, which may reveal possible new
biomarkers. The approach is mainly used when addressing NPS [52].

Sample collection Wastewater
analysis

Concentration of biomarker [ng/L or Flow rate [m?3/day], population
ug / L] that contributed to wastewater
sample

Correction factor,
accounting for human
metabolism

Normalized mass load of biomarker

Drug consumption estimation
[mg/day/1000inhabitants] Average

dose

Drug consumption estimation
[dose/day/1000 inhabitants]

Figure 2: Schematic showing the main steps (blue squares) and required data (grey
squares) in the WBE approach (adapted from [51], [52]).

1.3.1 Methodology

1.3.1.1 Wastewater sampling

To estimate drug consumption in the general population, e.g., city and municipality level,
wastewater influent is sampled at the wastewater treatment plant's (WWTP) inlet [54].
Following best practices, sampling is advised to be carried out during dry periods on a
typical day (without WWTP maintenance). Rain dilutes wastewater and thus obstructs
the detection of biomarkers. Moreover, some wastewater is commonly discharged untreated
during overflow, leading to incorrect consumption estimates. Special events such as public
holidays and festivals should also be avoided when targeting average drug consumption in
the population since during such events, population size (migration) and drug consumption
may vary from typical. Also, wastewater samples should be collected as 24 h composites
using an autosampler that operates in flow-proportional mode, where subsamples are
collected in proportion to wastewater flow at constant time intervals. Alternatively, the
sampler should operate in volume-proportional mode, where the sampling frequency is
adjusted according to wastewater flow while the sampling volume is kept constant. Due to
the increase in sampling uncertainty, time-proportional sampling (sampling frequency and
volume are constant) is less favorable. However, regardless of the sampling mode, the
sampling frequency should be adapted to the catchment characteristics, e.g., exfiltration
and expected drug prevalence, but ideally, it should not exceed ten-minute intervals [54].

According to reviews by Huizer et al. [55] and Verovsek et al. [56], 24-h composite
wastewater samples are most commonly collected at the WWTP to address drug
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consumption in the general population. Autosamplers typically work in time-proportional
mode; however, volume- or flow-proportional modes have also been applied. Few studies
reported using grab or passive sampling (Figure 3) [55]-[58]. The latter is interesting,
given the possibility of increasing substance detection by accumulating analytes on a
polymeric-based sorbent, which is exposed to wastewater over an extended period (days or
weeks) [57]. However, a need for in-field calibration (uptake is affected by environmental
conditions), biofouling, limitation in the number of extracted compounds and low
robustness currently limit the applicability of passive samplers [56]. To evaluate the use of
NPS on a city scale as well as during specific night-time settings (music festivals), pooled
urine from portable urinals set across the city was also used [57].

Figure 3: Setting passive sampler (POCIS) at municipal WWTP (Photo: Taja
Verovsek).

Obtaining representative wastewater samples from specific sites or small sub-catchments,
i.e., educational institutions and prisons, is challenging due to the physical boundaries of
the sewer system (depth of the sewer), power availability (in case of composite sampling),
inconsistent wastewater flow and low number of pulses (e.g., toilet flushes) containing drug
residues [59]. Although flow-proportional sampling with short sampling intervals (1 min)
is proposed [54], time-proportional sampling with an adjusted sampling period (2-72 h) is
most commonly used in specific catchments (Figure 4). The sampling frequency was
optimized in specific instances using a dye tracer test or dynamic flow analysis [59].
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Figure 4: Example of sampling wastewater in specific sub-catchment using autosampler
(Photo: Taja Verovsek).

Wastewater samples that cannot be processed immediately should be appropriately stored
to prevent compound degradation. According to best practice, one of the following storage
conditions should be used in the preferred order: extraction on solid-phase extraction (SPE)
cartridges within 12 h with the addition of internal standard (IS) or kept frozen (18 °C)
after the addition of the IS (~18 °C) [51], [53].

1.3.1.2 Selection of biomarkers

Biomarker selection can be performed using a top-down or bottom-up approach (Figure
5). In the top-down approach, biomarkers are selected from a set of human-related
substances obtained from pharmacokinetic and human biomonitoring (HBM) studies for
which metabolism, excretion, and wastewater stability are well known. In a bottom-up
approach, with non-target analysis, human-related substances present in wastewater are
identified, and after studying their stability, biomarkers are proposed for studying
compounds. Although this approach provides extensive data, including occurrence data for
yet-unknown substances, which may contain important information about drug
consumption trends, it is less used than the top-down approach. The reason is the
problematic identification of potential biomarkers due to their low concentration and the
large amount of organic matter in wastewater [52].
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Bottom-up approach

Figure 5: Scheme of top-down and bottom-up approach (adapted from [52]).

Regardless of the approach, selected biomarkers should ideally have a well-known metabolic
pathway, high urinary excretion, high wastewater stability and a low tendency to adsorb,
e.g., on particulate matter in wastewater. Also, they should be unique to human
metabolism and specific to the investigated substance [25]. However, meeting such criteria
can be challenging in reality, and therefore, the closest approximations (Table 5) are
selected as biomarkers [60]. For example, tobacco use is often estimated by measuring
cotinine or the sum of cotinine and trans-3-hydroxycotinine (HCOT), which are non-
specific for tobacco. Both metabolites are also produced due to nicotine replacement
therapies and the use of novel nicotine-related products, which result in the overestimation
of tobacco use. Specific tobacco metabolites anabasine and anatabine have been proposed
as alternatives, but they are not used routinely due to insufficient information on their
excretion rates from the human body [60]. Since selected biomarkers may also originate
from pharmaceutical use, so-called non-specific biomarkers are used when dealing with the
use of amphetamine (amphetamine), methamphetamine (methamphetamine) and heroin
(morphine) [60], [61]. In the case of heroin, the specific biomarker 6-acetylmorphine is often
used, but it may underestimate the consumption of heroin, as it tends to degrade in the
sewer [60].

Selecting parent compounds as biomarkers may also result in overestimating
consumption since, in addition to consumption, these compounds can also originate from
their direct disposal unused into the sewer. Typical examples are amphetamines:
amphetamine, methamphetamine, and MDMA [61]. In the case of methamphetamine, its
metabolite pholedrine has recently been proposed as an alternative biomarker, albeit
studies proving its applicability are needed [62]. In some cases, the co-consumption of drugs
can be estimated using a specific biomarker. For example, by determining levels of
cocaethylene, simultaneous consumption of cocaine and alcohol can be evaluated [63].



Table 5: In-sewer stability and excretion data of biomarkers of selected drugs applied in WBE studies [25], [60], [63]-[65].

Drug Metabolic residue Information on In-sewer stability Excretion rate
metabolic residue and (correction factor, CF)
its specificity
Licit drugs
Tobacco Cotinine Non-specific metabolite High 30 %
(3.13)
Non-specific metabolite High 74 %
Cotinine + HCOT (1.35)
Alcohol (ethanol) EtS Human-specific metabolite = Medium-high 0.012 %
(3047)
Codeine Codeine Parent compound High 30 %
(3.33)
Methadone EDDP Specific metabolite High 55%
(2.04)
Illicit drugs
Cannabis (THC) THC-COOH Specific metabolite High 0.5 %
(182)
Cocaine Benzoylecgonine Specific metabolite High 29.2 %
(3.59)

Amphetamine Amphetamine Parent compound (also a ~ High 36.3 %
metabolite of (2.77)
methamphetamine and
prescription drugs)

Methamphetamine Methamphetamine Parent compound (also a ~ High 22.7 %
metabolite of prescription (4.4)
drugs)

Ecstasy MDMA Parent compound High 22.5 %

(4.4)

61



Table 5: Continued.

Heroin Morphine Metabolite (also the High 42 %
parent compound of (3.1)
morphine and
metabolite of other
opioids, such as
codeine)

6-acetylmorphine Specific metabolite Low 1.3 %
(86.9)
NPS
Ketamine Ketamine Parent compound Medium 20 %
(50)

EDDP - 2-ethylidene-1,5-dimethyl-3,3-diphenylpyrrolidine, EtS — ethyl sulfate, HCOT -
methylenedioxymethamphetamine, THC-COOH - 11-nor-9-carboxy- A *-tetrahydrocannabinol;
Stability classification: high (decay <20 %), medium (decay 20-60 %), low (decay >60 %).

trans-3'-hydroxycotinine,
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1.3.1.3 Sample treatment

Analytical challenges in determining drug residues in wastewater are linked mainly to
matrix complexity and the relatively high levels of compounds that may interfere with the
analytes [66]. Best practice protocols suggest using isotopically labelled internal standards
to ensure analytical quality, e.g., deuterated or *C isotopically labelled analyte analogs,
for each target analyte [51].

As a first step in sample preparation, suspended solids are removed using filtration,
centrifugation, or successive filtration and centrifugation [66]. For nicotine and alcohol
residues, typically present in wastewater in high concentrations (pg/L), direct analysis of
filtered wastewater is possible [56]. However, using direct injection, a lack of sample clean-
up may result in poor ionization and the loss of sensitivity [56]. In contrast to alcohol
residues, where direct injection is the only reported method, SPE (Oasis HLB) appears to
be the method of choice for extracting nicotine residues [67], [68].

The determination of medications of abuse (e.g., methadone and codeine) and illicit
drugs, which are present in wastewater in trace levels (ng/L), require extraction and pre-
concentration. Usually, this involves SPE (Figure 6) using RP (e.g., Oasis HLB) or mix-
mode RP-cation-exchange sorbents (e.g., Oasis MCX) [52], [54], [67], [69]-[73]. To reduce
the matrix effect, Senta et al. [71] proposed an additional purification step for cannabinoids
using a weak anion exchange sorbent (Strata NH,). Extraction and pre-concentration are
also needed when screening for NPS to extract the broadest range of compounds possible.
Multiple SPE sorbents are often used sequentially or in a mixture [52], [73].

Figure 6: SPE manifold with extraction cartridges and wastewater samples (Photo: Blaz
Samec).

1.3.1.4 Target analysis

The polar nature of the analytes, along with robustness, good reproducibility, selectivity,
and sensitivity, makes liquid chromatography coupled with tandem mass spectrometry
(LC-MS/MS) the analytical technique of choice for quantifying drug residues in wastewater
[55], [56]. Although the polar nature of drug residues enables the utilization of hydrophilic
interaction liquid chromatography (HILIC), reversed-phase (RP) chromatography is
typically used for their separation [55], [56]. In RP, mobile phases consist of a mixture of
water and organic solvent (e.g., methanol or acetonitrile), in which modifiers, namely
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ammonium acetate, formate or fluoride, formic or acetic acid, and trimethylamine, are
added to improve peak shape and compound ionization [56], [74]-[77].

An ion-pair reagent can improve the interactions between highly polar drug residues
and the hydrophobic stationary phase. Here, the reagent adsorbs onto the surface of the
stationary phase, which retains the analytes through electrostatic interactions. For
example, alcohol metabolites (e.g., ethyl sulfate), which are anionic by nature, can be
retained on RP columns by using positively charged ion-pair reagents, namely
dibutylammonium acetate, dihexylammonium acetate, tetrabutylammonium bromide. Ton-
pair reagents can be added to the mobile phase or the samples before analysis. Since higher
amounts of the non-volatile ion-pair reagent can suppress the MS signal due to its build-
up on the ion source, reducing the amount of the iron pair reagent is advisable by adding
it to the sample, not to the mobile phase. Avoiding using it entirely is also an option. In
the latter case, it is necessary to use an RP column with a ligand distributed within the
stationary phase to promote the retention of polar compounds [56].

High selectivity and sensitivity with LODs in the low ng/L range make tandem mass
spectrometry (MS/MS) the detection technique of choice when performing targeted
analysis. The most commonly used detectors are triple quadrupole (QqQ) and hybrid triple
quadrupole/linear ion trap (QTRAP) mass analyzers operating in multiple reaction
monitoring (MRM) mode. Sufficient sensitivity can also be achieved using a high-resolution
mass spectrometer (HRMS), such as an Orbitrap or quadrupole time-of-flight (QTOF)
instrument [55], [56].

For the detector interface, electrospray ionization (ESI) is most commonly used [55],
[56]. ESI is known to be susceptible to the matrix effect (enhancement or suppression of
the analyte signal by co-eluting substances), which can result not only in reduced
sensitivity (signal suppression) but also in quantification errors [77]. Internal calibration is
used to compensate for this effect, i.e., the intensity of the analyte is normalized to the
intensity of its deuterated analogs (internal standard), which is expected to behave
similarly to the analytes during the analysis [77]. Also, the methods reported in the
literature are mostly multi-analyte (i.e., not optimized to a single compound) and
consequently a wide range of LODs and LOQs (low ng/L to low pg/L) have been
reported [56], [78].

Although widely accepted as the gold standard in forensic drug analysis, gas
chromatography coupled with tandem mass spectrometry (GC-MS/MS) was used only in
individual studies addressing the occurrence of nicotine, cotinine, cocaine, benzoylecgonine,
morphine, and NPS in wastewater [56], [57], [79]-[81]. For GC analysis, derivatizing agents
such as trifluoroacetic anhydride (TFA) and N,O-bis-(trimethylsilyl)trifluoroacetamide
(BSTFA) with 1 % trimethylchlorosilane (TMCS) are often required to enhance analyte
volatility. However, derivatization is not needed when targeting nicotine and cotinine.

1.3.1.5 Non-target analysis

Non-target wastewater analysis is performed on liquid chromatography coupled with high-
resolution mass spectrometry (LC-HRMS) instruments [52] and is most commonly used to
identify NPS, for which only a limited number of standards are available [57]. Despite
having a lower resolution than an Orbitrap, the QTOF is the most used HRMS analyzer
[52]. Mass spectral data are gathered in data-independent (DIA) or data-dependent (DDA)
acquisition mode. DIA simultaneously acquires mass spectral data using different collision
energies. Low energy mode (LE) is used to obtain a (de)protonated molecular ion, and high
energy mode (HE) is used to obtain fragment ions.

In contrast, DDA provides a full scan spectrum (MS), from which 5-20 most abundant
precursor ions are isolated and fragmented to obtain their HRMS/MS spectra. Since
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residues of psychoactive compounds are mainly present in low concentrations in
wastewater, DIA is more applicable in WBE [52], [57]. To provide clearer mass spectra and
increase selectivity, LC-HRMS is coupled with advanced separation techniques, such as ion
mobility separation (IMS) [57], [82]. IMS separates ions based on their size, shape and
charge in the gas phase and the presence of an electric field. Drift time, i.e., the time an
ion travels through the mobility cell, is measured, and the collision cross-section (CCS)
values are calculated. The CCS values obtained, which represent the surface of the sphere
created by the ion, are robust, deviating by <2 %, independent of the instrument, i.e.,
chromatographic conditions and sample matrix, and can be therefore used in addition to
retention time (tr) and mass spectral data for compound identification [57].

1.3.1.5.1 Compound identification workflows

Two workflows can be used to analyze obtained data: suspect screening and non-target.
The suspect screening workflow includes searching a suspect list of compounds expected to
be found in the sample [52], [57]. Based on different criteria proposed by Schymanski et al.
[83] (LC-HRMS analysis) and upgraded by Celma et al. [82] (LC-IMS-HRMS analysis),
compounds are identified with different levels of confidence. The accurate mass of
(de)protonated molecule and one significant fragment ion are considered minimal
requirements for tentative identification of the compound (Level 3). Alternatively,
unequivocal identification (Level 1 — the highest level of confidence) can only be achieved
using a reference standard (Table 6). In cases where reference standards are unavailable
(e.g., NPS), in silico tools can predict parameters, namely CCS values, tr, and MS
fragmentation, for increased confidence in identification [82].
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Table 6: Levels of confidence as proposed by Celma et al. [82].

Level Name Data available

Level 1 Unequivocally identified - FEmpirical data fully agree with a
compound reference standard (are within criteria)
- Level 1*: due to the matrix -  Criteria:

o LC: Atg<0.1 min

o IMS: ACCS <2 %

o MS: AMgr<5 ppm; precursor and
one diagnostic fragment are

effect of wastewater, higher
deviation in Atgr or accurate
mass is permitted (but not

simultaneously) visible
Level 2 Probable identification: - LC, IMS: predicted
- Level 2a: probable -  MS: experimental and library data
identification by library - An exact structure can be proposed
search based on experimental data
- Level 2b:  probable
identification by

diagnostic evidence (in
silico prediction tools)
Level 3 Probable candidate(s) - MS: experimental data
- Different chemical structures are
compatible with experimental data

Level 4 Unequivocal molecular - MS: molecular formula can be assigned
formula
Level 5 The exact mass of interest - MS: exact mass
CCS — collision cross-section value, IMS — ion mobility separation, LC — liquid

chromatography, MS — mass spectrometry, Mg — accurate mass, tg — retention time

When using a non-target workflow, unknown compounds are identified without pre-
selecting targeted compounds [52], [57]. Software is used for peak picking, removal of noise
and background, comparison between datasets, and extraction of feature candidates.
Subsequently, retrospective data mining and grouping of identified compounds are
performed using multivariate data analysis [52]. However, the process requires extensive
examination of mass spectral data for each chromatographic peak, which is a difficult and
time-consuming task; therefore, it has limited potential for identifying unknown and rapidly
emerging NPS [57].

1.3.1.6  Back-calculation of consumption

The principle of back-calculation of drug consumption is based on Zuccato et al. [50], who
assumed negligible losses of wastewater and stability of selected biomarkers. Back-
calculation is performed as presented in the following equations (Equations 1 and 2):

) ) ] cX@pXCF (1)
Consumptionm [mg/day/1000 inhabitants]| = — N
_ molar mass ratio between parent compound and metabolite (2)

CF = - -
biomarker excretion rate

The c represents the measured concentration of the biomarker in wastewater (ng/L), ¢ the
daily wastewater flow (m®/day), CF a correction factor (Table 7), and N the number of
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people in the catchment area. In most WBE studies, the static population is used in the
calculation, often derived from census data (de jure population). Several studies consider
population fluctuations by calculating de facto population from measured hydro-chemical
parameters, such as chemical oxygen demand — COD, biological oxygen demand — BOD,
total nitrogen, phosphorus and ammonium, mobile phone trace data and population
biomarkers (e.g., cotinine, cortisol, homovanillic acid, creatinine) [69], [84].

Taking into account additional data such as average dose, nicotine uptake per cigarette,
amount of pure alcohol per standard drink (Table 7), the consumption of illicit drugs in
doses/day/1000 inhabitants, tobacco in cigarettes/day/1000 inhabitants, and alcohol in
standard drinks'/day/1000 inhabitants can be calculated and compared with socio-
epidemiological data [63], [85], [86].

Considering uncertainties related to CF (Chapter 1.3.1.7 Uncertainty) and variability
of average doses, the content of alcohol and nicotine in the products and drug uptake [51],
[80], normalized mass loads, i.e., measured concentrations normalized to wastewater flow
and the number of people in the catchment, are usually reported and used in comparison
studies such as SCORE monitoring [53], [87].

!One standard drink = 10 g of pure ethanol = 1 dcL of wine = 2.5 dcL of beer = 0,3 dcL of spirit [39]
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Table 7: Data used to back-calculate drug consumption from measured biomarker
concentrations [25], [39], [63], [65], [86], [88]-[90].

Drug Biomarker Correction Average dose
factor (CF)
Methadone EDDP 1.63 100 mg*
Codeine Codeine 3.33 15-25 mg*
Ketamine Ketamine 5.00 8 mg*
Tobacco (nicotine)  Cotinine+HCOT 1.35 1.25 mg!
Alcohol Ethyl sulfate 3,047 10 gt
Cannabis (THC) THC-COOH 182 83 mg
Cocaine Benzoylecgonine 3.59 45 mg
Amphetamine Amphetamine 2.77 47.5 mg
Methamphetamine  Methamphetamine 44 20 mg
Ecstasy MDMA 4.4 95 mg
Heroin 6-acetylmorphine 86.9 10 mg
*Defined daily dose (DDD), fuptake per cigarette, fone standard drink;
EDDP - 2-ethylidene-1,5-dimethyl-3,3-diphenylpyrrolidine, HCOT -  trans-3'-
hydroxycotinine, MDMA -  34-methylenedioxymethamphetamine, =~ THC -

tetrahydrocannabinol, THC-COOH — 11-nor-9-carboxy-A’-tetrahydrocannabinol

1.3.1.7  Uncertainty

Uncertainty sources in drug consumption estimates using wastewater analysis were first
evaluated for illicit drugs within the SCORE [51], [91], while Zheng et al. [92] evaluated
uncertainties related to alcohol and tobacco consumption estimates. The measurement of
wastewater flow, biomarker concentration, correction factor application, and population
estimation are all recognized as potential sources of uncertainty (Figure 7).

Biomarker concentration Correction factor
\\ b\\
\ \

\‘\—Sampling

\
\r\—— Urinary excretion rate
5 . \
Chemical analysis \
\

Stability—\
\

/ Drug consumption estimate
i / [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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In order to properly evaluate sampling biases, a high temporal resolution is required for
both wastewater flow and intra-day biomarker concentration profiles. Therefore, errors
arising from the sampling strategy are only roughly estimated. Sampling bias strongly
depends on the catchment characteristic, i.e., population size, number of drug users, and
operation of the pump station in the sewer system, and was estimated to range from
negligible to 100 % [51], [55], [93].

Urinary excretion rate is considered an important source of uncertainty since it varies
greatly depending on the route of administration, dose, gender, age, physical condition and
even drug co-consumption. Moreover, it is derived from limited pharmacokinetic studies of
a small cohort of typically healthy men [51], [92], [94]. For example, the variability in the
excretion rate of benzoylecgonine was 26 % (RSD) [51]. Uncertainty contribution of the
excretion rate is especially pronounced in small catchments with few users, and excretion
cannot be averaged out [59].

Another dominant source of uncertainty is the estimated number of people in the
catchment area. According to an inter-laboratory study, population variability, taking into
account different population estimates (census data and data from hydro-chemical
parameters were between 7 and 55 % (RSD) [51].

Analytical variability (up to 34 %, depending on the analyte) was estimated within the
SCORE inter-laboratory study [51] and by Zheng et al. [92] and is considered a minor
source of uncertainty. Also, biomarker in-sewer and in-sample stability are considered
negligible (<10 % RSD) [51], [55], [84]. In addition, Lai et al. [93] showed that the
systematic error (20 %) associated with flow measurements could be significantly reduced
by regularly calibrating the flowmeters.

The high temporal and spatial resolution of WBE approaches makes it more suitable
for tracking changes in drug use over time (e.g., within-week or long-term) and across
space (e.g., inter-municipality and international comparisons) than for evaluating absolute
drug use in a particular population. Accordingly, individual sources of uncertainty, e.g.,
variability of excretion rates, become less critical [95]. However, improvements in methods
would still be beneficial to reduce systematic over- and under-estimation of drug use and
critically evaluate obtained consumption estimates. For example, additional methods to
differentiate between drug use and disposal are needed when parent compounds are selected
as biomarkers, e.g., amphetamines.

1.3.2 Addressing uncertainties in evaluating drug consumption

Currently, sewage disposal of waste from the large-scale clandestine production of illicit
drugs is a growing concern in Europe, particularly in Belgium and the Netherlands [96],
[97]. Such events and the disposal of unused drugs systematically affect WBE estimates
when parent compounds are selected as biomarkers of drug use (overestimation). Therefore,
additional analytical methods that distinguish between consumption and direct disposal
are urgently needed [98], [99]. So far, investigation of dumping events has been rarely
performed and always followed the analysis of wastewater, during which unusually high
biomarker mass loads were observed [98]. As reviewed by Quireyns et al. [98], drug disposal
is most commonly addressed using the parent compound-metabolite (P:M) ratios approach
(72 % of 29 reviewed studies), enantiomeric profiling (28 %) or searching for markers of
chemical waste from the illicit drug production by non-target and suspect screening
workflows (10 %).

Another approach capable of providing data on the origin of organic compounds is
through studying the isotopic composition of light elements (carbon, nitrogen, hydrogen
and oxygen) using isotope ratio mass spectrometry (IRMS). The method is frequently used
to determine food authenticity and traceability (e.g., confirmation of the geographic origin
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and distinguishing between natural and synthetic aromas), but also in forensic science to
discriminate between batches of explosives and illicit drugs and to trace their sources [100],
[101], [102]. Accordingly, determining the isotopic composition of light elements of
biomarkers in wastewater may also provide data on their origin. However, such an approach
is yet to be studied.

1.3.2.1 Parent compound-metabolite ratio approach

In the P:M approach, the ratio between wastewater concentrations of the parent compound
and metabolite is calculated, and cut-off values, representing the limit between human
consumption and disposal, are set based on the excretion profile of the drug. Despite the
simplicity of the approach, its use requires a good knowledge of the drug excretion profile
and data on the concentration of parent compounds and metabolites, which are only
sometimes available [98].

1.3.2.2 Enantiomeric profiling

Enantiomeric profiling can only be used for chiral drugs, i.e., molecules that contain an
asymmetric (chiral) carbon atom, for which only parent compounds are being determined
in wastewater, e.g., amphetamines [98]. Enantiomeric profiling is based on the fact that
enantiomers (molecules that are a pair of mirror images of each other; Figure 8) of the
same chiral substance interact differently with other chiral molecules despite identical
physical and chemical (except optical activity) properties [103]. Accordingly, synthesis,
distribution, receptor binding, metabolism, and excretion processes are enantioselective,
resulting in specific chiral signatures (ratio between enantiomers). By measuring the ratio
between enantiomers, we can differentiate between consumption and direct disposal and
also determine drug origin (illicit or licit pharmaceuticals), synthesis route (ratio of
enantiomers differ based on synthesis route), and the potency of the drug in the illicit drug
market (potency, as well as biological activity, differ between enantiomers) [61].

R-amphetamine S-amphetamine

Figure 8: Enantiomers of amphetamine.
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In wastewater analysis studies, enantiomers are determined using chiral LC-MS/MS.
Chiral separation is achieved on a cellobiohydrolase (CBH) column, with the chiral selector
being the enzyme CBH immobilized on the spherical silica particles [103]. Enantiomeric
fraction (EF) is calculated using the following formula (Equation 3):

Ey

EF = ——
E, +E, 3

Here, E; and E, represent R- and S- enantiomer concentrations. The mixture is racemic
when EF equals 0.5 [98]. However, the method does have its limitations. Namely, the
enantiomeric profile of administered and excreted drugs must be known [98]. Also, there is
the need for ad hoc sample preparation, which is time- and cost-intensive and requires
collecting higher sample volumes [103].

As an alternative to chiral LC-MS/MS, chiral derivatization can be used when
identifying enantiomers of optically active amines and alcohols. The approach is based on
the reaction between enantiomers of a chiral drug and optically pure derivatizing agent,
whereby diastereomers, i.e., non-mirroring compounds, with differences in the 3D
configuration on at least one stereocenter (chiral carbon), are formed (Figure 9) [104],
[105]. In contrast to enantiomers, diastereomers have different physicochemical properties
and can, therefore, be separated by conventional chromatography, e.g., GC [104], [106].

Various chiral derivatizing agents are available for this task, namely S-(—)-N-
(trifluoroacetyl)propyl chloride (S-TPC), R-(—)-o-methoxy-a-
(trifluoromethyl)phenylacetyl (R-MTPCl) and  S-(—)-N-(heptafluorobutyryl)propyl
chloride (S-HFBPrCl) [107]. However, chiral reagents containing o-proton on the chiral
carbon, such as S-TPC and S-HFBPrCl, can undergo racemization due to keto-enol
tautomerization of the a-proton on the chiral carbon with the neighboring carbonyl group
and therefore derivatizing agents without the a-proton are preferred, e.g., R-MTPCI [108].
Chiral derivatization followed by GC-MS analysis is widely used in the pharmaceutical
industry, e.g., in the process of discovering new pharmaceuticals, clinical (toxicological)
and forensic studies, e.g., to distinguish between the use of licit and illicit drugs, and linking
clandestine drug production, traffickers and consumers [105], [107]-[111]. However, its
applicability in wastewater analysis to complement WBE consumption data has not yet
been investigated.
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NH, NH;

R-amphetamine S-amphetamine

R-MTPCI

(R/R)-MTP derivative of amphetamine (S/R)-MTP derivative of amphetamine

Figure 9: Acylation reaction between amphetamine enantiomers and R-MTPCI
(adapted by [106]).

1.3.2.3 Non-target analysis supporting WBE data

Non-target analysis can be used as an alternative approach to detect dumping events by
utilizing non-target and suspect screening workflows. The method identifies chemicals used
in illicit drug production, i.e., precursors (e.g., amphetamine precursor 1-phenylpropan-2-
one [112]), impurities and intermediates, and parent compounds in wastewater. The
method provides comprehensive data on the incidence of drug production and the type of
synthesis, making it a potential early warning system for identifying spatiotemporal
variations in illicit drug production. A significant disadvantage of this approach is that it
is laborious and cannot trace the clandestine production of pharmaceuticals [98].

To standardize the handling of dumping events, i.e., when unusually high mass loads
in wastewater are observed, Quireyns et al. [98] proposed a scoring system that requires
the simultaneous use of more than one of the aforementioned approaches to confirm drug
disposal. However, not all methods can be used in all cases, as they are specific to the
compound and require specific analytical equipment (e.g., chiral column and HRMS).
Accordingly, further studies of analytical techniques and standardization of the approach
are still needed, e.g., establishing criteria for exclusion of WBE data in case of drug disposal
evidence from total (average) consumption estimates [98].

1.3.2.4  Stable isotopic composition of light elements

Organic compounds with the same molecular formula and chemical structure (e.g.,
biomarkers) can be distinguished based on the composition of stable isotopes, i.e., atoms
that differ in the number of neutrons, which result in a different atomic mass [113], [114].
This difference means that stable isotopes of the same element have different
physicochemical properties and behave differently during physical and chemical processes,
e.g., breaking of bonds involving heavier atoms requires higher activation energies, which
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causes enrichment or depletion of one of the stable isotopes relative to the other and hence
result in isotopic fractionation [115]. Therefore, the determination of the most commonly
used isotopic ratios of light elements (*H/'H, "“C/"2C, "N/“N, ®O/"0) of organic
compounds is widely used to study chemical and biological processes to obtain data on
compound origin or history as well as source. In the case of organic compounds, the isotopic
composition is usually determined by gas chromatography-combustion-isotope ratio mass
spectrometry (GC-C-IRMS), where the compounds are evaporated, separated and
converted by combustion to gases, such as H,, CO2, Ny, and CO, for hydrogen, carbon,
nitrogen and oxygen measurements, respectively. The analyte gas is then ionized (electron
impact ionization, EI) and introduced into IRMS, where produced ions are separated by a
magnetic sector and determined according to m/z ratios in dedicated Faraday cups
explicitly positioned to collect the masses of interest [116].

In nature, the lighter isotope is much more abundant, e.g. approximately 98.9 % of all
carbon is “C and 1.1 % is C [117]. At this natural abundance, isotopic variations are tiny,
making absolute isotopic abundances less important than the changes in isotopic
abundance. For this reason, changes in natural abundance are expressed compared to
reference material as 8-notation in parts per thousand or per mil, %o. 8-notation is
calculated as presented in Equation 4:

8'E [%o] = (RRS — 1) x 1000 4)
Ref

where 8'E represents the isotopic composition of an element in the sample (e.g., 6"C), and
Rs and Rger indicate the ratio between the heavier and the lighter isotope (e.g., *C/"™C) in
the sample and reference material, respectively [117], [118]. Typically, §’H and §**O values
are reported relative to the Vienna-standard mean ocean water (VSMOW), 6"C to the
Vienna-pee dee belemnite (VPDB) and ¢"°N to AIR [116], [119].

Stable isotope analysis is often used to detect adulterated food and flavors and determine
their authenticity [102]. It is also used in forensic science where, among others, stable
isotopes (*C/"C and “N/“N) have been used for illicit drug profiling [120]-[122]. The
purpose of illicit drug profiling is to provide basic data for law enforcement agencies on
illicit drug production and trafficking networks by linking seized drugs to the route of
synthesis (synthetic and semi-synthetic illicit drugs) or geographic origin (semi-synthetic
and natural illicit drugs). This task is usually achieved through physical and chemical
characterization of seized drugs, including determining the isotopic composition of light
elements of active substances using IRMS. For example, in the study of Thompson et
al. [123], opium samples from Mexico were distinguished from South American samples
based on the §"°N values determined in extracted morphine, while Southwest Asian samples
were isolated based on §%C values. Similarly, data on the isotopic composition of carbon
and nitrogen were used to link seized synthetic drugs (e.g., amphetamine,
methamphetamine and MDMA) and NPS to a production batch and a common source
[100], [101], [123], [124].

Given its wide use in forensics and its discriminating ability, analysis of the isotopic
composition of light elements has excellent potential to complement WBE data by
providing information on the origin of drug biomarkers present in wastewater. Nevertheless,
the utility of determining the composition of stable isotopes in supplementing wastewater
analysis data has yet to be investigated.
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1.3.3 WBE: general population

Wastewater-based epidemiology is an established and synchronized approach for estimating
consumption of conventional illicit drugs in the general population (e.g., cities and
municipalities) by the SCORE network [53], which annually organizes an inter-laboratory
study (to guarantee comparability of results) and international monitoring to track
spatiotemporal trends in cocaine, amphetamines, cannabis (THC), and from 2022 also
ketamine consumption. Since its first monitoring campaign in 2011, the number of
participants has grown from 12 laboratories, 21 WWTPs, and 19 European municipalities
participating; it stretched in 2022 to 41 laboratories, 132 WW'TPs, and 118 worldwide
municipalities participating.

SCORE data provide spatiotemporal trends in drug use and accordingly reveal city-
and even country-specific characteristics of drug use. For example, data show that cocaine
prevails in western and southern European cities (particularly in Belgium, the Netherlands,
Portugal and Spain) and amphetamine in the north and east Europe (Sweden, Belgium,
Germany, the Netherlands and Finland). Historically, methamphetamine is concentrated
in Czechia and Slovakia, but the data suggests its use is increasing in Belgium, East
Germany, Spain, Turkey and northern Europe (Figure 10). Ecstasy is the most prevalent
in Belgium, Czechia, the Netherlands, Spain and Portugal, and cannabis in Czechia, Spain,
the Netherlands and Portugal. Data from 2022 show ketamine was the most prevalent in
Denmark, Italy, Spain and Portugal [87].

The SCORE monitoring system, which is capable of providing timely data on changes
in drug use trends across various European cities simultaneously, has been recognized and
supported by the European Monitoring Centre for Drugs and Drug Addiction (EMCDDA).
The EMCDDA publishes monitoring data and utilizes them as an early warning of
temporal and spatial changes in drug use throughout Europe [87], [125], [126].
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Figure 10: “Changes in the mean weekly methamphetamine metabolites from
wastewater analyses in selected European cities between 2021 and 2022” (Source: ©
EMCDDA [126]).

1.3.3.1 Slovenia in SCORE monitoring

Slovenia became part of the SCORE monitoring in 2017 when the Group of Organic
Analysis (Department of Environmental Science, Jozef Stefan Institute) joined the SCORE
monitoring and provided the data on mass loads for the capital city, Ljubljana. In 2018,
Maribor and Domzale-Kamnik were also included in the monitoring campaign [87]. Initial
data (2017-2018) indicated that cocaine use prevailed in Slovenian municipalities, which
placed them aside western and southern European cities.

The importance of Slovenia’s participation in SCORE monitoring was also recognized
by the Slovenian National Institute of Public Health (Slovene: Nacionalni institut za javno
zdravje, N1JZ). N1JZ, as the Slovenian focal point, has a long history of collecting data on
drug situation (e.g., national drug policy, trends in drug use, prevention, treatment and
harm reduction strategies and best practice protocols) from different sources, namely the
ministries responsible for the national strategy in the field of drugs, government
institutions, non-governmental organizations, universities and research institutions, and
reporting the data to EMCDDA. Accordingly, annual reports on the drug situation of the
Republic of Slovenia are published by the NIJZ, where WBE (SCORE monitoring) data
are also included since 2018 [32], [127]. Initially (2017 and 2018 monitoring campaigns),
SCORE partners analyzed Slovene wastewater samples in 2018 Slovenian Research and
Innovation Agency (ARIS, former Slovenian Research Agency — ARRS) project “Illicit
drugs, alcohol and tobacco: wastewater-based epidemiology, treatment efficiency and
vulnerability assessment of water catchments” was approved, and in-house analytical
methods were developed for integrating Slovenian WWTPs into the SCORE annual
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monitoring campaigns. Aside from Ljubljana, Maribor and Domzale-Kamnik
municipalities, namely Novo mesto, Koper and Velenje, were additionally included in the
monitoring and are described in Chapter 3.1.1 National reports to the EMCDDA: Reports
on the drug situation of the Republic of Slovenia (2019-2022).

1.3.4 'WBE: Specific populations

Due to its non-invasiveness, WBE has a high potential to explore drug consumption trends
in small, specific populations susceptible to drug use by sampling and analyzing wastewater
of small sub-catchments upstream from WWTP (e.g., an outlet of a particular institution).
However, only a few WBE studies have been performed in educational institutions, prisons
and other specific catchments, namely fitness centers and airports [59], [128], [129].

Monitoring drug use in educational institutions aims to track the spread of drugs among
young people and is commonly done through surveys and drug testing [59], [130]. Since
surveys are susceptible to biased reporting and have a time lag in reported data, and
because drug testing is highly intrusive and can detect only a limited number of drugs, a
few studies have explored the potential of wastewater analysis [59]. However, these studies
have focused on only one type of institution, ¢.e., high education institutions. Moreover,
only the consumption of conventional illicit drugs and medications of abuse has been
addressed, confirming the use of cannabis, cocaine, amphetamines, ecstasy, heroin,
methadone, and codeine [59]. To date, only Gatido et al. [131] addressed the consumption
of licit drugs (alcohol), while NPS have been addressed in the literature twice using targeted
analysis (LC-MS/MS) [59], [131], [132].

Drug use in prisons impacts prison security and prisoners' reintegration into society
[59]. Usually, drug use in prisons is investigated through mandatory drug testing and
surveys, which requires additional security measures [59]. As an alternative approach, WBE
was introduced. Studies have mainly assessed illicit drug and opioid use, while NPS were
studied to a lesser extent. The use of substitutional drugs was detected daily, while the use
of illicit drugs and NPS was detected occasionally. In such cases, WBE could provide an
objective and comprehensive picture of drug use in prisons and be a non-invasive
alternative to currently applied approaches [59].

Despite the many advantages of WBE, its application in specific populations also has
drawbacks. For example, calculated consumption estimates may be biased, as irregular
wastewater pulses in small sub-catchments prevent obtaining a representative sample.
Moreover, they can be significantly affected by the application of correction factor taking
into account the average drug excretion rate as discussed in Chapter 1.3.1.6 Back-
calculation of consumption; the small number of drug users (e.g., compared to the number
of users in the whole municipality) means that the individual profile of drug excretion is
more pronounced than for larger populations.

Also, sampling wastewater from the whole institution means drug prevalence can only
be obtained for the whole population present at the time of sampling, and no extrapolation
to a particular group of people, e.g., pupils, prisoners, staff or visitors, can be made [59].
Finally, although WBE poses a low ethical risk when applied to the general population
(individuals cannot be identified and traced), its application to small populations may raise
specific ethical concerns. For example, obtained results may increase stigmatization,
provoke sensationalized media reporting and inadvertently cause harm to the participants
or the participating institution’s reputation [133]. Accordingly, detailed planning,
anonymity, and proper communication of the results are essential in such settings [133].
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1.3.4.1 WBE: Special events

In addition to assessing drug use in specific populations, the WBE has also been applied
to track drug use during special events, namely holidays, sporting events, and festivals,
where the results can be used as an early warning for changes in licit (including NPS) and
illicit drug consumption trends [59]. Wastewater for the determination of drug use during
special events is usually collected from municipal WWTP [59], [134]-[138]. Only two studies
have used pooled urine collected from portable urinals and toilets set up at festival venues
to estimate drug prevalence [73], [139]. Trends in drug use showed to be event-specific;
however, in general, a significant increase in the use of licit (e.g., alcohol, tobacco, and
NPS) and illicit drugs (e.g., stimulants) was observed during various special events in
comparison to “normal days”, i.e., weekdays without special events [59], [134]-[137], [140]-
[143].

1.4 Environmental Perspective

Awareness of the impact that licit (e.g., nicotine-tobacco) and illicit psychoactive
substances have on the environment began in the 1980s with studies that showed a
connection between the cultivation of plants (e.g., tobacco plant and coca bush) and
deforestation [34], [144]. Later, in the 2000s, studies focused on the broader environmental
and health aspects of the production (cultivation and synthesis) and consumption of
psychoactive drugs (Figure 11).

In addition to deforestation, other adverse effects were associated solely with licit and
illicit drug production: air, soil and water pollution (with the end product and production
waste), soil and water depletion, biodiversity loss, and energy use [34], [144]. Although the
impact of drug production on the environment on a global scale has been estimated to be
small compared to the total impact of agriculture and pharmaceutical production, studies
have shown its importance on a local scale, i.e., where drug production is centralized. This
fact is especially true in the case of illicit drugs, in which clandestine production takes place
outside regulatory frameworks in remote and often even protected areas (e.g., national
parks), where it has a high potential for harmful environmental effects [144]. The extent of
the impact of drug production on the environment was reduced by the implementation of
alternative development projects within the framework of already existing drug policy
responses. The projects promote reforestation, agroforestry, shifting agriculture to
alternative crops and reduction of the environmental footprint (e.g., tobacco manufacturing
carbon footprint) by the introduction of payment schemes [11], [145].

Compared to the amounts of contaminants released into the environment through drug
production, the amounts of drug metabolites and unused drugs released into the
environment due to drug consumption are estimated to be larger and contribute
significantly to the overall environmental impact [144]. Of particular concern is their
ubiquitous presence in waste- and environmental waters. Significantly, since drugs and
individual metabolites are bioactive by nature (psychotropic), they have a high potential
to affect non-target organisms negatively [56], [146]. Indeed, many adverse effects on
aquatic organisms have already been demonstrated at the environmental level (Chapter
1.4.4 Effects on aquatic organisms). However, while drugs and their metabolites are
commonly determined in wastewater in order to assess drug use in the population (WBE),
their occurrence in the environmental waters, together with the impact they have on the
ecosystem, remain understudied [56], [144], [146], [147].

Because of this and the global increase in drug use, the UNODC [144] pointed to the
need to develop appropriate strategies for environmental protection, which require a better
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understanding of the extent of the impact of drug residues on the environment, i.e.,
comprehensive monitoring of drug residues (starting compounds and metabolites) in waste
and environmental waters and evaluation of hazard assessment.
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Figure 11: Routes of environmental impact (adapted from [144]).
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1.4.1 Analytical methods used to determine drug residues in the

aqueous environment

Since WBE presents a “bridge between the environmental and social sciences” [48], it is
not surprising that the determination of drug residues in environmental waters is mainly
carried out using slightly modified methods (e.g., higher sample volume) primarily
developed to estimate drug consumption in the population through wastewater analysis
(Chapter 1.3.1 Methodology). Determining drug residues in environmental waters requires
an efficient sample preparation step, including high pre-concentration of analytes, efficient
removal of interferences and sensitive instrumental methods [78]. Accordingly, drug
residues are most often extracted from environmental waters using SPE (Oasis MCX or
HLB) and determined (target analysis) by LC-MS/MS, as presented in the latest
reviews [56], [78].

However, the sampling strategies differ. Unlike wastewater, where sampling is done
according to best practice protocol, surface water sampling strategies are not synchronized.
Typically, samples are obtained as grab samples (Figure 12), which do not consider time-
dependent fluctuations in concentrations and can only provide a "snapshot" at the time of
sampling [56], [146], [148]. As an alternative, passive sampling using polar organic chemical
integrative samplers (POCIS), low-density polyethylene film devices, solid-phase
microextraction fiber and Chemcatcher® device were used [149]-[151]. In the case of
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groundwater, sampling strategies are either not described [152], [153] or involve obtaining
representative grab samples using existing protocols [154]-[156].

Figure 12: Photo showing grab sampling of surface water (Photo: Eirini Andreasidou).

1.4.2 Wastewater

As the primary recipient of human biological fluids such as urine, saliva, sweat, and feces,
raw wastewater typically contains drug residues ranging from ng/L to ng/L (Table 8). As
conventional WWTPs are not originally designed to eliminate recalcitrant organic
contaminants (e.g., selected contaminants of emerging concern, CEC) such as drug residues
[56], [146], [157], they remain present in treated wastewater where they were detected,
mostly in lower concentration range (ng/L-pg/L) than in wastewater influents (Table 8).

Most commonly activated sludge, sequential batch reactor (SBR), Bardenpho?, trickling
filters and membrane bioreactors (MBR) have been researched to eliminate drug residues
from raw wastewater (Table 9). The removal efficiency depends on numerous factors, such
as the treatment process, WW'TP operational parameters, the compound’s physicochemical
properties and concentration, and in-sewer conditions [56], [148], [158]. Accordingly,
reported removal efficiencies vary widely even for the same treatment technology and
compound. In general, nicotine residues and amphetamines (except MDMA) are considered
to be efficiently removed during biological treatment, followed by cannabinoids, opioids
and cocaine-related compounds [56], [148], [158]. In some cases, negative removals, i.e.,
drug residues present in higher concentration in treated than in raw wastewater, were

2 “conventional activated sludge coupled with nutrient removal” [166]
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reported for codeine, methadone, EDDP and MDMA and explained by desorption from
sludge, deconjugation or poor sampling strategy (difficulty in obtaining appropriate
influent /effluent pairs) [144], [159].

Although many studies have already addressed the occurrence of drug residues in
wastewater and their removal during various wastewater treatment processes, inconsistent
data indicate that the behavior of drug residues during wastewater treatment is still only
partially understood and requires further studies [160]. Moreover, the recently proposed
EU Directive on urban wastewater treatment [161] includes provisions for establishing limit
values for CEC, which will be regulated by a minimal percentage of removal (80 %).
Consequently, this would necessitate implementing an additional (quaternary) treatment
step capable of effectively removing a broad range of organic contaminants. Although the
directive currently focuses on limiting the concentration of pharmaceuticals and personal
care products in treated wastewater [161], it is envisaged that this list will be extended to
cover other compounds that pose an environmental risk, e.g., in localized areas with
extensive pollution.



Table 8: Determined concentrations (ng/L) of selected drug residues in waste- and environmental water

[56], [146], [153]-[155], [157], [162]-[164].
Drug residue Wastewater Surface water Groundwater
Influent Effluent River Lake Sea
NIC <424,000 15-32,000 <9,340 n.a. 15-1,770 <8,070
COT <42,300 <18,000 <6,580 <15 4-1,070 <130
HCOT 300-53,000 15-1,550 14-777 <77 n.a. n.a.
EtS 500-33,000 <LOD n.a. n.a. n.a. n.a.
MOR <2,400 <1,270 <631 n.a. n.a. n.a.
COD 35-6,460 25-3,970 0.8-342 2.1-4.4 n.a. <2,440
MTHD 2.6—1,530 1.4-742 <40 1.1-2.5 n.a. 7.4
EDDP 3.7-1,030 2.6-1,150 0.1-71 1.9-8.7 n.a. 0.4
KET 0.78-447 0.19-278 0.05—-205 n.a. n.a. n.a.
THC-COOH <1,640 <170 <80 n.a. n.a. <LOD
CcOC 0.2-4,700 <496 <5,900 n.a. <537 <3.8
BE 1.3-9,720 0.8-3.280 <3,580 0.3-2.40 <142 <1.5
COE 0.4-60 0.2-7.9 <5.2 n.a. n.a. 0.05
AMP <12,020 <755 <343 n.a. n.a. <LOD [153]
MAMP <3,640 <675 <277 0.2-96 n.a. <LOD
MDMA <27,000 <1,270 <57 n.a. n.a. 3.9 [153]
6-AM <224 <96 <16 n.a. n.a. <LOD [153]

n.a. — not available; 6-AM — 6-acetylmorphine, AMP — amphetamine, BE — benzoylecgonine, COC — cocaine, COD — codeine, COE — cocaethylene,
COT - cotinine, EDDP — 2-ethylidene-1,5-dimethyl-3,3-diphenylpyrrolidine, EtS — ethyl sulfate, HCOT — trans-3’-hydroxycotinine, KET —
ketamine, MAMP — methamphetamine, MDMA — 3 ,4-methylenedioxymethamphetamine, MOR, — morphine, MTHD — methadone, NIC — nicotine,
THC-COOH - 11-nor-9-carboxy-A’-tetrahydrocannabinol
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Table 9: Removal efficiency for selected drug residues using various treatment technologies [56], [158], [165], [166]-[171].

Compound Activated sludge Sequential batch | Bardenpho Trickling filters Membrane
reactor (SBR) bioreactors (MBR)
NIC >57 % >21 % >99 % 85-98 % >99 %
COT >46 % >75 % 96-98 % >82 % >93 %
HCOT 66-99 % n.a. >99 % n.a. >99 %
EtS 80-99 % n.a. >99 % n.a. >99 %
MOR 73-89 % 60-95 % >99 % n.a. >99 %
COD <95 % >10 % 82-92 % 50-75 % 78-93 %
MTHD -120-39 % >90 % 1-23 % 25 % 44-63 %
EDDP -40-61 % n.a. 13-30 % 46 % 20-40 %
KET n.a. >75 % n.a. n.a. n.a.
THC-COOH 18-98 % n.a. n.a. n.a. n.a.
COC >T72 % 35-45 % >-21 % 25-37 % >99 %
BE >33 % >10 % > 99 % <27 % >23 %
COE >68 % >25 % n.a. 25 %
AMP >33 % 2-70 % >99 % 89-95 % >99 %
MAMP >-130% 61-91 % >99 % 60 % > 63 %
MDMA 19-95 % -40 % >11 % 13 % >99 %
6-AM 72 % n.a. n.a. n.a. n.a.

n.a. — not available;

0¥

6-AM — 6-acetylmorphine, AMP — amphetamine, BE — benzoylecgonine, COC — cocaine, COD — codeine, COE — cocaethylene, COT — cotinine,
EDDP — 2-ethylidene-1,5-dimethyl-3,3-diphenylpyrrolidine, EtS — ethyl sulfate, HCOT — trans-3’-hydroxycotinine, KET — ketamine, MAMP —
methamphetamine, MDMA — 3,4-methylenedioxymethamphetamine, MOR, — morphine, MTHD — methadone, NIC — nicotine, THC-COOH - 11-
nor-9-carboxy-A’-tetrahydrocannabinol
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1.4.3 Environmental waters

Although drug residues enter environmental waters mainly through wastewater effluent,
the clandestine landfilling of illicit drugs and their precursors, the leaching of nicotine from
cigarette butts, the leaking sewer infrastructure and fertilization with biosolids from
WWTPs also contribute to their presence in the environment [146], [148], [172], [173]. Once
in the environment, the distribution and fate of drug residues depend on their
physicochemical properties and environmental conditions, namely dilution, pH,
temperature, and sunlight [56]. According to their physicochemical properties (Table 10),
drug residues (except methadone, EDDP and THC-COOH) are hydrophilic compounds
(logarithm of octanol-water partition coefficient, logKow<4), which tend to remain in the
aqueous phase (water solubility: S,>8.4 mg/L) rather than be adsorbed on particulate
matter. Accordingly, most drug residues are highly mobile in the aquatic environment and
can reach groundwater [56], [146].

In addition, environmental conditions, such as pH, also influence their aqueous mobility,
which is promoted when compounds are ionized [56]. At environmentally relevant pHs (pH
5-9), most drug residues (pK, 4.21-10.2) will be neutral or protonated, while ethyl sulfate
will be negatively charged. Biotransformation and indirect photodegradation, i.e., reactions
with substances that are produced during photodegradation of humic substances and NO3~
(- OH, 'O,, H,0,, and e,, ), are the most probable processes for removing drug residues
from environmental waters. At the same time, removal through adsorption and
volatilization (lowK,. and Henry’s law constant, Kg) is unlikely. Accordingly, their
tendency to bioaccumulate is considered low, except for THC-COOH (logKew=5.14-
5.24) [56], [146].



Table 10: Physicochemical properties of selected drug residues obtained by Ecological Structure-Activity Relationships software (ECOSAR) 2.0.

(34834-67-8)

Drug residue Structural formula Mg pK. logKow Sw [mg/L] Ku
o (CAS) (atm x m?/mol, at
= 25 °C)
A
Nicotine 162 8.58 [174] 1.17 1x10° 8.1 x 10°
(54-11-5)
Cotinine . 176 4,7-8.8 [56] | 0.07 1x10° 3.33 x 10"
(486-56-6) he N
o .
g N F
p
HCOT N 192 | 4,5 [175] 145 1x10° 5.20 x 1013

4%
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Table 10: Continued.

Ethyl sulfate o o 126 | -2.1 [174] -2.49 1x10° 1.08 x 10
S | (540-82-9) N\
8 HSC/\O/ OH
<
Morphine 285 | 8.21 0.89 149 1.33 x 1071
o | (57-27-2)
=
£
joN)
3
=
Codeine & 299 | 8.21 1.19 9000 7.58 x 10"
(76-57-3)
LA
g /]
O H—SL J\HEH “eH,
, | Methadone A~ 309 | 8.94 3.93 48.5 4.97 x 107
5 | (76-99-3) [
el
<
=
45 CHy
=

1974



Table 10: Continued.

EDDP
(30223-73-5)

278

9.64 [174]

4.94

10.2

Not available

Ketamine

Ketamine
(6740-88-1)

238

7.5 [176]

3.12

2,800

1.38 x 10°®

Cannabis

11-nor-9-carboxy-A°-
THC
(not available)

344

4.21 [174]

5.14-
5.24 [174]

8.4 [174]

Not available

Cocaine

Cocaine
(50-36-2)

303

8.61

2.30

1,800

4.24 x 10"

v
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Table 10: Continued.

Benzoylecgonine N 289 3.15 and | -1.32 88,300 1.03 x 10
(519-09-5) oL s 9.54 [174]
e
’ '_' \\"““ﬂ"\ /i“m /|
I
Cocaethylene ar 317 8.77 [174] 2.66 528 Not available
(529-38-4) R

Amphetamine

Amphetamine e 135 10.1 1.76 28,000 1.08 x 10°°
(300-62-9) Non

17



Table 10: Continued.

Methamphetamine 179 9.87 2.07 13,300 2.37 x 10°
° (537-46-2) s
E HY
5
£ ~Chyg
=
= R
: [
= //
]
=
_ | MDMA ) r 193 [ 10.1 [174] | 2.15 7,034 [176] 2.75 x 10° [176]
Z | (42542-109) 1 R
8 0 Hs
m

6-acetylmorphine HD\]~-/“*~“-¢ 327 | 10.2 [174] 1.55 4,093 Not available

(2784-73-8) /NS
g N /a\'\u
E:; “'...[ /I\”?‘ \c“"

/"l\\‘\*-‘o
— octanol-water

EDDP - 2-ethylidene-1,5-dimethyl-3,3-diphenylpyrrolidine, HCOT — trans-3’-hydroxycotinine, Hx - Henry’s law constant, K.
partition coefficient, MDMA — 3,4-methylenedioxymethamphetamine Mr — relative molecular mass, pK, — negative logarithm of the acid dissociation

constant, S, — water solubility
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1.4.3.1 Surface waters

Drug residues are detected in surface waters mainly in the ng/L range (Table 8), with
differences related to the sampling site, time (seasonal variations), dilution factors, and
trends in drug consumption and production [56], [148]. For example, high nicotine
concentrations (9,340 ng/L) observed in Nigeria surface waters probably derived from
agricultural activities [163], while high concentrations of cocaine (5,900 ng/L) and
benzoylecgonine (3,580 ng/L) in urban streams in Brazilian reflect the use of cocaine, as
untreated wastewater is directly discharged into streams in the area of the study [177].

Currently, limit values for drug residues in surface waters are not established. However,
their pseudo-persistency in the environment [56], [146], together with already proven
harmful effects of individual drug residues on aquatic organisms (Chapter 1.4.4 Effects on
aquatic organisms), warrants further studies on their occurrence in surface waters. In 2022,
the European Commission (EC) considered 61 compounds, including six illicit drugs and
their metabolites: cannabinol, cocaine, benzoylecgonine, ephedrine, methamphetamine,
MDMA and THC, for which there is data on their occurrence in the environment and
ecotoxicity indicators, as candidates for the 4™ Watch List (WL) under the Water
Framework Directive [178]. However, in the EC’s final evaluation, they were classified in
the priority 2 category, i.e., as “almost suitable candidates for the 4™ WL, but for which
there is lack of information on predicted no-effect contestation (PNEC) value or analytical
methods”. These substances will be re-evaluated in the next WL update in 2024 to allow
time for the development of sensitive analytical methods that will provide more data on
their occurrence in surface water (considering PNEC) and the performance of additional
ecotoxicity studies [178].

1.4.3.2 Groundwater

On a global scale, groundwater represents an important source of freshwater, i.e., it covers
40 % of irrigation demands and a quarter of industrial supplies and provides drinking water
to one-third of the global population [179]. Accordingly, its quality is maintained through
several legislations, e.g., following the EU’s Water Framework Directive 2000/60/EC [180]
and the Groundwater Directive 2006/118/EC [181]. Among others, the directives also
regulate the chemical status of groundwater, which includes monitoring only a limited
number of chemicals (e.g., nitrate and pesticides) and parameters (salinity). A group of
compounds whose presence in groundwater is of increasing concern but are not covered by
the directives are CEC, including licit and illicit drug residues [182].

To increase data available on such substances in groundwater, evaluate the risks, and
identify substances for which limit values should be set within Groundwater Directive
2006/118/EC, Groundwater Watch List (GWWL), a voluntary mechanism developed in
2019 [183]. Based on the data on their leaching, occurrence, and hazard, 12 substances
from classes of pharmaceuticals and polyfluoroalkyl substances (PFAS) have been included
in the pilot version of GWWL, and more are expected to follow since the data gathered
within GWWL showed 62 compounds, including cocaine, that are despite limited data
availability already considered as commonly present in European groundwater.

Generally, drug residues in groundwater are poorly studied due to limited access to
samples and demanding sampling, and more data are needed to evaluate the risks [56],
[183]. So far, the occurrence of drug residues was mainly determined in the groundwater of
EU member states and the USA [56], [183], where they were typically present in the low
ng/L range (Table 8). However, significantly higher groundwater concentrations of
nicotine and codeine (range pg/L) were also detected in the UK (nicotine: 8,070 ng/L)
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[162] and Nigeria (nicotine: 3,530 ng/L, codeine: 2,440 ng/L) [163], which further emphasize
the importance of studying drug residues in groundwater.

1.4.4 Effects on aquatic organisms

Due to the pseudo-persistence of drug residues in the aquatic environment, aquatic
organisms are constantly exposed to (low levels) drug residues [144], [184]. Aquatic
organisms, including algae, bacteria, invertebrates and vertebrates, have receptors to which
drug residues can bind and thus affect their functioning [173]. The extent to which drug
residues can affect the environment was clearly expressed in several local incidents in the
province of Limburg in the Netherlands, where there was a mass die-off of amphibians,
invertebrates and fish due to the release of large amounts of waste into the environment
from the clandestine production of MDMA [144].

Drug residues may affect aquatic organisms also at trace levels, e.g., through chronic
exposure [144]. For example, amphetamines are generally known to disrupt catecholamine
production in mammals and potentially affect catecholamine production in algae (primary
producers in the aquatic food web), which would alter the algal defense against herbivores
[173]. General findings also suggest that plant-derived alkaloids, such as nicotine, opioids,
and cocaine, have antimicrobial properties and affect fungal and bacterial pathogens [185],
[186]. Moreover, they may also influence the functioning of invertebrates since plant-
derived alkaloids evolved to protect plants from herbivorous insects. On the other hand,
vertebrates are expected to be affected by amphetamines through disruption of dopamine
activity [173]. In addition, enantiomer-selective toxicity is predicted for chiral drug residues
(e.g., amphetamines), which means that individual drug enantiomers will cause different
adverse effects on aquatic organisms in general [103].

Despite indications that drug residues may affect aquatic organisms, little research has
been performed on their ecotoxicity [144]. Studies have focused mainly on parent
compounds (drugs) and a limited number of organisms from the group of microorganisms,
invertebrates and vertebrates (Table 11). The ecotoxicity of drug residues, namely
nicotine, morphine, cocaine, benzoylecgonine, amphetamine, methamphetamine and
MDMA, has been confirmed for various organisms at different concentration levels,
including environmental ones. However, none of the studies addresses their effect on algae,
an important primary producer in the aquatic food web. Similarly, studies mainly do not
explicitly look at the effect of individual enantiomers of chiral drugs, which could also affect
toxicity [103], [173]. For example, in one of the rare studies addressing stereoselective
toxicity of illicit drugs, the authors confirmed that amphetamine enantioselectively
interferes with invertebrate (Daphnia magna), i.e., a sharper decrease in body size and
number of eggs per daphnia caused by (R)-amphetamine in comparison to (S)- and racemic
amphetamine [187]. Accordingly, to set action limits and evaluate the risks that drug
residues pose in the environment, more ecotoxicological studies are needed that look at
various organisms, including primary producers (algae and cyanobacteria) as well as
stereoselective toxicity [103], [173].



Table 11: Summary of reported biological effects on aquatic organisms [146], [157], [173], [188]-[195].

Group of organisms

Tested compound

Tested organisms (exposure)

Reported acute biological effect

Microorganisms Nicotine Bacteria: Repressed growth, increased biofilm
Streptococcus mutans: formation
0-32 mg/mL
Amphetamine and cannabinoids Bacteria: Chemotactic effect: influencing
Pseudomonas fluorescens: respiration, nutrition transformation
5-1,000 pg/mL
Invertebrates Nicotine Planaria: Induce C-shape movement
Dugesia dorotocephala: 5 mM
Morphine Mussel: Physiological changes, damage in

(alone and in mixture with other illicit

drugs)

- Elliptio complanata:

30-750 ng/g wet weight

- Dreissena polymorpha:

100 ng/L MOR in a mizture

- Zebra mussel: 100 ng/L MOR
m a mizture

- Bivalves: 50-5,000 ng/L

macromolecules, increased
antioxidant defense, triggering
apoptotic process

Crayfish: Increased mobility
- Orconectes rusticus:
2000 ng/g
Tetrahydrocannabinol (THC) Mussel: Oxidative stress, DNA damage

Zebra mussels: 500 ng/L

Larvae:
Aedes albopictus: 400 and
500 pg/L

High mortality rate

Snail:
Physella acuta: 100 pg/L

High mortality rate

67



Table 11: Continued.

Cocaine Mussel: Cytotoxicity, oxidative stress, DNA
- Dreissena polymorpha: 40, 200 | damage, altered swimming behaviour
and 10,000 ng/L and reproductive success
- Perna perna: 500-500,000
ng/L
- Daphnia magna: 50 and 500
ng/L
Crustaceans: Increased mobility, behaviour
Orconectes rusticus: 2,000 and changes
10,000 ng/L
Crayfish: Alter locomotion
2.5-10 pg/g (species not
specified)

Planaria: Induce C-shape movement
Girardia tigrina: 1 mM

Benzoylecgonine Mussel: Damage in macromolecules,
- Dreissena polymorpha: 500 oxidative stress
and 1,000 ng/L
- Freshwater mussels: 500 and
1,000 ng/L

Amphetamine Mussel: Damage in macromolecules,

(alone and in mixture with other illicit
drugs)

- Zebra mussels: 300 ng/L AMP
in a mixture

- Zebra mussels: 5,000 ng/L

increased antioxidant defense,
oxidative and genotoxic damage

0¢

UOIJONPOIYUT



Table 11: Continued.

Methamphetamine Crayfish [146], [157]: Increased mobility
Orconectes rusticus: 2,000 and
10,000 ng/L
Snail: Strengthen the long-term memory
Lymnaea stagnalis: 3.3 pM
Vertebrates Nicotine Fish embryos: Dose-dependent effect: lower doses —

- Zebrafish: 6.8 utM
- Zebrafish: 1.3-1.7 mM

tachycardia, higher doses —
bradycardia

Fish:
Zebrafish: 20.49 pg/L

Neurotoxicity, altered predator
escape response, 25-100 % reduction
in survival

Tetrahydrocannabinol, THC (alone or as
an extract of C. sativa)

a) Fish:

- Cyprinus carpio: 2,000—
30,000 ng/L;

- Oreochromis niloticus:
10.7 g/kg extract

Decreased alkaline phosphate
activity in the gills and liver, high
levels of transaminases and lactate
dehydrogenase in blood, low growth
rate, increased metabolism

Cocaine Fish embryos: Tachycardia, decreased cell viability
Zebrafish: 0.3 and 1.0 pg/L
Fish: Affect the endocrine system and
Anguilla anguilla: 20 ng/L physiology. COC can accumulate in
the tissue (brain, muscle, and liver)
Amphetamine Fish: Altered levels of brain monoamines,

5,000 and 10,000 ng/L (species
not specified)

behavior changes

3,4-methylenedioxymethamphetamine
(MDMA)

Fish:
Zebrafish: 40,000-120,000 ng/L

Reduce bottom swimming and
immobility

19
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Chapter 2
Aims and Hypotheses

Review of the existing literature highlights the significance and utility of wastewater

analysis in tracking drug consumption from both health and environmental perspectives.

Although the approach is well established for drug consumption estimation in the general

population (SCORE monitoring), it still has methodological shortcomings (e.g.,

differentiation between consumption and disposal of unused drugs) and a lack of

applicability studies in some countries, including Slovenia, and in vulnerable populations,

e.g., educational institutions. Also, there is limited data on drug consumption's

environmental impact. Accordingly, the thesis aimed to estimate drug use in general and

specific populations (wastewater-based epidemiology, WBE) and to evaluate the impact
that drug use has on aquatic ecosystems. Specifically, it aimed to:

- develop target analytical methods (LC-MS/MS) for the determination of 17 drug
residues in aquatic matrices (wastewater influent and effluent, surface water,
groundwater)

- explore analytical approaches to differentiate drug use and disposal, namely
enantiomeric profiling (chiral derivatization, GC-MS/MS) and determination of the
isotopic composition of light elements (GC-C-IRMS) of biomarkers present in raw
wastewater;

- investigate the applicability of wastewater analysis using targeted analysis (LC-
MS/MS) to explore the prevalence of licit and illicit drugs in specific populations,
namely educational institutions;

- investigate the applicability of wastewater analysis using suspect screening (LC-IMS-
HRMS) to explore the possible presence of NPS in educational institutions;

- assess the removal efficiency of drug residues by conventional biological wastewater
treatment technologies

- determine the occurrence of drug residues in effluent receiving surface waters (rivers)
and groundwater;

- evaluate the toxicity of selected drug residues toward green algae (Chlamydomonas
reinhardtii) using the algal growth inhibition test and

- perform a risk assessment using an in silico methodology (Ecological structure-activity
relationships software, ECOSAR);
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More specifically, this work set out to test the following hypotheses (H):

H1: Determining drug biomarkers in wastewater influent can confirm reported socio-
epidemiological data on trends in drug consumption in Slovenian communities.

H2: Enantiomeric profiling and stable isotope-ratio analysis can differentiate illicit drug
consumption and direct disposal.

H3: Conventional wastewater treatment technologies do not fully mineralize drug residues.

H4: Levels of drug residues in studied receiving river waters do not pose a risk to the
aquatic organisms.
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Chapter 3

Publications

The work presented in this dissertation comprises three contributions to the National
Reports on the Drug Situation in the Republic of Slovenia and ten scientific papers. Nine
papers have already been published in peer-reviewed journals. In addition, one paper is in
preparation and will be submitted to Environmental Science & Technology (October 2023).

The publications are divided into four sections:

1) WBE applications in Slovenian municipalities

The publications in the first section address hypothesis 1 (H1) and focus on the
applicability of WBE to estimate drug consumption in the general Slovenian population,
i.e., six municipalities (WWTPs). Analytical methods and procedures used in international
monitoring (SCORE and NPS) are described, and data obtained on illicit drugs and NPS
use are compared with the data from other epidemiological studies.

2) Applicability of WBE to assess drug use in specific populations

The work presented here also addresses H1 but focuses specifically on the applicability of
WBE in specific populations. Analytical methods and approaches used to address drug use
in various populations, namely prisons, educational institutions, and nightlife settings, are
summarized, along with reported estimates of drug use. In particular, the work addresses
the applicability of wastewater analysis to assess the prevalence of licit, illicit drugs and
NPS in (Slovenian) educational institutions. For the first time, licit, illicit drugs and NPS
in primary school wastewater were reported and compared between educational institutions
of different types, i.e., primary and secondary schools and high education institutions.

3) Supplementing WBE data: Reducing uncertainties in evaluating drug
consumption

Here, developed analytical methods, i.e., enantiomeric profiling of amphetamines (chiral

derivatization, GC-MS/MS) and, to the best of our knowledge, for the first time,

determining the isotopic composition of morphine (GC-C-IRMS) are presented and their

applicability for complementing WBE data are discussed (H2).

4) Drug residues in the aqueous environment: occurrence and ecotoxicity

This last part addresses H3 and H4 and includes scientific publications on the
environmental impact resulting from drug use. The efficiency of the removal of drug
residues by various conventional biological wastewater treatment processes and the
occurrence of drug residues in receiving rivers and groundwater are presented. To our
knowledge, this is the first time the efficiency in removing drug residues by moving bed
biofilm reactor (MBBR) has been addressed. Also, the impact on aquatic organisms is
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evaluated based on the measured concentrations of drug residues in receiving rivers and
predicted effect concentration using ECOSAR. Finally, the ecotoxicity of drug residues
towards green algae (Chlamydomonas reinhardtii) is explored using an algal growth
inhibition test.
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3.1 WBE Applications in Slovenian Municipalities

3.1.1 National reports to the EMCDDA: Reports on the drug situation
of the Republic of Slovenia (2019-2022)

1) Published in 2022: Verovsek, T., Blaznik, U., Hocevar Grom, A., Heath, D., Laimou-
Geraniou, M., Heath, E., 2022, National Institute of Public Health, Ljubljana, p. 69-
75.

2) Published in 2021: Verovsek, T., Blaznik, U., Hocevar Grom, A., Heath, D., Laimou-
Geraniou, M., Heath, E., 2021, National Institute of Public Health, Ljubljana, p. 65-
71.

3) Published in 2020: Verovsek, T., Krizman-Matasic, 1., Blaznik, U., Hocevar Grom, A.,
Kosjek, T., Heath, E., 2020, National Institute of Public Health, Ljubljana, p. 64-69.

Following the best practice protocol [51], consumption of illicit drugs, namely cocaine,
amphetamine, methamphetamine, ecstasy, and cannabis (THC), was estimated in the
Slovenian general population (municipalities) within the SCORE monitoring 2019-2022.
For the continuous inclusion of Slovene data, analytical methods had to be developed in a
Slovene laboratory (Chapter 1.3.3 WBE: general population). Accordingly, in 2019,
analytical methods were implemented to analyze Slovene WW influent. Their adequacy
and comparability of results with the rest of the laboratories participating in SCORE were
confirmed by an inter-laboratory study. Furthermore, a greater number of Slovenian
municipalities were included in the monitoring, i.e., in addition to Ljubljana (2017),
Maribor, and Domzale-Kamnik (both 2017 and 2018), which previously participated in the
monitoring, Novo mesto, Koper and Velenje were also included in 2019 (Chapter 1.3.3.1
Slovenia in SCORE monitoring).

This work revealed that the most widespread drug in Slovenian municipalities was
cannabis (THC), while contrary to survey results [32], cocaine was shown to be by far the
most used stimulant. The consumption of individual drugs was usually the highest in
Ljubljana, except for amphetamine, which was always the highest in Velenje. Stimulants
showed a distinctive weekly pattern, with peak consumption observed over the weekend.
Interestingly, we showed how the pattern changed during COVID-19 lockdowns by showing
that the consumption of simulants (except cocaine) was relatively constant over the whole
week. The findings supported other observations in other European cities [179], [180]. In
2020, an extremely high MDMA mass load was observed in Ljubljana and was speculated
to be related to a dumping event.

When placing Slovenian municipalities in the broader European context, i.e., comparing
them with the other participating municipalities within SCORE monitoring, they ranked
in the upper half of the range (municipalities with the highest consumption) for cocaine
and cannabis (THC). The exception was Velenje, which in the investigated period ranked
in the upper half of the range in terms of amphetamine use.

Knowledge of the spatiotemporal trends of drug use in Slovenia has supplemented that
of drug use trends at the European level and provided timely data on changes in drug use
within Slovenia. They were published as part of SCORE monitoring results by the
EMCDDA [87] and as part of the presented National reports on the drug situation of the
Republic of Slovenia by the national focal point, i.e., the National Institute of Public
Health [16], [32], [45]. In addition, the results of the studies were summarized within nine
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working reports to final users, i.e., Slovenian WW'TPs, which showed that the data was
also important for tracking changes in WWTP’s catchment, which can affect the
composition of wastewater and the efficiency of wastewater treatment. Finally, the results
were of great interest to the Slovenian public, to which they were presented on more than
ten occasions in the form of interviews, articles and popular science lectures, e.g., Znanost
na cesti, Eng.: Science on the street (Figure 13).

Figure 13: Science on the street, 30" September 2022 (Photo: Radojko Ja¢imovic).
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Experience assessment & side effects

When questioned about their experience with these drugs, 40.0% of respondents reported positive
effects, 40.0% reported mixed both positive and negative effects, and 20.0% of respondents reported
only negative effects. Some of the experiences included: burning sensation on nasal mucosa, feeling
really bad, having fun, feeling good.

1.2.5 Injecting and other Routes of Administration

Among harm reduction programme participants who used cocaine in 2021, 68.4% reported injecting it,
while 23.5% of amphetamine and methamphetamine users and 6.1% of ecstasy users reported injecting
the drugs.

Cocaine is the stimulant drug which is most commonly injected by harm reduction programme
participants. There was no significant change in the proportion of those injecting cocaine between 2020
and 2021.

0.5% of ESPAD respondents aged between 15 and 16 confirmed injecting a drug with a syringe,
although this question referred to drugs that could be specifically used in this way, e.g. heroin.

2. New developments

2.1 New Developments in the Use of Stimulants

See1.22,1.23.,1.24. 4.1,

3. Additional information

3.1 Additional Sources of Information

Wastewater- based epidemiclogy: drug consumption in six Slovenian municipalities
Taja Veroviek, Urska Blaznik, Ada Hofevar Grom, David Heath, Maria Laimou-Geraniou, and Ester
Heath

Wastewater-based epidemiclogy (WBE) was used to investigate the use of stimulants, namely
amphetamine, methamphetamine, ecstasy or 3,4-methylenedioxymethamphetamine (MDMA) and
cocaine, and cannabis (A-S-tetrahydrocannabinol, THC) in wastewater (obtained over 7 consecutive
days) of six Slovenian municipalities: Ljubljana, Maribor, DomZale-Kamnik, Koper, Novo mesto and
Velenje. Results on drug consumption in Slovenian municipalities were compared with the data obtained
for other major cities within an international monitering campaign organised by the Sewage Analysis
CORe group Europe (SCORE) in 2021 '-2_ Finally, timely trends in drug use in Slovenian municipalities
were explored.
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Results:

A) Biomarkers mass load

Mass loads (gfday) of biomarkers for cocaine (benzoylecgoning), amphetamine (amphetamine),
methamphetamine (methamphetamine), ecstasy (MDMA), and cannabis (11-nor-9-carboxy-A7-
tetrahydrocannabinol, THC-COOH) in wastewater were used to explore daily patterns in drug use within
individual municipality. & distinctive weekly pattern, i.e., higher mass loads of biomarkers during
weskends in connection with increased consumption of stimulants *5, was typically obzerved when
analysing wastewater before COVID-12 pandemics (SCORE monitoring campaigns 2017201957 In
contrast, a distinctive weekly pattermn was observed mainly for benzoylecgonine during the COVID-19
lockdown in 20208, confirming the effect of COVID-19 lockdowns on drug consumplion pattemssic,
Similary, in 2021 (short lockdown within the sampling period: 1.4.—11.4.2020), higher mass loads of
benzoylecgonine were chserved over the weekend in comparson to weekdays in all paricipating
Slovenian municipalities (Figure 2), while mass loads of MDMA increased in Ljubljana, DomZale-
Kamnik, and Koper. Mo distinctive weekly pattem was observed for THC-COOH, which is typical for
drugs used regulary throughout week?

Figure 2. Daily variations in drug mass loads in 2021

PAP - ampnetamine, BE - benzoyleogoning, MAMP — methamphetamine, MOMA - 3, 4-metnylendioxymethamphetamine, THC-COO0H - 11-nor-0-carbaxy-
AeHietehydrocannabingl
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All biomarker mass loads were normalised to the population served by wastewatsr treatment plant to
compare the data between different-sized municipaliies. The highest average mass loads of THC-
COOH (143 mg/day1000 inhabitants) and methamphetamine (3.75 mg/day1000 inhabitants) were
cbserved in Ljubljana, amphetamine (91.7 mgfday1000 inhabitantz) and MDMA (3.21 mg/day 1000
inhabitants) in Velenje and benzoviecgonine (407 mg/day'1000 inhabkitants) in Koper (Figure 3).

Figure 3. Average mass loads and standard deviations (7 monitoring days) of selected drug biomarkers in six
Slovenian municipalities in 2021
AP - ampnetaming, BE - banzoyleogoning, MAME - methamphataming, MOMA - 3, 4meftiendogmethampheaming, THC-COCH — 11-nor-3-crbamy-
BaHstEhydrcarrabing
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Slovenian municipalities mainly scored below the 2021 SCORE average for the monitored biomarkers
of stimulants (Table 3). Only amphetamine in Velenje and benzoylecgonine in Koper were above 2021
SCORE average. Benzoylecgonine in Ljubljana was right below the 2021 SCORE average. In contrast,
THC-COOH loads were above the 2021 SCORE average in all Slovenian municipalities.

Table 3. Average mass loads (7 monitcring days) and the estimated 2021 SCORE  awerages
BAP - ampnegming, BE - benemyiecgoning, MAMP — meTamphetaming, MDMA - 3, d-metglendosymethamphetamine, THC-COCH — 11-Mor-B-carbay-
AtHistmhydrocarrabing!

Biomarker Liukeljara Maribor DomEale- Koger | Mowvo mesto Velenje 202 SCORE
ofillict drnags Kamrik average !

Mormalized mass loads fmagfday™ 000 inhakitaris]

EE 365 136 256 407 183 239 378
AMP 6.78 Ra na. na. 287 L1 ]|
MDMA 749 ELB6 B33 6.42 4.5 B2 23
MAMP 373 na 0E42 1.14 na. 270 28
TCH-CIDOH 143 1M BT 117 TE.D BO.E 42

na — not applcable (measured concenrations of biomarker were under the limit of guantification in all cbaned wasiswater samples)
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In the SCORE, participating municipalities (2021 n=90) are ranked according to normalized mass loads
of biomarkers (the 1= having the highest normalized mass load of biomarker). Slovenian municipalities
(Figure 4. a—=) ranked in the upper half regarding benzoylecgonine: Ljubljana (25%), Maribor (41=),
DomZale-Kamnik (299), Koper (201, Movo mesto (385), and Velenje (31=), while with mass loads of
the biomarkers of other stimulants, they mainly ranked in the lower half: amphetamine (<37, MDMA
(=257 and methamphetamine {=31%). The exception was Yelenje, which ranked 157 for amphetamine.

Regarding THC-COOH, Slovenian municipalities ranked 3H-26=.

Figure 4. Ranking of Slovenian municipalities bassd on benzoyiecgoning (a), amphetamineg (b), MDMA
(¢}, methamphetamine {d) and TCH-COOH {2) normalised mass loads in SCORE 2021 {adapted from
SCORE graphical representation of results 2021%); y-axe: biomarker mass leads (mgiday/1000

inhabitants), x-axe: paricipating cities and countries.

(a)

- |
[y

| +
) IF LN ‘,...ri.~_J;..-:{':.'1'HJ.l.fq._.l;. .,:HPT .1f"?r le

S HHHEUTIE TSN RN R T RIR T HIET gU S SRR

ki

e e B ”J ..... Iq ;;)_,.,J 4] I“ J

i;“I'Il!i:. .,i-:”ig:_nl_ulq::.]:ll_. il _:i:;:!”-i“!r””;ilgl:_;|!!. |E:__.;-:|l ||I;I! ! ||p=|||. |||?||

i oy el |1511| 1| Xu”j ,.:,.,,INJ& il “ m

ST II'i,=I I JII;I I LS TR D ST F "'[ ‘“": ;'i'i']]! i

T2



|
\ .”N_t | ‘”

il
| tH
ok " cortimaah 1o P 1T = “-‘r-ill" i1| | ﬁl |

¥ ‘ IR R

ORI TR |

I I R I S IR E S LR T I SR R T T N R R I R TR TR R I
FRVIRRIRRR]IREDIE ||_"'::| 11E0] :H= THINHIE

SN

IR o

According to SCORE?, at l=ast five annual measurements are nesded to predict temporal trends in drug
use. In 2021, only Ljubljana was involved in SCORE for five consscutive years. However, apecific trends
can be ohserved in Maribor and DomZale-Kamnik, which were included in SCORE maonitoring for four
years (since 2018). During the five-year monitoring campaign, cocaine, amphetamine and MDMA
consumption in Ljubljana (included in SCORE monitoring sines 2017) generally decreased (Figure 5).
The exception was the high average MOMA load in 2020 (a consequence of unusually high MORMA
loads in one of seven wastewater samples), which most likely criginated from unused MOMA disposed
in the sewer system as it was indicated using enantiomeric profiling'. Consumption of
methamphetaming and cannakis has been relatively constant. In Maribor (included in SCORE
monitoring since 2018), the only trend cbserved is the increasing consumption of cannakis (Figure 5).
In addition to cannabis, cocaine use has increased in DomEale-Kamnik {included in SCORE monitoring
since 2018), while consumption of amphetamine continues to decline (Figure 5). Due to fluctuations in
drug use in Koper, Movo mesto and Velenje (included in SCORE monitering since 2019), no clear drug
use patterns were observed (Figure 3). The exception is cocaine consumption in Velenje, which was
higher in 2021.
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Figure 5. Awerage mass loads and standard deviations (7 monitoring days) of selected drug biomarkers for
Showenian municipalities, participating in SCORE manitoring for three or more consecutive years
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B} Drug consumption estimates

Drug consumption estimates (mg of drug/day’1000 inhabitants or doses/day'1000 inhabitants) are back-
calculated from nomalised mass loads of biomarkers (mg of biomarker/day 1000 inhabitants) taking
into account comection factor that considers the percentage of parent drug metabolite excreted and the
parent drug-to-metabolite molar mass ratio. Cannabis (Table 4) was the most consumed drug {average
consumption: 167-314 doses/day/1000 inhabitants), while cocaine was the most used stimulant
(average consumplion: 12 4-32 4 doses/day/1000 inhabitantz). The same consumpiion trend was also
chserved in 20208,

T4



Table 4. Average illicit stimulant use

Ljubljana Maribor Domzale- Koper |  Novo mesto Velenje
Kamnik

Drug use [Mgiday/1000 inhabitants]

Cocaine 1310 560 920 1459 692 857
Amphetaming 188 n.a. na. na. 795 264
Methamphetamine 16.8 na. 27T 488 na. 11.8
Ecstasy (MDMA) 328 301 T 282 202 36.0
Cannabis {THC) 26031 18318 12148 21352 13839 14671
Drug use [dosesfday/1000 inhabitants]
Cocaine 291 12.4 204 324 15.3 19.0
Amphetaming 0.385 n.a. na. na. 167 5.343
Methamphetamine 0838 na. 0138 0244 na. 0.588
Ecstasy (MDMA) 0.345 n.a. 0.291 0.297 0213 0.379
Cannabis {THC) 34 221 146 257 167 177

n.a. — not applicable {measured concentrations of the biomarker in all raw wastewater samples were under the limit of
quantification)
THC — A-9-tetrahydrocannabinol

Conclusions

Six Slovenian municipalities {Ljubljana, Maribor, DomzZale-Kamnik, Koper, Novo mesto and Velenje)
participated in the 2021 SCORE monitoring. Among them, cannabis and methamphetamine use was
highest in Ljubljana, while amphetamine and MDMA use was highest in Velenje. Koper had the highest
cocaine use. Generally, normalized mass loads of stimulants’ biomarkers were below the 2021 SCORE
average in Slovenian municipalities, except for Koper (benzoylecgonine) and Velenje (amphetamine),
while the average loads of THC-COOH were consistently above the SCORE average. The data from
3-5 years monitoring shows, cocaine, amphetamine and MDMA use has declined in Ljubljana, while
the use of cannabis in Maribor and cannabis and cocaine in DomZale-Kamnik increased.

3.2 Further Aspects of Stimulant Use

Within the EWS, we investigated the reasons for the high levels of amphetamine found in waste water
in the Municipality of Velenje. According to the data we collected, amphetamine use is present among
drug users and construction workers in the Velenje area. This latter group are assumed to use
amphetamine to help them handle their daily workload.
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64.7% of respondents (out of all 51 who confirmed the use of at least one of the substances) reported
having used cathinones for less than a month, 9.8% reported having used it for 2 years or more, while
13.7% reported that they still used the drug.

When questioned about the effects of the drugs, 52.9% of respondents (out of all 51 who confirmed the
use of at least one of the substances) reported positive effects, 37.3% reported mixed effects, i.e. both
positive and negative, and 9.8% of respondents reported only negative effects. NMegative effects were
described primarily as depression, paranoia, headache, feeling unwell, etc.

On a scale of 1 to 5 (1 representing lack of information), respondents also assessed their knowledge
on the dangers of using synthetic cathinones, with £6.0% assessing their knowledge with 1 and 3.9%
believing that they were well informed. The average amounted to 1.8% and we concluded that there is
an even bigger lack of knowledge concemning synthetic cathinones than with synthetic cannabinoids.

Injecting and other Routes of Administration

Among harm reduction programme users who used cocaine in 2020, 67.8% reported they injected it
while 28.3% of amphetamine and methamphetamine users and 12.8% of ecstasy users reported they
injected the drug.

Cocaine is the prevalent stimulant drug, injected by hamm reduction programme users. There was no
significant change in the injection of cocaine between 2019 and 2020.

Half of one per cent of ESPAD respondents aged between 15 and 16 replied that they had injected a
drug using a syringe, although this question related to drugs that could be specifically used in this way,
e.g. heroin.

2. Additional information

Wastewater-based assessment of drug use in Slovenia
Taja Veroviek, Urdka Blaznik, Ada Hofevar Grom, David Heath, Maria Laimou-Geraniou, and
Ester Heath

Wastewater-based epidemiclogy (WBE) was used to investigate the use of four illicit stimulants:
amphetamine, methamphetamine, 3.4-methylenedioxymethamphetamine (MDMA, "ecstasy") and
cocaine and cannabis in six Slovenian municipalities, including Ljubljana, Maribor, DomZale-Kamnik,
Koper, Novo mesto and Velenje. Obtained results were compared with the data obtained for European
cities and world capitals within an international monitoring campaign organized by Sewage Analysis
CORe group Europe (SCORE) in 2020" 2. Finally, this study examines timely changes in drug use
patterns in Slovenian municipalities.

Results:

A) Mass loads of selected drug urinary biomarkers

Mass loads of illicit drug biomarkers are used to explore drug use patterns. When analyzing wastewater,
stimulant residues show a distinctive weekly pattern %5, i.e., reflecting their higher consumption over the
weekend than during weekdays, which was also observed in our previous studies (SCORE monitoring
campaigns 2017-2019)57_ In contrast, no distinctive weekly pattems were observed for amphetamine,
methamphetamine and MOMA in this study, while the levels of benzoylecgonine (cocaine biomarker)
did increase over the weekend in Ljubljana, Maribor, DomzZale-Kamnik, Koper and Novo mesto. Weekly
drug use pattemns were also shown to be affected by the COVID-19 lockdowns 8 8. Extremely high
MDMA mass load was observed in Ljubljana on sampling day seven (Tuesday) and may be related to
either excessive consumption, deliberate disposal into the sewer or a combination of both. Although
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addiicnal studies are needed to explore the event further, excessive consumption seems the least
possible explanation since Slovenia was in lockdown (12.3. — 31.5.2020) over the period when the
samples were collected (303, — 21.4.2020). As expected, for those drugs used regulardy throughout
week 3, e.g., 11-nor-9-carboxy-A*-tefrahydrocannabinol (THC-COOH), a biomarker of cannabis no
distinciive weekly pattems were observed.

Figure 1. Plots of daily variations in stimulant biomarkers in 2012

MDOMA — 3 4-methyfendioxymethamphetamine, MAMP — methamphetamine, AMP — amphetamine, BE — benzoydecgenine
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In order to compare data from different-sized cities, all biomarker mass loads were nomalized to the
population served by each wastewater treatment plant. The highest average mass loads of THC-COOH
(84.6 mg/day/1000 inhabitants), MOMA (1025 mg/day/ 1000 inhabitants), methamphetamine (1.1
migiday’ 1000 inhabitants) and benzowlecgonine (336 mgiday/1000 inhabitants) were observed in
Ljubljana, while the average mass load of benzoylecgonine in Koper was right under Ljubljana (321
migiday 1000 inhabitants). The average mass load of amphetamineg (95.8 malfday1 000 inhabitantz) was
highest in Velenje (Figurs 2).

Figure 2. Histogram showing average mass loads of selected biomarkers in six Slovenian municipalities in 2020

FAMP - armphetamine, BE — benzoylecgonine, MAMP - methamphetamine, MOMA - 3, 4-methyiendiogymethamphetamine, THC-
COOH - 11 -nor-8-carboeny-AB-tetahydrocannatinol
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All the municipalities except Ljubljana scored below the SCORE 2020 averages for the monitored
biomarkers (Table 1). In Ljubljana, MOMA was above the average when taking into account all sampling
days. Howsver, if day seven is omitted (mass load of 14.6 mg/day/1000 inhabitants), the levels of MOMA
match those reported in SCORE 2019 (26.3 mg/day/1000 inhabitants).

Tabkle 1. Average mass loads and the estimated 2020 study averages (AMP - ampheaming, BE - benzmiacaonine, MAMP
—methamphetmine, MOWMA - 3, $-medhylendioymethamphetamine, THC-C00H - 11-Moe-3-carboy-A8-tetrabydrocannakina )

Biomarker Ljukljana ielnje Fioper Marikor MNawo Domiale- Esimated 2020
of illict drags mesty Kamnik study awarage 17
Moemalized mass loads [mafday 1000 irhakitarts]
BE 16 148 ™ 139 07 161 387
103
MOMA (1464 B.1 R 87 27 72 ]
AMP 121 958 ra 44 27 n.a. 171
MAMP 11 1.0 0.2 na Ra 07 =l
TCH-COOH BLE 549 LT 736 625 63.0 a7

n.a. —not applicable {measured concenirations of biomarker were under the limit of quant fication (AMP: 29.8ng/L} in all obtained
raw wastewater samples)
" — MOMA mass load caleulated without the day with extreme value
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When comparing Slovene municipalities with European cities and other world capitals {n=101)
pariicipating in SCORE 2020 (Figure 3. a—d), Slovenian municipalities ranked in the upper half or in the
middle regarding benzoylecgonine (Ljulljana: 19 place, Maribor: 35 place, DomzZale-Kamnik: 35 place,
Koper: 23 place, Movo mesto: 43 place, Velenje: 36 place), while most cities ranked in the bottom with
mass loads of the other monitored biomarkers {amphetamine: lower that 71 place, methamphetamine:
lower than 69 place and MDMA: lower than 71 place). The exceptions were Yelenje and Ljubljana,
which ranked in the upper part of the scales based on amphetamine (Velenje: 36 place) and MDOMA
mass loads (Ljubljana: 3 place). THC-COOH was due to COVID-19 not submitted on time to be included
in the SCORE graphical presentation

Figure 2. Ranking of Slovenian municipalities based on benzoylecgonineg (a), MDMA (b), amphetamine
(¢} and methamphetamine (d) mass loads in SCORE 2019 (adapted from SCORE COST webpage —
graphical representation of results 20191): y-axe: biomarker mass loads (mg/day/1000 inhabitantz), x-
axe: participating ciies and countries.
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As all Slovenian municipalities are included in SCORE menitoring for at lzast two years (Ljubljana: four
years; Maribor and DomZale-Kamnik: three years; Koper, Novo mesto and Velenje: two years), timely

trends in drug consumplion can be explored for all of them. Although some trends can be observed,
according to SCORE, at l2ast five annual measurements are needed to predict the imely trends.

T eI Tere

e T 1}
T T O E SO TR

Lowsr consumption of monitored drugs can e observed in Ljubljana in 2020 in comparison to 2019,
except for MDMA use, which was higher (Figure 4). Ljubljana iz the only city that has been included in
campaign for 4 years and throughout the monitoring program (menitored from 2017), cocaine and THC
showed similar consumption trends (highest consumption in 2017 and lowest in 2018), while overall,
their consumption is decreased. Similarly, consumption of amphetamine declined. The consumption of
methamphetamine was up until 2019 but showed a decrease in 2020,

In Maribor (included in SCORE monitoring since 2018), a decline in stimulant use was observed

between 2019 and 2020, while consumption of THC increazad. In all three yvears of monitering, the
highest amounts of cocaine, MDMA and amphetamine residues were detected in 2019.

Compared to 2019, lowser consumption of cocaine and amphetamine, unchanged consumplion of
MDOMA and higher consumption of THC was observed in DomZale-Kamnik in 2020. The data also
suggests that between three years of monitoring (2015-2020), amphetamine use declined while THC
use increased. However, 5 successive year measurements are nesded in order to add confidence in
trends chserved.

For the second time, Koper, Novo mesto and Velenje were included in SCORE (2019 and 2020). Except
for methamphetamine, a decline in the consumption of all menitored drugs was observed in Koper while
methamphetamine remained comparable. In Movo mesto, consumption of stimulants was lower in 2020,
while Velenje stimulant use remained the same.
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Figure 4. Histogram of average mass loads of selected illicit stimulant biomarkers for Slovenian municipalities,
participating in SCORE monitoring for two or more consecutive years AMP — amphetamine, BE — benzoylecgonine,
MAMP — methamphetamine, MDA — 3, 4-methylendioxymethamphetamine, THC-CO0OH - 11-Nor-S-carboogy-AD-

tetralypdrocannabinol
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B} Estimaticn of illicit stimulant use

When biomarkers mass loads are back-calculated to drug consumption {(mg of drug/day1000
inhabitants or dosesfdayM000 inhabitants; Table 2), cannabiz (THC) is the drug most consumed
(average consumption: 137—185 dosesfday1000 inhabitants), while cocaine is the most commenly
consumed stirulant (average consumption: 8.6-16.8 dosea/dayM000 inhabitants)..

Takl= 2. Average illicit simulant use

Ljdkifara Velenjs Koper Marikce Mowo mesia D"'Kfni
Drug ws= [mgiday/ 1000 inhakitants]
Cocaine 210 532 1150 504 385 579
Amphebming 390 265 na. 241 737 na
Methamphesamine am 423 180 na. na 3
Ecstasy MOMA) 452 0 6.7 324 120 e
Cannabis (THC) 15400 11800 12300 13400 11200 11500
Crug ws= [doses'day/ 1000 inhakitarts]
Cocaine 268 118 356 14 260 128
Amphetamine naz 55 na. 051 0.46 na
Methamphesamine 025 021 0.0a na. na 016
Ecstasy MOMA) 475 0.2 0.8 040 043 034
Cannabis (THC) 185 142 148 162 137 138

na. — not applicable {messured concentrations of the biomarker in al raw wastewatsr samples were under the limit of
quantification)
THC — A-2-tetrahydrocannabino

Conclusions

In 2020, six Slovenian municipalities (Ljubljana, Maribor, DomzZale-Kamnik, Koper, Movo mesto and
“elenje) participated in the SCORE. The data show cocaine, MDMA, methamphetamine and
cannabisMHC use was the highest in Ljubljana, while Velenje had the highest amphetamine use. Except
for MDMA in Ljubljana (when all sampling days are accounted for), all Slovenian municipalities were
kelow the SCORE (2021) average for all monitored biomarkers. Cocaine use ranked in the upper half
or middle of participating municipalities, while cther drugs (except amphetamine in Velenje and MOMA
in Ljubljana) ranked in the bottom half. Timely trends in drug use were specific for each Slovenian
municipality; however, at least five consecutive annual measurements are needed to gain more
confidence in frends cbserved.

T
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On a scale of 1 to 5 (1 representing lack of information), respondents also assessed their knowledge
on the dangers of using synthetic cathinones, with 56.0% assessing their knowledge with 1 and 3.9%
believing that they were well informed. The average amounted to 1.8% and we concluded that there is
an even bigger lack of knowledge conceming synthetic cathinones than with synthetic cannabinoids.

1.2.5 Injecting and other Routes of Administration

Among harm reduction programme users who used cocaine in 2019, 66.5%reported they injected it,
while 34.5% of amphetamine and methamphetamine users and 8%of ecstasy users reported they
injected the drug.

Cocaine is the prevalent stimulant drug, injected by harm reduction programme users. In the period
from 2015 (71.9%) to 2017 (77.4%), injecting cocaine as a route of administration increased, since
2018, it has been decreasing.

Half of one per cent of ESPAD respondents aged between 15 and 16 replied that they had injected a
drug using a syringe, although this question related to drugs that could be specifically used in this way,
e.g. heroin.

2. Additional information

2.1 Additional Sources of Information
Taja Verovsek, Ivona Krizman-Matasi¢, UrSka Blaznik, Ada HoCevar Grom, Tina Kosjek in Ester Heath

Wastewater-based assessment of drug use in Slovenia

This study used Wastewater-based epidemiclogy (WBE) to investigate the use of four illicit stimulants:
amphetamine, methamphetamine, 3,4-methylenedioxymethamphetamine (MDMA, "ecstasy”) and
cocaine in six Slovenian municipalities, including Ljubljana, Velenje, Koper, Maribor, Novo mesto and
DomZale-Kamnik. The latest data (2019) were compared with WBE data obtained for European cities
and world capitals, which participated in an international monitoring campaign, organized by Sewage
Analysis CORe group Europe (SCORE) in 2019 2. The data were also compared with the results
obtained from the latest general population survey conducted among the Slovenian population in 2018.
Finally, this study examines drug use patterns in Slovenian municipalities: Ljubljana, Maribor, and
DomZale-Kamnik, that have participated in the SCORE program for two or more consecutive years.

Results:
A) Mass loads of selected drug urinary biomarkers

llicit drug use pattemns can be studied based on mass loads of illicit drug biomarkers. In this study,
higher mass loads of all analyzed urinary biomarkers (benzoylecgonine, amphetamine,
methamphetamine, MDMA) were observed during the weekends, suggesting higher use of illicit
stimulants over this period in all six municipalities (Figure 8). Increased use of stimulant drugs has
already been observed in different cities and municipalities over the weekend *°, including Ljubljana,
Maribor, and DomZale-Kamnik (SCORE monitoring 20188). However, 2019 saw an increase in mass
loads of benzoylecgonine and amphetamine in Velenje midweek, although the reason for this remains
unknown.

4
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Figure 8. Plots of daily variations in stimulant biomarkers in 2019, MDMA — 3,4-methylendioxymethamphetamine,
MAMP — methamphetamine, AMP — amphetamine, BE — benzoylecgonine
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Biomarker mass loads were normalized to the pOpL“EIII-Oﬂ served by each wastewater treatment p[am
to compare data from different-sized cities. Similar to 2018, the m‘gnest mass loads in wastewater from
all Slovenian munic‘lpall‘ﬁes were observed for cocaine biomarker, DEHZOYI'ECQOFII-['IE {93—7'] 7
mg!dayﬂl][][] ]nhab'ltants} while the mass loads of other drug biomarkers were lower (Up to
120 mgfdawml]ﬂ inhabl‘tants]_ The highest average mass load of benzogﬂecgon'lne was observed in
Koper (593 mg/day/1000 inhabitants), average mass loads of MDMA (26 mg/day/1000 inhabitants) and
methamphetamine (17 mg/day/1000 inhabitants) in Ljubliana and amphetamine (84 mg/day/1000
inhabitants) in Velenje (Figure 9).
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Figure 9. Histogram showing average mass loads of selected illicit stimulant biomarkers in six Slovenian
municipalities in 2019, MDMA - 3.4-methylendioxymethamphetamine, MAMP — methamphetamine, AMP —
amphetamine, BE — benzoylecgonine
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Table 12 presents the average mass loads calculated for six Slovenian municipalities, together with the
SCORE 2019 averages {(average mass loads of cities that participated in the monitoring campaign
organized by the SCORE group for more than five years). Nearly all of the Slovenian municipalities
scored below the study average for the majority of the monitored biomarkers. The exceptions were the
average mass loads of benzoylecgonine in Koper and Ljubljana, and the mass loads of amphetamine
in Velenje, which was slightly above the study average.

Table 12. Average mass loads and the estimated 2019 study averages, expressed in mg/day/1000 inhabitants
(BE — benzoylecgonine, MDMA — 3 4-methylendioxymethamphetamine, AMP — amphetamine, MAMP —
methamphetamine)

Biomarker Ljubljana Velenje Koper Maribor Novo Doméale- Estimated 2019
of illicit drugs mesto Kamnik study average '7
BE 430 157 593 237 260 248 380
MDMA 26 10 12 20 88 6.6 38
AMP 20 84 82 18 13 a8 a1
MAMP 17 na. 0.5 0.8 na. 04 70

n.a. — not applicable {(measured concentrations of biomarker were under the limit of quanfification (2.3 ng/L) in all obtained raw
wastewater samples)

Source: JoZef Stefan Institute

Among all SCORE 2019 participating countries (n=29) and cities (n=86), Slovenian municipalities
ranked in the upper half or in the middle in the case of benzoylecgonine, while majority of the Slovenian
cities ranked in the lower part for the remaining monitored biomarkers. The exceptions were Velenje
and Ljubljana, which ranked in the middle of the scales based on amphetamine and MDMA mass loads
(Figure 10. {a) — (d)).

66

101



102 Publications

Figure 10. Ranking of Slovenian municipalities based on benzoylecgonine (a), MDMA (b), amphetamine
(c) and methamphetamine (d) mass loads in SCORE 2019 (adapted from SCORE COST webpage —
graphical representation of results 2019'): y-axe: biomarker mass loads (mg/day/1000 inhabitants),
x-axe: participating cities and countries
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As can be seen from Figure 11, in comparison to 2018, higher mass loads of benzoylecgonine can be
observed in Slovenian municipalities participating in SCORE 20139 and 2018 (e.g., Ljubljana, Maribor,
DomZale-Kamnik), suggesting increased cocaine consumption. However, the data for 2019 for Ljubljana
is comparable to the 2017 and as suggested by SCORE, monitoring of at least 5 consecutive years Is
needed to make firm conclusions on drug use patterns. The data also show an increase in the
consumption of methamphetamine, while the amphetamine and MDMA use was similar or slightly lower
than in 2018. In Maribor, mass loads of all biomarkers increased in 2019. In DomZale-Kamnik, stimulant
drug use (except cocaine) derived from the biomarker mass loads is comparable to use in 2018.
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Figure 11. Histogram of average mass loads of selected illicit stimulant biomarkers for Slovenian
municipalities, participating in SCORE monitoring for two or more consecutive years
BE - benzoylecgonine, AMP - amphetamine, MAMP - methamphetamine, MDMA —
3,4-methylendioxymethamphetamine
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B) Estimation of illicit stimulant use

Table 13 summarizes the average illicit stimulant use estimates in Slovenian municipalities. Cocaine
use was highest in all six municipalities (334-2574 mg/day/1000 inhabitants), while the consumption of
MDMA (8.5-229 mg/day/1000 inhabitants), amphetamine (6.0-331 mg/day/1000 inhabitants) and
methamphetamine were lower {up to 194 mg/day/1000 inhabitants).

Table 13. Average illicit stimulant use

Ljubljana | Velenj | Koger Maribor | Nowo mesto ‘ Dir;znf;i
Drug use [mg/day/1000 inhabitants]
Cocaine 1543 562 2128 853 832 830
Amphetamine 56 232 23 49 36 1
Methamphetamine 73 na. 20 37 na. 1.1
Ecstasy (MDMA) 116 45 52 88 39 29
Drug use [doses/day/ 1000 inhabitants]
Cocaing 34 12 4 19 21 20
Amphetamine 12 49 048 10 076 023
Methamphetamine 36 n.a. 0.10 0.18 na. 0.06
Ecstasy (MDMA) 12 047 0.54 0.93 041 0.31

n.a. — not applicable {measured concentrations of the biomarker in all raw wastewater samples were under the limit of
quantification)

Source: JoZef Stefan Institute
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Comparison of the WBE results and results, obtained from survey 2018

A comparison of the results on illicit stimulant use obtained by SCORE 2019 and those reported in the
2018 National Survey on the Use of Tobacco, Alcohol and other Drugs in Slovenia ® was made.
According to the survey, cocaine (lifetime use reported by 2.6% of participants), ecstasy (lifetime use
reported by 2.9% of participants) and amphetamine (lifetime use reported by 2.3% of participants) were
the most commeonly used stimulants among Slovenian inhabitants, aged 15-64. However, analysis of
wastewater collected from the six Slovenian municipalities revealed that cocaine use (334-2574
mg/day/1000 inhabitants) is the highest among the illicit stimulants (MDMA: 8.5-229 mg/day/1000
inhabitants, amphetamine: 6.0-331 mg/day/1000 inhabitants, methamphetamine: up fto 154
mg/day/1000 inhabitants). This discrepancy in the results may be a result of differences in the
methodology used in each approach (questionnaire vs chemical analysis) and in the targeted
populations. For example, 9161 Slovenes participated in the general population survey, while the
SCORE project particular municipalities were targeted (in total 582761 people — based on census data).
Also, the studies were conducted in different years (survey in 2018, WBE in 2019).

Conclusions

In 2019, six Slovenian municipalities (Ljubljana, Velenje, Koper, Maribor, Novo mesto, DomZale-
Kamnik) participated in an international WBE study looking at the use of illicit stimulants. The data
showed that Slovenian municipalities ranked in the upper half for cocaine use (the highest consumption
in Koper), and the lower half regarding the other illicit stimulants. The exceptions are amphetamine and
MDMA use where Velenje and Ljubljana ranked in the middle. Also, cocaine use was highest in
Slovenian municipalities. The results are only partially in agreement with the 2018 survey, where along
with cocaine, MDMA and amphetamine were reported as the most commonly used illicit stimulants.
When comparing yearly WBE results (e.g., results obtained in 2018 and 2019), higher mass loads of
cocaine biomarker were observed in Ljubljana, Maribor and DomZale-Kamnik. However, a mare
extended monitoring period is necessary to make firm conclusions about multiannual trends.

2.2 Further Aspects of Stimulant Use
Simon Kovacit

As part of the Kemseks programme, which involved three organisations (Drustvo SKUC, Drudtvo
informacijski center Legebitra and DrogArt), a snapshot of the situation was taken in 2019 involving 114
men who engage in sexual activity with other men and use psychoactive substances during sex. The
main reasons why they used drugs during sex (‘chemsex’) were: to increase pleasure, to increase the
duration and intensity of sex, to avoid discomfort during sex and to forget personal problems.

The drugs most often used in chemsex in Slovenia are GHB/GBL, ecstasy (MDMA), amphetamines,
cocaine and 3-MMC (also known in Slovenia as ‘sladoled’ or ‘ice cream’), followed by mephedrone
(4-MMC), methamphetamine, methylone and ketamine. The use of poppers is also commaon. Just over
a third of users of GHB/GBL had overdosed at some point in the last 12 months.
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3.1.2 Three years of wastewater surveillance for new psychoactive

substances from 16 countries

Published: Bade, R., Rousis, N., Adhikari, S., Baduel, C., Bijlsma, L., Bizani, F.,
Boogaerts, T., Burgard, D.A., Castiglioni, S., Chappell, A., Covaci, A., Driver, E.M.,
Fabriz Sodre, F., Fatta-Kassinos, D., Galani, A., Gerber, C., Gracia-Lor, E., Gracia-
Marin, E., Halde, R.U., Heath, E., Hernandez, F., Jaunay, FE., Lai, F.Y., Lee, H.J.,
Laimou-Geraniou, M., Oh, J.E., Olafsdottir, K., Phung, K., Pineda Castro, M.,
Psichoudaki, M., Shao, X., Salgueiro-Gonzalez, N., Silva Feitosa, R., Silvino Gomes, C.,
Subedi, B., Ching Love, A.S., Thomaidis, N., Tran, D., van Nuijs, A., Verovsek, T.,
Wang, D., White, J.M., Yargeau, V., Zuccato, E., Mueller, J.F, 2023, Water Research X,
19, 100179.

Due to the legality of use, the dynamic market and the lack of data on identity and safety,
NPS represent a global public health problem that requires comprehensive information on
NPS availability and trends in their use. However, only limited data on the global
prevalence of NPS is available (Chapters 1.1.1 New psychoactive substances and 1.2.4 NPS
market). To fill the gap, this international study aimed to obtain spatiotemporal trends on
NPS using synchronized wastewater analysis protocol and compare the data with the data
available from other sources.

A total of 546 municipal wastewater samples were obtained in three New Year periods,
namely 2019/2020, 2021/2022, and 2021/2022, whereby the number of participating
countries (sites) increased from 8 (12) to 10 (25) and in the last year of the study at 16
(47). Notably, in the New Year period 2021/2022, Slovenia joined the study with Ljubljana,
Maribor, Novo mesto and Kranj. The comparability of the results was ensured by applying
a synchronized protocol. Each participating country was required to obtain a maximum of
seven consecutive 24-h composite samples of raw wastewater per sampling site during a
predefined period (e.g., 29.12. 2021-4.1.2022) and extract analytes using the same
extraction protocol (SPE: UCT XtracT DAU cartridges), while the extracts were analyzed
at the University of Queensland, Australia.

In line with UNODC reports [2], NPS (n=18) detected within three years mainly were
synthetic cathinones, followed by phenethylamines and benzodiazepines. They were used
across all participating countries following distinctive regional trends, .e., 3-MMC and N-
ethylhexedrone were most common in Europe, eutylone and mephedrone in New Zealand,
2F-DCK in China, while the highest mass loads of mitragynine were obtained in the US.
Changes in timely trends were also observed, including the impact of the COVID-19
pandemic. However, 3-MMC was consistently found, with its use spreading (from Europe
to Oceania) and increasing (from 5 in 2019/2020 to >100 mg/day/1000 people in
2021/2022, with the highest mass loads observed in Spain and Slovenia). Aside from 3-
MMC, eutylone and mitragynine were also detected in Slovenia.

The results demonstrate the utility of wastewater analysis for monitoring NPS use in
the general population globally. The study also provides the basis for further systematic
monitoring of the use of specific NPS through wastewater analysis, following the example
of the already established SCORE monitoring and developing new workflows, including
non-target analysis.
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Synthetc cuhinonss were the mast found cliss folkiwsd by phenethylamioes and designer benzediazspines.
Forthermore, two ketamine anabogues, ane plant based KPS (mitragynine]) and methiopropamine were alsa
puantifisd acresy the thres years. This work demanstrates that NPS are ussd acess diferent continents and
ceaniries with the mve of some mece evident in particular regions. For example, mitrggynine has kighest mass
loads in gites in the United States, while eutylons and 3 methylmethcathinone incpeased considemably in New
Zealand and in several Earopean countries, respectively. Mareover, 2F-deschloroketamine, an araloges of ke.
tamine, has emenged mers recently and coueld be quantified in several sites, incleding one i China, whens it is
consideresd as one of the driegs of mast coocerm. Finally, scame NPS were detected in spedfe regians daring the
initial sampling campaigns and spread e additicnal sites by the thicd campaign. Hence, wastewater surveillance
cian provide an insight into temporal and spatial trends of KPS ove.

1. Intreducthon

Mew poychoactive gubotances (NP3} are compounda that have been
dezigned to mimic the ffect of conventional lict dmgn, while svading
l=gal rectrictionz and are thuz of international public health concern.
From fentanyl-laced heroin (Jannetto et al, 2019) to counterfait Xanax
(Blakey et al, 2022) and adulterated MDMA (Fromlchi ec al, 2021;
Highalert, 20211, NP5 may poee a risk o illicit uzere. The United Ma-
tione Office of Drugs and Crime (UNODC) runs an Early Waming
Advizory (EWA) program on MPS, whick is updated with information
from international dmug enforcement and intelligence agencies, health
autharities and toxicologiste. Az of mid-2022, 156 countries and teri-
toriez, covering all continentz had reported more than 1100 NPS to the
EWA.

The conmumption of NP5 i influenced by their specific effeces,
availability, price, potential undetectabilicy in routine dreg testz and
their uze az adulterants (Peacock et al,, 201%; Unitad Nations Office on
Druge and Crime 20220 It iz imperative from a public health viewpoint
to monitor the uze of theee druge given our limited knowladge of their
rpecific effects, their interactions with other drugz, and the harme that
they cause. It in difficult for law enforcement to control the drenlation of
theze compound: becanse they are generally manofachored in moch
mmaller quantisiez than tradisional illicis drugz much az cocaine and
methamphetamine and many have a *grey’ l=zal status.

Information on the pravalence of NPS uze iz collected from forancic
analycen, murveys, and pill tecting az well 2z cocial media and dark web
monitoring (Peacock et al | 201%; Paccoe et al., 2022; Barenhol et al,
2021). Bach of theze serves a: a complamentary tool for identification,
monitoring, surveillance, control and ultimately =valuasion of public
health impact of NPS uee. Bach haz it dictinct advantages such az rapid
identification of substances, sarly waming capabilities and outlining
demograpkice and profiles of wers. However, not all jurisdictions have
accesn to thess data zources and thus zome communities could be mi=

informed. There iz increazed concem around music feativals, where
NPS-adulserated drugs can be miztakenly conrumed. Thiz can increaze
the rizk of overdocsz, resulting in more emergency department pre-
centations. Wartswater anabyzio can help to Al thiz gap and has been
uced in many countries to agoess licit and dllict drug wee (Oracia-loc
etal, 2017

The global prevalence of NPS uze remaing unknown and data are
limited to 2 few countriez with appropriate recources (UNODC 20227
Fhaled et 2], 2016). The current work precenty data from wastewater
zampling acrosz the Mew Year period in thres consecusive yearz
(201520, 2020-21 and 2021-22). The uze of NP5 typically mcreacez
during feativala suech an thooe of the New Year pericd that are aszociated
with parties and festivals. The number of countries (and cit=a) haz
increaced from & (12) in the frot iteration to 10 (25) and fnally to 16
[47). Throughout thiz project, the number of targetad analytes changed
to include the moat relevant NP5, bazed on findinge from the UNODC
EWA on NPS, international forenszic findinge, and publizhed scientific
literamure. The aime of thiz wodk are: i) to study international zpatial
renda in NP5 uze; i) to examine if preferencen for NP5 druge change
from year to year; i) to avaluate the impact of the COVID-19 pandemic
on NPE uze and iv) to establizh whether data on NP3 cbtained from

wranteweater analyniz iz comparable to that from other dasa covrces,
2, Regults

Acrozz the three yeam, the number of conntrien (and zites) inwvess-
gated mereaced from 8 (12) to 10 (25) and fnally 16 (471 Acroaz all
three campaigns, a towal of 546 individual scamples were analyzed, be-
wwveen 115 (2019/20) and 237 (2021/22). A total of 15 NP3 were found
acroo the three sampling campaigng (Tabls 1, soucteres in Table 513,
with yearly totals from aine (2019-20 and 2021-22) to ten (2020-217
individual NP5, Bach year, the number of analytes included in the
analytical method haz changed (Table 32) baced on information from
the UNODC EWA, forengic agenciez, peer reviewed publicationz and
availability of reference analytical standande. Por example, S-methyl-
methcathinone (3-MMC), mephedrone and methylone were analyzed
acroes all yeam, whils ZF-deschlosoketamine (2F-DCKE), mitragynine,
clonacalam and stizolam wers only included in the thind campaim. 4-
Methylethcathinone (4-MEC), methylenedioxypyrovalerons (MDFPVI,
methiopropamine, methoxstamine and parc-methoxyamphetamine
(PMA) were not incdluded in the 2021-22 campaign becanze there was
limited identification in international forenszic analyces and in the sarly
wamning syrtems of the UNODC and EMCDDA

A variety of claszes of NPS were found during thiz campaign. Syn-
thetic cathinonen were the most common (Table 13, Phenesthylamines (4-
fluoroamphetamine and PMA), decigner ben=odia=epines (clonazolam
and efizalam], ketamine analogues (2F-DCK and meshoxstamine) az
well az the plant-bazed WPS mitragynine and methiopropamine wers
alzo gquantified ar leazt once acrooe the thres yearm,

2.1, Spatial tremds

Orver the three year of theoe data, come opatial patterns emerged.
The mmthetic cathinone 5-MMGC was fornd consistently in all years,
primarily in Burope (Fig. 1). However, in 2020-21 and 2021-22, it waz
found in a2t leagt one zite in Mew Zealand. In the latter campling period, it
wan aloo found on gelected dayn in the United Statea. Mephedrons and
methylone were aleo found acroor the thres campaiznog. They ware pri-
marily located in Oceania and North America, with highest levelz in New
Tealand. Acroz the Buropean sites, they were only found in one ite in
Spain in the 2021-22 collection (Table 11 Like mephedrone, evtylons
wran alzo primarily seen in gitea in New Z=aland (up to 55 mg/dag/1000
people) in bath 2020-21 and 2021-22 (Fig. 24).

MN-sthylpentylons, pentylone and ethylons had the lowes: levels of
oynthetic cathinones found acroco the three zampling campaignz. M-
ethylpentylone and pentylons had highest levels in the United States
Several compounds were only seen once: 4-fluoroamphetamine, 4-MEGC
and MDPY in the Netherlandz, methiopropamine and methoxetamine in
Auvztralia and PMA in New Zaaland (Table 10

Some rubstances were only quansified in the moct recent sureeillancs
campaign in 2021-22. Mittagynine (Fig. 3) wag found at the higheat
levelz in the United States, moatly bepween 1000 and 5000 mg/day
1000 people. Sites in Sweden had the next highect levels. Moot other
niten where the compound wan found had Levels below 50 mg/day/ 1000
people. There waz generally no inceane in levels over the New Year in
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Table 1

Table af all NP5 feund ever 3 years (Country with sites of the highes levels are highlighted in beld)
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Fig. 1. Estimated excreted mass loads of 3-MMC from all sites aver the thres-year sampling period. Note: 2001920 and 2020-21 valees are taken from previans
pubilications (Bade =t al., 20215 Bade et al,, 2022), Sites are ordersd by continent., Countries with multple sites are numbered accerding o Tables 33, Only sites when:
the: compound was found are incuded in the fgure, *: Satisically significint difference (p < 0L05) fullowing indspendent t-tests (for sites with twa years of data) ora
var-wity ANOWA, follawed by a pairwise test with Benferroni cormection (far sites with thres years of data). ES: Spain; TT: Taly; MLz the Netherlands” BE: Belgicm;
WZ: New Zealand; FR: France; GR: Greeee; 15: Teeland; 520 Sweden; 5[ Slovenia; US: United States.

any zite except for opecific zites in Slovenia and Sweden. N-ethyl-
hexedrons was only quantifiable in two sites in Sweden and Spain, with
particularly high levelz in one zite from Sweden on New Year'z Day. The
dezigner benodiazepines clonazolam and etizolam were alzo found,
with highest Ioade a2 a zite in Iceland, while levelz in wastewater 2 ather
ziter were below the limit of quantification of our method.

2F-DCE waz found in samples from nine oites acroar Canada, China,
Cpain, France, Iceland, Italy, and the United Sotes (Fig. ). Increases
orver Mew Year o Bve were evident in Canada and Spain (Table 54), whil=
highest levels were ceen acrogs the entire sampling week in China. It waz
only quantifiable on cermin dayz in eeland, Italy, and the United Statea.

22 Temporol trends

For nites and compounida that were monitored over multiple years,
ctatigtical tegtz were parformed to determine zignificance. 3-MMGC waz
monitored acroaz all thres yearm and the mearered excreted maze loads
increazed from 5 to 10 mg/day/ 1000 people in the first two zampling
campaigng to maore than 100 mg/day/1000 people in 2021-22 The
highest levels were found in the 2021-22 sampling campaign at sitez in
Spain and Slovenia In nites monitored over multiple yearn, there waz
aloo an increaze (i.e. Belgium (BE), Spain (B5 11, New Zealand (NI 3),
and Italy {IT)). A oratiztically zignificant increaze wag ze=n in gites in
Belgium, ltaly and Spain between 2020-21 and 2021-22 (p < 0.05).
There wae aloo a stasictically significant increaze in the gite in l@ly be
tevezn 2019-20 and 2021-22 (p < 0.05). In the New Zealand zite where
5-MMC waz found in both 2020-21 and 2021-22, thers waz alzo a2 k-
tiztically nignificant increaze {p « 0.05). In most zites, there waz an in-
cr=aze in mazs loads over Mew Year's Eve and New Year's Day.

Eutylone waz analysed over the two most recent campaigne. The
three zites in New Zealand that wers monitored gover 2020-21 wese alzo
included in 2021-22. NT 2 and NZ 3 showsed zimilar trends for the
diff=rent periods, with statizsically significan: increases found (p <
0.05), while eurylone at NZ 4 had no zignificant differance bepwesn the
two sampling pesiods . Butyloae wag alzo found at much lowes levelz in
ziter in Australia, North America, Brazil, Republic of Forea and opecific
zites in Burope (Fig. ZB). Thees differenceas for both 3-MMC and susylons
from 2020 to 21 to 2021-22 could reflece the impact of COVID-19
restricdona.

3. Discuszicn

The societl burden attributable to ilicit drug use iz increazing. For
example, in Australia, the societal burden due to illicit dmug uee
increased by 35% from 2003 to 2015 and waz responzible for 72% of all
burden due to poisonings and almeoast all burden related to drug uce
dinorders (exclnding aleohol) (Australisn Instinite of Health and Welfare
2021). However, the burden opecifically related to NPS e iz not easily
quantified. Thiz wartewater-baced stndy provides a broader incight into
NPS use and establishes which NP3 are moat used across sites in 16
countries and may potentially cansibute to diseaze burden. Higheat
consumption waz recorded for moat NPS around the Mew Year period,
indicating that consumption increacen at fegtivalz and parties. Thiz may
be due to higher conoumption of regular conmumers and for “new” werz
who conmume NPS intentionally or unintentionally. It must be noted thae
in countries where Lunar Mew Year iz celebrated (ie. China and the
Republic of Korea), the December-Jannary collaction doaz not coincide
with 2 gpecific holiday reazon. Nevertheleoz, thio allows thic work to alio
ghow the uze of NPS in zitez during a2 ‘normal’ time of the year.

3.1. Impoct of the COVID-19 pandemic

Tke novelty of thiz wozk iz emphazized by comparing the sampling
campaignz covering zitez befors the COVID-19 pandemic (2019-20),
when most gevers COVID-19 related restrictions wese in place
(2020-21) and when most resictione had =azed (2021-22). Decpite
theoe three digtinct periods and the impacts oa the population, there was
little diffarence in the toral number of NPS detactions. In fact, for a few
compoundz, high levels were seen during the 2020-21 pegied, such an
eutylone in gitez in New Zealand Increazes betveen 2020-21 and
2021-22 were oboerved in bwo zites in New Zealand, while a thind had
no significant change. These results are not unexpected, as pill testing
over both perisds carried out in New Zealand found that snsgylone was
the most commonly found cathinone (FaowYourZmiNZ 2023). Maat
compounde were at lower levelz during the 2020-21 period parsicularly
for 3-MMC in the Evropean gites. [t iz acknowledged that the resmiction
of movement, az well ag the cancellation of factivalz and social gather-
inge likely resulted at thege lower levels.

Moreover, the uoe of synthetic cathinanes such az S-MMG and
eutylone iz linked with tha: of MDMA (Fascoe et 2l 20220 Por example,
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Fig. 2. Estimated excreted mass loads of eatylone frem all sies, Figure is separated to shew the sites with highest levels (A) and the lower levels (B Note: 2020-21
wvalizess are Eiken from a previcas pablicaticas (Bade et al., 2022}, Sites are ardered by continent. Countries with multipls sftes are numbered acconding to Table 53,
Omly sites where the compeund was fend are incloded in the fgere, *: Statsstically significant differsnce {p < 0.05) fllowing independsnt t4ests (for sites with twa

years af datall

HE: Newr Zemaland; AL Avstrabing CA: Canada; US: United Seates; BE: Belgium; BR: Brazil; ES: Spain; GR: Gresce; TT: Italy; KRz Republic of Earea; Sk Slovenia.

the increase in eutylone in the summer of 2020-21 wan hypothesizad to
be due to 2 reduction of MDMA in the country (Radio New Zealand
2023; Radio New Zealand 20213 MDMA waz reparted to have declined
during 2020 in Burope, Auzmalia and Canada, swhick could hare requlted
in the inereazed levels of 3-MMC and/or sutylone in thiz work (Sads
et al, 2021; Bean st al, 2021; Alygizabiz et al, 2021; Sratiztics Canada
2023).

With the zame time pericd:s being monitored over the three yearz,
thiz study iz able to provide a “snapahot’ of NPS conmumption. Ao zuch,
the primary difference between the 2020-21 collection and thoes bafor=
and after in the COVID-19 pandemic. We therefore hypothesios that thiz
was the driving factor for the differences oboarved.

3.2, Spatial and trmporal fends

With zamples collected at the zame time every year, it ic pocoible to
cee zpatial and temporal changes in conmumpson mends (Supporting
Information, Fig. 51]. Many NPS zeemingly follow regional trendz. Por
example, mitragymine haz higheat loads in zites in the United Stases
while susylone and mephedrons were most commeon in New Zealand, 3-
MMG and N-ethylhexedrone in Europe and 2F-DCK in China. Some NPS

that were initially detectad in specific regions rpread to addisional partz
af the world in the third zampling campaign. Por instance, 3-MMGC waz
initially found in Europe, then spread to Oceania im 2020-21 and North
America in 2021-22. Butylone that waz only detzct=d in Oceania and
North America in the second campaign but wae detected in Europe in the
lazt campaign, 2021-22. Thiz snudy kas identifad the potential origin of
NP3 uze around the world and could be wed to moniter rapid changesin
global conzumers habits.

Theze recults suggect that reducing NPS wze and protecting public
health chould not only be done at the national level; it requires an
organized global campaign. They aloo chow the global cpread of NPSin
opite of current legiolation There are blanket banz on any NPS in
cormiries such an China, New Zealand and Auvztralia, while compound-
opecific banz also exist internationally. For example, the Convention
on Poychotropic Substances 1971 from the United Nations iz a treasy
dezigned to control paychoactive druge. The World Health Organization
(WHO) Bxpert Committee on Drug Dependence meem regularly
dizeuzz the pogsible addition of new substances to the lizt of conmollad
drugz. Ia recent yaarz, the NPZ sutylons, N-sthylhexedrone and N-ath-
vipentylons have besn added to the conventon, while 3-MMC io
currently under review and mibagynine iz under surveillance
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(Intermational Marcotics Control Board 2021; World Health Organiza-
tion 2021; Wozld Health Organization 2022).

3.2.1. Synthetic cathinones

The zynthetic cathinoner are simulant: that constitute the largect
group of NP5 reported to the UNODC BWA (United Nationo Office on
Druge and Crime 20213 and 3MMG, eutylone, N-sthylhexedrons and
mephedrone were all found in thiz worle 3-MMC iz of particular concern
in Burope. Since it wano frst reported in 2012 in Sweden, it haz gained in
popularity, particularly since 2020 (European Monitoring Centre for
Druge and Drug Addiction 2022). Thin io reflectad in acute poizoningz in
the Netherlanda (Mugtersn-van Lonkhuyzen et 2l | 2022}, while it waz
one of the moat common NP3 seized in [taly between May and October
2020 (Vincenti =t al , 2021}, and waz also the WPS with the highest maze
loada found in a recent national stedy conducted in Italy (Salgueir-
o-Jonzales et al, 2022). Thiz Buropaan prevalance iz raflacted in Fiz. 1.
In the gites with multiple years of data, an increace in meazured mage
loada iz avident. Thiz increase in woe has unformanately requlted in at
leazt 291 acute poisoninge and 27 deaths in Burope (European Moni-
toring Cantre for Druge and Drug Addiction 2022). In early 2022, aftera
rink aszeczment report of 3-MMC commirsioned by the EMCDDA, the
Buropean Commiorion recommended control measures and member
stavez were given six months to inmoduce national legiolation (European
Monitoring Cantre for Druge and Drug Addicdon 2022). The WHO hae
aloo decided to include 3-MMC amongot nine NPS for aitical review by
itz Expert Committes on Dmg Dependence becauze of it
dependence-producing propestien and potential harmsz (Wacld Healdh
Organization 2022)

In thiz study, the only gites outside of Burope where 3-MMC waz
found were in Mew Zealand and the United Sotez, albeit ar much lower
lewels than in Burope. There iz no current literaters around the wes of 3-
MMC in the United States or New Zealand but the Mew Zealand drug
information webzite, High Alert, did release an article about 3-MMC in
mid-2021 (Highaler: 20210 In New Zealand in late 2020, it weas re-
ported that there waz alze a decline in MDMA, which was mainsined
through 2021 (New Zealand Pelice 2021; Naw Zsaland Police 20220
With zome of the zitez in the New Zealand locatons incorporating music
feativalg, it iz poazible that the 3-MMC measured may have been from the
conmumption of adulterated MDMA. Thiz hypothesiz iz suppartad by a
srudy from the United Kingdom on drug uze at festivala, which found
that 2z MDMA det=ction decreazed, cathinons detections increazed and
3-MMC reprezentsd more than 20% of all cathinones found (Fascos
et al , Z022)

Mephedrone (4-methylmethcathinone) ic an icomer of 3-MMC and
waz one of the most popular NPS in the sarly 20102 but has mainssined
itz rity deopite legiolasion reatrictione {Hutton, 2020). In the three
years of thiz work, it haz been found at relatively low levelz, particolarly
in Mew Zealand and Australia However, in 202122, it was alro found in
2 gite in Spain.

In thiz wark, sutylone had highest levels in Mew Zaaland. In late
2020, the New Zealand Drug Information webaite put out an alert for
eutylone (Highalert, 2021). Owver the 202021 summer festival seacon in
New Zealand, testing of party drugs across the country found that up to
50% of zamples thought to be of MDMA contained eutylone. Thiz
reduced to around 10% the following year (Radio Mew Zealand 2022
Howevar, in Fiz. 2, similar leval: were obtained acrooz both yearg whils
zite WE 2 chowed a ctatictically significant increaze in 2021-22. In other
zitez where eutylone war monitored over 2020-21 and 2021-22, there
waz a decreaze in gites in Auvstralia and Canada, while sutplone waz
found far the first time in zamples from gites in Italy, Belgium, and the
Republic of Horea. According to seizure data, the most common NPS
ctimulantz in Europe were 3-MMC and N-sthylhexedrons (Buropsan
Monitoring Centre for Druge and Drug Addiction. 2022), oo it i inter-
eating that some eutylone war found in oeveral Buropean ziteo, N-sth-
ylhexedrone waz only found in a couple of European citez (in Spain,
Belgium and Sweden), with quite high level: found in 2 gite Swedan
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3.2.2. Miragynine

Mitragynine iz the primary alkaloid derived from 2 plant (kratom)
found in South-Bagt Aria, where it iz traditionally weed to combat fatigus
and improve work productivisy (Cinosi et al, 2015; Suwanlart, 19751 In
recent yearg, it haz become particularly popular in the United Stateg az 2
*legal high” for itz stimulant andsor opivid-like effectn (Tobacyk et 2l
2022). The U5, Foodd and Drug Adminiztration haz repeatedly wamead of
the dangerz of kmatom, induding addiction, abuze and dependence
(Unitad Ztates Food and Drug Adminiztraton 2022). It is oot currently
faderally ragulated in the United Statea, but come states have banned the
gubatance, while otherz have impoged age restrictions. Uze of the com-
pound iz legal in all the gites analyzed in thic chedy in the United Stasez,
but age ractrictionz may be in place to limit conzumption by minarz.
Eztimaten of how many peopls use kratom in the United Stasez vary, but
the Mational Inztitute on Dreg Abuoe sctimate that 0.6% (Le. 1.7 million
people) of the population aged 12 or older in 2021 seported wing kea-
tom in the pagt 12 monthe {Substance Abuze and Mantal Health Services
Adminizstration 2022). Amongst the other sites in thiz project, mizagy-
mine waz ooly legal in Brazil, Belgivm, Canada, Spain, and Greece. The
legal statuz of mitragynine wan not necearily reflected in the meanored
maza loada caleulated in this work. While zitez in the United States had
by far the highest level: of mitragymine, the next higheot were in Svee-
den, Slovenia, and Auztralia — where it iz ilegal

8.2.5. 2P-deschloroketamine

2P-deschloroketamine (2F-DCK]) iz an analoguee of ketamine that kag
emerged over the past few years. Ketamine hao been one of the drigz of
most concem in China but major interventions have resulted in 2 largs
decline in registered ketamine imem (United Natione Office on Drugs and
Crime 20Z0). In recent yearn, ketamine analoguss have smerged and
become particularly prevalent in South-Bact Azia, including China. The
highect levels of 2F-DCK were found in zamples from one zite in China
and were zimilar to thoae previoudy reported (Shao et 2l 2021; Lietal |
2022). lewas also evident thas there waz no weakeand (New Year) peakin
uze in the Chinese zite, in contrast to other zitea whers ZF-DCE waz
found (a.g. Spain and Canada). [t waz alzo found infrequently in sitas in
the United Statee, ltaly, and lcaland, at relatively low levels. According
to the UNODC EWA, 2P-DCK iz the recond-moct prevalent diszociative —
behind katamine — in all reporting countries sinee 2030 (United Mations
Office on Druga and Crime 2022)

3.2.3 Designer benrodincepines

Bticolam and clomazolam are designer bencodizcepines, 2 dam
arzociated with the greatect fatalitien (United Nation: Ofice on Drugs
and Crime 20217 and henee of greatest public health concerm. Etizolam
waz found in eight countries in thiz work, with moat at or below our limit
of quantification. Howewver, a zite in lcaland had the higheot maza loade.
Clonazolam waz only found in thiz same zite in Ieeland. According to the
Nordic Health and Welfare Statistics, lceland has the highest prescrip-
tion zalen rate of bencodiazepines of all Mordic countriss (Mordic Health
and Welfare Statictice 2022). Both eticolam and donacolam have been
pold an counterfeit Xanax (Elakey et 2l | 2027) oo it iz poesible that the
high eticolam levels in Icaland were dee to illicit or unwitting uzse of
Xanax/alprazolam.

3.3. Fubrre porspecHves

The SPE method uzed for thiz wock has pravicusly been validated for
gynthatic cathinoner, phenethylamines and opioida (Bads et 2l 20200,
Hewwever, recoveriez for oynthetic cannabineids, benzodiacepines and
plant-bazed NP5 range betwesn 10 and 50% (data not chown) Adds-
tionally, studies have shown that acidified conditions are unsuitable for
the optimal quantificasion of cannabinoids and benzodiazepines (Bads=
et al, 2021; Pandopulos et al, 20200, While intarnal standasds wears
included in thiz work to help catar for logcen during sxtracton, it i
poocible that the limited detection frequency of the designer
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benzediazepiner and oynthetic cannabineida cowld be due to their
inctability in acidic conditione. To make a cingle method zuitable for
such a wide range of clasoen in challenging, but several methods have
been developed to detect multiple claose: of NPS in wastewater (Bade
et al | 2020; O Rourke and Subedi, 20200, Az the variety and number of
NP5 comtinue to rize, it iz important to continue developing new
mathods guitable to cover a2 wide number of clageez in a zingle
extraction

The resuliz of this ctudy highlighte=d the need for 2 global campaign,
az the izsue of NPS wme affect all countries to a different level and de-
gres. Thesefore, organizationz, such ac the UNODGC and the EMCDDA,
could adopt 2 similar wastewater analysiz approach az a runveillance
tool for NP5, since it allows the azsesoment of larger populations whils
‘minimizing costn, providea data in an objective way, reducing the impact
of zelf-reported data and pregents no sthical implications, az the zamplez
are anonymous. Annual and targeted (eg, New Year period, muric

festivals and other rpecial events) campaigne could act az 2 warning
oyotem for the prevalence of NPS.

4. Conelusion

Monitoring and surveillance of NP3 intermationally iz an cngoing and
complex problem. Thiz wagstewater-baged ctudy provides an inzight into
the WPS market internationally cver the past three yearz, incheding
before, during and after the COVID-19 pandemic. The wce of NPS war
mainly lower during the pandemic with a few exceptionsz, such az
eutylons in opecific sites. Higher NPS consumpdon around the wozld
waz found during the Mew Year holiday period and thers were gpecific
regional trends in which NPZ wao detected. Por sxample, mitragynine
had highest loadz in zites in the United Stmtes, eatylons and mephadrone
in New Zaaland, 3-MMC and N-ethylkexedrons in Burope and 2F-DCE in
China. Theze dam indicate the promise of more oystematic wastewater
analyres to idantify and monitor trenda in the woe of cpecific NPS in
diff=rent populationz and identfy temporal and spatial patterne in their
global spread of uze.

5. Materials and methods
5.1, Compounds

A toml of 52 compounds were analyeed acros the three yearz of thiz
project, with between 26 and 34 analyoed =ach y=ar (Tabl= 521

5.2 Sampling compaigns

All informasion related to the wastewater collection amd ziter
(collaction dates, dow rates and population) can be found in the Sup-
plemental Pilez (Table $3). Ac part of an ongeing global surveillance
program, the number of countries (and ritec) haz increazed from & (12)
in the frat iteration to 10 {25) and finally 16 (47). Data pertaining to the
firat two campaignz have been previouzly published (2019-20) (Bade
et al, 20217 and 2020-21 (Bade et al, 2022). The population covered
haz inereazed from five to mors than 17 million inkabissnm, All zamples
were collectsd at the eand of Decamber — early January, coincding with
the Mew Year pariod. The first sampling campaizn wag performed before
the COVID-19 pandemic, the cecond during the pandemic and the third
when restrictionz were ended/eased or precented only in a few
countries.

5.5 Sanmpling, instrumensston and quality conerol

The best practice for WEE protocals wers followed to minimize un-
certainties relating to sample collecton, otorage and analytical meth-
odology (Castiglioni =t al., 2013). Briefly, 24-h composite influent
wastewater wan collected for between one and nine conzecusive dayn.
The wantewater wae acidified vpon collection and stored 2z -20 °C wnril
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oample treatment.

All gamples were analyzed ucing walidated target=d LO-MZMS
methods (Bade =t al | 2020; Bade et 2l 2023). Procedural blanks wers
run throughout the analyia, after every 10 injections with the aim to
identify any contamination eoriginating from zalvent: and labaratory
conditionz. A quality control (blank spiked with 100 ng/L standardz)
wran analyoed after svery 20 injectonn. Inotrements wears deansd bafors
the analyziz according to vendorz” recommendationa.

PFor guantification purpocsn, both trancitions needad to be precen:,
while the fon ratio [within 20%) az well ap retention time had to
compare with the standard (within 2953 If only one tranzition wasz
prezent, the compound waz deemed at above the limit of detection
(LOD) but below the limit of guantification (L0 Por calculation
purpoges, thiz wag given az the midpoint betwesn the LOD and LOQ. Az
no analyte-cpecific intermal standasds were woed for thin method,
quantification waz bazed on the peak area rafios between native and
ourragate intemal standard: compared to an extarnal calibration corve.
Al data were acquired and procesced with SCIEX O5. Further detailz
about the analytical methodology are provided in the Supplemental
Filen.

5.4. Calculations

PFor each compound, a calibration curve of up to 11 pointz waz
constructed from 0.1 to 10,000 ng/L. Concentrationa were calculated
uzing the izotope diludon method and processed uwaing SCIEX O5 or
Multiquant 3.0.2. Az labslled internal ctandards were not available for
the NPE in thiz work, a murrogate internal standard was wtilived (Table
54). The flow rater and population data provided by sach collaborating
laboratory {Table 53] were then uzed to calculate sxcrsted mase loads
(Table 54 for 2022-23; (2019-20 (Bade =c 2l | 2021 and 2020-21 (Bad=
eral, 20227

5.5, Semstical analysiz

Statiztical tastz ware performed on all zites and compoundz whers
more than one year of data wao available. For gites with two years of
dats independent t-teztm were pesformed. Por cites with three years of
dats, a2 one-way AMOVA wan parformed, followed by a pairwize t-teat
with Bonferroni correction. Differences were deemed statistically zig-
nificant with p < 0.05. All oratiztical analyoss wers parformed uoing B,
seroion 4.2.1.
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3.2 Applicability of WBE to Assess Drug Use in Specific

Populations

3.2.1 Site- and event-specific wastewater-based epidemiology: Current

status and future perspectives

Published: Verovsek, T., Krizman-Matasic, 1., Heath, D., Heath, E., 2020, Trends in
Environmental Analytical Chemistry, 28, e00105.

Due to its non-invasiveness, objectivity and capability of providing near-real-time data,
WRBE is suitable for monitoring drug use trends on the level of small, specific communities.
Accordingly, it has already been used to assess licit (including NPS) and illicit drug use in
specific populations, namely educational institutions, prisons, fitness centers and an airport
(Chapter 1.3.4 WBE: Specific populations) and during special events, such as public
holidays, sporting events, and festivals (Chapter 1.3.4.1 WBE: Special events). Although
the number of sites- and event-specific WBE studies is increasing, such studies have not
yet been included in any comprehensive literature review. In order to fill this gap, the
methods and results of the published site- and event-specific studies were summarized, and
current challenges and future perspectives were elaborated.

The literature has shown that WBE can be a valuable source of information on drug
use in specific populations and can act as an early warning of changes in drug use trends
when applied during special events. However, its application in specific sites is not without
its limitations. Currently, the main limitations are related to difficulties in obtaining
representative wastewater samples (in the case of sampling wastewater in small
populations, where wastewater flow is inconsistent), pronounced variability in the drug
excretion profile of individuals, the inability to extrapolate results to a particular group of
people who contributed to wastewater sample, and ethical considerations (Chapters 1.3.4
WBE: Specific populations and 1.3.4.1 WBE: Special events). Given the many advantages
of site- and event-specific WBE, further studies on methodology and applicability are
relevant.
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Wastewater-based epidemiclogy (WEBE) can provide objective and reliable data to monitor spatio-
tempsoral patte ms of lickt and i licit drig use. Numemus studies have been pulblished relt ng to sampling,
sample stability. validatbon of analytical protocols and the back-calculation of drug consumption. The
majerity of these studies feus onsampling from menie pal sewage treatment plants, but an increasing
mismber of studies have used WEE to monitor community-specific substance wse and wse duning special

ﬁl"“'w""' trvoed cidem events This paper presents a systematic eview of published WBE studies of drug use tends in
I:IB:itm spidemiology educational institutions and prisons, as well 2 dering music estivals, sperting events, and holidays. A
Licit discussion on the application and benefits of wsing wastewater-based epidemiclogy in these specific
Drug cases |5 presented together with an examination of cumrent challenges and future perspectives.
Aleghal © 2020 Elsevier BV, Al rights reserved,
Tobaro

Special event

Consumption

Echoal

Prizan

1. Introduction 29% of adults {1564 years)and 16 % of young adults (15-34 years |

Licit and illicit drug abuse is a global issue and represents a
sodal, economic and health burden for the abuser and on society
|1]. According to Wordd Health Organizaton (WHO) data, 23
hillion people drink aleohol worldwide, and about 11 hillion
people smoke tobacoo (15 years and older), making them the most
popular lidt drugs |2 |. The European Drug Report (EDR ) states that

have tried illicit drugs |3]. Over the last decade, a large variety of
new psychoactive substances (MPSs) have emerged that can be
easily bought either on the drug market or in physical and online
shops and on the darknet [3]. In this review, the consumption of
the most commeon licit drugs (alcohal and nicotine/tohacon ), and
illict drugs (cocaine, amphetamine, methamphetamine, ecstasy,
lysergic acid diethylamide — LSD, heroin and cannabis), together

Abbreviationz: 208, 25-di methax y-4-hromo phenethylamine; 4-FA, 4-fluoroamphetamine; 4-MEC, 4-methylethcathinone; 6-AM, G-acety morphine; ADHD, attention
deficit hyperactivity disorder; AE. anhydroscgonine; AEME anhyd roscgonine methyl ester; AME amphetamine; BE benzoylscgonine; BUE buprenorphine; O0C, cocaine;
0D, mdeine; COE, maethylens; COST the European Cooperation in Sdence and Technalogy: (01 mtinine; DHNK, dehydronorkstamine; ECC, scgonine; EDDR 2-
ethylidene-15-dim ethyl-3, 3-dipheny lpyr rolidine; EDR. the Furopean Drug Repart; EMCDDA, the European Manitoring Centre for Drugs and Drug Addiction; EME ecgonine
meethyl ester; EPH, ephedrine; ESPAD, Furopean School Survey Prajecton Akoholand Other Dmugs; BtS, ethyl sulfate; GHB, gamma-hyd raxyhutyrate; HESC. Health Behaviarin
Schoal-aged Children survey; HER, heroin; KET, ketamine; LC liquid chromatography: LOQ. limit of quantifiation; LS00 lysergic acid diethylamide; LS0-0H, 2-mo-3-
Ty drency <hyser gic acid diethylamide; M3, morphine-3-ghicuronide; MAMP, methamphetamine; MBDE, 3 4-methylenediox y-N-methyl-butanphenamine; miCPE. meta-
chloraphenylpiperazine; MDA, 34-methylenadioxyamphetamine; MDEA, 3 4-methylenadioo-N-ethylamphetamine; MOMA, 3 4-methy lenedios ymethamphetam ine;
MDPY, mesthy lenedios ypyrovalerans; MDT mandatory drug testing; MEPH, mephadrons; MOR morphine; MPA, methiopropamine; MEME, tandem mass spectromestry;
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Table 1
Overview of WBE appli@tion in site-spedfic studies.
Population Country Sampling period Type of raw Sampling loation and type of ampling Targ et drugs Reference
Wars EWateT samiple
EDUCATIONAL INSTITUTIONS
Educational LEA Different days during regular clss sewmions, final exams and 2 <h compaosite Sewer pipe output from the building Manual  1Tlidtdmugs (cannahbis MDMA, AME  [25]
institution e surmmesr hreak samiples mllsction {up to 500 mL every 20 min ) COC, HER)
than 1 (00 s tudents) {sampling betwemn 10 am-12 am and 12 am.-2 pm ) HPEs (MDA)
Crpaoids (C0OD. MOR)
Main university LEA a) Dormis (20M12-213): 24 <h mmiposits Pumi p: station 1llict drugs {camnahbis, AMP, MAME [32]
campus and daorms - Beginning of the semesier (12 days at the beginning of samiples Timee-propartional sampling (200 mL sveryd h) MDMA, (O HER LSD)
(9456 pople in the September) NP
univerzily mmpus = End of the ssmester (9 days during the sscond and third wessk in (MDA, MIDEAY
and S50 panple in Descmibier Orpioids (00D, MOR, MTHD)
dorms) - Middle of the semester (17 days between February and March)
) Main university @mpus (sampling over 3 wesks in April 2013)
Private mllege of  LEA a) First semester (4 samplec): 72 <h compasite Samitary s=wer line 1t drugs 122]
art the first wesk, midterms, post-mid termes, finals week samiples Tim=-propartional samples | 125 mLoery hour) (AMP)
(4 danms, 476 (August-December 2071 ) inbegrated into a total vohume over 72 <h period
students) b) Semnd semester (5 samples): regarding the meamured flaw
Cinllege campus LEA &?:;ﬁmﬁm post-midtemne, bt weck, finak: week 72 =h compasite Omecarmypus sampling location 1llicit drugs 28]
1[4 residenoss halls, sxmiples Time=-propartional samples (125 mLoery hour) (AMP)
4% und ergraduats The first wesk of schoal, mid terms and shartly befare final exams imbegrated into the total wolume over 72 -h
students) Addigonally: Web-bassd surveys (400-6.27 respondents) was period regarding the measured flow
condusted in the same Hme frames
University campus LSA 7 conzsoutive sampkss, colleded once per month over S months 24 -h @omposite Two sampling bations at the ampus sewer  1lhidt drugs [EE]]
(i bodal 15 000=50 {Angursit= Decrmber 2017 ) =mples system (AMP. MDMA, CDC HER)Y
00 prrzonz) Ao pro porianal sampling Opioids
(MOR, (0D, MTHD, BUR fentamyl)
8 secondary Taly a) § or & conssoutive daily samples (May 2000 ) 8 -h compasite Main sewage pipe 1lhicit drugs {cannatis, AMP, MAME  [24]
schoals b) Repeated samipling in schooks from Romee, Turin, Verona (Ocmber  samples Time=-propartional sampling (1 L every hour) MDMA, COC HER)
{2 dascsic, soientific 2011, March and Octaber 2012, Nenember 2013) {samples collated NP
ar artistic edumbion during bessons (KET MEPH)
and § preiessio nal or jperine ) Orpiaids (MOKR)
woemtional s chool ),
loatsd in different
cities [Bologna,
Flarenez, Milan,
Maple=, Pal=mas,
Rome, Turin,
Vimroma)
{in todml: <6 000
shudents)
University campus  Greece a) Umiversity 24 <h mmposite 3 WWTE. each serves a2 articular population  1Thidt drugs (cammabiz AMP. MAME  [34]
without 5 conssoutive days over the wesk samiples (university Mytil=ne ar vill ages) MDsA, (O HER)
dormitories - . 3 Time=-propartional sampling NIPSs (KET, butylane, ethylane,
{1600 = 130 b) Additinal sampling sites 6 mL per minute) methylane, MPA, PMMA PMA
jpeople) MEPH, MXE, MDPV)
Additional sampling T consscutive days Opioids (MTHD)
sites: Mytilene (26 All sampl= were collectel hetween 107 Frbruary o 107 March 2015 Akohal
000 peaple), the
icland ompital, and
o smiall villages (1
250 peaple)
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Two prisans Frane Mat specified 24 -h compasite Sewer pipe output of the participated buildings  1lidt drugs [35]
(vering thee samples Flow-proportional sampling {cannabiz, MDMA, COC HER)
i befing) NPSs
(MIEPHA-MEC)
Opiids
(MEOR, MTHD, BUF)
Prizan Spain a) 10 or 11 comecutive days in the middle of sach month (une 24 -h compasite WW TP servingexchusively the penalty momplex  1lict drugs (cannabis, AMP. MAME  [36]
(around 3 500 2008= anuary 2009) samples Type of sampling was not reported MDMA, OC, HER. LSD)
peaple in tatal) b) 1 sample svery Monday (during the rest of the month) HPgs
(EPH)
Opioids [ MOR, MTHD )
Prizan UsA a) Sampling over 28 days (30 july-2 August 2011) a}) 24-h mmposite  Details on sampling spot were not reporied Ilicit drugs (MAME, COC) 28]
(mo date on target ) Hourly samples collecbed over 3 days (13= 15 August 2011 ) samples Constraint mllection with a peristaltic pump
papu kation) b)) Howrly samples  (flow nate of & mifmin )
Additionally: During the sampling period, 243 urinalysis iests were
camied out.
Prizan Australia 7 consecutive days (January 2013) 24 -h compasite Sewer pipe output outside the prison grounds  1llict drugs (cannabis, AME MAMP) [37]
{467-523 prople in samiples \l'dume-]tapa:uma] sampling {median NPSs
iotal) sampling interval: 2 min or 20 mi every 250 L of (KET)
Jow) Orpiaids (00D, MOR. MTHD)
Prizan Australia Two periods of 12 conssoutive days [May<july 2013) 24 <h comipasite Sewer pipe output of the building gt drugs (@nnabis, COC, MOMA,  [38]
{437 pagpleim tatal) Addition ally: During sampling perind s, 40 urinalysic fects wenecamisd  symples Vaohume-proportional sampling (median MAMF)
aut sampling interval: 2 min or 20 ml every 250 L of NPSs (MDA, MDEA, KET, MEPH,
Mow) meth

ylane)
Opioids (000, MTHD, BUP)
OTHEE SPECIFIC SITES

3 filness cenires G ermuamy 2 days 2 <h compasite Sewer pipe output from the building Ilict drugs (AMP. MAME MDMA) 23]

{mo data on irgeted {12 sampl= per day) sxmiples Time-propartional sampling NPSs (EPH)

papulation)

Matioral airport of  Netherlands a) Airport a) Airpart a) WWTF serving the airpont Illicitdrugs {cannabis, AMP. MAME [27]

Arnestend 2imi = Sampling 3 days of the wesk and all weskend Wieeldays: 24 <h b)) WAWTP serving each city MDMA, (OC, HER)

Schiphal - L composite amples P

b} Additional ampling sites

(40 000 peopls ) ) & W ekend: 72 -h Al samples were coll ected in flowe-propartional (KET)

Additional sampling . composite ampk  mode Opiakds (COD, MOR, MTHD)

sites: Lrechi (529 Sampling aver ane wesk.

000 people), Al zample wene mllecid hebween the thind and fourth wesk of ) Additianal sam-

Eindhoven (544 020 February 2070, pling sites:

Apsldoom

(251 500 people), 24 -h compasite

Amsterdam (913 435 sxmiples

peapls)
=M EC = &methylethathinane, AMP - amphetamine, BUP = hpm@me_ﬂk’.‘ cocaine, (0D = codeine, EPFH = ephednm_HEk ‘heroin, KET = ketamine 150 = ysergic acd diethylamide, MAMP - methamphetamine, MDA = 3.4-
me=thylened incyam phetamine, MDEA - 34-methyl iy Mesthylamny =, MDMA - 3 4-methy v iF ine, MOPV - mesthylenediox ypyrovalerone, MEPH - mephedrons, MOR - morphine, MPA -

miethi opropamine, MTHD - methadone, MAE - methaxetamine,
PMA = d-methagampheamine, PMMA = d=methoy methamphetamine.
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with new psychoactive substances (MPSs) and opioids, such as
morphine, codeine, methadone, buprenorphine and fentanyl, are
disussed

Dmg consumption in the population is usually assessed by
traditional epidemiological methods (e.g. surveys), while other
information, such as orime statistics (eg., seizure data) and
medical moords (e.g., overdoses) are also a valuable source of
information [3-5] The problem with surveys is that they are
subject to errors arising from reporting biases, have low response
rates, raise ethical issues and are slow to detect the use of NPSs
|4.5]. This review is focused on studies utilizing an alternative
approach referred to as wastewater-based epidemiology (WBE),
which is becoming an increasingly popular approach for providing
additional information on substance use and misuse due to its
ohjectivity, cost-effectiveness and its ahility to provide data in
near-real-time. It is based onthe accurate determination of human
metabalic excretion products (biomarcers) of lidt and illicit drugs
inwastewater. From the measured levels of biomarkers, consump-
tion in a target population can be back-caloulated by taking in
account additional information such as wastewater flow and by
applying a correction factor that takes into account human
metabolism [4,5]. Since its first application in 2005 |4], WEE
has undergone continuous development and improvement [6,7].
For example, in 2012, a group of scientists supported by the
European Cooperation in Science and Technaology (COST) estab-
lished the Sewage analysis O0ORe group Europe (SCORE) to gather
experts to disouss, develop and standamdize the WBE approach |&].
The European Monitoring Centre for Drugs and Drug Addiciion
(EMDDA) has also recognized and supported the SCORE group
and promoted WBE as an additional tool for estimating drug use
|9]. To date, numermus studies relating to sample collection [10],
sample stability [11]. validation of analytical protocol |7.,12] and
the back-caloulation of drug consumption |56] have been
published, and are evidence of WBE's potential for studying
spatio-temporal consumption patterns in the general population
|13-16].

Obtaining drug use trends is notonly of interest concerning the
general population but also for spedific populations that are highly
susceptible to druguse (e.g. adolescents, prisoners). For example,
in comparison to the general population, illicit drug use is more
frequently reported in nightlife settings (clubs and bars) and
during music festivals, where they are often co-consumed with
other psychoactive substances, induding aloohol and tobacco |3,
Mareover, according to the European Monitoring Centre for Drugs
and Drug Addiction (EMDDA) “prisoners report higher fferime rates
of drugr use gnd more harm ful patterns of wse, including injecting, than
the genemnl populoton” |3]. Severmal WBE studies exploring the
impact and extent of substance abuse in specific catchments, eg.
educational institutions, prisons, fitness centers and at an airport
(site-specific WBE], and during special events such as music
festivals, sporting events and holidays (event-spedfic WBE), have
emerged and are summarized and discussed in this review.

This review presents a discussion on the applicaton and
benefits of wsing WBE for assessing lidt and illicit drug
consumption in specific @tchments. The results of published
studies are presented together with an examination of current
challenges and future pers pectives. Referenced studies were found
by searching the following keywords: wastewater analysis,
wastewater-based epidemiology, illict drug, alcohol, tobacoo,
schoaol, prison, small population, event, festival, holiday.

2 Methodological challenges relating to sampling

Sample oollection, filtation, sample preparation and instru-
mental analysis are the first steps in the WBE approach. Sample
preparation mainly invohees extraction of analytes by solid-phase
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extraction (SPE) followed by liquid chromatographic (LC) separa-
tion coupled to tandem mass spectrometry (MS/MS) or high-
resolution mass spectrometry ( HREMS ). When determining alcohaol
and tobacco biomarkers, direct z=ample injection without extrac-
tion is possible because of their high concentrations in the samples.
Analytical pmtoools are well established and regulated by “best
practice protoools” developed in the frame of COST SCORE actions
|6.7] and summarized elsewhere [12] In site- and event-s pecific
studies, similar analytical protocols are applied. In this section, the
fomus is on sampling strategies since obtaining a representative
wastewater sample represents a significant challenge in WBE
when applied to specific catchments,

In the case of site-specific studies (studies conducted in small
sub-catchments, eg educational institutions, prisons, fitness
centers, airport), raw wastewater samples are typically collected
directly from the sewage outlet or at the inlet of a wastewater
treatment plant (WWTP) installed at the studied site (Table 1) At
the same time, s=ampling during spedal events has been mostly
performed at munidpal WWTPs (Table 2] Sitespecific studies
face unigue challenges, notably when sampling upstream from the
WWTP in small sub-catchments or at specific sites [1718]. Here,
good knowledge of the sewer system is essential, since the physical
boundary of the sewer system [eg., depth of the sewer) and the
availability of a power source can disable a sampling campaign
(eg., when an autosampler is used ower an extended period)
| 19,20]. Also, obtaining an adequate compos ite wastewater sample
using an autosampler becomes an issue, since a small and
inconsistent wastewater flow may prevent subdivisions of the
composite samples frombeingobtained, such as during times of no
flow [21].

Moreover, low and inconsistant wastewater flow makes it
difficult to measure wastewater flow, which is needed tocaloulate
drug consumption estimates. In such cases, the flow rate can be
estimated from the monthly waterhbill obtained for a spedficsite. IF
no leakage is assumed, the water used that month is drained as
wastewater from the sampling site. The average daily wastewater
flow can be calculated by dividing used water {read from the water
hill} with the mamber of days in the month. However, caloulating
the flow this way intmduces uncertainty into the consumption
estimates, since wastewater flow can vary from day to day. When
sampling at source in a site-specific situation, a higher content of
solids, namely sanitary tissue, feces, and solid waste creates
additional problems such as dogging of the autosampler |22].
Solutions to this problem include installing a solids separator and
adapting the autosampler to operate with compressed air |23 ).

Typically, 24-h compaosite samples are oollected in studies
assessing drug consumpton in the general population |13,14].
However, when sampling wastewater at spedfic sites, sampling
intervals have to be frequently adjusted (Table 1). For instance,
Zuccato et al. |24] collected samples during an 8-h school day,
while others mollected 2-h composite samples |23,25], hourly
samples to study time-dependent use pattems | 26], and samples
collected over an extended period (72-h composite samples) at
sites with limited acress | 22,27 28). For estimating drug consump-
tion during spedal events, 24-h composite samples are commonly
collected (Table 2) while grab sampling, which is not recom-
mended because of its inability to apture high intraday variability
of drug excretion, has rarely been applied [29-21). Tables 1 and 2,
list the three most common autosampling modes: flow-, volume-
and time-proportional, which were used to obtain composite
wastewater samples in specific catchments and during special
events. Flow-proportional sampling is used to overcome flow rate
variahility |27] and thus is recommended as the maost suitable
sampling mode for collection of wastewater samples in small
catchments. Several site- and event-spedfic studies have used
volume-proportional sampling, even though it does not provide
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Table 2
Owerview of WEE applications for monitoring drug eymsumption trends during s pecial events.
Special event  Country Population Sampling period Type of raw Sampling location and Target drugs Referenca
wastewater type of ampling
samiple
MUSK FESTIVALS

Largest music  Slovakia a) Pohoda Pestival - a) 12-13 July 2013 24h a) Trentin WWTF Micit drugs [E=1]
festivals in mubticultural festival (near b)) 30-31 August 2013 compsite inchuding contents of spedal (@nnabiz, AMP.
Slovalda Trentin) samiple e T BAAKLP BALIMAA

m‘dﬁ‘mgs (plus cmvntrol samples one l'imle propartional sampling (00
(47 000 inhabitints wesk kater) ) Fieffany WWTP

inTren&in) Time propartional sampling

b Lodenia Pestival - folk {(15-min ingervals)

and country festival (near

Pt amy)

10 (00 atendants (35 000

inhabitants Pisftany)

Anmmual music  Australia a) fistival 2010 Musicfestival 2000 and 2011 24-h Omne-site WWIP (rrswed icit drugs 48]
festival I tisaioad QUMD attencants  Ome week i summer compasite wasewater only from the (@mnnabis, (OC
{indudes a Additiona lhe In 2010, samples  sample fistival) AMF, MAMF,
wide range of In total 88 600 attendants  were mlleced in o nearby a) festival 2010: MCWEA)
arts and wrhan area mg %whg side  NPSs
attendants af (=250 000 in hahitan i) - (MEPH,
different ages . X ety
k) Flow-propartional sampling  benzylpiperazing)

7 masic The Czech  a) Gulis Fest (Valafske several days before, during 24 Wastewater from Micit drugs 141]
festivals Republic Mzt ) - country/falk and after festinals compasite WW TP of cities where (@nnabis, AMF,
with amd musc samiple festival s toak place BAAKLP BALIMAA
different Slvakia b)) VanDaal fest (Zubri) - (inchuding portabile toilet (D¢ HER, 1SD)

TUSC genre eetal mnsic Contenis ) HP%s
preferences ) Grape Festival (FieSfany) Time-propartional sampling  (MOEA, MBDS,
- dance masic {15-min ingrvals) IKET, cathinane,
) Topfest (FieStany) - pop/ miephedrane]
rock music Opiaids
) Gypsy Fest (Bratislova) (00D, MTHD,
) Skalicke dni (Skalica) - Py
k- genre masic
£) Pohoda Pestival (Trenting
= papfrodk music
8 000-20 000 festival
attendants
14 00045 000 inhabi tants

Music day France 2 W 9 mmeative days 244 2 WWTPs in Bordesux Micit drugs 142

=vent ahout 500 000 inhabiants  a) 15=23 June 2N7 compaosite Flowsweighted sampling (0DC MDMA,
(induding music eventon 2l samiple {6 times per howr) @nnahis )
June)
B)17-22 May 2018

Twa Metherlands 300 000 atend ants 9000 Samples mllected befare 24h Amesterdam WWTP NPEs [43]
A erdam inhahiants amnd during the festival compesite Flow-propartional sampling (560 different
et [ Amesbercamij {Thursday bo Sunday in samiple HP%s)
festivals Summer 2012 and 204)

The youth Taiwan GO0 000 atendants During the week of the Grab Mamwan and Kenting Micit drugs [30]
festival - youth festival (1-7 April  samqile W (cammabis, AMP,

Spring 20m) MAMP, MDMA,
Loream (O, HER)

NPEs

(KET, PEFH, GHB)

Music festials  The Caech  a) Gulis Pest (Valafské a) 18-20 july 2014 24h Wi TFSs of cities where the  Tohacco 44]
with Republic - countryfalk ) 16-18 August 24 compasite festival took place
different and s €) 1516 August 3n4 samiple Time-propartional sampling
music gerre Skwvakia b)) VanDaal fest [ Zubii) - d) 26-28 June 204
preferances metal music &) 8-9 August 24

) Grape Festival (Fieft'any) ) 20-21 September 214
= dame= music

d) Topfest (FieStany) -
Tockmetd music

&) QHEI Fest (Bratislava)

) Skalické dni {Skalica) -
multi-genre music

Music festinal  Spain E‘&i 1500 000 4- X0 March 204 24h 3 WWTEs in Vadencia oty Aloohal 45]
{Falles 1 tants (Fallas festvity: compasite Mo data aboutsamplingtype
Jestivity) (Valencia dty) samipile

Largest Spain a) Music event a) Music event 24&h Beniasim WWTP Micit drugs 1496]
Spamish and ﬁmjﬂﬂ Ome week in fuly 2008(the  compasite  including ntents of (@mnahis, AMF,
European on I7-20  sample partable toilets SAAMP, MDMA
anmual pop, ﬁ&iﬂ:ﬁmta ke Time-proportional ampling 00
rock and 15 564 inhabitants estival {1 Levery hour) MRS

(MDA, MDEA)
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Special event  Country Paopalation Samipling period Type of raw Sampling location and Target drugs Referenae
washewater type of sampling
samiple
electranic {fone week in Juns and jany-
festivals ary 2008)

The graduaes” Norway 50 000 high schoal Year-lang ampling in 2010 Pxsive From the large gravity Micit drugs 1471
celehr ation - graduatss: (sampling period during the  sampling tunnel tube system before  (AME MAMF,
Russ 500 000 inhabitants (Oslo)  festhal 2) (Polar W TP of (slo MDMA, (OC)

arganic POCE were replaced every
chemical two wesks
integrative
samplers,
POCE])
Strest prade  Switzerlmd 600 000 atendants ) Stre et parade 24h Central WAWTP Zurich Micit drugs J28]
[ Shplemminee SEE compasite Flow-proportional sampling  (@nnabis, AMP,
Sl drgifi=r the event  sample MAMP, MDMA,
(Sunday) 00, HER)
Opiaids
(00D, MOR,
MTHDY
HOLIDAYS

Chiris trmas Croatia Zagreh a) holidays 2H2-2(13 24h Central WWTF Zagreh Micit drugs %]
haliday (628 163 inhahitantx) 1 hﬁ_ﬁiﬁm compesite Time-proportiomnal ampling  (AME MOMA,
seman m == sampls {15-min ingrval) C0C HER)

Opiaids
(A0 Decrmber 20133 Janu. (MIOR, MTHD)

Chiris trmas Australia a) whan area Batdgp) 24h Urian area and vacation Micit drugs (48]
‘haliday (250 000 inhahitants ) (23 December 2010-3 Compasite anea: (Cammnabis, MAME.
sexman b)) semi-rural area January 2011) sample Flowe-proportional sampling  MDOMA, (OC)

{120 @090 inha bitants) normal Semi -rural area:
) varation area (26 February-3 March 2011) Vohme-propartional
{1700-2 200 inhabitants) sampling

Independence. LBA 2 communities a) Independence Day cele-  24-h 2 WWTPs in Western Micit drugs [5a]

Dary 2017 A: 20 000 inhabiants bration (30 juns-& july) compasite  Kentucky (@nnahis, AMF,
The 2017 B: 25 000 inhabitants b} Total solar eclipse abrer-  sample Time-propartional sampling  MAME MOMA_
salar edipse {40 Zof the B community ane vation day (H-22 Au- {15-min inirvak) o

The first professors and shudenis) must) HPSs
wesk af an ) the first week of 3 a@- (MDA, MDEA)
academic demic (=17 Au- Opaaids
seErmsster, ot (| MO, MTHD )
2am ) typical week (26 julp-1
August 2017)

a) Memorial LEA - New  a) Morth River W TP: Samplingondays beforsand Onetime 5 WWTE Micit drugs [31]
Day 588 772 inhabitants after major halidays in 2016 grab No data aboutsamplingtype  (AME MAME.
b2 of july b Hewton Cresk WIWTE: Memarial Day samples MDMA, (OC)

] Labor Day 1 068 012 inhabitants {27 and 31 May 2015) hetwesn NPSs

d) New Vear ) Hunis Point WWTP: fdjl]y{hmdSM?.ﬂGJ 800 amiand (MIDA)
& inhal I Lahar Day (2 and & 11:00 am Opiaids
d) Tallman bsknd WAWTP:  September 2016) (0D, MOR,
410 812 inhabitants MNew Year (30 December, MITHL, fentamyl)
el dca WAA TP 3 jamuary 2007) Tohacca
728 123 inhahiants

a) Chinese China WW TP in Guangrhou 8 weeks 24h W TP in Guangzhou Micit drugs 5]

Spring No data about the o 3 maonths X17: compeasite Mo data sboutsamplingtype [AME MAMP,
Festinal population T amary sample MDMA, (DC)
) National 23 January-5 Pebnary HPSs

Day {induding Chinese Spring (KET)
Pestival) Opaaids
9-22 May (C0D, MTHD
27 Zepiember-12 Ocinber
{induding National Day)
Camnival Brazil A North-Wing WWTP: 8 @mmetive 24h 2WWTPs Micit drugs 152]
145 000 mhabitants () May 20176 june 2017)  composite  Flow-proportional a [{islal
A South-Wing Camnival day sample sampling
Wi e (12 February 2017 )
525 000 inhabitnts

Easter holiday  France 70 000 inhabitants 84 consecutive days 24-h WP Micit drugs [53]
{inchading (shudeni pressated (21 March=11 June 20%; compeasite Flow-proportional sanpling  (AME HER (OC
the ~2) Zof the towml populaion) scept on 31 March) =ample 50 mizvery 20 m? of annahbis, MDMA)
Exami nation Influmnt) Opiaids
periad at (0D, MOR,
uTHveTsity MTHD, BUP)
and end af
umiversity
year)

Croatia a) Zadar a Zad- Micit drugs 154]

[ AME MIDMA,
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Tabde 2 | Gonginued)
Special event  Country Population Sampling period Type of aw Zampling location and Target drugs Referena
wastewater type of ampling
sample

Summer (64 324 inhabini - aff-ssasan 24h WAWTP Zacar 0C, HER)
tourist 415 i of papulation - towrist season (21 compesite  Time-propartiona] sampling Opiaids
Sezean o e ) July=1 August 2013)  samiple {15-min ingrval) (| MIOR, MTHD)

) Fagreh
{688 163 inhabitants)

Summier Karea a) WWTP 1: m@%m 24-h 3 WWThs Micit drugs 155]
Taliday semi-rural area compasite  Time-proportional sampling  (MAME MDMA,
sexman b) WWTPF2: residential area  main haliday period ) samiple HER)

) WWTP 3: 1-3 August 213 HPSs
waration ares (in the peak (MDA, MDEA
Mo data about the Holiday period) meperidine, KET)
populatian 12-14 September 2013 Opiaids
{after the main haliday (00D, MOR,
periad ) MTHD, BUE
fentamyl)

Summer ltaly a) WWTP 1 Fando Marche November 2015 24&h 2 WWTPs in Palermo Micit drugs 156]
haliday Verde: (with the sxception of May  compasite  Nodata aboutsamplingtype  (annabis, MAMF,
seman 35 000 inhahitanis and August) samiple MDMA (OC)
(coincding b) WWTP 2 Acqua dei HPSs
with school Corsamni (MDA, MDEA)
halidays ) 340 000 inhabitants

Chris tmas Australia a) WWTE 1; 19 December 2018-1 24h 4 WWThs NPSs 157]
Taliday b WWTP2: January 2078 compesite  Flow-proportional sampling (21 NP2s in total)
Eman CIWWTF 3 samipls

o) WWIF &

a) Christmas Australia South-East Queensland 7 mmeaitive 24h WW TP located in Alcohal I58]
Taliday FITE] days in every sscond month composite South-East Queensland
Eman 105 532-106 788 {February April june, August, sample Flow-proportional zampling
b} Australian inhahitnts ctober, Decrmber) 2012«

Day 2(16: 2007

107 037108 292 a) Christmas- New Yexr
inhabitnts holiday
2m7 {21 Derember-31 jamary)
108 542109 294 5016
inhahbitnts MNRA017

b} Australian Day

(26 jamuary)

SPRTING EVENTS

FIFA Sacrer Brazil 68000 people per game anly  a) tina ws Belgium 24h 2 centra WWTPs Micit drugs [53]
World Cup inside the stadium uw compasite  Flow.propartional [AME MAME,

700 000 inhabitants 1B e AL sample MDA, COC)

(served by 2 WWTPs from NPSs

Brazilian Federal District) (21-22 April 2012) { MDA, MDEA,
MEDE)

Natianal LEA Not reporisd a) Eer Bowi] 12-h WWTP Micit drugs [sa]
Fooghall [ /] composite  Time-propartional (@nnabis, AMP,
League’s - sample MAME, MDMA,

Super Bowd (7=8 March 2010) 04, HER)
NPis
(MIDAY
Opiaids
(MOR)

Foottall game  LEA a) Umiversi During weskends on which Grab a) Liniversity WWTE Micit drugs 23]
at the - Fall samecer: 18800 sty foothall home games wers  sample wmw (AME: MAMF,
university denits held: reservaoir | MOMA, (DC,

= During foathall - Friday (befare the game) HER)
gm0 (00 aten - - Saturday {during the Samples colleded using 2 wpgs
dants (depends an the zame) pump (MDA MDEA,
game held) = Sunday (after the game) PCP)
b)) Gty af Qxcfard Opiaids
Mamegame days (€00 MOR,
(20 500 inhakbitants) (Two Wednesdays, hefans MTHL, fentamyl)

AMP = amiphe tmine, BUP = buprenorphine, OOC - ncine, ODEEEREGHE - gamm=hy dnocy buty rate, HER = heroin, KET = ketamine, LS50 = lysergic add diethyl amide,
MAMFP - methamphetamine, MBDE - 34-methylenedi mo-N-methy Futanphenamine, MDA = 3 4-methy lenediocyamphetamine, MDEA = 34-methylenediog-N-
ethylamphetamine, MDMA = 34 methylendiodmethamphetamine, MEPH = mephedrone, MOR = morphine, MTHD = methadone, PCP = phencychidine, FEPH -

mEeudosphadrine.

accurate avermges of analyte concentrations since individual

samples ame not comected for wastewater flow [10,19]. In this
resped, volume-proportiona sampling is similar to time-propor-
tonal sampling (constraint frequency and sampling wolime],
which is frequently used in sitespecific studies [19].

A critical factor, when time-proportional sampling is used, is
sampling frequency | 19,20], and the main parameter dictating
sampling frequency is the variability in the number of pulses, eg.,
toilet flushes | 10,19] At spedfic sites, suchas prisons and schoaols, a
high sampling frequency is essential because of the low number of

123
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{verview of the reporied biomar ker concentrations and estimated drug consumplions in site-s pecific settings.

Concentraton (ngll)

Comsumption Reference
(megldayi1 000 inhabitants ar
mgiday )

EDUCATIONAL INSTITUTIONS

[Educational institwtion (rangs)
ar dass session

THC-COOH: ND=1771

AMP: ND-130.4

MDA: ND=17319

MIDMA: ND=3 2660

BE: 1910

O 24-138

00 ND=T1.4

M3G: ND-d19

G-AM, MOR: ND

Dorms tﬂeh
THCOOOH: 30-2 413
THC 22-2 000
AMP: 30-5 956
MAMP: 26-56
MDA: 348°
MDMA: 30*

HE: 4350

OO 24-184
e 77

EDDE: 30

O 14-4981
MOR: 21-217
GAM_ HER, 15D,
MDEA, MTHD: ND

g-mm
Fall semester

T wesk, 10 = 41

Midterms: 480 = 16
Post-midterms: 310 = 3.6

Postermid termes: 65 = 51
Finals: 110 = 50

ol

Ho data an AMF mncentration
Additional information:

Average AMFP concentration normalized for creatinine - ng AMP/mg creatinine:

Fwed: M=7
Midterms: 240 = 60
Finale 111 = &
Mat applicable

ities where schooks were located (range)
Turin

THCCOOH: 148-294

BE: 22-147

0 34-241

MIOR: 58302

GeAM: 39*

Finals Week
THC-(O0H: 44-3729
AMP: ND=1516

BE: 12-347

00C: 25-46

00D ND=256

MEG: ND-5655
MIOR: HD-431

(dhEmE trﬂ)
THC-00{0H: 152=1 373
AMP: 195-3 N7
MAMP: 20-783
MIDMA: 79-108

BE: 13-1 214

0 20

C00: 43575

MOR: 23-491

Ge=AM: 457

THC, OOE, EDDF, HER,

LS00, MDEA, MDA, MTHD:

ND

“one oorasion

semeshe
T ek 810 =
Midterms: W0 = 58
Post-midterms: 650 = 2.5
Laxst week closses: 510 =
63
Finale: 2100 =39
1stwesk: 75 = 51
M dtermes : 120 = 51
Post=midberms : 110 = 50
Last weeek classes: 190 =
50
Finals: 570 = 51

¥emna

THC-000H: 121-255
BE: 3-74
COC:13-22

MOR: 14-216
Rome

MNaples
THC
CO0H:
0108
BE: 12-1
Er

mgjday (2]
Educational institution (all

= AVET:

S mEg

AMP: max 3.7 mg

mg/day1 000 peaple 2]

Dorms | average)
ZmnaEE:E'IE: =M 875
AMP: Ga0 = 930

COC: man 280

HER: &8

Lampus (ramge )
Cannabis: 1 587.5-5750
AMP: 81-294

00C: 10=20

HER: 54-192

Nat applicable [22]

Nat applicable 28]

00 N [a3]

(average)

ﬁ: 12
MDMA: 88 = 35

O0C: 551 =49

HER: 474 =132

O 50 =4

MOR18=3

MTHLD: 72 =38

mg/day/1 000 pemple 124]
Classic scientific or artistic
education (range and
median]

Cannabis: 663-2 89301 201)
C0C: 52187 (45)
Profesional or vocational
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Tablle 3 | Continued)

Concentration (ngil) Comsumiption Referenoe
(mgfday/1 000 inhabitants ar
mgeday )

“one oorm sion THC-00H : 14436 OOCT = cd.ucj:b\ntrﬂ and

Milam BE: 261 145 me dian)

THCCOOH: 37-147 COC: ND-2.5 Bolggna  Tanmabi: 49-1 062 (106)

BE: 57-3 516 Haorence THL- COC: =71 (0.6)

00 23-421 THC-O0H: 0<165 COOH:

Palerma BE: ND-14 ND-8.7

BE: 4-205 COC: ND-3.8

THCACOOH: 7-40

AMP, MAMF, MOMA, MEPH, KET never datected in any of the school samples

University The capital Mytilene Villages  1licit drugs 124]

[mnge and average) [range and average]  [mEnze  mgldayl 000 people.

THCCOOH: <X1-329 (169) THC-(DOH: 49.5-902 and (range and average)

MM A, BE COC: <1 [y ) average)  Lmiversity:

EtS: <1 700 MIDMA: <1-62 (32) THC- camnabis: 50-220 (100}

EME, AME MAME MTHD, EDDE 5-AM, MY{E, butylone, sthylone, mathylons, MPA, BE: =1-375 (24) COOH: Myt lenee:

FMMA, PAMA, MEPH, MDPV, KET, DHNK and nor-KET were not deterted in any of the 00C: <1-7.5 (3.9) D 5 cannahis: 2 400-3 400 (2 800)

samples. EfS: 2190-12 243(5243) 50.0 MDMA: 02-22 (1.2}

(34.9) COC; 5-33 (A5}

MDMA,  Village:

BE COC:  camnabis: 6001700 (1 200)

=1 Alwhol

BS: 2 mldayfl 000 people

I16-7 (range and average)

a4 University: averags 30

m3) Mytilene: 2 2-112 (54)
Villages: Alcohal: 1.7-22 (14)

PREONS

Frison 1 Frison 2 = building Frismm 2 = mgday1 000 people [35]

[ or e) Alrange oraverage] building B All ampling sites (range):

THCOOOH: 347 -3 152 THCOOO0H: 1021=8 o Cannabis: 24 000-94 000

HE: 970 200 %ﬂ' COC: 90282

EDDP: 51-353 BE: 1083 THCACOOH:  MTHD: 2851 N7

MOR: < 100 MIDMA: 21226 636 250

BUP: <100 MOH, MEPH, 4-MEC:  BE: 292

MM A, MEPH, 4-MEC: ND NI MIORLA

EDDP: 3138 507 BUP: <L
MR,
MEPH, 4-
MIEC: ND
EDDP: 51—
(1

Prizon (average) g /day/l 000 people (range [ 36]

THCACOOH: 116 = 52 amed average |

THC 67 =50 Cannabis 375-2 B3 (290

AME: 97 COC: 100-210 | 304)

MAMPET = 66 MTHD: 16775-7 060 (3 300)

MDMA: 61 =44 EPH: 875-3 1875 (1 150)

BE: 556 = 291 HER, MIDMA, AMF, MAMP:

128 =9 sparadic uc

6-AM: 63 = 37

HER: 165 = 186

MTHD:S 704 = 1424
EDDF: 9 262 = 2 288
MO 1 346 = 583
IEDOH: 22 =9

LED: 56 = 62

EPH: 3745 = 2783
THCOH-norlSD: ND
Prison

BE: =40

@ <10
P‘ﬂmdnE)
THCCOOH: ND-0.04
AMEP: 0.0M 0027
MAMP: Q05025
(0D 2.98-440
MOR: 09-028
MTHD: 0L35-1.79
EDDP: 057-124

KET: 00170043
mar KET: (L0071 - 0004
Prison

THCCOOH, THC MDMA, BE COC. MDA, MDEA,
MEPH: < LOGQ

g jday/1 GO0 people (range) [ 25]
MAMP: 180-950

g jday (range) 137]
Cannahis: «<638-1 206

MAMP: 25-120

COD: 5110-9 045

g day (range)
MAMP: 2-319
COD: 1077-12 15
KET: ND-1407
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Table 3 [ Conginued)
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Concentration (ngll) Comnsumiption Referenas
(mrug/eka/1 000 inhabitants ar
gy |
MTHD: 50-3 852
BUP: 3¥1-6 243
Methylone: 537*

“one ocrasion

OTHER SPECIFKC SITES

Fitness centres (range) Hat applicable 23]

AME, =2-2 35

MAMEF: <2

MDMA: <2-93

EPH: 97-5 873

4 Dutch cities Hot applicable (27

{range and mean) frnge]

THCOOOH : <33 THCCO0H: 73-289

AMEF: 51=115 (81) AMEF: 40-1779

MAMP: 1617 (17) MAMEP: =15

MM A: 1685 (58) MIMA: <12-241

HE: G59-2 933 (1 472) HE: 260-3 701

g TN 457 (559) 0 87-673

GAM: <19 GAME: <19-T3

MACHL: o360 MIOH: <360

MITHD: =45 MITHD: <45

0D 336894 (536) 00 73495

ET: <10 ET: <10-34

NI - mot detected, 4-MEC - d-methylethcathinone, §-AM - -acetylmorphine, AMP - amphetamine, BE - benmylecgonine, BUP - buprenarphine, COC - cocaine, 00D -
codeine, (0VE - cocasthylene. [HNK - dehydronorketamine, EDDP - 2. ethylidene-15 «di methyl- 3 3diphenylpyrrolidine, EME - ecgomnine methyl ester, BPH - ephedrine, BS -
ethyl sulfate, HER - herain, KET - ketamine, LSD - hysergic acid disthylamide, 1SD-0H - 2 -moo- 3-hydrox y-tysengic acid disthylamide, M3G - morphine-3-glucuranide, MAMP
- methamphetanine, MDA - 34-methylenedi oxyamphetamine, MDEA - 314 methylenediaxy-N-ethylamphetamine, MDMA - 3 4-methy lened iocymethamphetmine,
MDPY - methyl ened ooy yrovalerone, MEPH - mephedrone, MOR - morphine, MPA - methiopropamine, MTHD - methadone, MXE - methoxeamine, nar-KET - nar-
ketamine, norlSD - N-demethyl-lysergic ackd disthylamide, PMA - 4-methoxyamphetamine, PMMA - 4-methagymethamphetamine THC - etrahydro@nnabinal,
THC-CO0H = 11-nar-A9- @rbomey-A9-tetrahyd rocarmabinol, THC-0H < 11-hydraxy-A9-tetrahyd rocannabinal .

pulses. In such ases, the optimal sampling frequency should be
determined using a preliminary dye tracer test |[22,37] or by
analyzing flow dynamics [24]

The primary source of uncertainty in sampling, which can
exceed 100 %, depends on catchment charaderistics, mode of
sampling, and sampling frequency [10,29]. Burgard et al. |22] are
the only group so far to determine sampling uncertainty connected
with at source sampling (e.g. dorms) by measuring mass loads of
creatinine and a human urine marker in wastewater. The authors
surmise that since excretion, and consequently the mass load of
reatinine, is assumed oonstant, the calculated deviaton in
measured loads is attributable to sampling uncertainty, which
was 31 & Others have also determined creatinine levels [22 28 31]
but in order to account for population variations and dilutions.

Passive sampling can be used to overcome autosampling issues
(e.g., varying wastewater flow, missing pulses - toilet flushes,
power requirements | [19]. Passive samplers, such as polar organic
chemical integrative sampler {POCIS), have been applied in WEE
studies of the general population [47) Their application is,
however, limited due to practical challenges, eg., dogging and
difficulties in determining uptake rates |[19] To the awthor &'
knowledge, passive samplers have not been used in site-spedfic
WEBE studies, althoug h POCIS was used to monitor illicit drugs and
their metabaolites in wastewater during the Morwegian “russefeir-
ing” or “the russ” celebrations for high school graduates [47].

To summarize, in site-specific studies flow-proportional
sampling mode should be used to overcome variations in flow,
while for time-proportional sampling, the sampling frequency
should be optimized (using dye trace test or similar) to minimize
the chance of missing wastewater pulses (e.g., toilet flushes). Asan
alternative to activesampling, passive sampling can be used, but its
possible application in specific sites still needs to be explored. In
the case of event-specific studies, wastewater is commonly
collected at WWTP using standardized sampling procedures

performed by the WWTPs" staff. As such, the sampling procedure
is appropriate to address drug consumpton patterns during
special events, such as music festivals, holidays and sporting
events and needs no adjustment.

3. Applicability of WBE for smdying dmyg consumption patterns i
site-spedfic studies

WEE has been utilized to gain insight into lict and illict drug
consumption pattems in susceptible populations, namely adoles-
cents, prisoners, travelers and fitness users. Details of the sampling
strategies used and the data obtained are presented in Tables 1 and
3, respectively. The data are hard to compare since the data are
presented differently in different studies (eg. as concentration,
normalized concentrations, mass loads, consumption estimates),
while consumption estimates are made based on different
biomarkers (eg., heroin consumption estimated from morphine
or G-acetylmorphine ).

3.1. Educational institutions

Monitoring drug use is espedally important for preventing the
spread of drugs amongyoung people, incduding schoolchildren and
students. In Europe, data on drug use among teenagers derive
mainly from the European School Survey Project on Alcohol and
Other Drugs — ESPAD (15- to 16-year olds) |61] and the Health
Behavior in Schoaol-aged Children - HBSC survey (11-, 13-, 15- and
17-year olds) |62 . Inthe US, several public secondary schools have
considered mandatory dmg testing (MDT) of their students, but
such demands have so far been met with resistance by the public
because of the personal invasiveness of the tests [25].

To date, seveml WBE studies in educational institutions,
including universities |22,25,28,32-34] and secondary schools
|24], have been completed The focus was on opioid abuse and
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consumption of MPSs, while only one study investigated ethyl
sulfate, a biomarker of alocohol consumption (Table 1). Biomarkers
of conventional drugs (cannabis, amphetamines, cocaine, and
heroin j were present inwastewater from universities, as well asin
wastewater from secondary schools (Table 3). The data show that
cannahbis was the most commonly used drug being used almost
exclusively in secondary schools (cannabis consumption: up to 2
£93 mg/day/ 1000 people vs cocine consumption: up to 187 mg/
day/1 000 people). In contrast, biomarkers of opioids, such as
wodeine, morphine, methadone, and fentanyl were detected
sporadically although, in a US university, opioid biomarkers, such
as codeine | 32] and morphine-3-ghucumnide | 32 ] were present in
100 % and 98 % of the wastewater samples, mespectively. Also,
Gushgari et al |33] observed a high average consumption of
ooaine (551 + 49mg/day/ 1 000 people) and heroin (474 + 32 mg/
day/1 000 people, based on G-acetylmorphine) at a US college
campus (cannabis consumption was not examined) compared to
other studies conducted in educational insttutions, where up to
2B80mg of cocaine| day (1 000 people and up to 63 mg of heroin/day/
1000 people (based on morphine) were estimated to be consumed.
Among the NPSs, two LS studies |25.32] report the presence of 3.4-
methylenedioxyamphetamine (MDA). Ethyl sulfate {alocohol bio-
marker], although detected, was below the limit of quantification
(L0} in wastewater from a university campus in Greece [ 34]

Several groups also used WEE to correlate drug use patterns
with varying levels of stress during different school perinds
|22,25,28.32). Panawennage et al. [25], found that drug use was
higher during the final exam period compared to regular cass
tme, with cannabis consumption doubling during this period
Heuett et al. [32] also observed an increase in cannabis
consumption at the end of the semester, while amphetamine
consumption remained relatively constant In contrast, Burgard
etal.| 22 ], whoexplored the non-prescribed useof attention deficit
hyperactivity disorder (ADHD) medications such as Adderall
(mixed amphetamine salts, excreted in the wrine as 3040 %
intact amphetamine ) during periods of low and high stress, found
an inrease in amphetamine concentration during stressful imes.
Although sampling uncertainty was high because of the low
sampling frequency, the results revealed an eight-fold inrease in
amphetamine concentration, normalized for creatinine, during
times of high academic stress (final exams). Moore et al [28] also
reported that the use of Adderall increased durng high-stress
periods. In their study, up to a 3-times higher concentration of
amphetamine (normalized for creatinine) was found in wastewa-
ter samples during high-stress periods compared tothe first week
of dass. The results were in good agreement with results obtained
by a self-reporting survey, conducted in parallel, where the
number of people reporting the non-prescriptive use of Adderall
inreased by up to 4-times during high-stress periods.

Weekly consumption trends at a university campus wene
explored by Gushgari et al. [33] but found no statistically
significant wariation in the mass loads of opioids and 34-
methylendioximethamphetamine (MDMA) In contrast, higher
loads of amphetamine and benzoylecgonine (the main cocaine
metabaolite] were detected during weekdays and the weekend,
respectively. Also, Heuett et al. | 32] observed a higher consump-
tion of cannahbis and amphetamine during weekdays on the main
campus, which is probably a likely consequence of the higher
number of students present during weekdays. Annual variations in
dmg consumption in [talian secondary schools were explored by
Zucaatoet al. [24). They found up to a 20-fold increase in cannabis
consumption owver a four-year monitoring perod (20010-2013),
although morphine and cocaine use waried such that no time
consumption trends were observahle,

Differences in drug consumption between institutions offering
different educational programs, such as dassic, sdentific, artistic,
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wocational, and professional secondary schools, was also explored
by Fucrato et al. [24]. The data show that illidt drug consumption
is higher insecondary schoaols that offer dassic, scientific or artistic
education. For example, 11- and 75-times higher consumption of
cannabis and cocaine was observed in the former compared to
wocational or professional schools.

A pood agreement between a national survey and WEE was
reported by Panawennage et al. |25], both studies found that
cannabis was the drug of choice among adolescentsin the USA. In
comparison to the general population, cannabis (schools in Milan,
Turin, Verona and Maples } and morphine use (a school in Verona)
in Italian secondary schools was in the s=ame order of magnitude,
while the consumption of morphine (except in a school in Verona)
and cocaine was 40°% and 20 % lower | 24 | Lower consumption of
cannabis (100 mg/day/people] was observed on the university
campus on the island of Lesvos, Greece compared to two small
nearby villages (1 200 mg /day/1 000 inhabitants) and the capital,
Mytilene (2 800 mg/day/1 000 inhabitants] [ 34].

Despite the usefulness of WBE, its application to educational
institutions is not without its limitations, Le, smdents spend only
limited ime in school and may excrete drug biomarkers elsew here
|24.33]. Also, an individual's excetion profile may have a
significant effect on drug consumption trends and, therefore,
sampling for an extended period at institntions with a larger
number of students is desirable. In order to avoid bias, students
should be unaware of the research being undertaken, and even if
all of the purposed measures are taken into account, the data may
notnecessarily reflect drug use only among the students, since it is
not possible to distinguish between students and staff.

3.2 Prisons

Another site-spedfic application, where WBE can be of benefit,
is in evaluating drug use in prisons, where consumption has a
significant impact on inmate detoxification, treatment, reintegra-
tion and prison security |37]. In Europe, the prevalence of drug
consumption among prisoners is traditionally assessed by surveys
and MDT, with urinalysis as the method of choice |63 ] Accurate
dataisdifficult to obtain from surveys, while MOT is expensive and
may force prisoners to switch from less harmful drugs that persist
longerin the body, such as @nnahis, to “harder” drugs with shorter
half-lives like heroin, methamphetamine, cocaine, or opioids like
maorphine [37,62]. In contrast to the methods commaonly used to
estimate drug consumptionin prisons, WBE approach provides the
possibility of obtaining more ohjective data |25]. Also, it can be
performed without the prisoners’ knowledge and does not require
extra security measures |35). Similar to an educational institution,
an individual's excretion profile may affect drug consumption
estimates, while the contribution of employees and visitors to
overall drug consumption cannot be accurately determined [25].

5o far, most WBE studies of prisons foous onillidt drugs (eg.,
cannabis, amphetamines, cocaine | and opioids (eg., substitutional
drugs, suchas morphine, methadone, buprenorphine), while fewer
studies have looked at NPSs (MDA, 3 4-methy lenediooy-MN-ethyl-
amphetamine - MDEA, ketamine - KET, mephedmne - MEPH,
ephedrine - EPH, methylone and 4-methylethcathinone - 4-MEC).
The results suggest that WEE is suitable for detecting the use of
new substances in such settings (Tables 1 and 3). Substitutional
drugs were daily found in all of the prisons studied, while illicit
drugs and MNPSs were detected only sporadically or not at all
(Table 3). The occumence of illicit drugs in prisons {eg. cannabis,
cocaine, and methampbetamine), reflected that of a city or
counirywide demand For example, there was widespread use of
cannabis in French prisons and the geneml population [35] The
consumption of cocaine and cannabis was also regulady detected
in a Spanish prison and the cty of Barcelona |36, and as a result of
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its widespread usage in the general population, methamphet-
amine was frequently detected in Australian and US prson
facilities |26,37,38] Despite society perceptions, Postigo et al
|36] found that illicit drugs (eg. cocaine, heroin, and amphet-
amines ), except for cannabis, were onsumed less in prison in
omparison to the nearest major population (Barcelona).

Monitorng prescription drug use to prevent abuse is also of
concern, and several authors |35,37,38] compared methadone
lpads in wastewater with the amounts administered to the
inmates. In all three studies, there was an agreement between
the estimated and the administrated amounts. The results
sugpested little if any additional non-prescribed usage of metha-
done ower the monitoring periods. One reason could be the
difficulties in dividing liquid methadone since its distribution in
the prisons is strictly supervised or difficulties in smuggling a large
number of methadone tablets into the prison | 37 ). Also, caution is
needed when making such observations, since methadone
oonsumption was estimated based on levels of 2-ethylidene-1,5-
dimethy -3 3-diphenylpyrmlidine - EDDP (methadone metabo-
lite], the excretion rates of which can vary considembly | 37,38,64).
Thus, consumptioncan be underestimated (using higher excretion
rate = 55 %) or overestimated (using lower excretion rate = 3%] In
contrast, up to 5-times higher consumption of buprenorphine was
ohserved in comparison to administrated dose in the study by van
Dyken et al. |38], suggesting greater buprenorphine misuse in a
small regional prison in Australia. Buprenorphine is consumed
mostly in tablet form or as a sublingual film, which makes its
ooncealment easier. Other reasons indude the avaiability of
buprenorphine on the prison drug market, its increased usein the
wider population, and the exclusion of buprenorphine from
traditional prison screening pmocoesses. The levels of buprenor-
phine detected inFrench prisons is consistent with the proportions
dispensed by the prison’s pharmacy healthcare unit [35]

Weekly trends in drug use in prison were explored by Postigo
et al. [36], who observed an increase in ephedrine (900 to 1 425
mgfday/l 000 people from Tuesday to Sunday) and cocaine
(average working days: 280 mg/day/1 000 people, the weekend
average: 350 mg/day/1 000 people} consumption through the
week, In contrast, methadone consumption decreased over the
week (Monday, Tuesday: 4 350 mg/day/1 000 people, Sunday: 3
025 mgjday 1 000 people), possibly due to weekend permits of the
inmates.

A WBE approach is also a oost-effective alternative to MDT,
providing a more comprehensive picture of substance use in
prisons |26,38 | For ecample, in the study of van Dyken et al. | 38],
only a few of the drugs (cannabis, buprenorphine] were detected
by both, WBE and MDTs, while drugs, such as methamphetamine,
ketamine and methylone, were detected only by wastewater
analysis. Altematively, Brewer et al. |26] found good agreement
between MDT and WBE data for methamphetamine and cocaine
use. Methamphetamine consumption was confirmed, and cocaine
consumption was disproven by both methods.

33. Other spedfic stes

The WBE approach has also been used to monitor drug
wonsumption in public places, such as fimess centers and an
airport (Tables 1 and 3). In the study of Schroder et al. [23]
stimulants, eg ephedrine, amphetamine and MDMA were
detected in the wastewater of three fitness centers (Aachen
Germany), where the highest concentration observed was for
ephedrine (5 &73 ng/L). Another case is Schiphol airport
(Amsterdam, The Nethedands), where higher cocaine (1.3-times)
and codeine (L4-times) concentrations were measured at the
airport in comparison to measured concentrations in the city of
Amsterdam  |27]. At the same time, methamphetamine was
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detected exclusively in airport wastewater, suggesting a relation-
ship between its occurrence and international passengers. When
the authors compared the populations of Schiphol airport and the
city of Amsterdam and mass loads of drug biomarkers, a similar
consumpton pattern was observed. Also, weekly consumption
patterns for coc@ine (consumption mainly at the weekend) and
codeine (continuous consumption over the week) was similar
between the airport and the other four Dutch cities under
investigation (Utrecht, Eindhoven, Apeldoorn, and Amsterdam).
By utilizing WEBE, the possible presence of drug traffickers can be
shown at the airport based on the ratio of cocaine biomarkers
{oocaine/benzoylecgonine). For example, the cocaine/benzoylec-
gonine ratio (085} in one wastewater sample from Schiphaol airport
exceeded the proposed out-off cocainebenzoylecgonine mtio
value (0.75) from the literature |[G566] which indicates the
disposal of cocaine directly into the sewage system. One reason
could be drug traffickers disposing of the cocaine due to anxiety
before passing customs control, but this hypothesis needs to be
backed up by additional information |27].

4. Spedal events

Maonitoringof drug use during spedal events may act as anearly
warning system concerning drug consumption trends. Generally,
drug consumption during the event and control period (eg.
wastewater sampling during non-festival days, normal wee ks orin
places, where no event took place) are compared to assess changes
in drug consumption(Table 4). Sampling in both periods should be
carefully optimized regarding sampling protocol to make adequate
conclusions (e.g. obtaining representative samples) and time (e.g.,
covering normal days and days during a special event) or location
(eg., places affected by special event vs places whem no event
takes place ). In some cases, such as festivals and sporting events,
WEBE approach can underestimate levels of drug use since it does
not take into account people who urinate elsewhere (outside the
sewer systemyportable toilets), but their percentage is probahly
low and should not signifi@ntly affect estimates. An overview of
the available data for wastewater analysis performed during
special events is presented in Tables 2 and 4.

4.1. Music festivals

Several authors have studied drug consumption patterns during
music festivals [30,39-41,43-48], and show increased consump-
tion in comparison to non-festval days. Among illicit drugs,
increased consumption of cocaine |39,4146.44-48|. cannabis
|41,46] and in some cases also amphetamine and methamphet-
amine 47,48 | were observed during vardous festivals, but the most
extreme @se was reported for MDMA | 30,39-41,46 44—48). For
example, during the Pohoda Festival [ Trendin, Slovakia), there was
a ten-fold increase in MDMA consumption [39). In Australia in
2010, during an anmial music festival that attracts people of all
ages, a higher consumption rate of MDMA was observed during the
festival {320-4 600 mg/day 1 000 people) in comparison to that in
the nearby urban area (80-560 mg/day/1 000 people) | 40]. Also, an
increase in MDMA mass loads was observed during the duration of
the festival (14-imes higher mass loads on the final day in
comparison to the first day of the festival), suggesting an increase
in MOMA consumption over the festival period. At the same
festival held in 2011, the increase in MOMA mass loads was even
maore pronounced (final day: 510 mg fday/1 000 people, firstday: 15
mg/day /1 000 people) [40]. Mo difference in MDMA consumption
was observed during the Lodenica Festival (Piestany, Slovakia),
which can be explained by the higher average age of attendees in
comparison to the Pohoda Festival in Trendin, Slovakia (average
age: 30 years), where a 10fold inoease in ecstasy (MDMA)
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Table 4
Overview of the reparied biomar ker concentrations, mass laads and estimated drug consumptions during special svents.

{oncentratan (ngl)

M loads (giday) or
mormalized mass kads
(mg fday /1 000 inhabitants)

{omumption® (giday or mgkdayf1 000 Referenae
inhabitants )

MILSKC FESTIVALS

Pohoda Festival - Trendin
MOMA: average 298
BE: max 88

(O max 40

Lodenica Festival - Fieft-any
BE: average 24

MM A: <100

Mon-festival days - § WWTPs (range)

THC-COOH: 42740
MAMP: 73-G58
MIMA: 84-22
BE: ~46-124

(0 oh1-63

Mat reparted

Days arvund the ke stival | festival days

Piedrany [ Topjest:
THC-COOH: 22-56 | 65142
AMIP: <129 ] 45-75
MAMP: 208-255 | 411-648
MIDMA: <9 | 76159

O <512 ] <7-52

(00 34-110 [ 53-166
Pieftany | Crape Festivak
THC-COOH: 29,39 [ 38, 109
AMIP: 24, 26 [32 52

MAMP: 235, 240 | 286 455
MIDMA: ohd [ 16, 330

(O = | 5,159

0D 10, 20 ] 35,62

Skl [ S Bk dnd:
THC-COOH: 82,169 [ 62100
AMP: 22, 32 [ 22-44

MAMP: X2, 243 | 200-227
MDMA: A1) <82-78

(O B 58 5425
O 171, 541 [ 106251
Trendin [ Pohoda Fesithal
THCOOOH: 55,114 [ 159-412
AMP: <9 32 13343

MAMEP: 86, 227 | 244-165
MIDMA: 0L 173 [ 53 =207
O <43 24 [ 12-66

O 59,177 [ 81241
Zubri | VemDaal fest:
THCOOOH : 3461 [ 54-98
AMP: 1625 3452
MAMP: 267411 [ 457-616
MIOMA: 64 [ <64

Lo, & . N el

(00 9-43 [ 16-45

Valo Fskoé Mezirit] [ Culdf Fet:
THC-COOH: 72108 | 74-124
AMIP: 42-68 [ 69-90

MAMP: 439-681 [ 614-889
MDMA: <70 6.4-13.0

g day /1 000 inhabitants
Pohoda Festival - Trendin [average)
MAMP: 53

MIDMA: 29

Lodenic Festival - Pieftany (average)
MAME: 163

Mormal days - 8 WWTPs (range)

AMP: 2-26

MAMP: 16169

MDMA: <LOQ-58

g day 1 000 inhabitants
Annual music festival 2000 (range and average)

THC-COOH: 5 8-12 (16)
AMPA6-37 (149)
MAMEP:61- 270 (140)
MDA 29 690 [ 204)
BE: 28-93 (45)
13258 (35)
MEPH: «0.00M-19(13)
Methylone: 1.2-44(27)

T
. 7 T
AMP: 18-18 (88)
MAMP-51-67 (34)

MIDMA: 152510 (190)

BE: 62100 (37)

O 0312 (35)
MIEPH : <ALO0N =019 {07
Methylone: <(L001-96 (54)
g dhay 11 000 inhabitants
Days around the festival | festival days
Aeirany | Tapjest:
THC-COOH: 14-21 [ 15-43
AMP: <70-T1 J 10-23
MAMP: 80165 [ 93-198
MDMA: <23-58 [ <2949
OO0 <522 [ <744

(00 13-41 [ 12-51
Heramy [ Crape Fstival
THC-COOH: 16-31 [ 12, 36
AMP: 614 110,17

MAMP: 44-13G 849,151
MIDMA; <16-35 ] 5 18
0L <8-29 [ <7, 146

{0D: 5-88 [ 12,19

Sealica [ Scaliclks dnd:
THC-COOH: W, 31 j9-17
AMIP: 5.6 | 3-7

MAMP: 44, 45 [28-T1
MDA =15 <186 [ «12-13
(O =, 29 ] 2<12

(O 38, 98 [ 15-37
Trendin [ Fohoda Festhal:
THC-OO0H: W15 | 2052
AMP: <25 41 [42-55
MAMP: 24, 29 [ 31-34
MDMA: 2.8 22 | <07-26
OO <33 84 742.73
00k 15,16 [ 10-31

Zubri § VemDaal fesi:
THC-OO0H: X029 [ 22-40
AMP: 8212 [ W-21

MAMP: 158-13 | 189247
MDMA: <28-33 [ 2 2-26
O <3 =2-5

0D 5-20 | 7-15

Wolodsled Medritd [ Culdf Fest:
THC-COOH: 21-35 [ 19-25
AMP: 12-17 [17-19

MAMEP: 125-167 | 154-184

mglday/1 000 inbitants (3]
Pohoda Festival - Trentin (average)

00C: X

Lodenica Festival - Pieft'any

averane -

C0C: 3

Normal days - 8 WWTPs (average)

COC: max 141

mglday/1 8040 inhalbitants 4]
Coms of both festiva ks
{averame)

Camnahbiz: 1 400

MAMP: 366 {in 20101 91.5 (in 201 )
MDMA: 1340

COC: 145

Annual music festival 2000 (range )
Camnabis: 1 000-2 000

MAMP: 1525-7(5

MDMA: 320-4 640

C0C: 725290

Nearby urban areas 2010 (range )
Cannahiz: 2 200-3 200

MAMP: 21353575

MDMA: 50-560

C0C: 145-580

Mot reparted [41]
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Concentration (ngil)

M loads (glday) or

Comumption® (gday or mgiday/1 000 Reference

mormalired mass lnsds inhabitants )

(g fday /1 000 inhabitant)
O <86 [ <72 MDMA: <1521 [ <14=26
(O 1269 | 45=1246 O 2] £1=2
Cypesy Fest (Bratisava)™: 00 417 [ 11-26
THCOO0H: 944123 Cypey Fest | Brotislow ):
AMP: 44-64 THC-COOH: 18-24
MAMP: 594738 AMP: 7-12
MDMA: 13-46 MAMP: 101 -138
(0 196-193 MDMA: 2.4-78
(O 89175 O M6-91
All sitex 00 17-34
HER G-AM. LDE, LED-0H, MTHIL BUP, MDEA, KET,
MEDH, cathinone, mephe drons: <LOG
“nan-festival days wers not imestigated, dus to
filrein obtaining the wastewater smples
(flushing of the s=wer pipss)
2017 (mean) Mt rted mgiday1 000 inhabitants 42
wWwira: " 2077 (average all | Music day event) el
THCOOO0H: 319 =493 WATF 1
HE: 647 = 131 Cannabiz: 4614 = 1 368 [ 6 252
0 131 =70 MDMA: 50 = %6 j0
WWTE 2: 00 552 =184 | 572
THCOO0H: 256 = 59 WATE
HE: 968 = 537 Cannabiz: 4 384 =1 (81 /53
O 160 =72 MDMA: 51 =102 0
A8 (mean) O0C: 978 = 516 [ 855
WWTPE 1 208 javerage all)
THCOOOH: 451 = 48 WWITE 1
BE: 882 =188 Camnahis: 8 208 =1 530
(a4 gz e £ MDMA: 199 = 62
WP 2: O0C: 933 =10
THCOOOH: 362 = 134 WP 2
BE: 473 = 31 Cannahis: 10 005 = 4 209
0 127 2106 MDMA: 1242170

OO 725 + 453
During Youth festival |average): Mat applicable Not reparted [30]
MDA 940
Movn-fesbival | average):
N}

2 WWTPs (range and average]
AMP: 52-—84 (417MAMP: 90557 (164]MDMA:
<2413 (20700 <1
—52(14)
HER: =1
(00 2 207 -3 967 (3180)
KET: 8 033-138 000 (18 633)
PEPH: 12133-44 667 (22 300)
CHE: «<2-55(39)
0T ~ festival (mean) wday NI g/day/1 000 inhabitant [44]
Cypsy fest (Emsisknm): 2 495 0T - festival (mean) {odditiono Il information -
‘Crape Festival (Piestany): 2 600 Cypsy Fest {Braticlova): 182 cigarettes/dayT 000 inhabitoes )
Topfest ( Piekt'mny )4 127 Cmpe Festival (Pisitiny): 11 Festival (mean)

Shalické dni (Soalim)- 4 657

Van Daal fest (Zubii)- 3927

Culd £ Fest (ValaZhs Mezrii): 3 540
m‘l‘-m]g!ﬂmmﬁ
Braticlava: 2 (16

Pieft'any: 1093

Skalim: § 152

Fubii: 3 283

Vialof ks Mezriti: 2 485

25 - Fallas festivity (range )

Fnalb [ 9 S-1gasg
WWTPofFinedo I 4 000-9 830
WWTF of Quart-Benager: 7 160-10 710
E% - normal i ]

Pingda [- 1 260-14 900

WWTPof Finedo I 1 580-5 90
Quart-Benager: 2 000-7 170

Toplest (Pisttany): 54
Shoalické dni (Skalira): 15
VanDaal fedt (Fubdil 35
CulsE Fest (Valaf sk Meririi ;- ¥
0T = nawrmmal | e am
Bratidava: 775

Pistitany: 16

Shalim: 16

Zubii- 31

akafis b Misririli- 15

Mat applicable

TCypsy Pt (Brofskrva): 415 044)
Grape Festival (Piedtamy): 6(7 535)
Topfest (FieStay): 8 (10 442)
Skalické dni (Skalic): 5 (6 363)
VanDaal fest (Zubii): 11 (13 368)
Culif Pest ([ Valadsht Mezitit : & (6
q26)

Mon-festival mean)
Braticlwe 4 (4 863)

Pirgtany: 4 (5 025)

Shalira- 910 678 )

Zubii: 10 {11 929)

Vial sk Ml ziritic 5 (6 170)

m Lfdayfinhabitant [45]
Almhol - Fallas festivity (range)
Pinedo I: 13 36-23 81

Pinedo I 435-907

Quart. Brnager: 299-5611

Alavhol - namn-festival days (range)
Pinedo - 1111831

Pinado Ik 107-644

Quarnt- Benager: 331-1238
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Concentration (ngfl)

M loads (giday) or
mormalized mass loads
(g fday /1 000 inhabitants)

Comsumption® (giday or mgidayi1000 Reference
inhahitanis)

PUBLIC HOUDAYS
Mot repared

Mot reponted

WWTPA (mean)

typical week | Independence day observa
week (mean) | Tst week of the samnesior:
THC 221 [ 217 | ND
THCOOOH: 499 [ 275 [ 435
THCAOH: 1130 f 1620 622
AMP: 243 [ 184 [ 182
MAMP; G20 | 603 [ 577
MOMA: 197 [ 479 [ 236
BE: 276 | 254 | 228

O 105 [ R4S [ 796
mor-(0 257 (489 fa22
COE: 2000 [ 43.4 [ &57

HER: 224 | 859 | ND
GeAM: 224 554 N2
MOR: 161 [ 138 [ 110

MTHI: 434 [ 559 [ 279
EDDP: 166 [ 166 [ 979
MDEA: 192 [424 [6GAS
MDA: 268 [ 582 | 467
WWTF, (mean)

typical week | Independence day obsenvation
week [ Solar eclipse observation:
THC 381 7833 ] 652
THCOOOH: 505 | 562 [ 767
THCAOH: 176 [ 98 [ 263
AMP: 333 [ 248 | 517
MAMP; 1350 [ 1 200 [ 1560
MIOMA: <100 [ <100 | 653
HE: 987 [ 959 [1 200

QO 160 [ 197 | 2
mor(0 873 (493 [a54
OE: 939 145 [ 647

HER: NIV [ 385 [ ND
GAM: 542 | GG | 2.06
MOR: 141 [ 107 [ 193

MTHD: 42 [ 289 /554
EDDP: 137 [137 [ 204
MDEA: ND | ND [ HD

MDA: <100 [ 496 | ND
All WWTPs (range)
Memorial day:

THC: ND-328

THCOOOH: 13421 138
AMP: 37-2375

MAMP: 516-3421

MDMA: ND-817

siday

15t of January (New Year) 2018 and 2014

BE: 247 197

MIDMA: 62 [ 67

AMP: 42 [ 60

25th of Deember (Christmas | 2012 and 2013

HE: 166 | 130

Mot reponted

gy
VAT PA (meam )

Tymcal week | Independe nae day observation week (mean) |

Tst week of the semester:

THC: 312 379 | Not applicable
THC-COOH: 6 860 [ 2540 ] 7675
THC-OH: % 000 | 27 600 [ 11 000
AMIF: 3160 [ 3320 | 3060
MAMP: 10 G0 [ 13 G00 [ 11 200
MIDMA: 306 [ 874 | 154

BE: 3720 4 880 3930

00 1 580 71720 (1480
mor-C00: 448 11000 [ 192

OVE: 308 79T 15
HER: & 990 [ 41 200 | Not applicahls
GAM: 4 630 [ 11100 | 268

MR 1 550 [ 1800 [1 340
MTHL: 647 [ 1150 [ 527

EDDP: 2 640 [ 3790 [ 2 040
MIDEA: 234 | 706 [ 117

MDA: 397 [ 1020 ] 119
VAT FE (mean)

3
edipse observation:
THC: 788 /190 [ 1330
THC-COOH: 11 200 [ 14 700 [ 14 500
THC-OH: 3 860 | 2500 ] 4 980

AMIP: G 900 | 5920 8 780

MAMP: 33 200 | 34 300 | 31 500

MIDMA: Not applicable | Not applhicable [ 126
BE: 21100 | 23 500 [ 21 000

OO 3 680 5120 3730
mor-C0C; 255 (949 142

COE: 209 [ 258 [ 128

HER: Not applicabile [ 10 300 | Not applicable
GeAM: TH2 [ 1120 474

MIOR: 2 120 [ 1 910 | 2 400
MITHL:. 987 [ 209 [ 1 0%

EDDF: 4 580 /4230 /4330

MIDA: Not applicable | 126 | Not applicable
Mat reported

day ohsermtion wesk [ Solar

mglday/l G040 inha b tands %]
mormal days 2012 and 2013

HEE: 3= pag =51

COC: 13 =34 [ 61 = 27

AMP: 2427137 =1

MDMA: 36 = 17 37 =13

Cammabis: 717 1580 [ 10660 =2

116

MTHD: 267 =41 f 218 = 31

mgiday/1 0040 iniba bl tands 48]
haolidays | control period

| mandim )

Zemi-rural area;

Cammahis: 1 220 [ 1 480

MAMP: 142 [ 168

COC: 174 464

MIDMA: 112]12

Urbam area:

Camnalbis: 3 400 [ 1 400

MAMP: 427] 244

C0C: 537796

MIDMA: 3007 26

Vacation area:

Camnahbis: 1720 1 260

MAMP: 793 [ 61

CO0C; 748 j a7

MDMA: 1 40] &

mgiday/l 0040 inha b tands [50]
WWIPA (mean)
Typical week [Independence day
olserva onweek (range) | Tst weds

of the semester:
Cannabis: 62400 | 35 200-51 900 |
8 200

AMP: 526 [ 350-706 | 510

MAMP: 1240 [ 1060-2 500 [ 1 330
MOMA: 59 [ 439834 1247

OO 434 [ 287-773 [ 458

MOR: 2380 /13%0-3 340 [ 2 060
MTHD: 1100 [ 73-1 720 [ 844
MIDEA: 72 [ 323845 307
WWIFE (mean)
Typical week [ Indepe ndence day
wolserva tion week (ange) [ Solar
eclipse chsenation
Cannabis: 81500 /12000172000 1
TESONOAMEP: 919 [ 582-1 200/ 1450
MAMP: 3 090 [ 2 420-5 600 [ 3400
MDMA: Not applicable | Mot
appliable | 776

O0C: 1970 /1 250-3 240 | 2 280
MIOR 2 610/ 1 630-4 630 | 3 480
MTHD: 1520 [ 1 260-2 200 [ 1750

Mot reparted [31]
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Table 4 (Continusd)
Concentration (ngll) M loads (glday) ar Comsumption® (giday or mgiday/1 000 Reference
mormatired mass losds inhabitamis )
g [day 1 D00 inhabitants)

BE: 459.4-2 8111
O 141711407
COE: 4.6-403
GeAM : ND-17
MOR: 177.4-1 3745
MTHD: 128-270.3
EDDP: 32-5323
COD: 219-2083

COE: 31-463
=AM : ND-12
MIOR: 148310960
MTHD: 92-250.4
EDDP: 23 6481
@O0 208-1717
MDA: ND-353
nomfentamyl: WD
Pentamyl: ND=59
OT: 3068-13731
Labar Day:

THC ND-241
THCOOOH: 856-1 4519
AMP: 21-20837
MAMP: 43193678
MDMA: ND-1168
BE: 5172-2 456
C 22.7-7801
(OE: 56-363
=AM : ND-64
MOR: 1458-9186
MTHD: 136-2053
EDDP: Z36-4426
OD: 278-2194
MDA: ND-256

COT: 3449-1 3508
New Years Day:
THC ND-333
THCACOOH : 1430898
AMF: 15=1672
MAMP: 216=3722
MM A: ND=187
BE: 473 5-2 M43
OC W41-7836
OE: 4.7-426
G-AM: ND-188
MOH: 1498578 5
MITHD: 121-157.4
EDDP: 26.8-2672
o 2931512
MDA: ND-511

Concentration normalized for oreatindne (ngfmg
creatinine)

= all WwThs:

Memorial Day | 4™ july | Labor Day | New Year's
(ramge ©

THC 12-304 [5.3-343 [91-108 | 3123
THCCOOH: TPR7-13548 [1726-6812 | 775-2
20 [ 200-6308
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Table 4 (Confinued)
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Concentration (ngil)

Mass 'Iu.it:h (gfday) ar

Consumption® (giday or mgiday/1 000 Referene

normalized mass knads inhabitants )
(mg /dayfl D00 inhabitants)
AMP: 257-2651 [ 328-2609 | Z18=1671 [ 129
1257
MAMP: T7.4-3099 [341-2836 [ 2733 W 6] 157~
3405
MDMA: 591251 [ 111=622 [ 732238 [47=
1676
HE: 389 6-394712 [ 6049-2 8861 [6448-33468
JaB14-21329
OO 9241 613.4 1184 2-7 8148 [ 19811 1181
155382913
(0E: 6.6-57 [ 19-517 [91-456 [ 58-221
d-AM: MDY, 8.6 J8 254 /4894 |52 1641
MIOR: 1847- 19427 [1519-1 215 [1782- 14349
JE27-6748
MITHD: 19.6-361.2] 2342905 [ 28 2- 323 8] T3
1351
EDDP: 49-6559 | 599558 [ 496981 [364-2294
(00 315-29406 [ 439-1992 | 416-3211 [ 342~
132
MDA: 2.7-13.4 [42-248 | W-374 ] 58-266
mor-fentanyl: ND [ ND [ ND | ND
Fentamyl: ND [ NDL 5.3 f ND [ ND
COT: 2001-2 0751 [ 2623-1593 [ 267 [ 16274
187.6-509.8
Cuangrhou {average) Mot reported mgday1 000 inhabitants 5]
AMP- 170 =103 Cuangzhou (range)
MAMP: 1456 = 003 MAMP: 1474707
MDMA: 12 =19 MIOMA: 1.7-184
BE: 198 =138 COC: 189-85
(Ol 48 =24 MTHD: (L6-26
KET: 286 =156 KET: 6496737
morKET: 89 = 59 O 1818
Morth Wing (range) Mot reported o I52]

BE: 1598 = 127-5 920 = 208
OC 535 = 58-1 502 = 144
(DE: 59 =13-188 = 34
South Wing (range)

BE: 1599 = 106-8 559 = 141
O G35 = 79-1943 = 40
COE: <H{L0D)-155 =14

%emi-rural area (range)
AMP: 235483

MAMP: 3753-53132
(00 733-2527F
Meperidine: 0L48-073
MO <004
Residential area (range )
AMP: 2 32-564

MAMP: 25 80- 2160
(00 3721423
Meperidine: (1L41-0.74
MIOR: 3 25511
Vacation area (range )
AMP: 181 465

MAMP: 18.01-4708
(00 264-1197
Mependine: (137-184
MR ND-54

Palermo - all study period (range and aversge:
THCOOOH: 3815-6275 (5905 = 163)

BE: 16069-33019 (20569 = GLAZ)

(O 3845-11609

MAMP, MDMA, MDA, MDEA = LOG

Palermo - during simmer holidays | other

months (average):
BE: 15433 = 5549 | 235 6 = 307
Mat reparted

sday
July-September 2013 (range and average)

Semi-rural area:

AMP: 045400908 (00688)
MAMEP: 0.725-1142 (0.895)
0D 01420467 ((L266)
Meperidine: 00090015 [0.013)
MR LOQ-01075 (0024)
Fentamyl: ND= <100,
Residential area:

AMP- 02661243 (1.431)
MAMEP: 8 53112755 (11.087)
OO0k 12333 400 (2 527)
Meperidine: 0129-0.233 (0181)
MOR: <LOQ-1.619 (A28
Fentamyl: ND- 0014

acation area:

AMP: 0128-0330 [L185)
MAME: 1.279-3 343 (2142)
COD: Q0870850 (QL38T)
Meperi dine: 00260130 ((LOGT)
MOR: ND-(L384 (0.096)
Fentamyl: ND-<LOG

Mot reported

gy [1 000 inhabitants
Butylane: ND- (L2
Butyryl fentamyl; ND -« LOGQ

mgday1 000 imda b tants
Naorth Wing (average )
Weekdays: 2 26 = 353
‘Weekend: 3100 = 233
Carmival Day: § 228 = 219
South Wing ( average)
Weekdays: 1707 = 250
Sunday: 7 385 =121
mgiday1 000 inha bitants [55]
Semi-rural area (range)
MAMP: 210-4581

COD: 0567-3.920
Meperidine: 2273-3 686
Residential area (range)
MAMP: 2301-3439

COD: (837 -1.646
Meperidine: 2 1361865
Vacation area (range)
MAMP: 131803607

COD: 0384-1104
Meperidine: 1745- 8640

mziday/l 000 inhabitants 156]
Palermo - all study period (ranges

and average)

Cannahis: 1 680-3 220 (2 929)

COC: 120-250 (160

Nat reparted 53]
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Table 4 [ Coninued)
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foncentration (ngfl) M loads (giday) ar

Comsumption® (gilay or mgkday1 000 Referenos

normalined mass koads inhabitants )
{mg jday /1 000 inhabitants )
Furamy] fentanyl: ND- < LOG
Methoestamine: ND-127
Necthylpentylone: ND-36.35
Pentylane: ND-0.08
Valeryl fentamyl: ND-< 100
Bs Mot reponted Alahol (range) |58]
Yearly average (range N12-2017)% mLpersonday
16 100-19 610 Wearly average (range anad mediamn
Average 2015 202-207)
19 500 = 5 100 A6-505(B5)
Average 2016 Average H15:
19 600 = 4 600 178215
Average 2017 Average 2016:
16 200 = 3 200 197-239
Average 2017
157-190
4 days prior Christmas | Christnas
205, 206 | 3 days following
Christmas (average]:
191 =45 NT =22 126 =32
Christmas, MNew Years”, Australia
Day | mormal we elaays (average
205-3M7):
Ni=4]169 =53
SPORTING EVENTS
ot h-Wing Mot r=ponted (KPR |5a]
Typical wediend! Sth place playoff [ 3nd ploce mgidayfinhabitant
payuff: Morth
BE:23,28729. 4225 11 Typical werkend: 18 21
(0C 68,1 § 075, 08 | 04 065 place playoff 18 2.7
AE: Not analysed | 25,26 119, 20 ¥ place plapafF 2.4,29
mor-BE, nor-{0C EME: <LOQ South-Wi
ECG AME MODBD: ND or = LOQ ¥ plare playoff 04, 14

AEME, MAMF, MDA, MDMA, MDEA: ND
South-Wing

Sth place playoff | 3nd place playoff:

BE: 24,3414 25

(0 (58, 075 [ 146,049

mor 00 L0

morBE, AFME EME: ND or « LOQ

ECG, AMP, MAM P MDA, MDMA, MDEA, MBDEB: ND

THC <100 iday

THC-OH: <100 Super Bowd weekenad | average)

HER =25 AMP: T4 =17

E-AM 25 MAMP: 806 = 132
MDMA: 106 = 30
BE: 718 =142
O 294 = 70
nor=C0C: T £ 2
BG: 271 = 52
EME: 161 =27
MOR: 231 = 112
MDA: 17 =3
Hormal veee kend (average)
AMP: 125 =23
MAMP: 930 = 154
MR- 87 =43
BE: 294 £ 82
O 295 = 47
nar-00C: 7 =2
BOG: 266 =40
EME: 135 =23
MOR: 269 = 61
MDA 18 =5

Umiversity of Missksippi (mnge) Mot reporhed

AMF: 900-13 700

MAMP: ND-&00

MIDM A: ND=100

BE: <625-7 400

(0 ND-900

00k 55-390

MIOR: —44-250

MTHD = 104

EDDE. -LOG

¥4 plac playaff 0.7 071

Not reparted [&0]

Mot reponted 2]
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Table 4 | Conginued)
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Concentration (ngfl) Mas loads (giday) or

mormalired mass lads

(g fday /1 000 inhabitants

Comumption® (giday or mgiday/1000 Reference
inhabitants)

MDEA, G-AM, 00D, PCP,
fentamyl, nor-fentamyl : ND
ity of (hdford (range)

MAMP: ND-400

MM A: ND-050

BE: 300-2 400

COC ND=1 200

CORATI-310

WAOR:; L0 =170

MTHI: =100

EDDP: =100

MDA: <100

MDEA, G-AM, COD, fenanyl, PCE nar-fentanyl: ND

* {mly for alcohal : mLjdayf1 000 inhabi@nts or mlpesonjday

HD = mot deiected, G-AM = G-acetylmorphine, AE = anhydroecgonine, AEME = anhydroecgonine methyl ester, AMFP = amphetamine, BE = henzoylecgonine, BUF -
buprenorphine, 00C = maine, (0D = codeine, O0E = cocasthylene, (0T = mitinine, BOG = ecgonine, EDDP = 2esthy]id enes1_5-dimethyl=3 3 i phemyd mrmo lidine, EME =

ecganine mesthy | ester EiS - sthyl sulGite, CHE - gamma-

utyrabe, HER= heroin, KET = ketamine, LIE - lysergic acid disthylamide, LSD-0H = 2-moo-=3=hydr moy-

hysergic acid diethylamide, MAMP - methamphetamine, M‘B‘%“‘B = 3 A-meethyl ened imey-Memi ethyl-butan phenamine, MDA - 3 4-methylene dioxyamphetamine, MOEA - 3.4-
ety ened imoy-Mesthylamphetamine, MOM A= 3 4= methylenediogymethamphetamine, MEPH = mephednone, MOR = morphine, MTHD = methadone, NIC = nicotine, nors
BE = nor-hemmoylecg onine, nor— 0L = nor— COCaine, nom KET = norketamine, PCP = phenoyclidine, PEPH = pseud oephedrine, THC = istrahydro@nnabinol, THC-C00H = 11=
nar-A8-carbmoy-A9-tetrahyd rocannabinal, THC-0H = 11=hydnox y-A9- istrahydro@nnabinal

consumption was observed in comparison to consumption during
the contral week [39].

The connection between the consumption of a particular type
of illidt drugs and the type of music festival has also been
investigated by Mackulak et al. [41 ). The authors found that MOMA
and cocaine were the main dmugs consumed at a dance (Grape
Festival) and multi-genre {Skalické dni) themed festivals, while
cannabis was the drug of choice at a popimock festival (Topfest,
Pohoda Festival | Mo spedfic consumption patterns were related to
folk fcountry (Gulag Fest) and metal (ManDaal fest) festivals.
Devault et al. |42 | explored the impact that a large outdoor event,
the so-called “Music day™ event, which allows amateur and
professional musicdans of various musical tastes to perform in the
street, has on illicit drug use (e.g, amphetamine, MDMA, cocaine,
and cannahis)] and methadone consumption in Bordeausx, France
The authors found no correlation between a music festival and
dmug consumption which is surprising. The authors suggest that
the results meflect theinfluence of a non-peer audience at the street
festival although further research is needed to support this
hy pothesis.

Exploring drug consumption during special events such as
festivals is also important for monitoring MPSs [43), which
otherwise presents a challenge due to the dynamic nature of
the NP5Ss market, and because they are readily procured from the
internet or smart shops. Several studies observed sporadic
consumption of MPSs, such as benzylpipermazine [40], methylone
|40]. mephedrone [40], MDA [46], ketamine and pseudoephedrine
|30]during various music festivals. Causanilles etal. [43] applied a
screening approach (almost 2 000 analytes, 560 NPSs) to samples
collected at the Amsterdam WWTP during the Amsterdam street
festivals in 2012 and 2014, In this case, MPSs from several groups
such as synthetic cathinone, phenethylamine and synthetic
cannahinoids wemr detected during the festival. Meta<chlorophe-
mylpipermzine (mCPP), 2.5-dimethocy-4-bmmophenethylamine
(2CB) and 4-fluoroamphetamine (4-FA ) were detected for the first
time.

Few WEE studies have explored licitdrug consumption, such as
aloohol and tobacoo (nicotine), during festivals | 44,45). Mackulak
et al [44] found a significant increase in cotinine (nicotine
metabolite) concentrations during festivals in comparison to non-

festival days in the Czech Republic and Slovakia. The highest usage
was observed during the rock/metal festival - Topfest (4-fold
increase) and dance festival — Grape Festival (2.5-fold increase) in
Pieit'any |44 ] Also, Andrés-Costa and co-workers [45] observed a
significant increase in aloohol consumpton during the “Fallas™
festival (4355611 ml/day/1 000 inhabitants; =15 wears] in
comparison to non-festival days (L07-18.31 ml/day/1 000
inhabitants; =15 years) at all three imvestigated WWTPs in Spain.
In contrast, compared to an increase in aloohol consumption
observed during regular weekends [4567.68] on average there
wemn no differences in aloohol consumption between the weekend
(20,88 mL/day/inhabitant) and weekdays (198 mL/day/inhabi-
tant] during the “Fallas” festival [45]

42 Public holidays

Impact of various public holidays has also been the subject of
WBE studies (Tables 2 and 4). The results reveal the influence of
different holidays on drug consumption patterns. Table 4, shows
increased cocaine consumption during Christmas and Mew Year
| 16,40] as well as during Camival [52] and the Easter holiday [53]
and spedficUS halidays: Independence Day and Labor Day |30.49),
and the Chinese Spring Festival [51] Also, an increase in
methamphetamine consumption was observed during the US
Independence Day, a Solar edipse [31] and the summer holiday
season in ltaly | 56] Forother drugs, such as amphetamine, MDWMA,
and certain opioids, the impact of holidays on consumption trends
was lower. In a study performed in Zagreb (Croatia) by Krizman-
Matasic et al. [16], a2 2 to 3-fold increase in the consumption of
cocaine and MDMA following New Year's Eve celebrations was
observed, while owver Christmas only cocaine consumption
increased (2- to 3-fold increase in benzoylecgonine mass loads).
The use of amphetamine-type drugs did not significantly change
during Christmas, and the data most likely reflects the life-style
differences between cocaine and amphetamine-type drug users
| 16] Lai et al. |49 performed a study of drug consumption during
the Christmas holidays at spedfic locations in a ooastal urban area,
an inland semi-rural area and an island vacation area in Austmlia.
Their results indicated that specific consumption patterns
observed during holidays were related to the different study
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areas. Similarconsumption patterns were observed in the vacation
area (island) and coastal urban area, which is also a popular
vacation destination with numerous nightclubs and festivals.
Compared to the wrban area, that showed an incease in the
consumption of maost of the drugs analyzed (MDMA: 31-fold,
oocaine: 5.6-fold, cannabis: 2 4-fold, methamphetamine: 1.8-fold),
levels of cannabis and methamphetamine use in the semi-mral
area during the holiday period did not differ significantly from
those in the control period. However, there was a 4- and 9-fold
increase in cocaine and MDOMA consumption.

Foppe et al. |50] observed an increase in the consumption of
illicit drugs and opioids during Independence Day, a solar eclipse,
and during the first week of the academic semester in the USA
Significantly, 13- to 2-fold increase in consumption of amphet-
amine, methamphetamine, cocaine, morphine, and methadone
was observed on Independence Day compared to an average week
in two similar-size communities. Drug consumpton (including
cannahis] was also significantly higher during the 2017 solar
edipse thanthat for a ty pical Monday, particularly in communities
with a dynmamic population (highway routes and airport) A US
study performed by Centazzo et al. [31] investigated consumption
trends during four public holidays, induding Memorial Day, 4th of
July, Labor Day and Mew Year. Their results found that there was no
effect on the consumption of amphetamines, nicotine and
cannahis, while only opioids and co@ine use varied significantly
between particular holidays. For example, opioid use was higher
during Memorial Day (184.7-1 %427 ng of morphine/mg creati-
nine} and Labor Day (178.2-1436.9 ng of mormphine/mg creatinine )
compared to Mew Year (B27-6748 ng of morphine/mg creatinine),
while cocaine use was higher during Llabor Day (644.8-3 346.8 ng
of benzoylecgonine/mg creatinine} than during Mew Year eve
celebration (48 1.4-2 1329 ng of benzoylecgonine/mg creatinine).
These results should be interpreted with caution since only grab
samples were collected. The impact of public holidays on drug
consumption was also explored during the Chinese Spring festival
and Mational Day |51 ). Consumption of methamphetamine and
oocaine was significantly higher during Mational Day: 47 % higher
for cocaine, compared to the control period while during Spring
festival week, methamphetamine consumption also increased
Increased coc@ine consumption was observed as well in Brazil
during Carnival (6 228 + 219 mgday/1 000 inhabitants) in
oomparison to consumption on weekdays (2 296 4+ 353 mg/day/1
000 inhabitants) and weekends (3 100 + 233 mg/day/1 000
inhabitants} in the Morth-\Wing, while in the South-Wing coine
use was higher on a Sunday (7 385 & 121 mg/day/1 000
inhabitants} than on the day of the Carnival (Monday) [52]. A
significant increase in cocaine loadings was also observed during
the Easter holiday | 53 ]in France. Otherbiomarkers analyzed inthis
study, such as biomarkers of cannabis, codeine, morphine and
hergin, also correlate with the Easter holidays. However, the focus
of their study was on the impact of drug groups, eg., opioids and
stimulants rather than individual drugs.

InCmatia, Krizmanetal. |54 | observed the impact of the summer
tourist season onthe ooastal touristiccity of Zadarand the Croatian
capital Zagreb. During the control period (spring), consumption of
hemin, MDMA, co@ine, and cannabis was significantly higher in
Zagreb compared to Zadar. In contrast, during the summer season,
interdty differences indrugoonsumptionwere less pronounced,and
the consumption of MDMA in Zadar was higher than in the capital
These differences in consumption are most likely a mesult of
pronounced changes in population since the population of Zadar
increases by 16 in the summer bringing with it changes inlifestyle
Surprisingly, cannabis consumption in Zadar decreased during the
summer season, which agrees with data obtained by Lai et al. [49].
The impactof the summer holiday seasonwas also explored by Kim
et al. |55], who imvestigated drug consumption in semi-rural,
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residential and vacation locations in Korea. Increased consumption
of methamphetamine and mephedrone was observed, but only in
the vacation area. Unlike previous research, a decrease in cocaine
consumption during holidays, particulady during the summer (2nd
week of June to the 15t week of September ) compared to Movember
through to Marchwasobserved in Palermo, Italy { M0ws210mg/day/
inhahitants) | 56]. Since the summer perdod coinddeswith the school
holidays, lower cocaine use could be related to the reduced
population size since many people move to their summer residence.

Except for the trends in classical illicit drug consumption, Bade
et al. |57] has explored the impact of the Christmas—Mew Year
period on MPSs consumption since recreational drug use in this
period is also higher. Their study induded a broad range of
different MPSs including phenethylamines, synthetic cathinones,
opioids and amphetamines (22 MPSs in total). Seven NPSs were
detected and confirmed such as butylone, butyryl fentanyl, furamyl
fentanyl, methoeetamine, M-ethylpentylone, pentylone and valeryl
fentanyl. The highest mass loads were found for M-ethylpentylone
(36.35mg/day/ 1000 people ) on 20 December, while mass loadings
wemr much lower on subsequent days (e.g. 2.94 mg/day/1 000
people on 23 December, and 1.72 mg/day/1 000 people on 1
January) Despite this, caution should be taken in interpreting
consumpton, since only parent compounds were induded inorder
to determine mass loadings, whichcould potentially arise from the
direct disposal of the target drug along with or instead of drug
consumption.

The impactof holidays, including the Christmas holiday season
and Australia Day, on aloohol consumption, was explored by Zheng
et al. |58]. Their results show a higher consumption of alcohaol
during all imvestigated holidays, eg.. Christmas, New Years,
Australia Day, (21.2 + 4 ml/person/day) in comparison to average
weekdays (169 + 5.3 ml/personfday) in years 2015-2017.

4.3 Sporting events

Wastewater-based epidemiology was also used to study drug
consumpton trends during various sporting events. For example,
Sodre et al. |59] analyzed cocaine alkaloids, metabolites and
adulterants as well as amphetamine-type substances in wastewa-
ter collected during the FIFA Soccer World Cup in 2014 A
comparison of the data with that of an average weekend revealed
a 25 % inrease in cocaine consumption. Also, Gerrity et al. [60]
observed inceased benzoylecgonine loads during the 2010 US
Mational Football League's SuperBowl (718 giday) when compared
to a typial week (494 g/day). Gul et al. [29] also analyzed
wastewater collected from the Oodford Wastewater Treatment Plant
in Ceford, (Mississippi, USA) and the University of Mississippi
Wastewater Treatment Plant [ Mississippi, USA) during weekends
when the home football team was playing. The authors analyzed a
broad range of simulants and other drugs. The use of cocaine and
amphetaminewas obhserved at both theuniversity and in the city. &
significant increase in amphetamine [ 18-times] and benzoylecgo-
nine {up to 8-times] concentrations during the two highest
attended games was observed only at the University of Mississippi.
Since the concentrations of amphetamine and benzoylecgonine in
the City remained the same, the observed inaease in the levels at
the university is likely related to visitors watching the game.

5. Ethical issue related i WBE approach

Usually, WBE is applied to geperal populations, where the
contribution of individuals to wastewater is non-identifiable, and
where no information on individual drug use can be obtained
|12,13,69]. According to Human Research Ethics Committees, WBE
invalves little ethical risk and typically does not reguire an ethical
review of the studies. Although the WBE approach cannot be used
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to target an individual per se, site-spedfic WBE studies can raise
spedfic ethical concerns |70), and a series of ethical WEE
guidelines have been developed by Prichard et al. |71] covering
general and site-spedfic studies. Careful research planning is
espedally important when dealing with spedfic communities. To
avoid ethical risks, researchers must obtain information on
countries’ regulations (regulations in some countries might stll
require their ethics committees’ approval of the msearch
conducted in spedfic catchments) and obtain approval from the
relevant institutional authority (eg. school principals and prison
authorities). Also, gathering information on the reputation of
institutions and stakeholders’ ethical practices should be consid-
ered. For example, in prisons, WBE data could be used by
authorities as a base for collective punishment of the prisoners,
such as redudng family visits [ 37,69,70). To avoid these problems,
a careful discussion between researchers and prison authorities
regarding a particular study, the mresults and ethics are essential
|69 ). During research planning, appropriate media communication
protoools (eg., determining who is the media contact person and
spedfying the information to be classified ) and preservation of the
anonymity of the studied sites needs to be considered, since
sensationalizing of the study results and media attention can
negatively affect the target population and institution [69,71]. In
the case of prisons, negative media reports may harm opinion
about the reintegration of ex-prisoners back into society or in the
case of schools may harm a schools® reputation |69, 70|

6. Practical challenges and future recomm endation

The WBE approach enables the rapid non-invasive and cost-
effective collection of objective data relating to drug consumption
patterns and delivers this data in nearreal-time, which is
necessary for accurately tracking dmg use. However, WBE is not
without its disadvantages, for example, it cannot provide
information on the type of users, multi-substance vwse or if any
of the observed changes are related to an increasing number of
estimated doses or an increase in the number of users.

The main uncertainty, when applying WBE in site-specific
studies, derives from the sampling stage. A commaon practice is to
ollect samples with time-proportional sampling with reported
sampling frequency from 1 min to 1h {Table 1 ). From this, arise the
gquestion of repre sentativenes sofsamples sinceirregular pulses (eg.,
toilet flushes ymight be missed. It is advised that preliminaryanaly sis
are performed, possibly using a tracer dye, prior to determining the
samplingrate. Another way to overcomethis difficulty is touse flow-
prmoportional sampling or passive sampling; however, the use of
passivesamplingat site-specific studies still needs to be explored. To
estimate drug consumption also requires knowing the flow rate, but
since low and inconsistant wastewater flow makes it difficult to
measure the flow rate in site-spedfic studies, as an alternative, the
flow rate can be estimated from the maonthly water bill (eg. by
dividing used water with the number of days in the month of
sampling). Howewver, the result should be treated with caution, since
additional uncertainty is introduced into the result

In specific populations, individual’s excretion profiles may also
have a signifiant effect on the ovemll results. Sampling for an
extended period (eg., repeated one-week samplings) is desimble
as well as sampling larger populations to reveal, more precisely,
the trends in drug consumption. Also, participants in a spedfic
community should not be aware of any research being undertaken
inorder to avoid bias. In studies related to spedal events like music
festivals, holidays and sporting events, sampling is not as
problematic, since most commonly wastewater samples are
obtained at WWTPF using established procedures. However, the
sampling perind should be optimized to have adeguate contml
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samples, along with the samples collected during spedal events,
which can be compared to obtain satisfactory condusions.

Wastewater based epidemiology when applied to the general
population typically does nothawe anysignificant ethical concerns, but
issues may arse when applied to spedfic sites, espedally in
institutions like schools and prisons (site-specific studies). Careful
research planning and compliance of developed ethical WBE guide-
lines should be considered to avoid ethical risks. Forexample, during
research planninginformation on countrywide regulations should be
obtained, good cooperation between the researcherand target facility
must be established, and itis important to preserve the anomymity of
the study site and use cautionwhen reporting the resultsto the media.

Despite the uncertainties mentoned above, WBE is auseful tool
for monitoring time and spatial trends in licit and illidt drug
consumpton in specific circumstances. Also, imely information
on trends in new psychoactive substance use can be obtained.
However, additional guidance on sampling is needed and the way
datais reported standardized toenable an appropriate comparison
of the results.
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3.2.2 Investigation of drugs of abuse in educational institutions using

wastewater analysis

Published: Verovsek, T., Krizman-Matasic, 1., Heath, D., Heath, E., 2021, Science of the
Total Environment, 799, 150013.

Both licit and illicit drug use harm the health and future of young people, with a higher
likelihood of developing harmful patterns of drug use (e.g., injection) and addiction closely
related to a younger age of first use [182]. In order to establish efficient prevention
programs, it is crucial to have good knowledge of trends in drug use among young people,
which is usually obtained in the environment of educational institutions using surveys,
such as ESPAD (targeting 15-16-year olds) and the study on Health Behavior in School-
aged Children (HBSC, targeting 11-, 13-, 15-, and 17-year olds), and even drug testing [38],
[114]. Also, WBE studies have been conducted in US, Italian and Greek educational
institutions, although they mainly assessed drug use in individual high education
institutions (Chapter 1.3.4 WBE: Specific populations)

In response, for the first time, a comprehensive WBE study was conducted to assess the
prevalence of licit and illicit drugs in a large number (n=44) of educational institutions in
Slovenia. Institutions were of different types, namely primary schools (6-15 yrs.), secondary
schools (15-19 yrs.), mixed secondary and high education institutions (15+ yrs.) and high
education institutions (194 yrs.), and located in urban and non-urban areas of six
municipalities. Analytical methods were developed to determine drug residues of licit
(nicotine, alcohol, morphine, codeine and methadone) and illicit drugs (cannabis, cocaine,
amphetamine, methamphetamine, ecstasy, and heroin) using SPE (Oasis MCX) and target
analysis (LC-MS/MS).

Drug residues were present in all obtained wastewater samples, with residues of nicotine
(detection frequency, DF>98 %), cannabis (DF=93 %) and alcohol (DF=80 %) being the
most frequently detected. Moreover, cocaine residues were detected in >50 % of the
samples, while other residues were less common (DF<40 %). Although differences in drug
prevalence were found between educational institutions in different municipalities and
urban and non-urban areas, the type of educational institution influenced the consumption
patterns the most. Notably, a difference between primary schools and other institutions
was observed. Also, the data only partially agreed with available data from ESPAD and
HBSC but agreed with other WBE studies, i.e., SCORE data and limited WBE studies
performed in educational institutions abroad.

Although the study could not distinguish between pupils, staff and visitors, important
information was obtained about which and when drugs enter young people’s environment.
It also demonstrated that as a non-invasive approach, WBE could be complementary in
assessing drug use in specific populations. Its application is especially valuable when
assessing the presence of drugs in vulnerable populations.

The developed method and study outcomes were presented at five scientific conferences,
i.e., the 11" JoZef Stefan International Postgraduate School Students’ Conference and 13"
Young Researchers’ Day; Lisbon Addictions 2019: the 3 European Conference on
Addictive Behaviors and Dependencies; the 21 European Meeting on Environmental
Chemistry; Testing the Waters 5 Conference 2021; and the 18™ International Conference
on Chemistry and the Environment. At the 11" Jozef Stefan International Postgraduate
School Students’ Conference and 13™ Young Researchers’ Day, the presentation was
awarded as “the best presentation of research achievements in terms of scientific quality
and their applicability, the best oral presentation by a young researcher”. In addition, the
results were presented to the Slovenian public on four occasions through interviews in
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national journals and radio/TV stations and popular science lectures (Science on the street,
Slovene: Znanost na cesti). So far, the study globally presents the most extensive
wastewater analysis study conducted in a specific population regarding the number of sites
studied.
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1. Introduction

Licit and illicit drug use can negatively impact a young person's
health, such as cognitdve funcioning, psychological well-being, and fu-
ture socio-economical posidon and success (Koprivnikar et al, 2018).
The earlier a person begins using psychoactive substances, the greater
the possibility that he or she will develop harmful patterns of drug
use, which can lead to addiction and behavioural problems later in
life; hence in Slovenia, many prevention programmes are @rgeted to-
wards adolescents and young adults (Koprivnikar et al., 2018). For ex-
ample, in 2017 and 2018, Slovenian non-gover nmental organizations
organised various drug preventon and harm reduction programmes,
workshops, and lecrures aimed at young people, parents and school
workers at the community level to aid young people in making healthy
life choices [NIJZ, 2019b). However, proper implementation and evalu-
ation of prevention programmes such as these require acourate knowl-
edge about the extent of substance abuse (EMCDDA, 2019 Lipez-
Garciaet al, 2019).

In Slovenia, data on drug use among 15-16-year-olds have been
gathered through the European School Survey Project On Alcohaol And
Other Drugs (ESPAD Group, 202070 and from the Cross-Mational Survey
On Health Behaviour In School-Aged Children [HBSC) study (Inchley
et al,, 2020), which surveyed 11+, 13-, 15- and 17-year-olds. Unfortu-
nately, recall bias, the tme lag in reported data and the respondents’
subjectivity prevent surveys from gathering obyj ective and timely infor-
mation (Zuccato etal, 2008b). A more objedive alternative is o deter-
mine seleced metabolic excretion produds (bicmarkers) of consumed
drugs in wastewater from which drug use in a community can be esti-
mated (Grada-Lor et al, 20017). This approach, called wastewater-
based epidemiology (WEBE), can provide evidence-based, objedive,
non-invasive, and near real-time estimates of community drug use at
the regional, national and international level (Castglioni et al, 2011;
Gonzdlez-Marifio et al, 2001% FKrizman-Matasic et al, 2019;
Mastoianni et al, 2017; Zheng etal, 2017).

To date, few researchers have performed WEE studies of educational
institutions (Burgard et al., 2013; Gatidou et al., 2016; Gushgari et al.,
2018; Heuett et al, 2015; Panawennage et al, 2011; Veroviek et al,
2020; Zuccato et al, 2017 ). There have also been no studies exploring
the prevalence of licit drugs, including medidnes of abuse and illicit
drugs, in primary and secondary schools and insdtutes of higher educa-
tiomn, and knowledge of drug consumption patterns among educational
institutions in areas with varying degrees of urbanization is lacking
‘With this in mind, paper seeks to address this knowledge gap by using
wastewater analysis to investigate drug prevalence in Slovenian educ-
tional institutions in different locations classed as urban and non-urban
by the Statistical Office of the Republic of Slovenia and compare the
findings with available epidemiological data. In order to achieve our
aim, wastewater samples from primary, secondary schools, higher edu-
cation instituions (HEIS) and mixed secondary and higher education
institutions (SHEIs) were analysed for metabolic residues of lidt drugs
(nicotine and alcohol ), medications of abuse ( morphine, codeine, meth-
adone) and illicit drugs (@nnabis, cocaine, amphetamine, metham-
phetamine, ecstasy and heroin ).

2. Met hods
21 Materiak

Standard solutions (1 mg/mL) of 16 metabolic residues of licit
drugs: nicotine (nicotine, cotinine, trans-3"-hydroxycotinine -
HCOT) and alcohol (ethyl sulphate), medications of abuse: morphine
[(morphine), codeine (codeine) and methadone (methadone, 2-
ethylidene-15-dimethyl-3.3-diphenyl pyrrolidine - EDDP), and
illicit drugs: cannabis (11-nor-9-carboxy-A9-terahydrocannabinal
= THC-COOH), cocaine (cocaine, benzoylecgonine and cocaethylene
= acocaine and alcohol co-consumption biomarker ), amphetamine
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(amphetamine), methamphetamine { methamphetamine ), ecstasy
(3 4-methylenedioxymethamphetamine, MDMA) and heroin (6-
acetylmorphine) and their labelled analogues (1 ar 0.1 mg/mL)
were purchased from Ceriliant Corp. {Round Rock, Texas, USA). La-
belled analogues for each compound were used except for nicotine
metabolites, where [+ )-cotinine-d3 was used for all of them
[Table S1). Working standards were prepared with final concentra-
tions of 10 mg/L (analytes), 2 mg/L (labelled analogues of residues
of medications of abuse and illicit drugs), and 0.5 mg/L (alcohal
and nicotine residues labelled analogues). Methanol was purchased
from JT Baker (Philipsburg, USA), LC-MS grade formic acid
(HCOOH) and phospharic acid (HzPO4) from Fluka (Switzerland),
aquecus ammaonia selution (NH3, 25%) from Merck (Darmstadr,
Germany ) and ammaonium formate and tetrabutylammonium bro-
mide (ion-pair reagent) from Sigma Aldrich (Missouri, USA).
Millipore Direct-Q) purifying system was used to obtain Milli-Q
water.

22, Wastewater sampling

Forty-four ed vcational institutions partcipated in the study. These
consisted of 19 primary schools (6-15 yrs.), ten secondary schools
[15-19 yrs.) comprising four gymnasiums (general eduecation), three
vocational, technical and other professional schools and three multi-
programme schools, nine HELS (194 yrs.) comprising two institutions
of social and seven of natural sciences, and six SHEIs (154 yrs. ). The lo-
aation of each institution was defined as either urban or non-urban ac-
cording to the Satistical Office of the Republic of Slovenia's definition
This definition considers the number of inhabitants, a surplus of jobs
over the number of working people, the built-up area with urban char-
acter and number of workplaces and share of farms (Pavlin et al, 2004;
SURS website). In our case, institutes were located in 37 urban and
seven non-urbanareas within seven municipalities (M1-7) from sixdif-
ferent statistical regions (Fig. 1.

Samplingtimes, sampling location and methodology were based on
aone-week preliminary study conducted at a secondary school in April
2019, Briefly, the samples obtained were analysed for 15 drug residues
(ethyl sulphate was not included in the preliminary study) and results
[see 3.2, Preliminary study results) were used to set appropriate days
for sampling For the full study, 40 compaosite raw wastewater samples
(one sample per sampling site: 100 mLevery 5 min over 7 h) were ob-
tained mid-week, Le., on either Tuesd ay, Wedne sday or Thursday. Sam-
pling took place at the end of the acad emic year 2018,/2019 (May and
June) except for two samples taken in Mardh (Table 52). In specific
cases, the sewer layout meantthat some samples contained wastewater
from more than one educational institution.

23 Sample preparation

For the dete rmination of nicotine, cotinine, HCOT and ethyl sulphate,
the samples were filtered through GED (27 um, Whatman, USA), GFC
(1.2 um, Whatman, USA) and cellulose membrane filters (045 pm, Sar-
torius, Gottingen, Germany) and spiked with labelled internal standards
(final concentration: 10 ng/mL). For the determination of ethyl sul-
phate, the ion-pair agent (tetrabutylammonium bromide, TBA) was
added to the samples (final concentration: 50 mh ) to improve com-
pound retention, peak shape and signal response {Rodriguez- Alvarez
et al, 2014).

For basic drug residues, Le., morphine, codeine, methadone, EDDP,
cocaine, benzoylecgonine, coethylene, amphetamine, methamphet-
amine, MDMA and B-acetylmorphine, and cannabinoid ( THC-COOH)
we used a modified method based on that of Sentaet al (2013). Briefly,
each sample [ 125 mL) was spiked with labe led internal sndards (final
concentration: 60 ng/mL) and filtered through GF/D and GF/C filters
(Whatman, USA). Sample pH was adjusted to pH 2 using concenirated
Hz PO, Drug residues were extracted using solid phase extraction
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RE 1. Mapof Slovenia showing sampling reglons (dark grey) (Evrstat, G500 MOP, Geadesy Office. e-data; QUIS Geographic Infor matkan System).

(Dasis MCX, 150 mg/6 mL cartridges, Waters, Milford, MA, USA). Afer
conditioning with methanol (5 mL), Milli-Q water (5 mL) and 25 mM
Hz PO, (5 mL) and sample loading, a two-step elution was performed.
Cannabinoids were eluted in the first fraction (methanol, 6 mL) and
basic d rug residues inthe second (05% ammonium solutionin meta-
nal, 6 mL). Further purification of the acidified cannabinoid fraction
(concentrated HCOOH, 60 ul) was performed using Strata NH;
carridges (200 mg/3 mL Phenomenex, Torrance, California, USA). The
analytes were e luted using 1% HCOOH in methanol (4 mL). All extracts
were dried (40 °C, N3) and reconstituted in 500 ul (250-times
concentration) of either Milli-Q 2nd methanol, 80:20, viv with 0.1%
formic add (basic drug residues extract) or Milli-Q) water and methanol,
30:70, v v (cannabinoids-containing extract).

2.4 Analysis

Analysis was performed wsing a Shimadzu ultra-per formance liquid
chromatograph hyphenated to an AB Sciex 4500 QTRAP detector mass
spectrometer (UPLC-MS/MS) with electrospray ionization (positive
and negative) and operated in the multiple reaction monitoring
(MEM) mode. Retention times, both transitions and the ratio between
the transition peak areas were used to identfy the targeted drug resi-
dues {European Union Commission Decision 2002/657/EC).

Far alcohol residue analysis, 10l of the sample was injeded onan
Ascentis® Express C18 column (2 pum, 50 mm = 21 mm, Supelca,
Pennsylvania, USA) at 40 “C. The mobile phase (flow rate: 0.3 mL/min)
consisted of MilliQ water (A) and methanol (B), containing 0.1% formic
acid (elution gradient: 2% B, increase to 15% B at 10 min, 95% B at
11 min [ hold: 1 min, ten 2% B at 13 min). The ESIwas in negative ioni-
zation mode | ESI—). For nicotine and basic drug residues, the method of
Senta etal. (2013 ) was used. Briefly, 10 uLof the extract was injected onto
a Synergi Polar-B P column (2.5 pum, 30 mm = 2 mm, Phenomenex, Tor-
rance, Calfornia, USA) at 40 °C. In this case, the mobile phase (flow
rate: 0.3 mL/min) was Milli-Q water {A) and Methanol (B) containing
5 mM ammanium formate and 0.1% formic add (elution gradient: 2% B

o 50% B at 6.9 min, 55% B at 73 min, 85% B at 8.7 min, 88% B at
10.7 min, and 100% B at 11 min [hold: 1.4 min]}. The ESI was inthe pos-
itive ion mode ( ESI+ ). The MEM™ algorithm ( MRM detection window:
120 5) was applied dwing acquisiion. Separation of cannabinoids was
achieved by injecting 10 ul of the extract on a Supelco Ascentis®
Express C18 column (2 um, 50 mm x« 2.1 mm, Supelco, Pennsylvania,
USA) at 40°C using Milli-Q water (A) and methanol (B) as the mobile
phase at a flow rate: 03 ml/min (elution gradient: 10% Bt 50% B at
1.5 min, 60% B at 3.0 min [hold 4 min], increase to 85% B at 125 min,
0% B at 13 min [hold 2 min]). Here the ESIwas operated in the negative
ion mode (ESI-).

25 Method validation

The method was validated in terms of linearity, limits of detection
(LODY, limits of quantification (LOGQ), relative extraction recovery (for
residues of medications of abuse and illicit drugs), matrix effect (ME),
accuracy and re peatability. Linearity was deter mined from the calibra-
tion curve (peak area rado of the analyte vs its labelled analogue as a
function of analyte concentration) and described using the coeffident
of determination (R#). The LOD/LOQ were determined by spiking the
wastewater with labelled analyte analogues at low concentrations and
calculated by averaging the signal-to-noise rados (SN =3 or §/N =
10y of five replicates. Relative extraction recoveries, ME, accuracy and
repeatability were also calculated using spiked samples.

26. Searisrical analysis

Astatistical evaluation was performed using Excel [ Microsoft, USA),
SigmaPlot (version: 14.0) and B {version: 4.0.3) [Eftimov et al, 2017
The data were analysed vsing the non-parametric Chi-Squared test for
two or more samples [95% confidence level, o = 0.05). When differ-
ences among multple groups were observed, a Chi-Squared post-hoc
test using adjusted residuals and Bonferroni adjusonent of the signifi-
cance level (adjusted o) was applied. Additionally, singular value
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decomposition (SVD) was used to obtzin a new representation of data
instances, visualized using the dimensional reduction technique t-
distributed stochastic neighbour embedding (t-SNE, B library: Rtsne).
Perplexity was set to ten.

27 Ethicsand consent

Althvough the benefit of WBE is that it avoids many of the ethical is-
sues associated with surveys and drug testing, privacy cncerns may
arise when applied to smaller spedfic sites, such as educational institu-
tons (Prichard et al, 2015). Guidelines for the researchers using waste-
water analysis were developed by Prichard et al. (2015) and are hosted
on the SCORE (Sewage Analysis CORe group Europe) website (SCORE
website, Ethical guidelines for WEE). According to the guidelines, con-
sent must be obtained when sampling from a specific site. In the
study, informed consentwas obiined from the Head of each instimtion.
In return, they received an outline of the study aims and sampling pra-
cedure. Notably, an anonymity agreement was also signed to avoid
identifying an individual institution and prevent possible sigmatiza-
tion, Le., by sensatonalised media reporting.

3. Results and discussion
3.1, Method validation

In general, a linear response (B2 = 0.99) was observed between
LOG-1000 ng'ml for the drug residues. The exceptions were ethyl sul-
phate, EDDP, methamphetamine (LOQ-500 ng'mL) and methadone
(LOQ-200 ng/mL). The LOD and LOQ for medications of abuse and illicit
drugs were in the ng/L range (LOD:031-3 ng/L LOGQ: 1-9.6 ng/L), whil:
for licit drugs, they were 19-305 ng'L and 64-1020 ng/L The matrix ef-
fect ranged from —2% to —115% for most drug residues. Nicotine was
the only compound whose signal was enhanced, Le, by 77%, at the
lower spiking concentration. Relative extraction recoveries for medica-
tions of abuse and illidt drugs were between 71 and 110%, except for
EDDP {23% ). Accuracy was in the 84-136% range, while re peatability
waas below 10% (RSD). The only exception was ethyl sulphate at low
concentrations [ 14% RSD).

3.2 Preliminary study results

The number of detected residues did not differ statistically between
sampled days (¥° =0220,p = 0974, =0.05), but differences in the
detection frequency of particular metabolites, namely MDMA and
benzoylecgonine, were observed. Stimulants are known to have a dis-
tinctive weekly consumption pattern, i.e., their higher consumption at
weekends (Krizman et al, 2016; Thomas et al., 2012; Zuccato et al,
20081) may explain the presence of MDMA and be nzoylecgonine only
on Mondays and Fridays. Therefore, to avoid the influence of weeke nd
use, we chose Tuesday, Wednesday and Thursday [ mid-week) as the
miost 2 pproprizte sampling d ays.

3.3 General findigs

Despitecertain imitations (eg., the influence of the dose, exaetion
rate, sample preparation and LOD on the detecion of individual
analytes), drug prevalence was evaluated based on detecion frequency
(DF = percentage of samples containing drug residues above LOD)
rather than consumption estimates (Verowiek et al., 2020; Zuccato
et al, 2008b). The reason being that sampling in time-proportional
mode meant that, although the sampling frequency was high
(100 mL/5 min), small and inconsistent wastewater flows,
e, episodes withoutwastewater in the sewer, prevented the collecion
of some com pasite subdivision s. Moreover, dilution with kitchen waste-
water occurred at some sampling sites, making it difficultto compare all
institutions quantitatively. The latter could be overcome by normalising
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the data {concentrations) to mass loads using flow data, However, the
data on flow was impossible to obin for all sampled sites and accord-
ingly, mass loads could notbecalculated. Aside from acourate flow mea-
surements, flow-proportional sampling and the use of passive samplers
(e.g, Polar Organic Chemical Integrative Sampler - POCIS and passive-
active samplers) are also possible solutions (Amato et al, 2021;
Veroviel et al,, 2020). However, the application of passive samplers is
only feasible under optimum conditions | Le., passive samplers should
not dry out during sampling), and further studies on the efficacy of pas-
sive samplers are needed (Veroviek et al., 2020).

The results show that bebween four to ten residues were detecied in
the samples (see Supplementary material: Fig 51), with six being the
maost frequent (25% of the samples). High DFs of nicotine biomarkers
(cotinine and HCOT; Table 1) suggest a high prevalence of nicotine
use in Slovenian educational institutions, Since nicotine and alcohal
metabolic residues were the most commonly detected in the study,
we compared their detection frequencies. Compared to nicotine bio-
markers, fewer samples contain ethyl sulphate (¥® = 13.514, p =
000024, o0 = 0.05), reflecting possible differe ncesin consumption pat-
terns, Le, daily use of nicotine versus recreational use of alaohol, with
peak consumption occurring over the weekend (Lai et al., 2018; Reid
etal,2017; Ryu etal, 2016).

Among the opioids, morphine had the highest DF (Table 1)
Morphine is the second maost commonly prescribed opioid (6500
presariptions in 20019) in Slovenia after oxycodone (NIJZ, 2019a). Be-
sides medical morphine, morphine may also originate from the metab-
olism of codeine and heroin (Baselt, 2000; Zuccato et al., 2008a). It is
also produced in-sewer from the degradation of 6-acetylmorphine and
glucuronide conjugates (Gracia-Lor et al, 2017, Senta et al., 2014;
Zuccatn et al., 2008b). Accordingly, we would expect tobe able to detect
its presence. Also presentwas codeine, which is a drug presaibed to
weat mild to moderate pain or as a codeine-based cough syrup, and in
some instances, people can purchase it as a codeine-based over-the-
counter medication (CBZ website). It is less regulated than some
opiates, but users risk developing tolerance and eventually depende nce
(Thai etal, 2006; van Dylken et al, 2014 ). Heroin use is unlikely to be the
primary sour ce of morphine in the samples since 6-acetylmorphine was
«<L0D. Also, because only 1.3% of the heroin dose is excreted as 6-
acetylmorphine (Grada-Lor et al, 2016; Postigo et al., 2008), the
amounts of G-acetylmorphine in wastewater is expected to be small
(dilution) and in-sample transfor mation (degradation ) could resultin
it being below the LOD.

Table 1
Detacian freque noies of tarpsted drug residiues in all of the abmined samples (o= 400
Drug Drugresdie DF %]
Tobacco [ ndcotine) HmDT! 44
Cotini e’ 1
Nicotine pLie)
Aloohal Ethylsulphare 80
Marphine Marphine® A0
Codelne Codeine’ 23
Methadans Methadona nd.
EDDF nd
Cannalis THC-COOH! 83
Cacaine Cacaine 75
Ba nzoy lacgoni ne® 50
Cocasthylens 8
Amphetamine Amphetami ne' 5
Metham phetam ine Methamphetam ine* 13
Ecstasy MDMA* 15
Haroln G- Aceryl marphine® nd
ndl — ot detected.

moF - 2-ethylidene-15-dimethy 3 3-diphenylpymolidine, HOOT - mans-3-
hyedrescyootinine, MDMA — 3.4-me thylened loxyme tham pheta mine, THC-COOH - 11-
nor-S-carbeo-Ag-tetrahyd roc mabinal

4 Drugblomarker uwsed for consum po o s timat on.
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Aside from licit drugs (nicotine and alcohol ), cannalis was the maost
prevalent substance in Slovenian schools (Table 1) In fact, the DF of
THC-COOH was higher than ethyl sulphate. A statistical evaluation of
differences between their DFs reveals thatcannabis is as prevalent as al-
ahol, Le, the difference in the DFs of THC-COOH and ethylsulphate was
not statistically significant (¥° = 2.635, p = 0.1045, o = 0.05). Al-
though cannabis use is widespread amoeng young people in Slovenia
(MNI[Z, 2019b), it can only be obtained legally for medical purposes
(Group 1I: ilegal drugs regulated only for medical application), whereas
alcohol can be legally purchased at 18 years of age [ NIJZ, 2019b).

Compared to its metabolite benzoylecgonine, cocaine was detected
in a significantly higher percentage of samples (¥ = 5333, p =
00209, o = 0u05; Table 1). A possible explanation is the disposal of co-
caine into the sewer, either from directdisposal or handwashing or wip-
ing residual cocaine from the surfaces into the toilet/sink after its' use.
This finding may be explained by the shorter time to peak conce nration
[Tmax) of cocaine (2-5 h) in urine in comparison to benzoylecgonine
(4-8 h) (Cone etal, 1998; Huests et al., 2007; Jufer et al, 2000}, sug-
gesting that cocaine use is taking place in the institutions, Other sdmu-
lants such as amphetamine, methamphezmine and MDMA were only
detected sporadically, which agrees with their typical consumption pat-
terns, Le., peak consumption occurring over the weekends (Krizman
et al, 2016; Thomas etal., 20012; Zuccato etal, 2008b), or itmay indicate
their overall low prevalence in educational institutions in general Nota-
by, although drug use in Slovenian eduction alinsitutions is discussed,
except for the cocaine results, the presence of drug residues in samples
may not necessarily indicate drug use directly in the institudons since
the majority of drug residues under investigation have long excretion
times (Table 53) and may be consumed elsewhere and only excreted
in the insdtutons, e.g, at home.

34 Drug prevalence vs the level of educational institution

Onaverage, six drugresidues {min = 4, max = %) were detected in
primary school samples (Table 54). A significant difference (y* =
14843, p = 0.0006, o« = 0005) was observed in the number of samples
containing nicotine, aleohol and cannabis biomarkers (Table 2). The re-
sults also reveal a significantly higher number of primary sdhool sam-
ples containing nicotine biomarkers (Chi-squared post hoc test: 32 =
9896, p = 0.0035, adjusted o« = 0U0083) and a significantly lower
number of primary school samples contzining ethyl sulphate (Chi-
squared post hoc test: ¥® = 13194, p = 00007, adjusted o« =
0.0083). The order of prevalence of drugs in primary schools was

Talie2
Detection frequencies (%) of targeted drug residues in samples from educational insdre-
thons of different level

Drug residie Primaryschoak  Secondaryschook  HEs SHEl
[n=18) (n=4) [n=86) (n=T7

HOOT 93 100 100 100
Cotinine 108 10 10 T}
Hicotine 100 100 100 100
Erhyl sulphate 58 100 100 10
Marphine ar 25 83 29
ndelne 21 38 17 14
THC-DOOH &4 100 100 T
Cocaine &8 1040 &7 71
Benzoylecgonine 37 &3 &7 57
Concaethy lens 11 nd. nd. 14
Amphe tami ne nd nd. 33 nd.
Methamphetamine 16 13 nd. 14
MEMA nd 13 30 29

Methadane, DIDF, 6 acetylmorphine were not detected in any of the samples.

. - v deteded [ <LOD)

EDDP - Z-sthylidene-15-dimethyl-33-diphenyipyrolidine, BOOT - trans-3%
hydroxycotinine, HEl -  higher education  instiution, MDMA - 34
metylened xymethamphetamine, SHE — miced secondary and higher education insti-
tuton, THC-COOH - 1 1-nor-S-carbasxy-A%-terrahyd rocannabina L
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nicotinge =cannabis=alcohol. Among medications of abuse, the use of
miorphine and codeine was observed (Table 2). The results also reveal
the use of cocaine (DF of benzoylecgonine = 37%) and methamphet-
amine and that cocaine and alcohol were co-consumed (detecion of
mcaethylene). Unforunately, since, to our knowledge, this is the first
application of WBE to investigate residues of licit drugs, medications
of abuse and illicit drugs in primary schoolks, itis not possible tocompare
the results with other primary schook inother countries.

Secondary school samples contained an average of eight drug resi-
dues (min = 6, max = 10, Table 54). Also, nicotine, alcohol, and canna-
bis were equally prevalent, and medications of abuse (e g., mor phine
and codeine) were detected [ Table 2). Amphetamine was the only stim-
ulant not detected in secondary schools (Table 2). The findings agree
with Zuccato et al (2017, who studied drug consumption in eight Ial-
ian secondary schools (age 15-19). Contrary to our siudy, me thamphet-
amine and MDMA were notd etected. O naverage, a diferent number of
drug residues was observed in samples from secondary schools
implementing different educational programmes (Table S5), although
the difference was not significant ( ¥* = 0.711, p = 0.7008, & = 0.05).
There were, however, differences in the type of drugs detected
(Table 3). For example, anly in vecational and technical schools were
morphine, codeine, and MDMA found together, while methamphet-
amine was only identified in multi-programme schools. Although
ethyl sulphate, cocaine, and benzoylecgonine were found in all samples
from vocational and technical schools (Table 3), cocaethylene indicating
alcohol and cocaine co-consumption was not detected. The lack of
cocaethylene suggest that these subs@nces were consumed separately
(by different persons) : however, their lowconcenration in wastewater,
possibly due to low excretion in urine (0.7% of cocaine dose excreted in
24 h (Gracia-Lor et al., 2017)) and sampling difficulties may explain
why theywere not detected. Further studies, including a higher number
of participating secondary schools, are needed toobtain more accurate
data.

Onaverage, eight drugresidues (min = 5, max = 10) were detectad
im HEI (Table 54). Micotine, alcohal and cannabis were also the most
common suggesting their equal prevalence (Table 2). Among the med-
ications of abuse, morphine showed a high prevalence (DF = 83% ).
Owerdl, the results agree with WBE studies previoushy conducted on dif-
ferent university campuses. For example, alcohol consum ption was ob-
served ina university campus in Greece with ethyl sulphate detected in
all samples (Gatidou et al., 2006}, a high DF of morphine [ 79%) was ab-
tained on a US university campus (Hevett et al, 2005}, and cannabis
was reported to be one of the most frequently used drugs intwo studies
conducted in the US (Heuwettet al, 2015; Panawennage et al, 2011} [n
these studies, ocaine and amphe zmine were frequenty reported. n
the present study, the use of stimulants, such as cocaine (DF of
benzoylecgonine = B7%), amphetamine (DF = 33%) and MDMA
(DF = 50%) wasobserved, and although amphetamine was not as prev-
alent as cocaine, it was only spedfic t HEIs (Table 2). Also, a difference
in the number of drug residues detected in HEls of fering different higher
educational programmes (Table 55) is observed but is not statistically
significant (¥* = 2522, p = 0.1123, & = 0.05). However, there is an ob-
servable difference in the DF of drug residues, namely all residues had
DF = 100% in HEls offer ing social sdences, while different DFs were ob-
tained in HESs offering natural sdences (Table 3). Despite this, only am-
phetamine was observed in a statistically higher number of HEIs
offering sodal sciences (¥ = 6.0, p = 0.0143, o = 0.05), suggesting
its higher prevalence in those HEs, although a higher number of sam-
ples from each type of HELS would be needed to confirm this finding
Similar to vocational and technical secondary schools, alcohol and co-
caine can be assumed to be consumed separately (ethyl sulphate, co-
caine and benzoylecgonine were detected in all samples, while
mcaethylene was <L0OD; Table 3). However, non-detection due to the
low concentraton of cocaethylene in wastewater cannot be excluded.
The SHE samples contained an average of seven drug residues (min:
5, max: 10, Table 83). This finding is similar to that for secondary schools
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Dertecion frequendss (%) of targeted drug residues insam ples of ed ucational instiudens reganding educational programme classfication.

Drugresidue Cymnasiums Vocational and technical schoals Mult-programme schools HEL for nanwral sdences HEL for social sdences
[n=13) (m=2) [n=13) [m=4) =2y
HOOT L 100 100 10 1
Cotinine 1o 100 100 100 1
Hicotine L 100 100 10 1
Erhyl sulphate 100 100 100 100 100
Marphine nd. 50 33 75 1
Tondel ne &7 50 nd. 25 nd
THC-DOOH L 100 100 10 1
Tocaine li i} 100 10 50 1
Benzoylecganing &7 100 33 50 100
Tocaethylene nd nd nd. nd. nd
Amphe tamine nd nd nd. nd 1
Metha mphetamine nd nd 33 nd. nd.
MIMA nd. 50 nd. 25 1

Methadans, EDDP. 6-acetylmarpline were not dete aed inany of the samples
nd - net deteaed (<100

EDOP - 2-ethyldens-1.5-dimethy )3 3-dipheny pymolidine, HOOT - tians-3- hydiosycotinine, HEI - higher education inst nitlon, MDMA - 3A-methylened oymethampheta mine,
SHE - mixed secndary and higher ed ucation | s tinstion, THC-CO0H - 11-nor-8-aboxy-a8-terdyd rocannabimL

regarding the type of drugs present (Table 2), although cocaine and al-
cohol co-consumption was detected in SHELs (Table 2).

Overall, no statistical difference in the number of detected residues
was observed between primary, secondary schools, HEls and SHEls
(¥® = 5.345, p = 0.1482, o = 0.05) although different types of drugs
prevailed. Additionally, the data was visualized, and simil arities be-
tween samples were explored using a dimensional reduction technique

(t-SNE). In this case, two groups are observed when the data are ar-
ranged (in 2D space) based on the level of educational insdtuton
(Fig. 2). Groupl (lower left) mainly consisted of primary school samples
and Group2 (upper right) of insttutions offering secondary and higher
eduction, suggesting a difference indrug prevalence observed is influ-
enced by the levelof the educational institution. Mostly, there is a differ-
ence between primary sciools and the others.
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35 Geographic location vs drug prevalznoe

On average, a different number of drug residues were detected in
samples from primary, secondary schools, HELs and SHELs from different
municipalities. However, the differences were not statistically signifi-
cant (Table S6). In addition, regardless of educational institute level,
similar numbers of drugs were present in each municipality (¥* =
1981, p = 09214, o = 0.05). Except for tobaccn, alcohol, cannabis
and cocaine, all other drug types varied. All investigated drugs were de-
tected (biomarkers =LOD) in M2, Le, Ljubljana, Slovenia's capiml
(Table 4). A leastone prescription drug (morphine or codeine ) was
used in educational institutions in e2ch municipality, except for M4

Sdance of the Toral Emdrasstsent 783 [2027) 150013

(primary schools and SHEIs), where neither were detected. Cocaine
and alcohol co-consumption was observed in three municipalities: M2
[SHEIs), M5 (primary schools) and MG (primary schools). Although
ethyl sulphate and coczine metabolites (cocaine and benzoylecgonine)
were detected in all secondary school samples from M2 and M5 and
SHE samples from M4, cocaethylene was not detected. As already
discussed, its absence suggests that alcohal was not co-consumed
with cocaine suggesting consumption by different persons, but there
is the possibility that cocaethylene is below the LOD. Amphetamine
was detected only in M2, whidh is expected since it is specific to HELs,
seven of which are located in this municipality. Methamphetamine
was deteced in a higher number of municipalites than MDMA from

Talied
Detection frequendss () of dneg residues ined v tonal | rstinstions.
Statistical region Costal-Karst  Central Slovenia Southeast Slovenia  Savinja Drava Mitra
Municlpality [ number of abtained samples ) Ml{n=12 M2-lublana(n=18 M3I[n=8 Md[n=4) Mifn=6 M&n=13 MI[n=71)
Drug residus Samples Detaction frequency [X)
jlany Primary school samples 100 100 100 10 100 &7 10
Secondary school samples 100 100 100 na 100 na na
HElsam ples na 100 100 na na na na
SHHE samples na 100 na 100 100 na 100
Totinine Primary school samples 100 100 100 100 100 100 100
Secondary school samples 100 100 100 na 100 na na
HElsam ples na 100 100 na na na na
SHE samples L 100 e 100 100 na 100
Ricotine Primary school samples 100 100 100 100 100 100 100
Secondary school samples 100 100 100 ma 100 na na
HElsam ples na 100 100 na na na na
SHE samples L 100 e 100 100 na 100
Erhyl sulphate Primary school samples 100 &l I3 100 a7 EE] 50
Secondary school samples 100 100 100 ma 100 na na
HElsam ples na 100 100 na na na na
5HE samples %Y 100 %Y 100 100 na 100
Marphine Primary school samples nd 20 &7 . . 100 50
Secondary school samples 100 25 nd na . na na
HElsam ples na 1) 100 na na na na
5HE samples na 50 na . . na i)
Condeine Primary school samples nd . 33 . 33 &7 nd
Secondary school samples  nd. 75 nd na . na na
HElsam ples na 20 . na na na na
5HE samples na S0 na . . na nd
THC-DOOH Primary school samples 100 100 100 a0 100 &7 50
Secondary school samples 100 100 100 na 100 na na
HElsam ples na 100 100 na na na na
5HE samples na 100 na 100 100 na 100
Concalne Primary school samples 100 1) &7 100 33 100 nd
Secondary school samples 100 100 100 na 100 na na
HElsam ples na 1) . na na na na
5HE samples na S0 na 100 S0 na 100
Benzoy lecgonine Primary school samples nd Al 33 S0 33 &7 nd
Secondary school samples 100 75 nd na 100 na na
HElsam ples na 1) . na na na na
SHHE samples na S0 na 100 S0 na nd
Goncasthylens Primary sehonl samples md . nd . 33 EE] nd
Secondary school samples  nd. . . na . na nd
HElsam ples ma . nd ma ma na na
SHHE samples na S0 na . . na nd
Al tamine Primary sehonl samples md . nd . . nd nd
Secondary school samples  nd. . . na . na na
HElsamples na Al nd na na na na
SHHE samples na . na . . na nd
Methamphetamine  Primary school samples nd 20 33 . . nd 50
Secondary school samples  nd. . 50 na . na na
HElsamples na . nd na na na na
SHHE samples na . na S0 . na nd
MOMA Primary school samples nd . nd . . nd nd
Secondary school samples  nd. 25 . na . na na
HElsamples na &l nd na na na na
SHHE samples na . na 100 . na nd

Methadans, EDDP, 6-acetylmorphine we e not deteded inany of the samples.
na -not applicable | no samples were obiained |, nd - no deteqed [ «<L0DL

EDDP - 2-ethyldens-1.5-dimethy )3 3-diphenyd pymal idine, HOOT - trans-3- hydiosycotiniee, HEI - higher education inst tition, MDMA - 34-methylenad nsymethampheta mine,

SHE - mixed seandary and higher edecation | stitution, THCODOH - 11-nor-3-aboxy-a8-terr ydrocannabimo L
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different statstical regions of Slovenia (four vs twa). Both stimulants
were detected in M2 {primary, secondary schools and HEs) and M4
(SHELs), while none were detected in M1, M5 and MB. No grouping of
the results based on geographiclocation was observedin the t-SNE visu-
alization {Fig. 52), suggesting othervariables than municipality play a
rale in drug use wends.

3.6 Urban vs non-urban areas

An insufficient number of samples meant that only primary schools
in urban (n = 13) and non-urban (n = 6) areas were used o explore
differences due to urbanization. On average, six drug residues were de-
tected in both wban (min = 5, max = 9) and non-urban (min = 4
max = 8) locations (Table 57}, with no significant difference in the
number of drugs residues detected (3* = 0425, p = 0.5144 o =
0.05). However, there was a difference in DFs of drug residues
(Table 5). Although results abtzined inother studies conducted indif-
ferent sized dties (Krizman et al, 2016) and population type,
Le., capiial and villages (Gaddou et al,, 2016) suggest a higher drug con-
sumpton inurban areas. No such conclusion can be drawn inour study
since individual drug consumption esimates were not caloslated.
‘When DFs of THC-COOH and ethyl sulphate are compared, the preva-
lence of cannabis was high and similar to that of alcohol (urban sam-
ples: ¥* = 3467, p = 00626, = 0,05, non-urban samples: ¥° =
0343, p = 05582, «¢ = 0.05). Urban samples also contained signifi-
cantly more cocaine than its metabolite, benzoylecgonine (¥ = 3.939,
p= 00472, o = 0.05), suggesting a connection between cocaine avail-
ability or its usein institutions and wrbanization (see3.3. General find-
ings). According to the “Eeport on the drug situation in 2019 of the
Republic of Slovenia® (*NIJZ 2019L"), illidt drugs are more readily ab-
tained in larger urban areas, which explain their availabiity in educa-
tional institutions. However, additional information is needed to
suppaort this claim Interestingly, cocaine co-consumptionwith aloohal
‘was only observed in urban areas (cocaethylene =L0D; Table 5). Also,
there was no statistical difference (3° = 2030, p = 0.1542, o« = 0.05)
between the DF of metham phemine in urban and non-urban samples.
Diespite this, no urban-non-ihan grouping was observed in the t-SNE
visualization (Fig 53). However, there are only seven non-urban sam-
ples, soa higher number of samples from ed ucational institutions lo-
cated in non-urban areas are needed © confirm this finding.

3.7 Comparnison with available epidemiological dota

The results were compared with survey data from ESPAD 2015 (NIJZ,
2017) and HBSC 2018 (NIJZ, 20191) and WEE data from SCORE 2019

Talle5
Detection frequencies [E) of drug residees in pimary schools located inwrban and nen
wrban aress.

Drugresidue Uitan HKan-urban
HOOT 32 100
Cotinine T 100
Hicotine lid} 100
Erhyl sulphate 62 50
Marphine 38 33
Godel e 23 17
THC-DOOH 32 &7
ocaine 77 50
e nzoy lecgonine 38 EE]
Goncasthylene 15 nd.
Amphe tamine nd nd.
Metha mphetamine : EE]
MDMA nd. nd.

Methadans, EDDF. 6-acetylmarpline were not dete aed inany of the samples

nd_ - not detected.

EDOP - Z-ethylidens- 1 5-dimethyl-33-diphenyipymolidize, HOOT - trans-3'-
hydrasoycotinine, MOMA - 3,4 methy lenedioxymetham phetamine, THC-COOH - 11-
v -3-car boxy-A9-terrahyd rocannabinal
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covering s Sloven an municipalities { EMCDDA, Wastewate r-based ep-
idemiclogy and drugs topic page; SCORE-ES1507 COST Acton). Despite
our results, caution should be mkenwhen exirapolating the results to
schoolchildren and students since residues may also originate from
members of staff and visitors since wastewater analysis only provides
drug consumption of the whole population. There is also no socio-
epidemiological data on drug consumption by specific groups
(e.g. teachers, staff and wvisitors) associated with education in
Slovenia, making it im possible to estimate the contribution from indi-
vidual groups ineducational institutions.

Differences in the DF of nicotine and aloohol biomarkers suggest a
higher prevalence of nicotine than alcohol in Slovenian educational in-
stilutions (¥* = 13514, p = 0.00024, ¢ = 0.05). This finding contra-
dicts the survey data, which suggests that alcohol use is more
significant than tobacco among adolescents (Table $8). Differences in
nicotine and alcohol vse may explain this discrepancy, Le., daily vs rec-
reational use (Laiet al, 2018; Reid et al, 2001; Ryu et al, 2016).

The presence of codeine and morphine could indicate their thera-
peutic use, although codeine misuse cannot be ruled out. Codeine, for
example, can be easily purchased over-the-counter in Slovenia (CBZ
website), and it is reported in the ESPAD 2015 (NI[Z, 2017) that pain-
killers were used to get high by 2% of 15-16-year olds (Table S8). How-
ever, the low percentage of students using painkillers to get high is
likely to mean thathigher DFs (Tables2 and 3) originate from (medical )
usage by other groups of people present, although additional data is
needed to support such a claim. In contrast, neither methadone nor
EDDP was detected. Their absence could be explained by the fact that
65% of problem opioid users are between the ages 31 and 40 according
to the Opioid Substitution Treatment program data (OST) (NIJZ, 2019b),
whereas 41.8% of people ending higher education were <25 of years of
age [SURS website).

Cannabis was the most commaon illicit drug in Slovenian educational
institutions. This finding agrees with the survey data [Table S8}, al-
though the observed equal prevalence of cannabis and aloohol (¥ =
2635, p= 0.1045, «e = 0.05) does not, Le, the survey dat report alco-
hol as the most common drug (Table §8). Another disoepancy is in the
use of stimulants. [noour study, cocaine was the maost prevalent, while
amphetamine, methamphetamine and MDA we re detected only occa-
sionally, whereas the survey data (ESPAD 2015; 15-16-years-olds and
HBSC 2018; 17-year-olds) show the lifetime use of st mulants to be
much more prevalent (Table 88). However, the results agree with the
SCORE 2019 data (the year the study was performed), which show a
higher prevalence of cocaine over other stimulants in the general popu-
lation (EMCD DA, Wastewater-based epidemiology and drugs topic
page; SCORE-ES1307 COST Action). Heroin was not detected, even
though 1% of 15-16-year olds and 0.8% of 17-year olds reported using
the drug (Table S8).

Owerall, the results are inconsistent with those obtained by epidemi-
ological surveys conduced in Slovenia. However, the discrepancy may
result from differences in the methodology wsed [(wastewater analysis
vs questionnaires), time and mode of sampling/surveying, and
repor ing of results. Moreover, the number of samples conining indi-
vidual drug biomarker(s) was used to predict drug prevalence, whidy
means that no infor mation can be obtained on the actual number of
drug users at individual sites, while survey results offer direct insight
into the number of users.

4 Conclusions

The prevalence of licit drugs, medicines of abuse and illicitdrugs was
investigated in Slovenianeductonal institutions. [n general, nicotine,
aloohol and cannabis had the highest DFs. The most common medica-
tons of abuse were morphine and codeine, while cocaine was the
miost commonly detected stimulant The number of detected residues
did not vary betwee neducational institutions regarding the level of ed-
ucation offered, geographic location and urbanization, but there were
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differences in DFs and the type of drugs present Amphetamine, for ex-
ample, was detected only in HELS. Ljubljana (M2) produced the greatest
variety of drug residues, and urban areas were related to higher cocane
availability (evidenced by unused cocaine entering the sewer) and ako-
hol co-consum ption. The level of educational institutions mainly influ-
enced drug use patterns, iLe. differences were observed mainly
between primary schools and other institutions. The olserved DFs also
agreed with other WBE studies conducted in educational institutions
and the SCORE 2019 WEE study. Other variables that influence drug
onsumpion patterns, however, require further exploration.

Overall, wastewater analysis is useful for investigating drug use in
site-spedfic setings such as educational institutions since it is non-
invasive and produces objective data in near-real-time. [mportantly,
the result abzined in this study may deepen our unders@nding of
when drugs enter young peoples’ lives and which drugs are the maost
common in different stages of education. Despite its many advantages,
applying wastewater analysis to educational institutions is not without
limitations. [nconsistent wastewater flows (eg. pericds with no flow)
and different dilution factors {eg. instimutions with kitchens and those
without), and, in this case, a lack of accurate flow data meant that it
was impossible to quantify drug use, and such issue will need to be ad-
dressed in future site-specific studies. However, it did allow a compari-
sonof drug types used. Also, mainzining an insttuton's anony mity in
small catchments can be proble matic, and disclosure could result in neg-
ative attention. Finally, caution is needed when interpreting the results
since it is difficult to distinguish between students, staff and visitors.
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3.2.3 Data in brief: Dataset of residues of drugs of abuse in wastewater
from Educational Institutions

Published: Verovsek, T., Krizman-Matasic, 1., Heath, D., Heath, E., 2021, Data in Brief,
39, 107614.

To produce FAIR data obtained in the framework of the WBE study carried out in
Slovenian educational institutions (Chapter 3.2.2 Investigation of drugs of abuse in
educational institutions using wastewater analysis, the data has been published in full in
the peer-reviewed journal Data in Brief.
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large number of different educational institutions included
in the study, provided datasets are valuable for further
studies on drug consumption patterns among young peo-
ple. Drug presence and prevalence data for primary schools
(6-15 years) offer an objective insight into drugs present in
the early stage of a voung person's development and help
establish effective prevention programs. More details on the
study can be found in [1].
© 2021 The Authon's). Published by Elsevier Inc.
This is an open access article under the CC BY-NC-ND
license (hitp://creativecommons.orgf licenses/by-nc-nd/4.0/)

Specifications Table

Subject
Specific subject area

Type of data
How data were acquired

Data format
Parameters for data collection

Description of data collection

Data source location

Data accessibility
Related research article

Health and medical sciences

Determination of licit drugs, medications of abuse and illicit drugs in educational
institutions

Table

Instruments: Shimadzu ultra-performance liquid chromatograph hyphenated to AB
Sciex 4500 QTRAP detector mass spectrometer (UPLC-MS/MS)

Raw, anonymised

The data was obtained using UPLC-MS/MS analysis of seven-hour composite raw
wastewater samples (n=40) obtained from different educational institutions
(primary, secondary, and tertiary) in urban and non-urban areas in seven
Slovenian municipalities. Also, data on chemical analysis conducted during the
preliminary study (one secondary school sampled over one week) is provided.

In total, 16 metabolic residues of licit drugs (nicotine, alcohol), medications of
abuse (morphine, codeine. methadone) and illicit drugs (cannabis, cocaine,
amphetamine, methamphetamine, ecstasy and heroin) were determined in
wastewater samples using UPLC-MS{MS. Residues of medications of abuse and
illicit drugs were enriched using solid phase extraction, while residues of licit
drugs were filtered and analysed directly. lon-pair reagent (tetrabutylammonium
bromide) was added to the samples when analysing alcohol residues.
Institutions: 44 educational institutions; 19 primary schools (6-15 years.), ten
secondary schools (15-19 years), nine higher education institutions (19+ years.)
and six mixed secondary and higher education institutions {15+ years.).

City/ TownjRegion: seven municipalities (including the capital) from five statistical
regions (Coastal-Karst, Central Slovenia, Southeast Slovenia, Savinja, Drava and
Mura)

Country: Slovenia

With the article

T. Veroviek, L Krizman-Matasic, D. Heath, E. Heath,, Investigation of drugs of
abuse in educational institutions using wastewater analysis, Science of The Total
Environment. 799 (2021) 150013. https://doi.org/ 101016/ j.scitotenv 2021150013

Value of the Data

* Compared to similar datasets, this dataset provides concentrations of residues of licit drugs,
medications of abuse and illicit drugs obtained from educational institutions of different ed-
ucational levels {(n=44), located in urban and non-urban areas within different municipalities

across Slovenia.

* The data can be valuable for researchers studying drug use patterns among young people.
Also, it may help with establishing prevention programmes and intervention strategies for
young people since the data covers ages from 6-19+ years.
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+ Collected data can be used in comparison studies or as a base for (additional) experiments
to study the variables influencing drug consumption trends in educational institutions, i.e.
among young people.

« For the first time, wastewater analysis data on drugs present in primary schools (6-15 years)
was obtained.

1. Data Description

Here the data for the wastewater samples, applied analytical methods, validation parameters,
and concentrations (raw data) of residues of licit drugs (nicotine and alcohol), medications of
abuse (morphine, methadone and codeine) and illicit drugs (cannabis, cocaine, amphetamine,
methamphetamine, ecstasy and heroin) in wastewater samples are presented. Mo further calcu-
lation from concentration, i.e., to mass loads and consumption estimations [2], was possible due
to a lack of data on wastewater flows.

In total, 40 wastewater samples were obtained from educational institutions offering different
levels and types of education (Table 1) from urban and non-urban areas in six statistical regions
in Slovenia (Table 2).

Standards solutions of targeted analytes (16 drug residues) and their labelled analogues used
for identification and quantification by UPLC-MS/MS are listed in Table 3. Retention times and
ionisation mode utilised are presented in Table 4 along with optimised UPLC-MS/MS parameters,
namely declustering potentals (DP), collision energies (CE 1 and CE 2) and collision cell exit
potential (CXP 1 and CXP 2), for each precursor-product ion pair.

Linearity, the limit of detection (LOD), the limit of quantification (LOQ), extraction recovery,
matrix effect (ME), accuracy and repeatability were addressed during method validation. Signal
suppression was observed (Table 5) for licit drug residues (2-115%) except for nicotine, for which
signal enhancement (77%) was observed at low concentration (5 ng/mL). Accuracy values were
in the 84-136% range. Repeatability was below 10% (RSD) for all compounds, except for ethyl
sulphate (14% RSD). A linear response for nicotine residues was obtained between the LOQ) and
1000 ng/mL, while for ethyl sulphate, linearity was achieved in LOQ-500 ng/mL range. LODs
were in the range 19 to 305 ng/L, and LOQs were between 64 and 1020 ng/L.

Table 6 shows validation parameters for residues of medications of abuse and illicit drugs.
Extraction recoveries were in 71-110% range (exception: 23% for 2-ethylidene-1,5-dimethyl-3,3-
diphenylpyrrolidine, EDDP) and signal suppression was observed (between 15% and 70%). Accu-

Table 1
Wastewater samples obtained in educational institutions of different level.

Educational institution (age of attendants) Mumber of obtained samples
Primary schools (age 6-15) 19
Secondary schools (age 15-19) 8

- Three from gymnasiums (general upper secondary education);

- Twao from wocational and technical schools (vocational and
technical education};

- Three from multi-programme schools (general upper secondary
education, vocational and technical education).

HEIs (age 19+) 6;

Four from institutions offering natural sciences;
Two from institutions offering social sciences.

SHEIS {age 15+) 7

HEIls - higher education institutions, SHEls - mixed secondary and higher education institutions.



Table 2
Wastewater samples from each municipality and urban and non-urban areas divided based on the level of education offered by the institutions.
Total number Number of Number of Number of
of obtained primary school secondary Number of SHEI
Geographic locationfarea Statistical region of Slovenia samples samples school samples HEI samples samples

Inter-municipality comparison

Municipality 1 (M1) Costal-Karst 2 1 1 n.a. n.a
Municipality 2 (M2) - Ljubljana Central Slovenia 16 5 4 5 2
(Slovenian capital)
Municipality 3 (M3) Central Slovenia 6 3 2 1 na
Municipality 4 (M4) Southeast Slovenia 4 2 n.a. n.a. 2
Municipality 5 (M5) Savinja 6 3 1 n.a 2
Municipality 6 (M&) Drava 3 3 n.a. n.a. n.a
Municipality 7 (M7) Mura 3 2 n.a. n.a. 1
Urban v§ non-urban areas
Urban areas Central Slovenia, Drava, Mura, 33 13 8 6 6
Costal-Karst, Savinja, Southeast
Slovenia
Non-urban areas Central Slovenia, Drava, Mura, Savinja, 7 6 n.a. n.a. 1

Southeast Slovenia

n.a. — not applicable (no obtained samples).
HEI - higher education institution, SHEI - mixed secondary and higher education institution.
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Table 2
Standard solutions of analytes and their deuterated analogues.

Analyte [mg/mL] (sobent) Labelled analogues (internal standards) [mg/mL] (solvent)

Licit drug standard solutions

HCOT 1 {methanal) (+)-Cotinine-d3 1 (methanal )
(-}-Cotinine 1 {methanal)
(8- -Nicotine 1 fmethanol)
Ethyl sulphate sodium salt 1 fmethanal) Ethyl-d5-sulphate sodium salt 1 (methanal )

Basic drug standard solutions

Morphine 1 {methanoi) Morphine-d3 1 {methanol }
(Codeine 1 (methanoi) Codeine-d3 1 (methanol }
(+}-Methadone 1 {methanal) (+)-Methadone-d3 1 (methanal )
EDDP perchlorate 1 {methanoi) EDDP-d3 perchlorate 1 {methanol }
(Cocaine 1 {acetonitrile) Cocaine-d3 1 {acetonitrile)
Benzoylecgonine 1 {methanaol) Benzoylecgonine-d3 1 {methanal )
Cocasthylene 1 {acetonitrile) Cocaethylene-dg 0.1 {acetonitrie)
(+)}-Amphetaming 1 (methanoi) (+}-Amphetamine-d& 1 {methanol }
(+}-Methamphetamine 1 (methanol) (+)}-Methamphetamine-d5 1 {methanol }
(+}-MDMA 1 (methanol ) (+}-MDMA-d5 1 (methanol )
G-Acetylmorphine 1 {acetonitrile) G-Acetylmorphine-d3 1 {acetonitrile)

Cannabinoid standard solutions

{+)-THC-COOH 1 (methanal) {+-THC-COOH-d3 1 (methanol)

EDDP - 2-ethylidene-15-dimethyl-3.3-diphenylpyrrolidine, HCOT -  trans-3-hydroxycotinine, MDMA - 34
methylenedioxymethamphetamine, THC-COOH - 11-nor-9-carboxy- A9- tetrahydrocannabinol.

racy values were in the 90-112% range. Repeatability was below 10% (RSD). For the majority of
residues of medications of abuse and illicit drugs, a linear response was observed between LOQ
and 1000 ng/mlL, except for methamphetamine, EDDP (LOQ-500 ng/mL) and methadone (LOQ-
200 ng/mlL). LODs were between 0.31 and 3 ng/L, and LOQs were between 1 and 9.60 ng/L.

During a preliminary study, four daily wastewater samples obtained in one secondary
school were analysed for nicotine residues, residues of medications of abuse and illicit drug
residues. Out of 15 biomarkers (Table 7), on average, ten were detected in individual samples.
3 4-methylenedioxymethamphetamine - MDMA (Monday sample: 6.24 ng/L), benzoylecgonine
(Monday sample: 42.0 ng/L and Friday sample: <LO(Q but above LOD) and 6-acetylmorphine
(=LOD only in Monday sample) were detected in different daily samples. Nicotine residues (nico-
tine: 4400-7500 ng(L, cotinine: 3000-5600 ng/L and trans-3'-hydroxycotinine - HCOT: 6700-
9900 ng/L), 11-nor-9-carboxy- A9-tetrahydrocannabinolcocaine - THC-COOH (158-3232 ng/L),
amphetamine (1.96-7.60 ng/L), morphine {up to 9.72 ng/L) and codeine {up to 29.84 ng/L) were
detected in all samples and methamphetamine, EDDP, and cocaethylene were detected in none
of them. Methadone was under LOD in three samples, while on a Wednesday (midweek), it was
slightly higher (0.680 ng/L).

Concentrations of 16 drug residues obtained in 40 wastewater samples are presented in
Table 8. Samples are grouped based on geographic location {municipalities: M1-7). Additional
properties, such as level (PS - primary school, 55 - secondary school, SHEl - mix secondary
and higher education institution, HEl - higher education institution), type (G- gymnasiums,
VTS - vocational and technical schools, MPS — multi-programme schools, IN- institutions of-
fering natural science, IS - institutions offering social science) of educational institution and
urbanisation (U - urban, NU - non-urban area) are also stated. As can be seen from Table §,
methadone (methadone, EDDP) and heroin (6-acetylmorphine, 6-AM) residues were always un-
der LOD, while the highest concentrations were obtained for licit drug and cannabis residues.
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Table 4
UPLC-MS/MS parameters.

Retention Precursor Product Product
time lonisation  ion ion 1 ion 2
Analyte (min) mode (mjz) Dp (mfz) CE1 XP1 (mfz) CE2 OXp2
Analytes
HOOT 07 ESl+ 193 61 80 47 [ 14 i 4
Cotinine 12 ESl+ w7 16 80 39 6 136 n 10
Nicotine 0B ESl+ 162 4 17 3z B 130 el 10
Ethyl sulphate 13 ESL 125 -5 o7 -2z 15 1] - V-
Morphine 1.6 ESl+ 286 95 152 79 10 165 51 B
Codeine 31 ESl+ 300 B1 152 83 14 165 35 12
Methadone B4 ESl+ 3o 16 265 21 10 105 35 10
EDDP 7 ESl+ 278 66 234 40 10 219 57 14
THC-COOH 16 ESl- 342 -l00 299 -30 -9 245 -36 -9
Cocaine 5.5 ESl+ 304 51 182 27 6 82 L] 8
Benzoylecgonine 43 ESl+ 290 B1 168 26 3 el i 10
Cocaethylene 6.3 ESl+ s 01 196 25 10 82 41 B
Amphetamine 13 ESl+ 136 51 o 23 3 119 1 B
Methamphetamine 2.4 ESIl+ 150 n B | 24 B 119 15 [
MDMA 31 ESl+ 14 46 162 17 B 105 33 8
G-acetylmorphine 3.6 ESl+ 128 1o 165 51 [ 211 a5 8
Labelled internal standards

Cotinine-d3 12 ESl+ 180 76 80 7 6 1M 29 B
Ethyl-d5-sulphate 33 ESE 120 -45 98 -2z 13 b 1] 42 -1
Morphine-d3 1.6 ESl+ 2849 106 152 79 10 165 54 G
Codeine-d3 31 ESl+ 302 81 152 85 B 165 35 [
Methadone-d3 B4 ESl+ 1 26 268 21 10 105 36 8
EDDP-d3 77 ESl+ 281 56 24 42 10 249 32 8
THC-COOH-d3 16 ESI- 346 -00 302 =28 -1 248 -38 7
Cocaine-d3 5.5 ESl+ 07 BG 185 27 3 85 43 G
Benzoylecgonine-d3 43 ESl+ 293 B1 m 27 3 el 75 G
Cocaethylene-dg 6.3 ES+ 326 95 204 27 B 85 43 B
Amphetamine-d6 13 ESl+ 142 41 93 19 6 125 12 4
Methamphetamine-d5 2.4 ESl+ 155 36 92 27 B o prl 8
MDMA-d5 31 ESl+ 199 56 165 17 [ 107 32 8
G-Acetilmorphine-d3 3.6 ESl+ 33 106 165 48 12 il 7 8

CE - collision energy, CXP - collision cell exit potential, DP - declustering potential, EDDP - 2-ethylidene-1.5-dimethyl-
3.3-diphenylpyrrolidine, HCOT - trans-3'-hydrogycotinine, MDMA - 3 4-methylenedicgy methamphetamine, THC-COOH -
11-nor9-carboxy-AS- tetrahydrocannabinol

2. Experimental Design, Materials and Methods
2.1 Preliminary study design, participants and wastewater sampling

A preliminary study was conducted at one of the participating secondary schools (15th-
19th April 2019). Wastewater was obtained using an autosampler operating in time-proportional
mode (100 mL in five minutes). Seven-hour composite raw wastewater samples were collected
from Monday to Friday during lesson time (7:30-14:30). A technical error meant that Tuesday's
sample was lost, and only four daily samples were obtained.

Forty-four educational institutions were included in the study; 19 primary schools (6-15
years.), ten secondary schools (15-19 years.), nine HEls (19+ years.) and six SHEls (15+ years.).
Thirty-seven institutes were located in urban and seven in non-urban areas [3,4] of seven mu-
nicipalities (M1-7) from six statistical regions of Slovenia. The intention was to collect one sam-
ple per participating institution (n=44) at the end of the 2018/2019 academic year. The sewer
layout meant it was impossible to collect wastewater from just the institution at specific sam-
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Table 5
Validation results for licit drug residues.
Linearity - Concentration level
range in used for validation Matrix Repeatability  Accuracy
Anmalyte  ng/mlL (R*) LOD |ngfl] LOQ [ng/l] [ng/ml] effect [X£]  [%RSD] %]
HCOT LOQ-1000 2245 6 5 -2B 2 86
(0.59991) 10 -20 3 8
50 -26 3 B4
Cotinine  LOQ-1000 181 63.6 5 -22 3 90
(0.9967) 10 -20 5 91
50 -15 3 94
Nicotine LOQ-1000 78.6 2617 5 T 5 136
(0.9993) 10 =70 7 124
50 - 1 93
Ethyl LOQ-500 305.3 168 5 -1145 14 105
sulphate (0.999&) 20 -20 5 91
50 -69 2 Nn
100 -23 2 93

HCOT - trans-3"-hydroxycotinine.

pling sites. For this reason, forty composite raw wastewater samples covering all educational
institutions were obtained (Tables 1 and 2). Wastewater samples were collected mid-week on
either a Tuesday, Wednesday or Thursday using an autosampler (100 mL every five minutes).
The samples were stored at —20°C until analysis.

2.2, Chemicals and materials

Standard solutions of targeted analytes (1 mg/mL) and labelled analogues (1 or 0.1 mg/mL)
were purchased from Cerilliant {Round Rock, Texas, USA) and stored in the dark at —20°C
(Table 3). Working standards were prepared by diluting the stock standards with methanol to
give final concentrations of 10 mg/L for analytes, 2 mg/L for basic drug and cannabinoid stan-
dards, and 0.5 mg/L for alcohol and nicotine residues standards. All solutions were stored in the
dark at —20°C. All HPLC solvents were purchased from JT Baker (Philipsburg, USA), while LC-MS
grade formic (HCOOH) and phosphoric acid (H3PO4) were purchased from Fluka (Switzerland).
Aqueous ammonia solution (NHs, 25%) was purchased from Merck (Darmstadt, Germany) and
ammonium formate and tetrabutylammonium bromide (ion-pair reagent) from Sigma Aldrich
(Missouri, USA). Milli-Q water was obtained by Millipore Direct-() purifying system.

2.3. Sample preparation

For nicotine and alcohol residues determination, the samples were filtered through three
different-pore-size filters (2.7 pm - GF/D, 1.2 ym - GF/C, Whatman, USA, and 0.45 pm cellulose
membrane filters, Sartorius, Gottingen, Germany) and spiked with labelled internal standards
(final concentration of 10 ng/mL). To determine alcohol residue, tetrabutylammonium bromide
(TBA) as an ion-pair reagent was added to the sample (final concentration of 50 mM) [5].

The method used for basic drugs and cannabinoids determination is based on Senta et al. [6].
Briefly, 125 mL of sample was spiked with labelled internal standards (60 ng/mL in final extracts)
and filtered through two different-pore-size glass microfiber fileers (GF/D and GF/C, Whatman,
USA). The samples were then acidified to pH 2 using concentrated H4POy. Drug residues were
extracted and pre-concentrated on Oasis MCX (150 mg/6 mL, Waters, Milford, MA, USA) solid-
phase extraction cartridges conditioned with 5 mL methanol, 5 mL Milli-Q water and 5 mL 25
mM H4PO4. A two-step elution followed sample loading. In the first fraction (6 mL of methanol),
cannabinoids were eluted, while in the second fraction (6 mL of 0.5% ammonium solution in



Table 6

Validation results for residues of medications of abuse and illicit drugs.
Analyte Extraction recovery [%] Matrix effect [%] Repeatability [% RSD] Accuracy [%] Linearity - range in ng/mL (R?) LOD [ng/L] LOQ [ng/L]
Codeine 91 —41 3 98 LOQ-1000 (0.9997) 1.98 6.58
Methadone 88 —-28 3 112 LOQ-200 (0.9958) 0.63 2,09
EDDP 23 -15 7 105 LOQ-500 (0.9944) 1.81 6.04
Morphine 110 —69 5 96 LOQ-1000 (0.9998) 1.39 461
THC-COOH 71 -70 5 104 LOQ-1000 (0.9985) 0.83 277
Cocaine 90 -30 2 97 LOQ-1000 (0.9952) 0.48 1.61
Benzoylecgonine 80 —28 5 90 LOQ-1000 (0.9936) 2.88 960
Cocaethylene 89 —-23 4 100 LOQ-1000 (0.9941) 0.48 1.59
Amphetamine 101 —-55 5 108 LOQ-1000 (0.9915) 0.31 1.03
Methamphetamine 81 —69 4 102 LOQ-500 (0.9955) 1.00 333
MDMA 72 —49 5 106 LOQ-1000 (0.9914) 0.83 278
6-acetylmorphine 76 —47 7 a8 LOQ-1000 (0.9985) 1.44 4.80

EDDP - Z-ethylidene-1,5-dimethyl-3,3-diphenylpyrrolidine, LOQ - limit of guantification, MDMA - 3.4-methylenedioxymethamphetamine, THC-COOH - 11-nor-9-carboxy-A9-
tetrahydrocannabinol.
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Table 7

Concentrations (ng/L) of drug residues obtained during the preliminary study.
Day HCOT coT NIC MOR CoD MTHD EDDP THC-COOH CcocC BE COE AMP MAMP MDMA 6-AM
Monday 6700 3000 4400 =4.61 2984 =0.63 =181 158 10.52 42.0 =048 7.60 =1.00 6.24 =144
Wednesday 7300 4400 5300 5.68 <6.58 <200 <181 3232 240 <2.88 =048 2.00 =1.00 <0.83 <4.80
Thursday 9900 4900 5400 988 <6.58 <0.63 <181 728 240 <2.88 =048 464 <100 <0.83 516
Friday 8900 5600 7500 972 <6.58 <0.63 <181 248 216 =9.60 =048 196 <100 <0.83 =480

6-AM - G-acetylmorphine, AMP - amphetamine, BE - benzoylecgonine, COC - cocaine, COD - codeine, COE - cocaethylene, COT - cotinine, EDDP - 2-ethylidene-1,5-dimethyl-3,3-
diphenylpyrrolidine, HCOT - trans-3'-hydroxycotinine, MAMP - methamphetamine, MDMA - 3 4-methylenedioxymethamphetamine, MOR - morphine, MTHD - methadone, NIC -
nicotine, THC-COOH - 11-nor-9-carboxy- A9-tetrahydrocannabinol.
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Table 8
Concentrations (ng/L) of drug residues obtained in 40 wastewater samples.
No. Properties of the sample COT HCOT  NIC Ets MOR  COD MTHD EDDF THC-COOH (COC BE COE AMP MAMP MDMA 6-AM
M1
1 Ps, U 1040 2870 1630 2240 =139 =198 =063 <181 504 5.24 <288 <048 <031 <100 =083 =144
2 SS (MPS), U 3700 6770 3680 11200 124 =198 <063 <181 381 3.50 <9.60 <048 <031 <100 =083 =144
M2 - Ljubljana
3 Ps, U 263 <7476 1070 <3053 <139 =198 =063 <181 =277 <161 <=2.88 <048 <031 <100 <0383 =144
4 P5, U 1860 3840 2280 <3053 140 =198 =063 <181 1460 3.16 288 =048 =031 =100 =083 =144
5 P5, U 1100 1970 1710 8240 =139 =198 =063 <181 76 48.8 69.2 =048 <031 =100 =083 =144
6 P5, U 289 <7476 926  <10168 =139 =198 =063 =181 G554 =161 =2.88 =048 =031 =100 =083 =144
7 PS5, NU 878 1730 1300 1110 =139 =198 =063 <181 924 =048 =288 =048 =031 =333 =083 =144
8 S5 (G), U 064 1480 1670 228000 =139 162 =063 =181 163 =161 =2.88 =048 =031 =100 =083 =144
9 S5 (G), U 674 1560 1650 1920 =139 246 <063 <181 128 3.57 <9.60 =048 <031 <100 =083 =144
10 S5(G)LU 1000 2050 1350 10500 =139 =198 =063 <181 244 66.0 744 <048 <031 <100 <083 =144
1 S§ (VTIS), U 3640 6950 3260 4390 374 18.8 <063 <181 1330 63.6 1340 <048 <031 <100 108 =144
12 HEI(IN), U 1290 2840 1300 40000 =139 =198 =063 <181 333 <048 <2.88 =048 <031 <100 <033 =144
13 HEI(IN), U 1820 3010 1970 6290 120 =198 <063 <181 1140 10.2 196 <048 <031 <100 <278 =144
14 HEI(IS), U 1640 2950 3010 2420 1.2 =198 <063 <181 1460 126 25.7 <048 404 <100 756 =144
15 HEI(IS), U 3610 6090 3450 4250 19.1 =198 =063 <181 512 156 21.6 <048 180 <1.00 484 =144
16 HEI(IN), U 1880 5170 2550 4900 149 9.80 <063 <181 856 5.04 -9.60 <048 <031 <100 =033 =144
17*  SHEL U 4730 8945 3035 5415 =139 =198 =063 <181 1890 <048 <288 <048 <031 <100 <0383 =144
18* SHEL U 3945 7500 3755 12550 58.0 19.2 <063 <181 454 9.12 270 242 <031 <100 =083 =144
M3
19 PS5 U 721 1590 1080 <3053 364 m <063 <181 314 2.26 62.8 <048 <031 <100 <083 =144
20 PS5 U 1470 6260 2520 2910 =139 =198 =063 <181 21 <048 <2.88 <048 <031 <333 <083 =144
21 P5,NU <b3.6 <7476 829  =3053 820 =198 =063 <181 T4 2.06 <288 =048 =031 =100 =083 =144
22 55 (MPs), U 6200 9120 5260 7790 =139 =198 =063 <181 G672 10.8 <288 =048 =031 =333 =083 =144
23 55 (MPs), U 1400 3690 1590 3860 =139 =198 =063 <181 1130 4.52 <288 =048 =031 =100 =083 =144

(continued on next page)
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Table 8 (continued)

No. Properties of the sample COT  HCOT NIC EtS MOR  COD MTHD EDDP THC-COOH (COC BE COE AMP MAMP MDMA 6-AM
24 HEI(IN), U 3850 6560 5520 22600 149 =198 =063 =181 676 =048 <288 <048 <031 <100 =083 <144
M4
25 P5, U 1260 2000 2580 3680 <139 <198 <063 <181 812 2.83 <288 <048 <031 <100 =033 <144
26 PS, NU 364 <7476 1450 7150 <139 <198 <063 <181 =083 2.44 <9.60 =048 <031 <100 =033 <144
27 SHEL U 3850 7160 3510 54000 <139 =198 =063 =181 524 5.08 =960 <048 <031 420 5.60 =144
28 SHEIL, NU 3760 5460 3680 27100 =139 <198 =063 =181 130 3.68 18.7 =048 =031 <100 396 =144
M5
20  P5, U 1380 2950 8320 2210 =139 =198 =063 =181 356 177 1640 240 =031 =100 =083 =144
30 PS5 U 516 1360 1130 4060 =139 <198 =063 <181 1532 =048 <288 <048 =031 =100 =083 <144
31 PS,NU 529 772 1530 <3053 =139 6.96 =063 <181 279 =048 <288 <048 <031 <100 =083 =144
32 SS(VIS), U 2140 3460 1830 4350 =139 <198 =063 =181 106 36.5 476 =048 =031 <100 =083 <144
33 SHEL U 5860 10400 4340 9110 =139 =198 =063 =181 235 2.60 =060 =048 =031 =100 =083 =144
34 SHEL U 3270 4870 2150 4970 =139 =198 =063 =181 14600 =048 <288 =048 =031 =100 =083 =144
MG
35 PS5 U 101 <2245 1750 <3053 9.72 8.96 =063 <181 =083 548 =288 =048 <031 =100 =083 =144
36 PS, U 701 968 32800 =305.3 120 47.6 =063 <181 444 3110 1530 =159 =031 <100 =083 =144
37 PS NU 1630 3160 2070 2790 =461 =198 =063 =181 160 336 19.8 =048 =031 =100 =083 =144
M7
38 PS5 U 209 554 1040 4440 1132 =198 =063 =181 448 =048 <288 <048 =031 =1 =0.83 =144
39 PSS, NU 1710 2650 1680 <3053 =139 =198 =063 =181 =083 =048 <288 <048 =031 =333 <083 =144
40  SHEL U 9390 20000 3730 72600 1044 =198 <063 <181 3044 2,10 <2.88 =048 <031 =1 =0.83 <144

* — average of two sampling days/samples,

T — estimated from the extrapolation of the calibration curve, G - gymnasiums, HEI - higher education institution, IN- institutions offering natural science, IS - institutions offering
social science, MPS — multi-programme schools, NU - non-urban, PS - primary school, SHEI - mix secondary and higher education institution, 55 - secondary school, U - urban, VTS
- vocational and technical schools;6-AM - 6-acetylmorphine, AMP - amphetamine, BE - benzoylecgonine, COC - cocaine, COD - codeine, COE - cocaethylene, COT - cotinine, EDDP -
2-ethylidene-1,5-dimethyl-3,3-diphenylpyrrolidine, EtS - ethyl sulphate, HCOT - trans-3"-hydroxycotinine, MAMP - methamphetamine, MDMA - 3 4-methylenedioxymethamphetamine,
MOR - morphine, MTHD - methadone, NIC - nicotine, THC-COOH - 11-nor-9-carboxy-A9-tetrahydrocannabinol.
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methanol), basic drugs were eluted. The cannabinoid fraction was further purified by acidi-
fication with concentrated HCOOH (60 pl) and passed through a Strata NH, cartridges (200
mg/3 mL, Phenomenex, Torrance, California, USA). The analyte was eluted using 2 =« 2 mL of 1%
HCOOH in methanol. The fractions were combined and reduced to dryness (40°C, N3 ) and recon-
stituted in either 500 pl of Milli-Q and methanol, 80:20, v/v with 0.1% formic acid (basic drug
residues extract) or Milli-0 water and methanol, 30:70, v/v (cannabinoids-containing extract).

24. Sample analysis

Samples were analysed using a Shimadzu ultra-performance liquid chromatograph hyphen-
ated to an AB Sciex 4500 QTRAP detector mass spectrometer (UPLC-MS/MS). lonisation was
achieved with an electron ionisation (ESI) interface. The mass spectrometer was operated in
multiple reaction monitoring (MRM) mode. Retention times, both transitions and the ratio be-
tween the transition peak areas were used for identification [7]. Quantification was performed
based on the relative response factors of the analyte to its isotopically labelled standard. Op-
timised LC-MS/MS parameters for analytes and labelled internal standards are presented in
Table 4.

Alcohol residues were separated by injecting 10 pL of sample on Ascentis® Express C18 (2
pm, 50 mm = 2.1 mm, Supelco, Pennsylvania, USA) column at 40°C. Milli-Q water (A) and
methanol (B), containing 0.1% formic acid, were used as eluents at a flow rate of 0.3 mlL/min.
The gradient elution was performed as follows: 2% B at 0 min, increase to 15% B at 10 min, 95%
B at 11 min and hold the conditions for 1 min, then decreased wo 2% B at 13 min. The ionisation
of the compounds was achieved using electrospray ionisation in negative ionisation mode (ESI-).

For nmicotine and basic drug residues, the analysis was based on Senta et al. [6]. Briefly, 10
pL of the extracted sample was injected onto the UPLC-MS/MS system. Analytes were separated
on Synergi Polar-RP column (2.5 pm, 30 mm = 2 mm, Phenomenex, Torrance, California, USA)
temperate at 40°C. Milli-Q water (A) and Methanol (B) containing 5 mM ammonium formate
and 0.1% formic acid were used as eluents at a flow rate of 0.3 mL/min. The gradient elution was
performed as follows: 2% B at 0 min, increase to 50% B at 6.9 min, 55% B at 7.3 min, 85% B at
8.7 min, 88% B at 10.7 min, and 100% B at 11 min, hold the conditon till 11.4 min, then decrease
to 2% B at 1.7 min and hold that percentage till 15.3 min. The ionisation of the compounds was
conducted in positive ionisation mode (ESI+). During acquisition Scheduled MRM™ algorithm
(MRM detection window: 120 s) was applied.

For cannabinoids, 10 pL of the sample was injected onto UPLC-MS/MS system, where the
separation was performed on Supelco Ascentis® Express C18 (2 pm, 50 mm = 2.1 mm, Su-
pelco, Pennsylvania, USA) column temperate at 40°C. Gradient elution using Milli-Q water (A)
and methanol (B) at a flow rate of 0.3 mL/min was used as follows: 10% B at 0 min, increase
to 50% B at 1.5 min, 60% B at 3.0 min and hold the conditions for 4 min and a half, increase
to 85% B at 12.5min, then decrease to 10% B at 13 min and hold the condition for two minutes.
The ionisation of the compounds was conducted in negative ionisation mode (ESI-).

2.5. Method validation

The method validation included parameters such as linearity, limits of detection (LOD), lim-
its of quantification (LOQ), extraction recovery (for basic drug resides and cannabinoid), matrix
effect (ME), accuracy and repeatability (Tables 5 and &). The method performance was assessed
in raw wastewater collected from a wastewater treatment plant (WWTP), while linearity was
tested in a solvent. Matrix effect, accuracy and repeatability for alcohol residues were tested on
four (5, 20, 50 and 100 ng/mL) and nicotine residues on three concentration levels (5, 10 and
50 ng/mL). In comparison, the functionality of transferred methods for basic drug residues and
cannabinoids was confirmed at one concentration level (250 ng/mL).
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The response's linearity was determined from a seven-to-twelve-point calibration curve and
described using the linearity range and coefficient of determination (R2). A calibration curve
was obtained from plotting the peak area ratio of the analyte and its deuterated analogue as a
function of analyte concentration.

Limits of detection (LOD) and quantification (LOQ) were determined by calculating the signal-
to-noise ratio (5/N=3 and 5/N=10) in real wastewater, spiked with deuterated analyte analogues
at low concentration (2 ng/mL for nicotine, basic drug residues and cannabinoid, and 5 ng/mL
for alcohol resides). The LOD and LOQ were calculated as an average S/N ratio obtained from
five replicates.

The extraction recovery was assessed using two sets of spiked RW samples (four replicates).
One set was spiked prior (RW spike) and one after the extraction (eluate spike). An additional set
of samples (four replicates) was prepared only with labelled internal standards (RW original) and
used to correct drug metabolites concentration already present in the wastewater. The extraction
recovery was calculated based on obtained analyte peak areas as shown in Eq. (1), where A
represents peak areas of analytes:

A(RW spiked) — A(RW original)
Aleluate spiked) — A(RW original)) *

The matrix effect (ME) was evaluated by preparing two sets of spiked samples (each in four
replicates). One set was spiked with analytes after the sample preparation procedure (final ex-
tract spiked), while the second was spiked only with labelled internal standards (RW original ).
Additionally, four replicates of Milli-Q water spiked with analytes were prepared (STD spiked).
Matrix effects were evaluated based on a comparison between analytical response for biomark-
ers in the reconstructed sample (final spiked) and response for standard solutions as is shown
in Eq. (2), where A represents the average peak areas of the analytes:

A( final extract spiked) — A(RW ariginal ) — A(5TD spiked)
A(STD spiked) *

Method accuracy was assessed by spiking a set of raw wastewater samples with analytes
labelled internal standards at the beginning of the sample preparation procedure (RW spiked).
One set of samples was spiked only with deuterated internal standards (RW original). All sample
sets were prepared in four replicates and undergone the whole sampling preparation procedure.
Additionally, four replicates of Milli-Q water spiked with analytes and deuterated standards were
prepared (STD spiked). Method accuracy was evaluated by comparing the measured concentra-
tion of biomarkers in spiked wastewater influent and measured concentration in the standard
solution as shown in Eq. (3), where c represents the average measured concentration of ana-

lytes:
Accuracy (%) =

Extraction recovery (%) = 100 (1)

ME (%) = 100 (2)

c(RW spiked) — c(RW original )
c(5TD spiked)

Repeatability was assessed as relative standard deviation (RSD) of four replicate analyses of
the spiked raw wastewater samples.

Quality control was performed by preparing and analysing procedural blanks (Milli-Q),
analysing instrument blanks (Milli-Q water spiked only with deuterated internal standards), and
quality control samples (points of calibration curve: 20 ng/mL for nicotine and alcohol residues,
30 ng/mL for basic drug residues and cannabinoid) after every 14th sample per batch.

= 100 (3)

Ethics Statement

Wastewater analysis requires no ethical approval for its application since individuals cannot
be identified, it poses little risk of harming the participants. Accordingly, no approval from the
ethics committee was needed prior to the study. However, following “The Ethical research guide-
lines for wastewater-based epidemiology and related fields”, an informed consent form and an
anonymity agreement were both signed by the Heads of participating institutions [2].
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3.2.4 Screening for new psychoactive substances in wastewater from

educational institutions

Published: Verovsek, T., Celma, A., Heath, D., Heath, E., Herndndez, F., Bijlsma, L.,
2023, Environmental Research, 237, 117061.

The (mis)use of drugs among young people is a serious problem, which is further
complicated by using readily available NPS, as their users are exposed to a high risk of
intoxication (Chapter 1.1.1 New psychoactive substances). Accordingly, evaluating the
prevalence of NPS among young people is essential and is commonly done by surveys and
drug testing, while WBE studies were also performed to explore NPS use. However, in
those WBE studies, only a limited number of NPS have been investigated using target
analysis (Chapter 1.3.4 WBE: Specific populations).

As an upgrade of the research described in Chapter 3.2.2 Investigation of drugs of abuse
in educational institutions using wastewater analysis, selected wastewater samples from
Slovenian educational institutions (n=23) were screened for over 5600 NPS using liquid
chromatography-ion  mobility-high-resolution mass spectrometry (LC-IMS-HRMS).
Educational institutions of all types, i.e., from primary schools to high education
institutions and of different geographic locations (two municipalities), were included in this
study. The study aimed to examine the presence of NPS in educational institutions and
assess WBE's usefulness for this purpose.

Results showed that NPS were present in all wastewater samples. In line with the study
conducted in municipal wastewater (Chapter 3.1.2 Three years of wastewater surveillance
for new psychoactive substances from 16 countries), most identified NPS in wastewater of
educational institutions were synthetic cathinones, with 3-MMC, ephedrine, 4-chloro- « -
PPP, and ethcathinone being identified unequivocally. No inter-institutional trends in the
occurrence of NPS were observed, while there was a clear difference in their distribution
regarding the geographic location of the institutions, ¢.e., higher prevalence of NPS in the
capital city.

The study indicates the presence of NPS in educational institutions and confirms the
potential of wastewater analysis for their identification, even though NPS consumption
cannot be linked to a specific group of people within an institution. Even though
educational institutions should be drug-free environments, wastewater analysis, even
without additional adaptations, can be used as a non-invasive approach for drug detection
(including NPS) in such settings. In addition, WBE can complement otherwise invasive
drug testing performed in various countries worldwide.

The study outcome was presented at two scientific conferences, i.e., Testing the Waters
5 Conference 2021 and the 18" International Conference on Chemistry and the
Environment.
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ARTICLEINFO ABSTRACT

Handling Bditor: Joce L Domingo Dnu;(ab)uceamungwungpeoplelsasennmmue gati i ing their well-being and prospects. The

of new psy (NPS) further complicates the situation as they are easily accessible
Feywords (e.g., online), but users are at high rizk of intoxication as their chemical identity is often unknown and toodeity
Nps poorly understood. While surveyz and drug testing are traditiomally used in educational inctitutions to
DI“‘F . L comprehend drug use trends and establish effective prevention pmg'mms they are not without their limitations.
'\:\mmbmaj epidemialogy Accordingly, we investigated the oceurrence of NPS in i jons through analyziz and
School critically evaluated the viability of the approach. The study included eight wastewater zamples from primary
University zchools (ages 6-15 years), six from secondary schools (ages 15-19 years), three from instiutions for both sec-

ondary and higher education (ages 15+ ), and six from higher educational institutions (ages 19+). Samples were

obtained mid-week and in two municipalities; the capital Ljubljana and a smaller one (M1
Samples were i using liquid ity-high ion mass spectrometry (LC-IMS-
HRMS), and NPS identified at three levels of El.evel]: quivocal, Level 2 pr , Level 3:

tentative) from a suspect list containing over S600 entries. NPS were identified in all types of educational in-
stitutionz. Most were synthetie stimulants, with 3-MMC, ephedrine, 4-chloro-a-PPP, and etheathinons being
unequivecally identified. Also, NPS were present in wastewater from all educational institution types revealing
potential zpatial but no inter-institutional trends. Although specific groups cannot be targeted, the study, as a
proof-of-concept, demonstrates that a suspect screening of wastewater employing LC-IMS-HRMS can be uzed aza
radar for NPS in educational institutions and potentially replace invasive drug testing.

1. Introduction usually designed to mimic the effects of illegal drugs such ac cocaine,
cannabis sml cﬁstasy and can bc classified as synthetic cannabineids,

According to the European Menitoring Centre for Druge and Drug thetic I i iative drugs, synthetic stimulants, syn-

Addiction (EMCDDA), the term New Psychoactive Substances (NPS)
refers to “narcotic or peychotropic drugs, in pure form or in preparation,
that are not controlled by the United Nations drug conventions, but
which may pose a public health threat comparable to that posed by
substances listed in these conventions™ (EMCDDA, 2022a). NPS are not
necessarily newly synthesized substances, as the term suggests, but
rather substances that have recently emerged on the drug market
(UnoDC, 2023). They are a broad and diverse category of drugs that are

l.h:hc depressants and natural psychoactive compounds. (EMCDDA,

2022k). The NPS market is large and rapidly evolving due to the relative
easze of synthesizsing NPS through minor modifications in their chemical
structure. For example, the EU's Barly Waming System reported the
emergence of 52 NPS in 2021 alone (EMCDDA, 2022a; EMCDDA,
2022b). Furthermore, a wide range of NPS can be easily obtained online
with little to no information about their identity and toxicity, inereasing
the risk of intoxication and drug-related death, az evidenced by
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drug-induced fatalitiez associated with the emergence of new benzodi-
azepines (EMCDDA, 2021; EMCDDA, 2022h).

Experimenting with NP5 use among young people is of particular
cencern sinee, according to Buropean Schoel Survey Project on Aleohol
and Other Druge (ESPAD), 3.4% of 15-16-year-olds have reported using
any NPS at least onee (ESPAD, 2019). Studying NPS among young
people iz also essential to umlcrsland the motivations and n&ks associ-
ated with their use and to su 11 ! prevention,

Emvironmentsl Research 237 (2023) 117061
WEE approach.

2, Methods

2.1. Wastewater samples and particy

Raw wastewater samplez (n = 23), consisting of 7-h compoeites,

and harm reduction programs, ezpecially since the onset of risky drug
consumption patterns has been linked to early drug use (N1JZ, 2019).
Additienally, it can provide valuable insights inte the changing drug
landscape and inform public health strategies and law enforcement
authonh:s (EM JCZDDA 2021).

in jons have been identified as an important setting
for studying trends in drug use among young people (Sznitman et al |
201 2), where surveys are commonly used to address substance and NP5
use among schoolchildren and students, such as ESPAD. However, in
addition to biased reporting and time lag in reported data, surveys raise
ethical considerations and may require parental or respondent consent
to be conducted (ESPAD, 2019). In ancther approach, known az “drug
testing”, pupils can be tested for drug use by either targeted or random
urine analyzis. Drug testing can be intrusive and seen as an invasion of
privacy. Accordingly, it may create a hoetile atmosphere, dizcouraging
pupils from engaging in healthy behaviour (Sznitman =t al, 20712).
Moreover, due to the targeted nature of drug testing, substances can go
undetected, especially for NP5, which are constantly changing (Sznit-
man et al., 2012; Vacearo et al, 2022). Equally, there is no evidence to
suggest that drug testing effectively deters drug use among young people

Sznitman et al , 2012).
hased epidemiol

[WBE) has become an inereasingly
popular h for estimating drug ion by lysi
wastewater for metabolic drug residues (biomarkers) and haz proven
effective in providing eomplementary and near real-time objective data
(Bade et al, 2023; Bijlzma et al,, 2019; Salgueiro-Gonzalez etal |, 2022).
Itz non-invasive nature alse makes it suitable for investigating drug
prevalence in vulnerable populations, given that the data obtained
cannot be traced to individuals, thereby ensuring anonymity (Verovizk
et al, 2020). However, studies looking inte NPS in educational in-
stitutions have focused on the targeted analyzis of a few selected bio-
markers, thus limiting the number of NPS that can be covered (Heuett
ctal, _Dla Panawennage et al, 201 1; Zuccato et al, 2017). A potential
1 iz to use high: lution mass spectrometry (HRMS), which
provides full-spectrum accurate-mass data and allows non-targeted
analysiz and suspect screening for thouzands of compounds (Elingberg
et al, 2 . In addition, ling HRMS with ad 1 separation
techniques, such as ion mebility (D°Atd et al, 2017), can provide
additional dimensions to the screening process, mdudmg col.hslon

cross-secton values (CCS), thereby i in
identification (Bade et al., 2020; Celma et al, 2020). This extra mfnr-
mation iz ially i rtant when itoring NPS, as it is typically

uupoz:slbletohmcnllr . Jard. ilable in the laboratory for
unequivocal identification (Bijlsma et al, 2021). Moreover, when
acquiring in data independent acquisition mode, ion mobility allows to
obtain cleaner masz spectra which facilitates data interpretation
(Bijlzma et al, 2021).

In thiz study, we conducted a comprehensive screening strategy to
assess the of NPSin les from primary schools,

lary schools, instituti far Jary and higher educati

(EHElz}, and higher educational institutions (HEls) within two different-
sized municipalities in Slovenia. We included an extensive dataszet of
over 5600 entries in the screening workflow and compared the obtained
data with available socio-epidemiol | information. The goal of this
proof-of-concept study was twofold: f‘u‘st to evaluate the wiability of
using a complementary target and suspect screening for the detection
and identi: ion of NP5 in ter, and second to get more insight
on the presence of NP5 in educational institutions by employing the

11 1 mid lc at the end of the 2018/2019 academic year in
March, May and June, were taken directly from the main sewer cutlet of
an individual institution using an autosampler worling in the Hme-
proportional mode, e, every 5 min, 100 mL of wastewater was
sampled (Veroviek et al, 20214, 20211). Although the sewer layout was
examined and zampling conducted by trained personnel from municipal
WTTPs, the construction of sewers in two cases made it impoesible to
obtain samples from the two Institutions individually. Nevertheless, the
rezults were included since, in all cases, the samples cover educational
nstitutions of the same type.

Samples collected included eight samples from primary schools
(6-15 yrs), six from secondary schools (15-19 yr=), three from SHEls
(15+ yrs) and six from HEIs (19+ yre) located within two municipalities;
Ljubljana and smaller icipality (M1). Both lities offer all
levels of education but differ in character and zize, with Ljubljana being
the capital eity and M1 being more provineial and a third the size.
Seventeen of the 23 samples were from Ljubljana, and six were from M1.
After collection, samples were stored at —20 “C. Samples were shortly
defrosted once for the analysiz of illicit druge, prior to the analysis of
NPS.

2.2 Chemicals and materials

Methanol (HPLC and LC-MS grade) was purchazed from J.T. Baker
(Philipeburg, USA), orthophosphoric (HaPOy4, >55%, LC-MS grade) and
formie (HCOOH) acid from Fluka (Switzerland) and aqueous ammonium
(25%) from Merck (Darmstadt, Germany). Filters, namely glasz micro-
fiber filters (GF/D and GF/C) and nylon centrifugal filters, were ob-
tained from Whatman (USA) and VWR (USA), respectively. Oasiz (HLB
and prime MCX) extraction cartridges were purchased from Waters
(Milford, MA, USA) and Strata NH; extraction cartridges from Phe-
nomenex (Torranee, California, USA). CORTECS chromatographic col-
umn was from Waters (Milford, Ma, USA).

2.3. Sample preparation
All ples were p 1 using previously devel | l= (A
and B). In crder to r_nz:u.rethc extraction Df\‘hcbroad:st pcsnble range of
psychoactive substances, these methods invelved solid-phase extraction
(SPE) using two stationary phases: Oasiz HLB in protocel A (Celma et al |
2019) and MCX in protocol B (Verovick et al_, 2023).

2.3.]. Prowcol A

Briefly, 25 mL of centrifuged wastewater (6000 rpm, 5 min; Domel,
Centric CF 48, Slovenia) was loaded on an Oasis HLB (60 mg) SPE car-
tridge preconditioned with 6 mL of methanol and 6 mL of Milli-Q
(Millipore Direct-) purifying system). After sample loading, the car-
tridge was washed with 50 mL of Milli-©} and left under vacuum to dry.
The retained compounds were eluted uzing 1 mL of methanol, and the
rezulting eluent was then dried using Nz gas at 40 “C. Samplez were
reconstituted in 250 PL of methanol: Milli-0) {10:90, v/v) and filter-
centrifuged (0.2 pm modified nylon centrifugal filter) at 14,000 RCF
for 3 min before the analyzis. All samples were stored at —20 “C prior to
analysis.

232 Protocol B

The sample (125 mL) of filtered wastewater (glass microfiber filters:
GF/D - 2.7 im and GF/C — 1.2 im) was firct acidified (pH 2, >85%
H4PO,) before being loaded on Oasis prime MCX (150 mg) SPE cartridge
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and dried uszing a vacuum ifold. Retained 1z were first
eluted with 6 mL of methanol (fraction B1) and then with 6 mL of 0.5%
ammenia in methanel (fraction B2). After elution, fraction B2 was dried
(40 “C, Nz), reconstituted in 500 pL of 0.1% HCOOH and filter-
centrifuged (14,000 RCF, 3 min, medified nylen, 0.2 pm), while frac-
tion B1 was acidified (60 pL of HCOOH) and purified using a Strata NHz
(200 mg) SPE cartridge. After preconditioning with 4 ml of 1% HCOOH
in methanol, the eluate (acidified B1) was passed through the cartridge
and recollected, allowing interfering compounds to be retained. After
drying (40 “C, Na), the recollected fraction B] was reconstituted in 500
UL of methanel: Milli-0) (70:30, v/v) and filter-centrifuged {14,000 RCF,
3 min, modified nylon, 0.2 pm). Both fractions B] and B2 of all zamplez
were stored at —20 “C prior to analysis.

2.4 Sample analysis

Sample analysiz iz based on Celma =t al (2020). The compounds
were separated on a CORTECS €18 fused core column (2.1 = 100 mm,
2.7 im) maintained at a temperature of 40 “C. Mobile phazes consizsting
of Milli-) (A) and methancl (B), both containing 0.01% HCOOH, were
used, and the flow rate was set to 0.3 mL/min. After cample injection (5

Publications
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wastewater matrix composition (Celma et al |, 2020).
2.6. Levels of confidence

Compounds were identified according to different confidence levels
(Celma et al, 2020) depending on the information available: the
availability of refe standards and the v of the ired
chromatographic and mass spectral data. Briefly, Level 3 — tentative
identification: thiz iz the lowest level of confidence reported in this
study. It iz used when identified bt lz meet the mini re-
quirementz for tentative Le, an mass and
conformational mass fragment, but more than one possible candidate
can be assigned to a single feature. Level 2 — probable identification:
represents compounds that meet the requirements for tentative identi-
fication, with the difference that an exact structure of a substance could
be proposed based on empirical data, leading to a single candidate.
Within Level 2, Lewel 2a represents a probable identification by
LC-HRMS library match, and Level 2b represents probable identification
by in silico or GC-HRMS library data. Level 1 — unequivecal identifica-
tion: this iz the highest level of confidence and is used when data from
reference ctandards support compound identity in all dimensions:

L hic, IMS and masz spectral data. Howewver, numerous

pL), gradient elution was as follows: 10% B at 0 min, linear i to
20% B over 14 min, hold the condition for 2 min, decrease to 10% B at
16.1 min and held the condition for 2 min for the column to equilibrate.

Analysiz was performed on an Acquity I-Class UPLC system (Waters,
Milford, MA, USA) coupled to a VION IM5-QTOF, with an electrospray
ionization interface operating in the positive mode. Mass spectral data
were acquired in HDMSe mode over the range m/g 50-1000, with
leucine encephalin used for mass correction. Low energy (LE, collision
energy of § ¢V) and high energy (HE. collision energy ram of 25-56 V)
seans were done independently, with 0.3 = scan time. Diata were exam-

spectral interferences in wastewater can affect mass accuracy and
retention times, and accerdingly, deviations beyond the established
threzheld (Table 1) for the HRMS or LC metrics (but not both simulta-
neously) were deemed acceptable and labelled as Level 1%,

2.7. Ethics

Although WBE studies raise limited ethical issues, as individuals
cannot be identified, caution must be taken in specific sites, such as
educational institutions, where there iz a rizk of stigmatization and

jonalization of the recults. Therefore, we followed the ethical

ined uszing in-h built mass worlkflow using the
UNIFI platform (version 1.9.4). Additional data on VION can
be found in Table 1.

2.5. Suspect screening workflow

Empirical data for each chromatographic peak (feature) with an in-
tensity >1000 cps was compared with library data. Comprehensive
sereening of NPS from various classes was conducted uszing two data-
bases simul Iy: (1) the High 5 database (April 202] version)
— a extensive (5600 entries) centralised collection of NPS mass spectra
provided by laboratoriez around the world (HighResNPS database,
2021), and (2) an in-house database including empirical data (LC, IMS
and HRMS data) for 128 peychoactive substances (Celma et al., 2020],
which were obtained by analysing reference standards under the same
L, IMS and HRMS conditions to the cnes applied to wastewater samples
within this study. Since no guidelines on compound identification in
wastewater exist, threshold wvalues, e, the acceptable deviation be-
tween empirical and library data was selected (Table 1) based on the
SANTE/11312/2021 (2021) guidelines, and our previous experience in
wastewater sample analysiz, i.e., the higher deviation in retention times
as proposed in SANTE was taken into account due to the influence of the

Table 1
Threshold values uzed for compound identification.
p— erafieats Threchald wal

technique feature

HRMS Mazz accuracy <5 ppm
Humber of Prowonated molecule ion and the presence
fragment ionz of (at least) cne fragment jon.
Peak intensity = 1000 counts

Lc Y +0.2 min

IMS ocs L%

CCS - collision cross-zection values, HRMS - high-resolution mass spectrometry,
IMS - fon mobility separation, LC - liguid chromatography, ts - retention time.

research guidelines developed by Prichard et al (2014), where consent
was obtained from the Heads of each institution, and an ancnymity
agreement was signed to protect the participants’ identities. Addition-
ally, the smaller municipality was anonymized to prevent tracking. All
mnstitutions willingly agreed to participate in the study and to the pub-
lication of the ancnymized data. It should be noted that with the current
study design, only data on the of psychoactive sul at the
nstitution could be obtained, and the data cannot be inferred to a
particular group, .g., students, staff or visitors (see 4.1. Study strength,
limitations and future perspectives).

3. Resultz

NPS were present in wastewater from all institubonal types
(Table 2). Four compounds, namely 3-MMC, ephedrine, 4-chloro-e-PPP
and etheathinone, were identified unequivocally (Level 1), with 4-
chloro-0-PPP present in at least one sample from each institution type.
Three compounds met Level 2 criteria, namely levorphanol, embu-
tramide, and kavain and two features were related to 15 tentative (Level
3) candidates. More details to support the obtained results, i.e., relevant
data on observed mass (m/z), mass error (ppm), retention time (min),
CCS, and fragment ions, can be found in Table 52, while more data on
[ ively) identified comp ls can be found in Table 53.

Out of nine features, six belonged to synthetic stimulants, two syn-
thetic opioids and ene to the natural plant-based psychoactive substance
kavain, which was identified in 18 of the 23 wastewater zamples.
Owerall, a similar number of features relating to NPS candidates were
identified in samples from each type of institution (primary: n = 6,
secondary: n = 6, SHEls: = 6 and HEls: n = 7), with Ljubljana having all
of the features present and two being detected in M1.
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Table 2
Summary of NPS identified for each relevant feature regardless of extraction method, to NPS il and level of confidence. Their legal
status in Slovenia iz also provided (Decres RS 157,20, 2020).
Feature  Bxact NPS (legolity smie in Slovenial Confidence NP5 clam Number of samples (n = 23)
i e/ Level Educational instisution Mumicipalisies
Primary Secondary SHEI HEl  Ljubljam M1
achool (n achool (n = n= = n=17) n=
=8 &) 3 6] 6)
1 177.1154  5-MMG (illisie) Level 1 Synthetic 1 o o o 1 3
2 165.1154 1R-25-{— +-Ephedrine” (licit} Level 1 stimulant: ] 1 o 5 4 3
3 257.0920  4-Chloro-u-PPP (licic) Level 1° 1 1 1 2 5 3
4 1771154  Ethcathinome (licic) Level 1° 1 o 1 o 2 3
5 1741157 5T, AMT (illicic) Level 3 6 1 3 1 9 2
N-methyltryptamine, 6-IT (lisie)
6 1911310 3-MEC, Pentedrone, 2-MEC (illicis) Level 3 1 2 2 2 7 ]
2,3-DMMC, 2,4-DMMC, 4-MDMC,
Isopensedrone, N- Bylbuphedsone, 4
MPH, 2-NMC, N-
Acesylmethamphetamine licish
7 2571780  Levorphanol (illicit) Level 22 Synthetic ] 1 1 1 3 ]
5 2935.1991 Embutramide (licic) Level 22 depreszans ] o o 1 1 3
(opinidz)
9 2500945 Havain (licitt Level 22 Natural (plant- 5 5 3 5 15 3
bazed)
paychoactive
compounds

* (PubChem, 2023).
N Ephedrine can also be of natural origin (herb Ma-huang: Ephedra sinica).

“ Level 1 = unequivoeal, Level 1* = identification features align with reference standards, with a slight deviation in mass accuracy or retention times (but not both
simultaneously; see 2.6. Levels of confidence), Level 2a = probable, Level 3 = tentative (Celma et al, 2020).

4. Discussion

4.1. NPS findings

In thiz study, four NP5 were unequivocally identified, three met
Level 2 eriteria with high confidence, and 15 were tentatively identified
as poesible candidates (Level 3). The latter does not neceszarily indicate
the presence of all 15 different NPS in the wastewater samples. At Level
3 identification, multiple NP5 could be assigned to an individual feature
based on structural similarities but insufficient evidence to differentiate
between candidates. -, refe larde are required for
final confirmation of the identity of NP5. Despite thiz, most (tentatively)
identified NPS were synthetic stimulantz, which agrees with their higher
relative prevalence in Slovenia as reported by other socio-
epidemiological data, namely from drug analysis, toxicological reports
and questionnaires (NLZOH, 2021; NIJZ, 2019). Interestingly, synthetie

binoids, also in 8l ia, were not detected. A possible
reason could be their rapid metabolizm in the human bedy (leading to
lower coneentrations) and hydrophobic properties, removing them from
the aqueous phase of the wastewater (Bijlsma =t al, 2019, 2021).

Ameng the unequivocally identified stimulants, ie, 3-MMC,
ephedrine, 4-chloro-a-PPF and etheathinone, ephedrine iz the only one
that ean be of synthetic or natural origin. It has many lmown uses, i.e., as
medication in tradificnal and Bastern medicine, az a drug of abuse (by

ly uzed or az well- as 3-MMC, a controlled substance in
Slovenia (MIJZ, 2019; Decres RS | . 2020). 3-MMC, widely
referred to as “ice cream” on the streets, gained popularity during the
period of ecstasy and cocaine short: , which coincided with i
and migrant crises. However, itz popularity has since waned over time.
Regardless, it is still among the most used and well-known NPS among
drug users, including young users, and has been associated with drug
intoxication (NIJZ, 2019). Although it has been reported az one of the
most Iy used NPS among students at the University of Ljubljana
(NIJZ, 2019, 2021), our study only detected its presence in a sample
obtained from a primary schoel in Ljubljana.

Ameng probable for =y t AMT and &-IT
(feature five), and MEC-type NP3, pentedrone, 2,3-DMMC, 4-MDMC
and 4-MPH (feature six) are known to have been prezent on the Slove-
nian drug market (N1JZ, 2019, 2021). However, according to reports,
only illicit MEC-type NPS were used by students of the University of
Ljubliana in 2017/2018 and 2019,/2020 (NIJZ, 2019, 2021), providing
greater confidence in their identification of the samples analysed.
Among all probable candidates, the most unuzual and least expected is
N-acetylmethamphetamine, az there are no indications (reports) that
thiz substance iz consumed az the parent compound (Bamez et al,
2019). N-acetylmethamphetamine is a by-product of methamphetamine
synthesis and thus can be found in methamphetamine as an impurity.
However, no methamphetamine was found in samples where N-ace-

athletes and drug users) and az a in the clandestine synth tylmeth hetamine was identified (Veroveek et al, 202]1a, 2021b).
of methamphetamine (Gad =t al, 202]1). As a L 1i in ingly, except for 3-MMC, ne other synthetic cathinones detected
preparations to treat colds, asthma and narcolepsy (Gad =t al, 2021), n 5l jan municipal in 2016 (3 shed, hyl

ephedrine is expected to be found in . However, in 51 i; and a-PVP), 2017 (mephedrone), and during the Christmas-New Year

medical ephedrine iz only awvailable az an injection of ephedrine hy-
drochloride, uzed to treat hypotension during general and local anaes-
thesia (CBZ, 2023). Therefore, given the szample set (educational
institutions), the presence of ephedrine iz most likely related to its ree-
reational use. This assertion gains further support from the reported
instanees of recreational ephedrine use in Slovenia (N1JZ, 201 9).
Notably, 4-chloro-2-PPP was the only NPS unambiguously identified
in at least one sample from all institution types. While this drug has been
previously detected in street drug samples (NFL, 2022), it is not as

period in 2021/2022 (eutylone) (Castiglioni et al, 2021; Bade =t al,
2023) were identified in wastewater from educational institutions ana-
Ivsed in this study. Their absence could be attributed to the dynamic
nature of the NP5 market or, alternatively, may be influenced by
catchment specificities or their low concentration levels, which may fall
below the detection limit of our method (Bade =t al., 2020; NIJZ, 202]).

Although opicids were the least expected psychoactive substances,
since unlike the stimulantz, they do not increase alertness, morphine and
codeine were found in wastewater from educational institutions in
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Slovenia (Verowzel et al_, 2021a). In this study, opioids levorphanel and
embutramide met Level 2 identification criteria. Although opicid-type
psychoactive substances are often used as a readily accessible substi-
tute for prescription medications subject te medical supervision
(Andersson and Ejellgren, 20]16), we are unaware of any metadata
regarding their occurrence in Slovenia to confirm their street use.

Kawain was the only naturally eccurring (plant-based) psychoactive
substance identified (Lewvel 2) in 18 samples. Itz high prevalence can be
supported by easy accessibility, i.e., it can be readily obtained online in
Slovenia (Google search by authors). It is one of the most abundant
kavalactones in kava (Piper methysdcum) and is recponsible for the
plant’s peychoactive effect. Beyend ite use in religious rtuals in Mela-
nezian societies, kava iz known for itz calming effect and is used in
‘Western countries as a prescription-free alternative to benzodiazepines
and tionally as an alecholic substi! (Chua et al, 2016). Despite
being marketed az an alternative medicine in Slovenia, ite safety was
called into question in Europe between 1999 and 2000 due to a surge in
reports highlighting itz potential liver toxdcity and lack of clinieal evi-
dence supporting itz health benefits. (Kuchta =t al | 201 5). Accordingly,
kavain (and the kava plant) was banned in several European countries,
but its legal use was restored due to a lack of proper clinical research
(Kuchta et al, 2015).

Regarding inter-institutional trends, we expected a higher number
and diversity of NPS in HElz, as NP5 can be easily purchased online
(Bijlema et al, 2019), and the first instance of illicit drug use in Slovenia
typically ocours between the ages of 19 and 23 (NIJZ, 2022). Moreover,
NP5 are often used as legal substitutes for illicit drugs, maling their
presence more likely among this age group and older. Howewver, our
study revealed a similar number of NP5 features (six and seven) acroes
all educational institutions, suggesting that the occurrence of NPS is

ble r llezz of the institution type. Also, it remains unclear
whether thiz reflects their prevalence in the general population, as no

ble data on -based epidemiclogy (WBE) exist for
Slovenia.

Regarding potential epatial trends, all NPS corresponding features (n
= 9) were found in Ljublj the capital of 5l ia, while in M1, there
were only two features, none of which correspond to unequivocally
identified NPS. Also, in M1, none of the likely eandidates correzponds to
synthetic opicids. Given the difference in the number of detected fea-
tures, the results suggest that NPS were more prevalent in Ljubljana,
which iz a larger, more diverse municipality batwesn the two addressed
in the study, despite NPS being easily obtained online. The difference in
the number of samples obtained from each municipality (17 vz 6) could
alzo be a contributing factor to the results, a= it highlights a substantially
larger target population in Ljubljana. Newertheless, a city-
charaeteristical use of NPS was also confirmed by Brandeburova et al.
(2020).

4.2 Study strengths, L and future perspectives

The non-invasiveness of WBE makes it an atiractive technique for

Iving vulnerable populati and it has already been applied zue-
cessfully to prisons, festivals and educational insHitubons (Veroviek
1., 2020). Also, the integration of non-target data acquisition further
enhanees its effectivencss as a surveillance toel (radar) for NP5 detec-
tion, which makes it particularly valuable (Bijlsma et al, 2019). How-
ever, the methed iz not without its limitations. For example, sampling
wastewater in specific sub-catchments, zuch as single facilities, iz chal-
lenging since it requires good knowledge of the sewer system, power
availability when using an autosampler, and optimized sampling fre-
quency to adjust to inconsistent wastewater flow (Verovee] al., 2020).
‘While extending the sampling period in this study was not feasible, it is
recommended that future research considers sampling ower multiple
dayz; otherwise, it provides only a snapshot of drug use at a given time
(Ort et al, 2010; Verovaek et al, 2020).

Ancther limitation specific to NPS is the need for reference standards
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for unequivoeal identification. For this reason, having pre-knowledge of
NP5 used in countries from other socio-epidemiclogical sources is
eseential since it adds confidence to identification when no reference
standards are available. Likewizse, despite having an extensive database
available, it can take time for NPS to be identified and included and may
not appear in the study. One advantage of non-target data acquisition is
that it allows for retrospective analyzizs, which can be performed at any
future time to uncover additional information from the acquired data
(Bijlsma et al., 2021). Moreover, due to imitations in method 1tivi!
and extracton ificity, certain iz may remain
decpite utilising two different SPE cartridges to broaden the range of
extracted NPS.

The main limitation of using wastewater analyzis to investigate NPS
use among younger individuals by sampling from educational in-
stitutions iz that, at the institution level, it is challenging to distinguish
between the target population (pupils and students) and other groupe
such as staff members or visitors (Verovick ot al., 2021a). Therefore,
caution chould be taken when extrapolating resultz to a particular
group. Also, this makes comparizen with soclo-epidemiological study
data problematic given that such data always relate to a particular
group, =g, the general population (15-64-y olds), I or drug
users. However, az stated above, such a comparizon iz essential in
screening for NPS to gain confidence in the identification. A poszible
solution would be to leverage existing sewer infrastructure to target
areas where pupils are known to congregate, such as bathrooms and
locker rooms similar to that used in prizon settings (van Dyken et al |
2014).

Despite the imitations identified, the combination of WBE and sus-
pect analyziz conducted in educational institutions holds significant

ize. Thiz h provid luable insight into the presence of
psychoactive substances and serves as an effective tool (radar) for
detecting NP5 in environments where they chould not be present,
regardless of whether they are being consumed by pupils or staff. In that
way, valuable data on when and with which NPS children and students
come in contact are gatherad. In addition, wastewnater analyziz ean serve
as a practical and non-invasive substitute for traditional drug testing
methods to detect the presence of drugs, particularly in sducational
institutions, where drug testing may earry a soeial stigma and create a
sense of chame for those who test positive. It is lmown that the associ-
ation with drug use can also cause long-term peychological and social
harm and enecourage punitive actions rather than early prevention and
education (Dupont et al, 2013). However, further h on laci
drug testing with wastewater analyzis and evaluating its impact on drug
use among young people iz needed to support such a elaim.

5. Conclusions

This study iz the first to identify the p of NP5 in

samplez obtained from all levels of educational institutions, including
primary schools, where data on the prevalence of peychoactive sub-
stances, including NP3, iz scarce even at a global level. Also, no trendz in
INPE prevalence were observed when different types of institutions were
compared, while more diverse substances were present in the larger of
the two studied municipalities. Importantly, cur proof of concept con-
firms that wastewater analyeis haz the potential to provide insight inte
the presence of NPS in educational institutions. It iz worth noting that
with specific adaptation (e.g., leveraging parts of existing sewer infra-
structure covering parts of the institutions where pupils are congre-
gating), thiz analysiz may be able to attribute NPS consumption to a
particular group of individuals within the institution (e.g., students).
However, even in its current form, this analyzis can still provide data on
the presence of drugs in educational institutions, which is needed zinee
these institutions are expected to maintain a drug-free environment.
Accordingly, wastewater analyzis could serve az a valuable non-invazive
substitute for drug testing, which iz currently carried out in various
countries worldwide.
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3.3 Supplementing WBE Data: Reducing Uncertainty in
Evaluating Drug Consumption

3.3.1 Enantiomeric profiling of amphetamines in wastewater using
chiral derivatization with gas chromatographic-tandem mass

spectrometric detection

Published: Verovsek, T., Heath, D., Heath, E., 2022, Science of the Total Environment,
835, 155594.

Enantiomeric profiling can distinguish between used and disposed or unused drugs and is
commonly used to investigate so-called “dumping events” when high biomarker mass loads
are observed in wastewater (Chapter 1.3.2 Addressing uncertainties in evaluating drug
consumption). Until now, enantiomeric profiling has only been performed by chiral LC-
MS/MS, which is impractical and requires an expensive chiral column purchased to analyze
a small number of samples. In order to overcome these disadvantages, a cost-effective
alternative method for enantiomeric profiling of amphetamines (amphetamine,
methamphetamine and MDMA) in wastewater was developed. The method is based on
chiral derivatization with (-)-o-methoxy-a-(trifluoromethyl)phenylacetyl chloride (R-
MTPCI) and GC-MS/MS analysis and was applied to municipal wastewater samples
obtained within SCORE monitoring (see 3.1.1 National reports to the EMCDDA: Reports
on the drug situation of the Republic of Slovenia (2019-2022)). In particular, the work
focused on samples with high MDMA (Ljubljana) and amphetamine (Velenje) mass loads,
while a more representative sample in terms of amphetamine loads (Ljubljana) was used
as a baseline.

Comparable method performance to chiral LC-MS/MS was observed, with a wide
linearity range (LOQ-1000 ng/mL) and extraction recoveries of 81-99 %, an accuracy of
99-111 % and repeatability of 1-8 %RSD within the SANTE/12682/2019 guidelines [181].
Although the obtained LOD (120 ng/L) and LOQ (400 ng/L) were approximately 10-times
higher compared to chiral LC-MS/MS methods (LOQ <20 ng/L), LOD/LOQ of the
method was still sufficiently low for investigating higher concentrations of biomarkers (e.g.,
amphetamine in Velenje) and potential dumping events (e.g., MDMA in Ljubljana).
Indeed, according to the enantiomeric profile, the high MDMA mass load in Ljubljana
(sampled on Tuesday, 21. 4. 2020) was related to the disposal of unused drugs, while
MDMA in the representative sample was related to drug consumption. Unfortunately, the
complicated excretion of enantiomeric profiles of amphetamine and methamphetamine
prevented investigating dumping events. However, it provided valuable information about
the possible route of synthesis and potency of those drugs on the Slovenian illicit drug
market (no amphetamine/methamphetamine-based prescription medications were
prescribed in Slovenia at the time of sampling). The latter also highlights the importance
of further developing analytical methods that complement WBE data by providing insight
into spatiotemporal trends in drug production (e.g., synthesis routes) and availability (drug
potency).

The developed method and results were presented at one scientific conference, ¢.e., the
26" International Symposium on Separation Sciences, and the presenter was awarded “Best
oral presentation by a young researcher”.
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T. Vrondisk erad
1. Introd ucton

Dirieg e dataane typleally obtatned thoegh population swrveys, erime
statlstics, production and setzure data and medical reports (WDR, 2021;
Zeceatoetal., 2008). However, the imporiance ol acquiring ebjective, tem-
poral and spatial data is leading to an inerease in the we of wastawatar-
based epidemiclogy - WBE{EMCDDA, 20210, with the moa well-known
application being the SCORE (Sewage Analysls COPRe group Europe)
Europewlde network (SCORE, 2022). The WEE approach estimates drag
e i the commundty by datermining dreg blomarkers (parent compond
or metaboliie) In mw wastewater and ad|usting thelr cone entrat loms for
wastawater fow and population in the tampetad community {Gracia-Lor
et al, 2016). The presence of the parent compownd In wastewater may
also orlginate from the disposal of the wmsed drug indo the sewer, which
can kad 1o blmed coumption estimates when usng it a5 a marker
(Gracia-Loretal, 2017; Cody, 20020, Progress tow ands Anding appropriate
metabolites for blomarkers Is ongolyg. For example, pholedrine—a meth-
amphetamine metabolite, kas eeently been suggested by Bade et al.
(2021), although ferther snsdies are aill neaded to prove {13 applicability.
Accordingly, the parent compounds famphetamine, methamphatamine
and 3, 4-me thylene dioocyme tham ple tamine — MOMA) are still commondy
wied & blomarkess of we Another problem i3 that amphetamine and
methamphetamine are also metabolites of certaln preseription drugs
{eg., amphetamin], deprenyl, and fenethylline wad to treat depresion,
Parkinson's disease and attention deflel hyperactvity disorder - ADHD,
adding to ihe diffienlty in interpreting their ilieit use (Gracla-Lor et al,
2017 Cody, 20021

Amphetamines, ke many driegs, are chilml molecules that contain an
asymmetrie (chiral) carbon atom bonded to jowr diflerent atoms orgroups,
resuliing in two enantiomerie forms, R{— ) and 50+ (Fig. §1). Different
synthesks mutes, metabolism in the luman body and exerethm represent
enantioselective procssss that result in a specific chiral sgnatere
(Kasprayk-Hordem etal, 20100, Accordingly, knowing ihe enantiomeric
profile of a drug resides (Eq. (1)) can offer valusble information on s
orign (Lot oriliei) a8 well 25 complement WBE estimates by d berdmimat-
Ing between disposal of the unsed dreg Into the sewer and actieal con-
sumption (Comtdgrand at al, 2018). Moresver, since blologieal activity
dizeriminates betwesn aman tomers {S-emantiomens am more potent than
R-enantiomers), the potency of amphetamines can ako be evaluated
{Kaspreyk-Hordern et al., 20100, However, daspite iits potential, so far,
oitly a few studies bave applied enantiomeric profiling to stedy amplet-
amines in wastewater (Castrignand et al., 2016, 2018 Emke of al, 2014;
Gaoeat al, 201E). Commaon to all of these stedies & the we of chiml Haeld
clhromategraphie colemns with mass spectmometic detection — LE-ME/ME
{Castrignand et al,, 2016, 2018 Estéves-Danta et al., 2021, Gao et al, 2015
Kaspreyk-Hordam atal, 2010; Xuetal, 2017).

This study atmed 10 eplore an altemative method 1w chiral LE-MS/MS
forenantiomede profiling of amphetamizes in wastewater samples, focus-
ing on samples with anomalowsly high mas loads to complamant our
WEE data. A novel approach wsing chiral dedvatisation with R{-}a-
methaxy-a-{trileoromethiyl) phenylacety]l chlerde {R-MTPCD followed
by gas chromatogmplytandam mas spectmmetry (GE-MEME) deaction
was adopted. The method was applied for enantomerie profling of am-
phetamine inSloven lan wastewaters, particulardy to investigate wnusually

Echemwe of she Tooa! Frnirenmens 835 (A022) 155504

high MDMA mass load observed bn Ljbljana (SCORE 2020 compared 1o
years 2017-201%) and consisiently high ampletamine lends in Velenje as
highlighted during the S00RE (2019-2020) monitoring campaigns
{EMCDDA, 2021).

2. Experimental
2.1, Wasewater sampling and sample seloedon

Thres raw wastewater samples were collected at the inflow of two
Slovenlan wastewater treatment plants [WWTPs) servicing Ijubljama {LJ1
and 1J2) and Velenje (VEL) and stored in the dark at —20°C {Table 1).
All samples were tme-propo lonal 24-h composites, collected with 20
{Ljubljana) er 10 (Velenje) minute samping intervals. Briefly, L1 had an
unigisally high MOMA mass load identified during the SCORE 2020
(EM{DDA, 20210, while LIZ (16, 1. 2022 Table 1) is representative af
Ljubljana in terms of levels of amphetamines commonly measured in this
e el pality (SO0RE monitoring; EMCDDA, 2021). VEL is representative
of Velanje, the munieipality where consistently higher mass loads of
amphetamine were found during SCORE mondtoring compared to ather
Slovenian mundeipalitles participating In SCORE (SCORE, 2023
EMCDDA, 2021). For example, in 2019, the average amphetamine mass
lead in Velenmje was B4 mg dayy 1000 inhabitants, while it was more than
4-dmes bower i other Sloventan munici palities { <20 mg day, 1000 inkab-
mnis see Table 510

2.2, Chemisal analysis

The Supplementary Material (SM) provides full details onsample prep-
aration and apalysis (see M section MATERIALS AND METHODS:
(hemicals, Sample preparation and Sample amalysk). Before treatment, a
deuterated imemal standard {I5) mixture was added 1o each sample.
After filiering the raw wastawater {25 mL), the analyies ware axiracted
wsing solld-phase extmction (SPE) with Oasls MCX cartridges. Tha dry
extrmets wene recanstineted in 1-chlombutanol A solstion of R-MTPCL in
dry acatonitrile (50 pL/1 mL) was then waed for dervatisation (25 L,
BOC, 2h). Once conlad down, anliydrows ethanol (100 L) was addad 1o
the samples 1o decompode any excess R-MTPCL The samples were than
re-heated (70°C, 15 min), evaporated to drymess (N2), reconstineted in
athyl acetate {100 L), cenirifuged and amalysed using GE-ME/MS (DB
EMEcapilary column, 30m = 0.25mm x (.25 um). Since amphetimines
inwasewater from Lubljasa (SODRE, 2022 EMODA, 2021) are typleally
<L) for enantiomene profiling, extraction of a highar volume of waste-
water was performed, Le., ten separate 125 mL allquots of LIZ were
extracied, and the earacts combined (mrcentmtion Botor 12500-thmes).

Adetalled dase rip don ol the validation procediore & deseribad tn the 50
{secton: Method validation). The method was validated in terms of
linearity, LOD, LOG, extraction recoveries, accuracy, and repeatabiliny
Tedloaw g the SANTE protoco] wing sphed wastewater inflient at twocomn-
centration levels 300 g/ ml and 800 ng/ml (nal extracis). Sinee samplas
wit hienssizal by il gh oonee nira dons of am pletam | nes wene targeted, valida-
tlom eoncentration levels were selected to bracket that of MDMA in L1,
Emantiomerie resalution (R,) was determined as deseribed in iha SM
{section Methad validation).

Table 1
Sample information
Samipl & Sam pling kecation (mamd dpalnyh Popa leion covemd by sumpling dze [ak- 24
m wWWTP iday af sampling}
1n WWTP Ljubljana (1jubljan IO Z1. 04, 2030 | Tharsday) - sample cbtained dorlog SOORE 2020 (SCORE, 3022)
- bitgh MDA mzss boads were obseved: 1025 mgday, 1000
Intatians (EMOTDN, 20213
2 WWTP Ljubljana (1jubijang 270,205 16, O1. 2022 (Sunday) - comitin ed emrace (10 © 125m1)
vEl WWTP Salefiea Valley (Velene I 3001 2021 {Sazarday) r
AMP = amphetamine, WWTP = wastwaier trextment plant, MOIMA = 3 4 methylenedioymethamphetamine SCORE = Sewage Analysis Care group Furope.

2
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Before amalysks, the instrument’s performance was checked by water-alr
control {leakage eheck) and analysls of dia epam solutlon—1 pg/ ol (Intrs-
laboratory chack of the Instrument responsa). M5 was auto-tuned | Expert
mental quality contral was performed by analysing solvent (sthy] acstaie)
and procadural blanks (wastewater splked only witl 15) at the beginning
of the batel. 15 were wed 1o correct for nmtremental vadations

23 Coladadon and dita aralysis

The relative concentrations of B-and § enantiomers were wed tocak
lats the enantiomere fraction (EF), as shown in Eq. (11

_ AlR) (ALK
o AR TA s + AT, AT o
Here Aft)and A(5), are peak areasof the B and S-enantlomers ofthe an
alyte, and A{R)y; and A{S)y am the paak areas of the R- and Senantiomers
of thelr cornesponding 1%, The EF is 0.5 when the analyte present in the
sample b rmeamie, while it eqeals 1 (R-enantlomer) or 0 (S-enantiomer)
when there i3 a single emantomeric form (Castrignand et al, 2018
Easpreyk-Hordem etal, 2010). Since meamic drug standards were wsed
in the study, the EFs obtained in L11 and VE1 were evaluated agains the
EFs of the compounds in the spilad wastewater samples used forthe eall
bration curve (Tables 54-57). The normality of the data was tested wsing
a Shaplm-Wilk test {95% confldence interval, a = 0.05) and the equal ity
of vardanes wsing the Brown-Forsythe test (95% confldence interval, a =
0.05). The differance in e EFs of amphetamine {VEL) was evaluated
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using Welcl's r-iest {95% confidence inierval, a = (0L05) and the difference
inthe EFs of MOMA (L11) wing a two-taled Studems’ t-1es1 {95% confi-
dence imerval, a = 005 As tham were no replicates of the LI2 sampls,
the EF of each analyte was compared with the range of EFs obtained in
the splked wastewater samples All statistical evaluation was performed
g Slgmablon (version: 14.00.

3. Resulis and discussion
3.1. Malod paformance

Good performance of the methad (Table 57 ) was observed when avaly-
ated agalnst SBANTE/ 126822019 Guidanea. A Inear e ponse in tha range
LOC-1000 ngmL{sum ol e mntomers) was observed for all componnds of
Interest {R® > (.99). Extraction mooverlss (81-99%), accuracles
(99-111%) & well a8 imerday recoveries (1-8% RSD) were within
EANTE limits for bath ooncentmtion levels Also, an acceptable maolution
of B> 1 was achieved {<2% overlap) for all enantiomers (Castrigrand
etal, 2016; Kaspreyk-Hondermn et al., 20100 The LOQ {aim of enantiomers)
was determined as the west concentration that can be detected with suf
Ticlant accuracy {100 + 20%%) and repeatability {RED « 20%0), while the
LODs were caleulated as the LOGs divided by 333 and were 400 mg/L
and 120 ng/L, mipectively. When compared 1o chira LC-MS/MS, the
methods am comparable except in terms of LOG, which is lower in the
case of echiral LGMEME, La, <20 ng/L based on SN (Emke etal, 2014;
Estéves-Danta et al, 2021; Kaspreyk-Hordem etal, 20100 However, deter-
i ived LOCG were sulficient]y low for campouwnds of inemst inLI1 and VEL.

a)
o T

b) |

STD L2 ' VE1
c)

st w2z
d)

""" STD L1 L2

Fig. 1. Chramamgrams (comts vs times in min] shawing enam fiomeric separstion (MRM tamsition) of a1l studisd amphetamines (a), ampheatamins (b), methamphetmine
{c) amdd 3,4 methylenadioxymethamphetamine = MOM A (d] in spiked westewarter (STD: 800 pg Al and samplss (LI, L2 and VEL L

k]
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Alsn, the additonal dedvatization step extends the analyss time Daspita
these limitations, the metbod represents a cost-effective altermathve 1o
chirmal LC-ME/ME when analysing a lmited mumber of samples

32 Emandomerts peofiling of amphaamine

Ampletam ine in VE1 was macemie (Fig 1), Le, thera was nostatistieally
significantdifference(t = —1.453% p = 0361, a = 0.05) between average
EFsof amphatamine in VE1 and wastewater spiked with a racemie ampheat-
amine standard (Table Z). In add o, the same can be asemed for LI2
{Table 2). We know from the literatume that when meemic amphetamine
is administered, 15’ semosel ective metabolism ylelds highar amowems of
the R-emantlomer since the S-emantiomer metabolbes more rapldly
(K proyk-Hordam and Baker, 2012). Since racemic amphetamine 15 com-
monly synthesised in dandeastine laboratodes (Levekan metlod), enreh-
ment of R-amphatamine in wastewatar i3 expected whan oonse mption of
illicit amphetamine is asemed (Embe ef al., 2014; Kasprzyk-Hordem
at al, 2010). As already mentionad, amphetamine may orginate Fom tha
metabolism of certain med keations (Cody and Schwarsholl, 1993 Cody,
2002) and met kamphetamine, 7% of which & excretad as amphetamine
(Cody, 2002 Xe et al, 20171 However, glven that sech medieations are no
longer preseribed (dnoe 2018) in Slovenia (CEZ, 2023 K28, H022), the
amphetamine detectad |5 from licit we Also, the presence of methan:
phetamine in Slovenian wastewater i3 always low compared to amphet-
amine (Table 517, segpesting that methamphetamine does not contribine
significantly to amphetamine loads. It is ako impossible to differentiate be-
twean disposaland consumption. As Embke etal {2014) point out, there am
two reasons for the presence of racemic amphetamine in wastewater
{1 direc tdisposal of wiused ampletamine and (§) Dt we o both meemic
and pure Samphaamine. Inoer csa, 11 E more masonable 1o asamea con-
sumption nce the samples contalned no high mass loads of ampheatamine
attributable to dimet dispoial and that meem e amphatamine was Dund in
the wastewater of both munde ipalities

Eince only low amountsof metham plia mine am datected in Slovenian
wastewaters (EMCDDA, 2021), hserantomericprofiling wasonly posible
incomposite samples {eg LIZ). The malts show that methamp batamine
was the pure Senantomerie form (Flg. 1 and Table 2). This fnding
shows that §-methampheatamine is clandestinely produeced and abused
(Kaspreyk-Hordern and Baker, 2012), which Is consisent with other
Eurropean countries {Castrignand et al, 2018; Estéver-Danta et al , 2021,
Kaspreyk-Hordem et al, 2010).

The drug MDMA Is abotypleally syniles bed wsing the Lewckart methaod
{or otler redisctive aminations), reaudting ina meemie produer| Emke e1al,
2014; Kaspreyk-Hordermn and Baker, 2012), which ks then excreted from the
heman body enrichead in the Remantiomer (Moore et al., 19957 In our
study, endchment ol R-MOMA was observed in LI2 (Fig. 1 and Table 2), v
dlicati ng MOMA oons emption. Howaver, gven thera i5 no d gnificant diffar
enea batwesn the EF of LI1 and the spiked wastewater {1 = (L453, p =
0656, a = (LOS), meemic MOMA present by LI eould result from tha dis-
podal of the wmsed drisg, which 15 supported by the wresual Tigh MOMA
load in L0 {Fig 1and Table 510 Similarly, high mass loads wene attrbuted

Table2
Eremtiameric fractions (EFs, sxpremsd 20 aversgs, rangs or single value) abtinsd
in stancards {spike wastnw e samyile wers ussd for ol ibrtion) and samples.

Sample EFAMT) EF{MAMP ) FF(MDMAY

Sundids  Aveages 0453 A 0476 Avemages 0504
Range: 0444 0485  Range: O4B0-048E  Range: OMTI-0537

1n <100 100 Avemage 0511

Lz 0453 o] 0555

VEl Avemages 0514 <100 <1400

AMPF = amphetamine, MAMF = methamphstamine, MIMA = 34
methylenedi cogmesthamphetamine.

Ljubljama = LI1: sample with umnelly high MOMA levek

Ljubljama = LJ2: represeniative sample of Ljubljzna.

Velemjz = VEL: representative sample of ¥ elenje.

Scteme of she Toad Evvieammens 835 (2022) 155594

1o the dlisposal of wnrismed MDMA {nthe Netherlands, asoctated with a po-
lice raild (Emke et al, 20141 Unforienately, no police data could ba ob-
talmed to sup port the argument o drig disposal inowr e

4. Concludons

This study developed and validated a novel approach for WBE enantio-
mene profiling wsing chiral dervatsation with GC-MESM5 1o stuedy amphst-
amlines |n wastewater. The method performed well when evalwated agalnst
SANTE 26822019 Guidance, and daspite higher OO and longer sample
preparatfon time, it B comparabla 1o chiral LC-MSME methods, In this
sy, enantiomerie profiling of watewatersuggeas that the sample with
an unuseally high MDMA Joad observed in Ljubljana with iis meemic
Traction 1ely adgratad from the disposal of the ursad drug. by sontrst,
typical MDMA loads endebed in the Repantiomer suggest MDOMA
o ption, while no assmptions about the disposal of unsed amplat-
amine or metham phetam ine could ba made based onthelr enantiomedc pro-
fla. However, sircs noampletam ns/metham phetam ina based medications
are preserbed I Slovenda, andnsght inte the potency of drugs presenton the
Micit drug market was gathered. Racemic ampbetamine (Ljnbljana and
Velenje) probably indicates the avallability of meemie and Sampletamine
o the market, and the presencs of $methampletamine i wastewater indi-
cated the avallability of a more potent Smethamphetamine in Slovenia.
verall, ehirl dedvatlsation can be a cont-elfective altemative tochiral
chromatogra pliy for the enantiomere profiling of dreg resdees in WBE,
espactally for a Lmited number of samples with wmsally high mass leads
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3.3.2 Combining a Stable Isotope Analysis with a Wastewater-Based
Epidemiological Approach to Complement Illicit Drug Profiling

To be submitted to Environmental Science & Technology (October 2023): Verovsek, T.,
Potocnik, D., Heath, D., Kranvogl, R., Laimou-Geraniou, M., Ogrinc, N., Heath, E.

Determining the composition of stable isotopes of organic molecules using isotope-ratio
mass spectrometry (IRMS) is widely used to determine food authenticity, namely
confirming geographic origin and detecting aroma adulterations, but also in forensic science
to discriminate and track sources between batches of explosives and illicit drugs (Chapter
1.3.2.4 Stable isotopic composition of light elements). Accordingly, it was hypothesized
that the isotopic composition of drug residues in raw wastewater may also provide data on
their origin, e.g. used or dumped drug (Chapter 1.3.2 Addressing uncertainties in evaluating
drug consumption). However, to our knowledge, this is the first attempt of a kind, e.g.,
determining the isotopic composition of drug residues in wastewater and exploring potential
applicability. In this study, gas chromatography-combustion-isotope ratio mass
spectrometry (GC-C-IRMS) was used to determine the 0"C value of morphine in raw
wastewater. In order to complement forensic data [120] — [122], the 6"*C value of drugs,
namely amphetamine, morphine, codeine and heroin in street drugs (amphetamine powder,
opium resin and heroin powder) and laboratory analytical standards were also obtained.

For determining the 6"*C value of morphine in raw wastewater, it was extracted from a
large volume of wastewater (51.5 L) using SPE-disks (AttractSPE™ Disks HLB), purified
using SPE (Strata® C18-E) and isolated by flash chromatography (Biotage® Sfar C18 D).
The  morphine-containing  fractions  were  then  dried, derivatized (N,O-
bis(trimethylsilyl)trifluoroacetamide, BSTFA) and analyzed using GC-C-IRMS. To
eliminate fractionation that may occur during sample preparation and analysis, blank
samples (1.5 L of spiked tap and raw wastewater) were prepared and analyzed following
the same procedure. Before derivatization and analysis, street drugs were dissolved in the
corresponding solvent and dried, while laboratory analytical standards already dissolved in
methanol were only dried. Before GC-C-IRMS, the presence of analytes was confirmed in
all samples using GC-MS/MS.

As expected due to its synthetic nature, highly negative 0"*C values were obtained for
amphetamine (-42.6 to -40.0 %o). Surprisingly, a highly negative value was also obtained
for one opium resin (6"C values of morphine: -35.8 %o), suggesting morphine in this drug
is of synthetic origin. The 6"C value of morphine isolated from raw wastewater was
-33.7 %o, which falls in the interval of §"C values of morphine in street drugs. Since
morphine in wastewater may also originate from its medical use, further studies analyzing
medical morphine are needed to evaluate the results more fully.

Based on the 6"C value of morphine in wastewater alone, it was impossible to discern
a possible dumping event, as no changes in carbon bonds were made during the metabolism.
However, monitoring changes in §*C value over time may be used as an early warning
detecting changes in drug supply in the illicit drug market and can be used to support drug
profiling [123]. For example, in the case of natural and semi-synthetic drugs (e.g., cannabis,
cocaine, morphine/opium and heroin), GC-C-IRMS analysis of drug residues in wastewater
may be used to detect the geographic origin of plant material used for their production. Of
course, such applicability requires further studies that will, aside from determining the
isotopic composition of carbon, consider the isotopic composition of other light elements,
i.e., nitrogen, oxygen and hydrogen. More importantly, to include GC-C-IRMS analysis in
the routine analysis of drug residues in wastewater, investigating alternative pre-
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concentration methods is needed, replacing the tedious extraction of high volumes (approx.
50+ L) of wastewater, e.g., passive or active-passive sampling.
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ABSTRACT

While wastewater analysis has gained recognition as an important tool in assessing drug usage in
the population, the potential to trace the source of illicit drugs by combining WBE with the stable
isotope approach is yet to be fully hamessed. In this study. the 6°C values of drug residue
(morphine) in wastewater were obtamed for the first time. Moreover. the potential to complement
forensic intelligence was assessed by analyzing authentic analytical standards and samples of street
drugs, including amphetamine, opium. and heroin. Municipal wastewater was extracted using a
combination of HLB disks and Strata C18-E and isolated using flash chromatography. The 6*°C
values were obtained using gas chromatography-isotope ratio mass spectrometry (GC-C-IRMS).
In the case of street drugs. highly negative 6*C values for amphetamine (-42.6 to -40.0 %o) and,
surprisingly. for one opium resin sample (6°*C value of morphine: -35.8 %o) were observed,
possibly relating to their synthetic origin. Despite the complexity of the wastewater matrix and
trace levels of residues, a 6*C value for morphine (-33.7 %o) was determined. falling in the mid-
range of the values observed for street drugs (-35.8 to -29.7 %o). This study indicates that isotopic
analysis of carbon in morphine residue from wastewater holds promise as a novel approach for
tracking changes in sources of illicit drugs. offering potential applications in forensic intelligence

and law enforcement.



SYNOPSIS

For the first time, this study combines stable isotope analysis with wastewater-based epidemiology
to complement drug profiling. 63C values were obtained using compound-specific isotope

analysis (CSIA).

1. INTRODUCTION
The production. trafficking, and use of illicit drugs profoundly affect public health and pose
significant challenges to the rule of law, but assessing these risks requires sufficient high-quality
data on their use and supply'. Typically. demand is assessed through population surveys. which
are inherently subjective and have a time lag in reporting data®’. As a response, an objective
approach capable of providing timely data on trends in illicit drug use through analyzing munieipal
sewage was proposed by Daughton®. Wastewater-based epidemiology (WBE) relies on the
chemical analysis of raw sewage for human metabolic drug residues, including parent compounds
and their metabolites. and knowledge of drug excretion profile, wastewater flow and catchment
size in order to estimate drug use in a population’. Since its first utilization in 20055, WBE has
reached international recognition within Sewage analysis CORe group — Europe (SCORE)
monitoring” and has become an established approach >

Since wastewater reflects the population’s drug use activity. it represents an abundant data
source. In addition, beyond its role in assessing drug use, it has the potential to serve as a valuable
source of forensic information regarding illicit drug supply. Indeed. wastewater analysis using
enantiomeric profiling or non-target analysis has already been used to detect drug manufacture and
evaluate the potency of synthetic drugs ®°. However., such studies are rare and do not capture the

full potential of WBE. for example. by combining WBE with stable isotope analysis.
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Stable isotope analysis is already used to analyze seized drugs and obtain forensic
intelligence on illicit drug production and trafficking due to its ability to discriminate origin,
history and source with high precision '*!!, This ability stems from the fact that the stable isotopes
of the same element change their isotopic composition during physical. chemical and biological
processes, i.¢.. isotopic fractionation. Determining the isotopic composition of light elements (e.g.,
13¢A2¢C and PN/MN) has proven successful in differentiating between batches of synthetic drugs,
such as amphetamines. It has also been effective in identifying the cultivation area (geographic
origin) of raw materials, such as those used to produce natural and semi-synthetic drgs like

. . . 5
cocaine and heroin. respectively!®!?

. For example, morphine 1s a common raw material used for
clandestine synthesis of narcotics, such as heroin. It is typically extracted from opium, usually
derived from the poppy plant Papaver sommiferum using the “lime method” ', Once formed,
morphine retains its natural isotopic composition. specific to where it grew. and will be influenced
by environmental conditions, such as humidity. temperature and isotopic composition of CQ2",
Such differences in the isotopic composition can be used to determine the geographic origin of the
poppy plant from which the morphine was extracted’’. Nowadays. isotopic data on the origin of
seized heroin (morphine) are obtained routinely by the United States Drug Enforcement
Administration and others'*!,

This study combines stable isotope analysis with wastewater-based epidemiology to
complement drug profiling. This study determined the isotopic composition of carbon (67C value)
of drug residue extracted from raw wastewater using gas chromatography-combustion-isotope
ratio mass spectrometry (GC-C-IRMS). Furthermore, 6°°C values were measured in street drugs,

amphetamine powder, opium resin and heroin powder. and authentic analytical standards to assess

the potential of combining both approaches.
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2. MATERIALS AND METHODS

2.1. Chemicals and materials. Analytical standards of amphetamine, morphine. and codeine
(1 mg/mL) were obtained from Cerilliant Corp (Round Rock. Texas, USA). All solvents,
including HPLC grade methanol, acetone and ethyl acetate, were purchased from J. T. Baker
(Philipsburg, USA). Formic acid (HCOOH) was obtained from Fluka (Switzerland), and N,
O-Bis(trimethylsilyljtrifluoroacetamide (BSTFA) from Sigma Aldrich (Missourt, USA).
Ultrapure water (18.2 MQ+cm resistivity at 25 °C) was obtained using the Millipore Direct-
Q purifying system. Glass microfiber filters (GF/D — 2.7 pm and GF/C — 1.2 pm) were
purchased from Whatman (USA) and modified nylon centrifugal filters (0.2 pm) from
VWR (Vienna, Italy). Extraction disks (AttractSPE™ Disks HLB) were from Affinisep
(Normandy, France) and solid phase extraction (SPE) cartridges (Strata C18-E; 55 um. 6
mL. 70 A) from Phenomenex (California. USA). Materials for flash chromatography.
namely Sfir C18 samplets (25 g) and Sfir C18 Duo column (30 pum, 45 mL., 100 A), were
purchased from Biotage (Sweden). The accuracy of the 6*C determination was checked
using the following international reference materials: caffeine USGS61 obtained from the
US Geology Survey (USGS. Virginia, USA) and caffeine TAEA-600 obtamed from the

International Atomic Energy Agency (IAEA. Austria).

2.2. Selection of target compounds. Targeted compounds included: amphetamine, morphine,
codeine and heroin. Selection was based on the fact that data on amphetamines and opioid-
based illicit drugs are collected within forensic studies to study their production and

trafficking 1.
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2.3. Sample selection and preparation. Three types of samples were prepared and analyzed:
(1) street drug samples: two amphetamine samples (Al and A2). two samples of opium resin
(OR1 and OR2), and one heroin sample provided by the National Laboratory of Health,
Environment and Food: (i1) authentic analytical standards of amphetamine, morphine, and
codeine, and (iii) raw wastewater collected at the inlet of a municipal wastewater treatment
plant (WWTP) serving 49.843 people, which had been previously analyzed for the presence
of licit and illicit drug residens!®.

2.3.1. Street drugs. Amphetamine samples (white powder) and heroin (brown powder) were
dissolved in methanol, and optum (resin) in 60 % acetone in Milli-Q. Two hundred
mieroliters of the prepared solutions were dried (40 °C, N3), derivatized (section 2.3.4.)
and analyzed using GC-MS/MS and GC-C-IRMS.

2.3.2. Laboratory analytical standards. An aliquot (50 pL) of each analytical standard (1 mg/mL)
was dried and derivatized (section 2.3.4.) for GC-C-IRMS analysis. For GC-MS/MS
analysis, the initial standard concentration was adjusted to 0.01 ng/mL with methanol.

2.3.3. Raw wastewater. After filtration (glass microfiber filters: GF/D and GF/C). the wastewater
(51.5 L) was divided into approximately 1.5 L aliquots. Each aliquot was loaded onto a
pre-conditioned (50 mL of methanol and 50 mL of Milli-Q water) AttractSPE™ HLB
Disks. Each disk was washed with 50 mL of 5 % methanol in Milli-Q water and dried under
vacuum. The morphine was then eluted with 50 mL of methanol. The eluate was acidified
(pH 4) with HCOOH and purified by passing the eluant through a pre-conditioned (4 mL
of methanol followed by 4 mL of 1% HCOOH in methanol) Strata C18-E cartridge.

Finally. the cartridge was washed with 4 mL of 1 % HCOOH in methanol. All extracts
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were combined. dried (N2. 40 °C) to a constant mass (final extract: 1.09 g) and stored at -
20°C.

Purification of the final extract was performed using flash chromatography
(Biotage® Select). The extract was dissolved in 1 mL of Milli-Q and introduced into a Sfir
C18 Duo flash chromatography column using a Sfir C18 samplet. Flash chromatography
was achieved using Milli-Q water (A) and methanol (B) at a flow rate of 25 mL/min. The
gradient elution was as follows: 5 % B hold for 0.5 column volumes (CV), inerease to 100
% B in 8 CV and hold the condition for 1.2 CV. Fractions (14 mL) were collected
throughout the chromatographic mn (9.7 CV: Figure S1). To identify the morphine
fractions, 10 pL of each fraction was dried (40 °C, N3). derivatized (section 2.3.4.), filter-
centrifuged (14.000 RCF. 3 min: Domel. Centric CF 48, Slovenia) using 0.2 pm modified
nylon centrifugal filters and analyzed by GC-MS/MS. The fractions containing morphine
were then combined. derivatized (section 2.3.4), centrifuged (3.000 RPM. 10 min) and
analyzed using GC-C-IRMS.

Derivatization. Dried samples were reconstituted in 50 uL of ethyl acetate and derivatized
at 70°C for 1h, using 50 nL BSTFA. Only in case GC-C-IRMS analysis of raw wastewater,
final extract was reconstituted in 100 pL of ethyl acetate and derivatized (70°C, 1h) using
100 nL BSTFA.

GC-MS/MS analysis. Derivatized samples were analyzed using an Agilent Technologies
(USA) gas chromatography system (AT 7890B) coupled with a triple quadrupole mass
spectrometry detector (AT 7000 GC/MS). Samples (1 pL) were injected in spitless mode
with an inlet temperature of 260 °C. Separation was achieved on an Agilent Technologies

(Waltbronn, Germany) DB-5MS capillary column (30m = 0.25 mmi.d.. 0.25 um) using

189
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helium as the carrier gas (1.2 mL/min). The temperature program was as follows: 70 °C to

120 °C at 5 °C/min. 210 °C to 240 °C at 10 °C/min, 240 °C to 270 °C at 5 °C/min and hold

270 °C for 3 min. 270 °C to 300 °C at 3 °C/min with a hold time of 3 min. Ionization was

achieved using electron impact (EI} at 70 eV, and the MS was operated in Scan and

multiple reaction monitoring (MRM) mode (Table 1). Data analysis was performed using

MassHunter software (Agilent Technologies, US).

Table 1. Selected transitions and optimized GC-MS/MS parameters.

Analyte Retention  time | Precursor ion Product ion CE Dwell
[min] [eV] time [ms]
Amphetamine 14.3 116 73 20 26.7
117 74 25 26.7
Morphine 29.2 236 146 20 8.9
236 220 20 8.9

2.3.6. Stable carbon isotope ratio measurements. The *C/**C ratios are reported in 6 — notation

in per mil (%) and reported relative to the Vienna-Pee Dee Belemmite (V-PDB) standard

following Eq. 1:

8("E)= 6 E=

Uppe Wiy

U}-Rmf

1

Where superseripts i and j denote the highest and the lowest atomic mass number of

elements E (which is C) and Rp and Rger indicate the ratio between the heavier and the

lighter isotopes (X*C/2C) in the sample (P) and reference material'’.

The isotopic composition was determined using an Agilent 6890N GC-C system

coupled to an IsoPrime GV IRMS (GV Instruments, Manchester, UK). Separation was



achieved using a DB-5MS (30m = 0.25mm1i.d.. 0.25 um) capillary column (Agilent
Technologies) following the same temperature program reported previously (section
2.3.5). The carrier gas was helivm in constant flow mode (1.2 mL/min). The injector
temperature was 260 °C, and the oxidation reactor (Cuw/O) in the 6890N GC/C system was
900 °C. Peak identification was made by comparing retention times of the unknown with
an authentic morphine standard, which was analyzed at each measurement sequence.
Stability was verified before each measurement sequence. ensuring it met the accepted
criterion of <0.08%.. For data normalization, a two-point normalization method was
performed using the international reference materials USGS61 (63C = -35.05 = 0.04 %o)
and TAEA-600 (613C = -27.73 = 0.04 %s). The reproducibility was 0.5 to 0.8 %o (n=3). while
the expanded uncertainty (U. k = 2) was =1 %o.

The 1sotopic composition of BSTFA was determined by elemental analysis IRMS
(EA-IRMS) according to a standard procedure deseribed in SDN-O2-ORG(01) using an
IsoPrime 100 — Vario PYRO Cube combined with a Vario LS sampler (Liquid sampler for
“cube” analyzer line: OH/CNS Pyrolyzer/Elemental Analyzer; IsoPrime. Cheadle, Hulme,
UK) according to a standard procedure described in SDN-O2-ORG(01), 4™ edition.
Briefly, 1 uL of the sample was automatically injected into the elemental analyzer. To
assure  accuracy internal laboratory materials:  absolute  ethanol (LRM-2.
68C =-27.37=0.11 %o). a rum distillate (LRM-RUM-2, 6°C = -13.45 = 0.07 %) and
control material distillate of wine (KM-1, 6C = -27.77 = 0.08 %) were used. All
laboratory reference materials were calibrated against international reference material

BCR-656 (8°C = -26.91 = 0.07 %o). The expanded uncertainty (U. k = 2) was = 0.5 %o.

191



192 Publications

The 6*C values of BSTFA based on the two lot numbers used were -30.12 = 0.10 %o and
-40.37 = 0.40 %o.

2.3.7. Determination of 6"°C value of targeted compounds: The isotopic shift due to the
exogenous carbon mtroduced in the individual compound though derivatization was

corrected using Eq. 2:

513 I _ (NB.STFA(compound)JLQCBSTFA(mmpound) —(NgsTra EHCB.W‘FA) (7}

compound = Neompound

where 8Ceompound is the corrected 6°C value of the individual compound,
i3 BSTFAfcompound) 15 the measured value of the individual derivatized compound, B3 Crerra
is the isotopic composition of BSTFA determined using the EA-IRMS, Npsr4 is the added
carbon number of BSTFA and NastFacompound) is the carbon number of the derivatized
compound.

2.3.8. Method validation. Extraction recoveries (HLB disks and Strata C18-E cartridges) were
evaluated using morphine-spiked wastewater (3 ug/mL. in duplicate) before (sample spike)
and after the extraction (eluate spike). The extraction recoveries (in %) were then

calculated based on peak area (A) as follows:

sample spike

ER (%) = A x 100 (3)

eluate spike

Three experiments were conducted to investigate possible isotopic fractionation during
sample preparation: two with tap water and one with wastewater. Briefly, 1.5 L of tap and
wastewater were spiked with morphine (tap water: 0.05 mg/mL and 0.5 mg/mL:
wastewater: 0.5 mg/mL), filtered (GF/D and GF/C) and loaded onto a pre-conditioned
AttractSPE™ Disk HLB. After loading, disks were washed (50 mL of 5 % methanol in

Milli-Q) and dried (vacuum). Morphine was then eluted (50 mL of methanol). acidified

10



(pH 4 — HCOOH) and purified using a Strata C18-E cartridge. The purified eluate was
dried (40 °C. N2) and stored at -20 °C for further processing by flash chromatography. The

analyses were performed and analyzed similarly to the wastewater samples

(sections 2.3.3-2.3.6.).

3. Results and discussion

3.1

%)
[ ]

. Method performance. From previous analysis'® it was determined that obtaining a

sufficient amount of morphine for GC-C-IRMS analysis would require extracting
approximately 50 L of raw wastewater, whereas. for other compounds, it would require
>500 L. Therefore, for this proof of concept. we only extracted morphine. Extraction
efficiency was within SANTE/11312/2021 guidelines (HLB disks: EF = 80 %: Strata C18-
E: EF = 85 %)". However. a further clean-up was necessary to remove additional
interfering compounds (Figure S2). performed using flash chromatography.

Four fractions with resolvable amounts of morphine were obtained for stable
isotope analysis. Though flash chromatography could potentially lead to isotopic

?. the 61°C values obtained for each fraction (average * standard deviation:

fractionation !
-33.7 £ 0.2 %o) were within measurement uncertainty (1 %o). indicating that no measurable
fractionation had occurred. However. a slight difference (1.8 %) observed between 6*°C
values of non-processed morphine standard (-36.7 %) and the same standard spiked in tap

and wastewater (-34.9 + 0.86 %o). suggests that slight fractionation occurred during sample

preparation, although the measurement error was in the same range (1 %a).

. Street drug analysis. For synthetic drugs. isotopic characterization can link batches with

a common source of supply or production, as isotopic composition depends on precursor

. . .. . . )
material used and changes due to kinetic isotopic effects that occur during synthesis™® 22, In

11
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this study, the 613C values of the two amphetamine samples, Al and A2, were —40.0 %o and

—42.6 %o, respectively (Table 2). Both values are considerably lower than the amphetamine
standard (-30.2 %) and 6°°C values reported in the literature (-28.5 to -12.0 %o: Table $1).
Considering numerous possible precursors and synthetic routes, e.g., “Leuckart synthesis,

20

the reductive amination of phenyl-2-propanone and nitrostyrene route™", as well as
synthesis/extraction routes for precursor production. such difference in 6°C values is
expected. For example, Cormic er al.”® reported highly variable 8°C values for
amphetamine precursors (synthetic and of natural origin) used as a nitrogen source (6°C
ranged from -54.5 to -16.9 %o). However, further speculation on the observed differences
in 6"3C values requires additional study. 7.e., data on isotopic nitrogen composition®,

The 6C values for morphine in opium samples and heroin were between -35.8 and
-29.7 %o (Table 2) and agree with the literature data (Table S2). However, the values are
lower compared to 6°*C values obtained for the poppy itself (63C =-20.4 to -25.7 %a)>.
Regarding the origin of poppy. which is used for illicit drug production, the primary
producing locations are Southwest Asia. Southeast Asia, Mexico and South America®®.
Thompson et al.'! observed that opium/heroin from Southwest Asia can be distinguished
from the other three regions based on the higher morphine 6°C values (Table $2). A
similar observation was also made by Ehleringer ef al.!'. Based on these findings, the raw
material used for the heroin (61C value of morphine = -29.7 %s) and the opium resin (OR1)
with a 6"3C value of morphine = -30.9 %o analyzed in this study (Table 2), suggest an origin
from Southwestern Asia. Nevertheless, additional data. including 6N values and an
extensive database of authentic samples, are necessary to wvalidate such a

hypothesis 10142728



Interestingly. the morphine contained in the second analyzed opium resmn (OR2)
exhibited a 6°C value of -35.8 %o. which appears to be the most negative value reported.
Low 6“C values are commonly connected with compounds of synthetic origin. For
example, depletion of ¥C was found in synthetic aroma compounds, e.g., vanillin and
truffle flavorings™®. Similarly, in this study, the morphine standard. confirmed to be of
synthetic origin by the supplier (Sigma-Aldrich), had a 6“C value of -36.7 %e. It can also
be speculated that the opium resin (OR2) with a morphine 6°C value of -35.8 %o was
prepared from synthetic morphine and resin. likely intentionally to mimiec natural opium.
This finding is further supported by the fact that codeine. another known opium alkaloid.
was not detected in this particular resin. although it was present in the other analyzed opium
street sample. The 6°C value of codeine (-29.7 %) in OR1 was higher in comparison with
the 6'3C value of the known synthetic codeine standard (-38.4 %.). This finding is also
proof that synthetic opioids are depleted in 13C.

The 6"*C value of morphine in heroin also offers an opportunity to trace the origin
of the reagents (e.g., acetic anhydride or glacial acetic acid) used to convert morphine into
heroin through acetylation®'. In heroin, 17/21 carbon atoms are derived from the plant
product (morphine). while the remaining four are derived from the acetalization reagent.
Accordingly, mass balance considerations allow reconstruction of the *C/**C composition
of the reagent used to produce the heroin™2**!, In this study. its 6C value was -34.4 %
and could prove valuable in subsequent studies aimed at distinguishing heroin samples
based on the geographic origin of the morphine and that of the clandestine production

site 21,
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3.3. Wastewater analysis. An average 6°°C value of -33.7 %o for morphine in raw wastewater
falls within the interval of the 6°C values obtained for morphine in street drugs (-35.8 to
-29.7 %s). Given that Yen ef al.** showed that the isotopic composition of carbon and nitrogen
in morphine is maintained during drug metabolism. we speculate that isotopic analysis of
drug residues in wastewater may be linked with the origin of illicit drugs. The 6°C value of
morphine in wastewater represents the lower limit of 6"°C typically obtained for morphine in
opium, morphine and heroin samples (Table 2). Therefore, it could be speculated that
morphine-based drugs originate in the Slovenian drug market from locations where more
negative 6°°C values are observed. ie, South America. Southeast Asia and Mexico.
However, in the case of wastewater, medical morphine (not analyzed) should be considered
since it was the second most commonly preseribed opiate in Slovenia in 2022%. To further
evaluate its contribution. an isotopic analysis of medical morphine is needed.

Given that wastewater analysis only provides the average 6'3C values of drugs used
in the study area as no data on individuals can be obtained **. it has the potential to detect
changes in dug supply. It also could serve as an early warning system. complementing
drug profiling data. Such tracking changes will be significant as the drug supply changes.
For instance. Afghanistan, formerly a major heroin producer. recently declared a ban on
poppy production. This ban will likely have repercussions on the production and
distribution of morphine-based drugs®. By regularly employing isotopic composition
analysis of drug residues in wastewater, particularly at the international level. similar to
SCORE. such temporal and spatial changes can be detected and used for forensic

intelligence.

14



Aside from morphine-based drugs. data on the geographic origin of raw material
used to produce other semi-synthetic and natural drugs can be obtained, among which
cocaine and cannabis (tetrahydrocannabinol. THC) would be of particular interest
considering their widespread and growing use®>. Tt may also be used to identify changes in
the type of synthetic drugs available. As Carter et al. *® showed. the synthetic origin of
amphetamines (street drug samples) could be identified based on 6'*C and 6°°N values and
drug batches linked to common sources.

In summary. despite providing limited data on drug residues (morphine)
wastewater. this study indicates that isotopic composition analysis of drug residues in
wastewater may be used as a complementary source of forensic intelligence. However,
such applicability still requires further research, and as already mentioned, aside from
determining the isotopic composition of carbon. other light elements. such as nitrogen,
oxygen and hydrogen, should be considered. More importantly. alternative extraction and
pre-concentration methods to tedious solid-phase extraction of high volumes of wastewater
must be explored. e.g., passive or active-passive sampling. Finally, research studies that
systematically measure changes in the isotopic composition of illicit diug residues over
time and space would be valuable in supporting law enforcement efforts. This study that
combines the stable isotope approach, a well-established method, with WBE represents an
innovative application with the potential to detect shifts in the trafficking and supply of
illicit drugs. As the landscape of drug-related issues evolves, such an approach could be

crucial in advancing forensic intelligence related to illicit drugs.
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Table 2. 5°C values obtained in street drugs, laboratory analytical standards and raw wastewater.

Sample Analyte Determined 6°C value (%)
Amphetamine 1 (Al) — white | Amphetamine -39.99
powder (street drug)
Amphetamine 2 (A2) — white | Amphetamine -42.59
powder (street drug)
Opium 1 (OR 1) — resin (street | Morphine -30.91
drug) Codeine -29.65
Opium 2 (OR 2) — resin (street | Morphine -35.83
drug)
Heroin — brown powder (street | Morphine -29.67
drug) Heroin -30.62
Laboratory analytical standards | Amphetamine -30.23
Morphine -36.67
Codeine -38.40
Raw wastewater Morphine -33.66
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1. MATERIALS AND METHODS
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2. RESULTS AND DISCUSSION
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Table S1. Reported 6°°C values of amphetamine

Sample G1C value of amphetamine Synthesis route/precursors Reference
(%0)
Amphetamine — -26.7 to -26.0 ‘nitrostyrene’' route (5°C value of
industrial source of precursors: -26.5 to -24.5 %)
PIECUrsors
Amphetamine — 28 510-282 ‘nitrostyrene’' route (5°C value of
natural source of precursors: -28.9 to -24.5 %)
PrECUrsors
Amphetamine — 284 Non-benzaldehyde-derived
clandestine source (§2C value of precursor
production phenyl-2-propanone: -27.9 %)
18 amphetamine -260t0-12.0 Six known sources :
samples
Table S2. Reported 6°C values of morphine extracted from illicit drugs
Sample SB3C value of morphine Geographic origin and Reference

corresponding average 5°C

(%0) values (%o)
Opium
Powder, gum, and -335t0-201 Mexico: —32.1 %e
latex
South America: —32.5 %e
Southeast Asia: —32.1 %o
Southwest Asia: —30.5 %
Morphine
Not specified -334 Colombia 4
Not specified -324t0-319 Colombia
Heroin
Powder —323t0o-309 Mexico: —32.0 %o
South America: —32.2 %e
Southeast Asia: —32.3 %o
Southwest Asia (—30.9)
Powder —33.0t0-200 Mexico (—32.5) o
South America (—33.3)
Southeast Asia (—32.5)
Southwest Asia (=30.0)
Powder —31.7t0-293 Unknown source (—31.5) 7
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Mexico (—-30.6)
South America (—31.0)
Southeast Asia (-30.4)

Southwest Asia (—29.8)

Powder

-32.6

Not specified
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3.4 Drug Residues in the Aqueous Environment: Occurrence
and Ecotoxicity

3.4.1 Occurrence, fate and determination of tobacco (nicotine) and
alcohol (ethanol) residues in waste- and environmental waters

Published: Verovsek, T., Heath, D., Heath, E., 2022, Trends in Environmental Analytical
Chemistry, 34, e00164.

Due to increasing production and consumption, partial removal during wastewater
treatment, and potential ecotoxicity, residues of licit and illicit drugs are classified as
contaminants of emerging concern (Chapter 1.4 Environmental Perspective). Accordingly,
many reviews have already been published summarizing the methods used to determine
drug residues in aquatic matrices, the occurrence and fate of drug residues in waste and
environmental waters, and their adverse effect on various (aquatic) organisms [78], [130],
[132], [141]-[144], [157], [168]. However, these reviews focus mainly on residues of illicit
drugs and pharmaceuticals and do not summarize data for the otherwise most used licit
drugs worldwide, i.e., tobacco (nicotine) and alcohol (ethanol) (Chapter 1.4.1 Analytical
methods used to determine drug residues in the aqueous environment), which residues (in
case of nicotine) have already been proven ecotoxic (Chapter 1.4.4 Effects on aquatic
organisms).

This comprehensive review summarizes 102 papers published in the past two decades
investigating the occurrence and fate of most commonly determined nicotine (nicotine,
cotinine, HCOT) and alcohol (ethyl sulfate and ethyl glucuronide) residues in waste- and
environmental waters. Additionally, methods used for their determination are presented
with challenges and future recommendations.

For nicotine and alcohol residue analysis, wastewater was usually sampled as a
composite sample, while grab samples are commonly used for environmental waters. Since
grab samples cannot provide data on time-dependent fluctuations of concentrations, the
investigation of other sampling techniques is encouraged, e.g., passive sampling. SPE
followed by RP-LC-MS/MS was typically used to determine nicotine residues, while alcohol
residues were determined using an ion-pair reagent and direct injection onto the RP-LC-
MS/MS. In order to reduce the amount of matrix entering the MS and lower LOD/LOQ
in the case of alcohol residue determination, analytical approaches need to be improved,
e.g., by including an extraction step and avoiding using an ion-pair reagent.

Targeted drug residues were determined in aquatic matrices in ng/L to pg/L range. As
expected,  the  highest concentrations  were  determined in  wastewater
(raw>treated>reclaimed), followed by surface waters, groundwater and drinking water.
Compared to nicotine residues (85 % of revised studies), much less data on the occurrence
of alcohol residues is available. Moreover, studies mainly focus on waste- and river waters,
indicating more data on environmental waters are still needed.
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ARTICLE INFO ABSTRACT

Keyvenrds: Thiz revizw includes cos hundred and two peer reviewed papers that focus on metabolic residues of the two most
Tohacco uaed licit drugs globally, nicotine (aicotine, cotinine, trans-5'-hydroxycotinine — HOOT) and alcohol (ethyl
Nicotine oulphate and ethyl glucuronide), in waste- and envi 1 waters. ling strategies and analytical
:J“:‘:;‘;"' methods are also summarized and discuzzed. Although grab sampling iz the mast widely applied method for
Eithyl sulphalz collecting saviroamental zamples (74% cases), wastewatsr samples are typically composite samples collecoed
Licit drug automatically at the wastewater sreasment plants (66% canez). Sample preparation and analyris uneally inclode
Wiastewater oli (5PE) foll d by phaced liquid ct hy with tandem maza specomesry

Aquatic environment detection (RP-LC-MSM35) for nicotine rezidues. In contract, aleohol reidues are commonly determined wia direct

Linuid chrematograpky injection omto the LC-MS/MS wing an ion-pair reagent to improve retention, leaving room for method

Mass spectrametry imp i 2 guisble procedure to achieve lower detection limits and quansif-
cation. In comparizon to alcohol residues, more studies look into nicotine residues (35% of the srudies). Gon-
centration ranges for nicotine, cotinine, HCOT and ethyl sulphate were <@ 424,000, < 42,300, 50-52,000 and
500-33,000 ag/L in wastewater influensm and 15-32,000, < 18,000, 15-1,552 and < 500 ng/L in effluents, whils
micotine (12.6-547 ng/L) and cotinine {17-62 ng/L) wese deteceed in reclaimed watesz. Among environmental
wraterz, the highest concentrations of nicotine rezidues were measured in surface waters [nicotine: < 9,340 ng/L,
cotinine: < 6,532 ng/L and HCOT: 14777 ag/L), whils their concensations in groundwater and drinking water
wrere generally in the low ng/L range. Thiz review aloo reveals the dizcrepancy between the rumber of studies in
developed countries (909) compared to developing countries and the need for mose shudies in the former, whers
moat wastewater flows untreated into the enviromment.

L g,

1. Introducton Camellig sinensis family, such as black and green teas) [2,5.6].

Onee in the body, nicotine is metabolized mainly to primary me-

Increasing preducton and consumptdon, insufficient elimination
during wastewater treatment, and potentdal toxicicy at environmental
levels claszsify drugs of abuse and their mewbolites among emerging
pollutants [1]. Nicotine iz the principal tobaceo alkaloid (accounting for
8% of total alkaloids in tobacco), commenly introduced into the human
body via tobacce smoking [2,3]. Itz popularity, addicdveness and
non-pharmacelogical effacts of tobacen smoking (a.g., zocial factors and
depression) make it one of the most used licic drugs, with 1.3 billion
uzers worldwide [3,4]. Nicotina can alzo anter the body through nicotine
replacement therapie: (patches, gums), e-cigarettes and other
nicotine-containing plants (members of the Solanaceae family, such az
potatoes, tomatoes, eggplantz, chilli peppers and members of the

tabolites nicotine N'-oxide (4-7%) and cotinine (70-80%), which are
then further membolized, leaving only 10-15% of cotinine excretad
unchanged. The main cotinine metabolite is frens-3"-hydroxyeotinine,
HCOT (33-40% of cotinine) [7]. Once in the environment through
excretion afrer consumpton, wazh-out from cigarette buttz/ashes and
tobacco plantations, nicotne and its meabolites undergo zeveral pro-
ceszas, sueh as rransformation (e.g. biclogical, chemieal, photo-
degradation), leaching, wansportadon and interaction with soils and
sadiments (Fig. 1). At the same time, their presance can nagarively affect
non-targered organizms [5,9]. Plant-derived alkaloids, such az nicotine,
are alzso known to have a large number of effects on bacterial and fungal
pathogens, suggesting thac their presence in the environment pozes a
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threat to the base of the aguade food web [10]. Az a known insectdeide,
nicotine can alzo adverzely affect aquatic inventebractes [10,11]. For
example, Lilius et al. [12] reported intoxication and immobilisation of
Daphnia megno (ECgyy =00035 mmol/L) and Dophnio pulex (ECsy
=0.00857 mmol/L mmal/L).

Alechol (ethanol) iz also an addicdve poychoactive substance used by
over 2.3 billion people worldwide [3]. It iz uswally conzumed as an
alecholic beverage and iz an integral part of the social life of many
culoures [3]. Once ingested, aleohol is rapidly metabelized in a two-sage
oxidation process to acetaldehyde and further to acetic acid, with about
G4 excrated as ethanol [13,14], while < 1% undergoes Phaze-1l meta-
bolism (conjugation reactons) to form ethyl glucuronide and ethyl
sulphate [13,15]. Dazpite their low exeretion profiles, athyl glucuronide
(0.032%) [156] and ethyl sulphate (0.012-00022%) are clinically and
forenzically used as markers of recent alechol intake [17]. However,
both compounds can be present in urine due to consuming non-alecholic
beverage: (e.g. non-alcoholic wine, grape juice) or using alcohol-based
mouthwaszh and hand sanitizer. At the same dme, ethyl glucuronide iz
formed from ethanol in urine by Escherichia coli [13,19]. Despite the
presence of aleohol rezidues in the environment, little dam on their
ecotoxicity exists (Fig. 1). Many rezearchers have addressed micotine
and, to a leszer extent, alcohol residue:z in the aguade environment
(Fig. 2], ineluding their occurrence, fate and toxieicy [1,10,20-25], but
to date, no comprehensive review exisce regarding their prezence and
determination in waste- and environmental warerz. We belisve zuch a
review iz warranted.

Referenca studies were identified by searching frealy available wab
gearch engine that provides access to various bibliographic databaszes of
seientific publications (e.g. Google Scholar) published over the past two
decades (from 2002 onwards, when the frst US nationwide study on the
oceurrence of broth range (95) of organic water contaminants was
publizhed by Kolpin et al. [24]). Keywords such as lieit drug, tobacco,
nicotine, alcchol, wastewater, surface water, river, lake, seawater,
groundwater, drinking water and consumption were used in the search.
The inclusion criteria for the artieles were set az follows: aquatic
matrices and reporting concenmrations, while the exelusion criceria wera:
non-aquatic matriees, reporting only mass loads or focusing on ecotox-
fcity. Thare were no limits regarding the country of origin of the studies.
Howaever, only studies written in the English language ware taken into
account. From selected studies, study location (eountry), warter matrix
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(e.g., wastewater — influent, effluent, reclaimed water, surface water —
river/lake/ceawater, groundwater, drinking water), concentration
levels of nieotine and aleohol residues, removals during (wasta)water
treatment (if included) and analytical method uzed were extracted.

In total, this review summarizes 102 papers publithed in peer
reviewed joumals inverdgating the oceurrence, distribution and fate of
nicotine and alcohol residues in wastewater influentz and effluents,
reclaimed water, surface waters, groundwater and drinking water, with
the majoricy of the smudies (90%) coming from developed rather than
developing countries az defined by the United Nation clazzifieation [26].
It alzo reviews the methods used for their determinadon, current
analytieal challenges, and future recommendations.

2. Phyzleo-chemical propertes

The distribution and fate of nicotine and alechol residues in the
environment depend on many factors zuch as their concentration, pH,
temperature, level of sunlight and physico-chemieal proparties
(Table 1). Enowledge of their physico-chemical properties is impartant
sinee they can predicr their presence in various environmental com-
partments [27 28]

For example, nicofine and alcohol residues with organic carbon-
water partition coefficients {logK..) of < 2.5 (Table 1} suggest their
high mobilicy in zoils; octanol-water partidon coafficiancs (logk,,) of
< 4 indicate their hydrophilicity, and high water zolubility (5,
32,000 mgsL at 25 “C) all imply their presence in the aquecus phaze
rather than adzorbed te suzpended mateer or zediment [5,29-31].
However, the actual partition may differ from the praedicred due to the
influence of environmental conditions, e.g., temperature and pH and
other phyzico-chemical properties such az the dizsociation constant
(pHa), interactions with other dizsolved species and zorption processes
[32-34]. For example, dissociation ultimately affects a compound’s
sorption [6] asz well az its aqueons mobilicy [22]. At environmentally
relevant pHs (pH 5-9), nicotine (pKa 4.5-8.8; Table 1) and its metab-
olitez will be in 2 neutral form, but protonation iz possible, while alechol
residues with lower pK, (2.8—4.7) will be mostly negatively charged, and
usually, ionised compounds do not adsorb due to their increased solu-
bility [32]. Dezpite this, interactions between pozitively charged fumc-
tional groups and negatively charged sediments or mineral surfaces may
occur [10].

1
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Fig: 1. Eatrance and circulation of nicotine and alcohol recidues in the environment (WWTP - wastewater treatment plant, DWTP — drinking water treatment plant)
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Volatilization from water surfaces iz not expected to be a significant
fate process bazed upon their estimated Henry's Law constant (Ky: 5.4 =
107215 x 10™ aom » m3/mole, at 25 °C 1) [31]. Alzo, direct photo-
chemical degradation of compounds in water bodies exposed to sunlight
is unlikely since anly absorbed light may lead to chemical changes [35].
Az nicodne and alechol rezidues do not absorb wavelengthz above
220 nm [31] and lizht at wavelengths balow 295 nm iz not tranzsmittad
through the ammosphere (tranzmictance in the ammozphere decreazez
with decreaszing wawelength in the UV-VIS spectra) [35], indirect
photochemical reactions with reactive species, such as “OH, 10y, Ha04,
and e, (photodegradation products of humie substances and NOj ) most
likely limits the parsistence of the compounds [36]. Finally, with their
apparent hydrophilicity and low bio-concentration factor (BCF: 1.6-5.2;
Table 1), their potential to bicaccumulate iz low, which iz reflected in
the litarature [30,31,37,38].

In summary, from their physico-chemical properties, nicotine and
alcohol residues are expected o be in the agueous phase, making studies
af their presance in water matrices important. Their removal through
sorpton, voladlizadon and direct photolysis is unlikely. However, in-
direct photochemical reactons are expected, and although nicotine and
alcohol rezidues do not bioaccumulate, their continued prezence in the
environmental waters iz of concern due to possible adverze effectz on
non-target organizms [1].

3. Blodepradation

Biodagradation is the breakdown of compound: by microorganizms
(enzymatic reactions) [39]. Itis influenced by environmental condidons
such as the presence of oxygen (anaerobic/aerobie conditions), tem-
perature, pH (affecting the bicavailability of ionisable compounds) and
chemical strueture of the compounds (presence of funetional groups and
their number) [32,40]. In wastewaters, the biodegradability of nicotine
and aleohol residues has been mainly studied in the laboratory using
wastewater (ineubation experiments) or bench-ceale reactors, which

simulate sewer conditions by enabling the formaton of bioflms
(Table 51). Studies show that suzpended mierches degrade mainly ethyl
glucurcnide [41-43]. Banks et al. [43] alzo found that aerobic and
anaerobic biofilms enhance the degradation of nicotine and alechol
residues, while anaerobic biofflms preferentially inerease the degrada-
tion of HCOT and ethyl sulphate. It iz alzo clear from the liceramure thata
dizcrepancy exizis between laboratory-seale studier and studiez uzing
pilot-ceale zewer pipez (section or actal sewer pipes fed with real
wastewater) or actual zewers. In conmrast to laboratory-seale experi-
ments, nicotine, cotinine, and HOOT are relatively stable in pilot-scale
and actual sewers, where their formation was observed (exception:
degradation of HCOT), possibly due to de-conjugation [39,44]. Buerge
et al. [11] also found that nicotine and itz metabolitez are highly
degraded (90-%9%) in wastewater in the precence of activared sludga.

Surprizingly, only the biodegradation of nicotine and codnine in
estuarine and coastal seawater samples has been studied, in this case in
an incubation experiment by Benotti and Brownawell [45]. The authors
cbzerved that nicotime (half-life: 0.68-9.7 dayz) is degraded more
rapidly than codnine (halflife: »>40 days). Enhaneed degradation of
compounds under investigation waz obzerved in zamplez collected in
more eutrophic waters (eoastal water samples), suggesting that bacterial
abundance and species composition are impermant factors in the
biodagradarion of the compounds in seawater. The important role of
stream sediment mierobial communities in the biotransformacion of
nicotine and cotinine iz alro supported by Bradley et al. [46].

4. Sampling

Most reviewed smudies use composite (66% of studies on wastewater)
or grab (74% of studies on environmental waters) sampling (Table 52).
The main problem of grab zampling is that ic only reflecs 2 “snapshot™ of
analyte concentrations and not time-dependent fluctuations [47-49].
Equally, average valuez obtained by compozite zampling can miss spe-
cific events or spikes, such as changes in warer flow (fime- and volume-
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Table 1

Publications
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Chemical structures and physico-chemical properties of selected nicotine and alcohol residues.

Compannd Chemical structare Melecular pka Ltg Ko S K (k)  Kyfam=  BOF
(CAS No.) mass (g7 (mg/L, at m¥/mele,
Catrgary mal) 25°0) at 3540}
ILUPAL name:
Elemental farmzda
Hicotine H 162 8085 LO-L17[39, e v al- 100 0% M 227345
{54-11-5) H = [38,116] 117] (miscible) [51,118] [21] [11a]
tmbacee olkatoid ’q-, | 1391
3-[2 83~ L-methylpyrrolidin. M. ) o
2eyllpyridine ( \r’\:‘“-’
CroHaaNz \ J .
_—
Cotinine (486-56-6) N 176 47 RS 007 0.MI1] 48510 TOE130 33« 1 205247
nicorine menzhalite < Sy [31,500 1108 [31,118] Bran [11a]
{5 5= Lmethyl-5pyridin3- J (miscible)
ylpyralidin-2-cae # [31,35]
CraHaaNal
Trans-3"hydroxycatinine " 192 45 Between — 145 85970035 705 835100 LA0-202
(34834_67_8) -| ] and = 1.2[31, 111a] a1 [11a]
nicorine menzhalite ] 351
{3 R.5 S)- Shydroxy.1. R
mety] 5 pyridin |
ylpyralidin-2-cac
CroHaaNalh
Ethyl sulphate (54 0—F2-9) a (1] 126 21[38]  Between - 249 31500- 2IR[114] 145100 SAB[11E]
ethanal metabolite S and - 10038, 1w 1O% 114
Fthyl hydrogen salphate 9] [31,39]
CaHalLS
Etbyl glucumonide 222 284345  Between - 2 261,000 394[118] 238« 100 SAR[11A]
{17685-04-0) eraanc] and - 1.6 (predicted 131
metnbokine ; (predicted walue][31]
(25,351 85R6 K- 6 o value)

by 34,5 tribydroxyozane-
2-carbazylic acid
Cably 05

311

P - acid-dizoociati t, LlogHon -1
bic-concentration factor, KH — Henry's coefficient

proportonal sampling), ehemical inputs and the influence of precipi-
tation [47], whila zampling posidon {depth, location) [45] and analyte
stabilicy [49] chould alzo be conzidered. Az an alternadwve, passive
sampling, for example, a polar organie chemiecal integrative sampler
(POCIS), has been used to determine aleohol and nicotine rezidues in
WWTP effluant, river water, lake water and seawater [47-49]. However,
accurately determining the compound uptake rate, which iz affected by
warious environmental conditions, like temparature and watar matrix, is
a limitadon of the method [47]. Basides POCIE, other passive samplers,
including diffusive gradients in thin films (DGT) technology, have been
developed but have vet to be applied to meonitor nicotine and aleohol
residues in different waters.

5. Analyzsiz of water matrices

Most analydeal methods for determining nicotine reziduer in water
are multi-rezidue methods (Table 52). Comparad to single-group anal-
iz, more information is gained in one run, which reduces the time and
cost of the analyziz [50]. However, an extensive range of LOD/LONQ is
pypical for zuch methods, az they include many analytes with different
physico-chemical propertiez [51]. In contrast, ethyl sulphate iz wsually
analyzed separately or with ethyl glucuronide (Table 22

&.1. Sample preparotion

Solid-phase extraction (SPE) using manly Oaziz HLB cartridges iz a
commonly utilized sample preparation technigue to determine nicotine
rasidues in aqueousz matrices (Table SZ). It provides cleamer exmracts of
the zamples and enables the analytes to be concentrated, which iz
essential when analytes are in low concentrations, €.9., in surface water,

ithm of octanal-water partition coafficient, 5,, — water zolubility, K..— organic carbon-water partition coefficiant, BCF—

groundwater, and fnished drinking water [52]. Other than IPE,
continuous liquid-liquid extraction (CLLE) has been used for surface
water and groundwacer matrices to a leszer extent [24,53-55]. How-
ever, obtaining acceptable recoveries can be challenging, especially in
muld-residue methods [56,57].

Az an alternadve, direct injection liquid chromatography was uzed to
analyze wastewater (influent, effluent) and even surface water zamplez
[2,41,52,58-63]. Compared to SPE, direct injection reduces sample
preparation time, increases reproducibility, minimizes zample contam-
ination, and reduces the number and volume of solventz needed [52,64],
resulting in lower sensidvicy [2]. In a similar approach and to eliminate
the need for SPE, Chiaia et al. [64] explored large-volume injection, LVI
(injecton volume: 1,800 pl) in wastewater influent. Although the au-
thors obzerved comparable performanee to SPE, the method requires a
special injector upgrade kit and is prone to matrix effects, which may
explain why it iz not widely applied [64]. In a different approach, the
ELISA (enzyme-linked immunosorbent azzay) was used by Micolardi
et al. [65] to determine nicotine residues in wascewater influent and
surfiee waters. ELISA iz based on antigen-antibody reaction using
enzyme-linked conjugate and enzyme substrate and iz commonly used to
identify and quantify compounds in biological samples [55]. Howevar,
itz application to waters haz zome limitations regarding the
cross-reactivity of structurally related compounds. For example, over-
estimating cotinine levels due to HCOT cross-reaction was observed by
Niecolardi et al. [65].

For aleohel residues, only direct injecdon of the zamplez haz baen
raported (Table 52). However, other sample preparadon techniques, a.
g., supponted liguid extraction and liquid-liquid extracton into aceto-
nitrile, are being explored [67].
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5.2, Secparation technigues

Due to the hydrophilic nature of nicotine and alechol residues
(Table 1), liquid chromatography (LC) iz the separation methed of
choice (Table 52). For nicotine residues, reversed-phaze (RP) columns
are commonly usad, especially zince these column:s retaim a broader
range of analytes in terms of polarity (smitable for mult-residue
methods) [68]. Hydrophilic interaction chromatography (HILIC), used
for polar compounds with low logh,,., was explored and suecessfully
applied for cotinine [59]. The mobile phaze uzed to elute nicotne resi-
dues in RP chromatography conzizsts of a binary water and organic sol-
wvent (methanol, acetonitrile) system. The addition of either formie aeid
(0.015-0.5%), acetic acid (0.1-0.5%), ammonium formate (up to
10 mM), ammenium acetate (1-20 mM) or ammonium fluoride (2 mM)
is also reported {Table S2) to improve sensitivity and peak shape [70].
Gaz chromatography (GC) has also been uzed to determine nicotine and
cotinine [24 53-56,71-73] using (5%-phenyl)-methylpolyziloxane sta-
tionary phasze columns, although Crousze et al. [56] are the only ones to
apply derivatizadon (methylation) with trimethylzilyldiazomethane
(TMS5D) in order to determine cotinine.

Unlike micotine residues, alcohol reziduez are poorly retaimed on
conventional RP (Cy and Cq) [74,75] and HILIC [75] columns. Their
interaction with hydrophobic column sorbent canm be improved by
adding an ion-pair reagent (ion-pair chromatography), which adsorbs
onto the surface of the stationary phase and interacts electrostadeally
(positive charge) with aleohel rezidues (anionie nature) [17,42,75]. The
majority of methods applied ion-pair chrematography (Table S2Z) using
one of three different ion-pair reagents: dihexylammonium acetate
(DHAA), dibutrlammonium acetate (DEAA), and temabutylammonium
bromide (TBA], either to the mobile phaze [42,558.59,74.76,77] or to the
sample [17,75]. A comprehenzive study on iop-pair reagents (type,
amount and additon to mobile phaze or sample) was performed by
Andres-Costa et al. [17], who obzerved that the best paak shape and the
highest sensitivity were achieved with TBA (0.5 M). However, adding
fon-pair reagents to the mobile phasze is not recommended when vusing
ME zince higher amounts of the non-velatile ion-pair reagent can build
up on the jon source and supprez:s the signal [17,75]. Several studiez
overcame the need for an ion-pair reagent by using a column with a
mifunctional Cy alkyl stationary phaze with a ligand density that pro-
maotes the retention of polar compounds [15,78]. Similar to nicotine, the
mobile phase used to elute aleohol residuss eonsist of 2 binary mixture of
water and organie zolvent (methanol, acetonitrile), to which formic acid
(0.1%) or acede acid (0.19%) iz added to impreve peak shapes [17].

5.3, Detecion

Nicotine and aleohol residues are cypically detecred uzing a mass
spectrometer (M3) when coupled to LC [24,53-55,70,73,79-54] or GC
[24.53-56,71-73] and UV-VIS in the caze of ELISA [65]. In the caze of
M3, due to itz high zelectivity and senszidwvicy [62], a tandem masz
spectrometry (MS/ME) iz utilized, incorporating a triple quadrupole
(QgQ) or a hybrid triple gquadrupole/linear ion trap (QTRAP) mass
analyser operating in multiple reaction monitoring (MRM) mode
(Table 5Z). High sensitivity enables direet injection analysis and even
diluted samples to decrease matrix effects [52,62]. There are limitations
related to MRM. For example, the number of common transidon: for
co-eluting izobaric compounds inereazes with the number of analytes.
There can alzo be significant differences in intensity between transitions,
with only one mansition being wvizible [52,25], which iz problematic
since three confirmation points, i.e., two ransidons az well as retention
time, are required for identificaton by LC-MS/MS according to Com-
mission Decision 2002/657/EC [04]. Souetural information can be
obtained wsing informaton-dependant acquisition (IDA), making iden-
tification more reliable [52,27].

High-resolution mass spectrometry (HEMS), such as Time-of-flight
(TOF) [62,75.85,87-01] and Orbitrap [62,22,92], have baen uzed to
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analyze different water matrices (WW influent, effluent, reclaimed,
surfare warter, groundwater and drinking water). In all cazes, sufficient
sensitivity iz obtained (nicotine residues - low ng/L, ethyl sulphate —
200 ng/L). Alzo, full scan acquizidon allows the detection of other,
non-targeted compounds =much as fansformation productz when
sereening bazad on accurate masses [39].

54, Performance of analytical methods

Generally, LOD and LOQ are in the low ng/L-low pg/L range for
nicotine and aleohol residues (Table 52). However, caution iz needed
since different studies use different methods, ie., the blank, the ecali-
bration curve, a standard soluton, and a spilked zample, to determine the
LOD. Quantification can be problematic due to matix effects (signal
supprezzion/enhancement by co-eluting compounds) when analyzing
environmental waters and pardcularly when analyzing wastewater.
Elecrrospray ionisation (ESI), which iz a commonly used interface for
MS/MBS (Table 521, is especially susceptible to this effect [52]. The use of
isotopically-labelled internal standards (I5) can be used for compensa-
tion for thiz effect [52] and, indeed, iz the most common way of deter-
mining nicotine and alcohol rezidues in waste- and environmental
waters (Table S2). Meverthalesg, it iz clear from the review that not all
the published studies included isotopically labelled internal stamdards
for each compound. For example, Bartelt-Hunt et al. [47] gquantifiad
cotinine uzing "¥Cy-caffeine az an 15. Matrix-matched calibration can
compenzate for marrix effects [2,62,85,57,93-95], buct in this caza, it
ecannot fully aceount for the matrix effeets, as the matrix variez even in
similar matrices, e_g., wastewaters composition can differ daily [96]. For
thiz reazon, Meccalfe et al. [96] and Wu et al. [50] used stamdard
addition. Montesdeora-Ezponda et al. [97] used external calibration to
decermine nicotine in groundwater, which iz not recommended az the
matrix effect iz not taken into account

6. Oceurrence In waste- and environmental waters

Nicotine and alcohol residues, bacausze of their constant releaze,
physico-chemieal properties (high warter solubility, low hydrophobicity)
and partial elimination during wastewater treatment, are found in ng/L
to pg/L in waste- and environmental waters (Table 53). In comparisen to
aleohol residues, more studies focus on nicotfne and its metabolites
(85% of reviewad studiez). Alechol residues were only studiad in
wastewaters, and according to thiz literature review, no smudies looked
at alcohol rezidues in rivers, lakes, seawater, groundwater and drinking
water.

The review alzo And: that nicotine and alechol rezidues have bean
studied mainly in developed countries (0% of reviewed studies) of
Europa, Morth America, different partz of Azia and Australia (Table 53).
Omly a few ztudies have been conducted inm developing countries,
including Migeria, Turkey, China, South Africa, Viemam and Egypt,
where water guality, e.g., in Migeria, is unregulated [92]. The unbal-
anced number of studies (Fig. 3) makes it difficult to compare davelopad
and developing countriez. However, the available zmudies generally
show comparable ranges (Table 53).

6.1, Occurrence in wastewater and removal efficiency

Reported influent concentrations of nicotine, cotinine, HCOT and
ethyl sulphate were < 424,000 ng/L, « 42,300 ng/L, 300-52,000 ng/L
and 500-33,000ng/L, with the highest concentrations observed in
Poland (nicotine), Spain (cotinine), Korea (HCOT) and Belgium (athyl
sulphate). Interestingly, Kumar et al. [59] found no significant seazonal
variation in nicotine residues’ influent eoneentrations (variadon = 5%),
which iz unexpected, given that the temperamre of wastewater in the
summer contributes to higher biological activity and degradation. The
authors suggest that this is becausze rainfall lowers the temperature of
the wastewater. In contrast, Spongberg and Wicter [92] report seazonal
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variations in cotinine levals (14.2-1 531.1 ng/L), with the highast
amounts reported in wincer and the lowest in spring.

The removal efficiency of nicotine and aleohol rezidues depends on
the treatment process employed at the WWTP, operational parameters
(hydraulic retention time, HRT), their physico-chemical properties
(zolubility and volatility) and environmental conditions, e.g., rainfall,
temperature and pH [20,99-101]. Different removal efficiencies were
obtained for nicotine (> 3%), cotinine { =46%), HCOT (> 66%) and ethyl
sulphate { >80%) for different treatment processes (Table 2). The highest
removals (»90%) were reported for membrane bicreactors — MER,
Bardenpho process (conventional acdvated zludge coupled with nutrient
remaoval: 5-stage biclogical treamment unic: conzizdng of consecudve
anasrobic/aerobic zenez), reverze osmosiz membranes (for cotinina)
and lagoon constructed wetland treatment system (for cotnine).
Differant stage: of treatment zeem to eliminate the compounds to
different extencz. For example, secondary and tertiary treamments were
the maost efficient in removing nicotine, cotinine and ethyl sulphate [59,
100,102,103], while not surprisingly, given their physicochemical
properties, the removal effciency of primary treatment (zedimentation)
was « 1% [59,100]. No seasonal variation (< 5%) in the removal of
nicotine and ethyl sulphare waz obzerved [59].

Orverall, incomplete removal mean: that nicotine and aleohol resi-
dues are still present in the effluent in ng/L to pg/L [20]. Az ean be zeen
from Table 53, levels of nicotine, cotinine, HCOT and ethyl sulphate in
wastewater effluents range from 15 to 32,000 ng/L, < 18,000 ngsL,
15-1,552 ng/L, and < 500 (LOQ) ngsL, respectfully. The highest con-
centrations of nicotine residues were detected in Spain (Table 53). As
expected, generally lower concenmrations in effluent than in influent
were reparted (Table 30

Table 2
The semoval eficiency of nicofine residues and ethyl sulphate in WWTPs,
employing different wactewater treazmensm.

Treatment
FIIcess

Rempvil eficiency

Nicotine [ref] Cotinine [ref.] HCOT

[ref]

E% [ref]

- 958
[ILEL,  [61]
1201]

Activated shidge

MER

Barderphe

S-QE%[59]

2o BSWISL - -
o]
siogml1l7] - -

Trickling filters 85-98%[51,99]

Reverse aanosis A9-GA%[117]
membranes
Chemical
Bacculation
and activated
carbon
Processes
Lagoon -
constrsted
wetland
treatment
system

*Bardenpho - conventional activated zludge, coupled with mitrient removal: 5-
otage biological tressment wnits inting of zecuti i

I-7IN[1EN - - -

= 39122

a=robic

zonen
HECOT - hydroxycodinine, Bt - ethyl sulphate, MBR — membrane bioreactor, UV
- ultra-violet
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6.2. Recloimed water

Reclaimed water is the product (effluent) of wastewater treatment
that can then be, after addidonal reamnent (e.g., dizinfection), used for
irrigation in regions where there iz water scarcity [79]. Even with this
additional treatment, sfudies show that reclaimed water remains a po-
tential source of pollutantz [79,90]. So far, reclaimed water waz ana-
Iyzed only in studies condueted in developed countriez (Spain — Gran
Canaria and the USA; Table £3). In these studies, nicotine
(12.6-947 ng/L) and cotinine (17-62 ng/L) were detected with 100%
frequency.

6.2, Surface water

Only nicotne residuss have been investizated in surface waters,
where they were detectad in the ng/L to pg/L range (Table 53). Most
studiez focus on river water, whare nicotine (< 9,340 ng/L), cotinine (<
6,582 ng/L) and HCOT (14-777 ngsL) were detected. The highest
amount of nicotine was measured in surface water in Nigeria and likely
derives from agricultural [92]. In the case of metabolites, the highest
concentrationz were found in Spain (cotinine) and Korea (HCOT).
Generally, nicotine was detected in a comparable range in developed (<
8,187 ng/L)} and devaloping (= 9,340 ng/L) countries, while cotinine
was decected with lower concentradons in developing countries (< 6,
532 ng/L in developed ecuntries vz 12.5-47 ng/L in devaloping eoun-
tries; Table 52). Aside from consumption trends, concentrations depand
on river flow, dilution, degradation and sorpton procesces, and sam-
pling time (seasenal variation) [53,104,105], although Hua etal [108]
obzerved no seazonal wariation of cotinine in the upper Detroit River
(Canada). Studies [47,55,99,107] also found that WWTPz are a zignifi-
cant point source of nicotine residues entering rivers with higher levelz
of nieotine (upstream: < 4.5-378 ng/L, downsream: 3.6-350 ng/L) and
cotinine (upstream: 2.4-29.5ng/l, downstream: 2.9-210ng/L)
obzerved downstream of the WWTPs (Table 23). However, other studies
[102,109] found significanty higher nicotine concentrations in down-
stream samples than in the effluent, indicating other pozzible zourees,
such as unireated wastewater discharge.

Unfortunacely, data for lakez are available primarily for lakes im
Canada and the US (Table 53). Similar to rivers, levels of cotinine (<
15.4 ng/L) and HCOT (< 77 ng/L) can be connected to direct WWTP
discharge or river water transporting wastewater effluent into the lake
[11,108,110]. Buerge et al. [11] did detect cotinine (2.6 ng/L) in a
remote Alpine mountain lake (Switzerland), which wa:z explained by
aerial tranzportation and phorodegradation of nicotine to cofnine. Az a
consaquence of lifestyle and the influence of other contaminated waters
(e.g., surface munoff, irrigation), nicotine (average: 432.6 ng/L) and
cotinine (average: 71.7 ng/L) were alzo detected in 11 wetlands in
Eastern Spain [89]. Only a few studies, mainly in the US, have looked at
nicotine residuez in seawater, chowing that aside from WWTPs
discharge, agricultural and industrial activities, as well as tourism, may
contribute to the prezence of nicotine (15.2-1,770 ng/L) and ecotinine
(4-1,070 ng/L) in investigated seawaters.

6.4, Groundwater

Contaminants can be introduced to groundwater by infiliration of
wastewater, contaminated surface water or groundwater and leaching
through soil (Fig. 1). Compared to surface waters, groundwater is less
tested for contaminant: since surface waters contain higher concentra-
tions of analytes due to WWTP:™ discharges. Accordingly, results can be
an early warning zignal of potential groundwater contaminadon [70,
111,112]. Micodne and cotinine were detected in groundwater in the
low ng/L range (nicotine: < 164 ng/L, cotinine: < 130 ng/L; Tabls 531,
In zome cazes, their detection was connected to the study dezign. For
example, Gonzales Alonso et al. [113] detected cotinine only in samples
downgradient from landfill: (= 130 ng/L), showing groundwater
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quality degradation by mixing with wastewater from the landfill. Sea-
sonal variation of nicotine in groundwater zamples (water gallary, wells)
was studied by Montesdeoca-Ezsponda et al. [97], but no significant
variation was found. Compared to developad eountries, nicobne was
detected in concentrations up to 3,530 ng/l in Nigeria, indicating
higher groundwater pollution.

6.4.1. Drinking water

Although the levalz of nicotine and alechol mecabolites in drinking
water are unregulated (e.g., in Europe by tha Drinking Water Directive
2020/2184 [114]), their presence in drinking water (and water from
which drinking water iz derived) iz of concern due to their potential
effect on human health through chropie exposure [70,71.115]. High
consumpdon, wbiquitous presence and imcomplete removwal during
drinking water meatment mean that nicotine and cotinine are, in gen-
aral, detectable in drinking water at levels <0 23 ng/L (Table 3). In cnly
one US study, was cotinine detected in higher amounts (500 ng/L) [50].

7. Conelusion and future recommendations

Az thiz review shows, nicotine and alcohol rezidues continue to fnd
their way into waste- and environmental waters, where they have been
detected in the ng/L to pg/L rangs. Despite being in low concentrations
and having low bicaccumulation potential, monitoring their accurreance
remains important given their potendal toxie effects. To addrezz the
iszue, composite and grab sampling are applied to collect waste- and
environmental waters, while continued development of passive sam-
plerz, such az diffusive gradients in thin Alms type samplars, iz encour-
aged. Once extracted from the water matrices by SPE, nicotine residues
are typically analysed using reverse-phaze LC-MS5S/MS. In contrast,
alechol residues are usually analysed by direct injection onto LC-MS/
MBS, and their retenton iz modifted uzing an ion-pairing reagent. How-
ever, refining current analytical approaches, especially for alechol res-
iduez, remain: an option. Aeccordingly, the extraction procedure of
aleohol reriduss needs further investigation to minimize the amount of
matrix entering the M3 in order to be able to decect their presenea in
surface, ground-, and drinking water. Also, signal suppression im MZ
resulting from using a non-voladle ion-pair reagent means that using a
column that promotes the retention of polar compounds should be pri-
oridzed. Such a method may enable multi-compound analyziz, Le.,
alechol rezidues and other compounds of interest. Thiz review found
much lazz informadon on the occurrence, fate, and distribution of
aleohol recidues than nicotine rezidues (35% of the reviewad ctudiez
addrezzad nicotine rezidues) and that studies are mainly performed in
wastewater and river water {connected to WWTPs outflows) and data on
aleohol residues in natural waters are missing from the licerature.
Accordingly, to obtain a more comprehensive overview of the preva-
lence of nicotine and alcohol residues, more studies on the eceurrence of
nicotine and aleohol rezidues in enwirommental waters are needad,

Table 3
Removal efficiency of nicotine and cotinine in DWTPs, employing different
water treatmenta.

Drinking water treatment smplayed at DWTP Remaval effidency
Nicatine Cotinine
Comventional treatment TR 57-94%

(pre-chlorinaion, coagrdanion, Aacadaron, sand
fileration, ezorisarion, GAC filrotion, final past.
chlarmation)

Adbvamced treatment
(uderafiltrasian, UV disinfection, reverse asmisis and
remineralisanon with cokeite)

Mot reported

GAC filtration - granular-active carbon Bliration, UV — ula-violet
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especially in dewveloping countriez where most wastewater flows un-
treared into the environment and where such studies are lacking.
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3.4.2 Removal of residues of psychoactive substances during
wastewater treatment, their occurrence in receiving river waters
and environmental risk assessment

Published: Verovsek, T., Sustaric, A., Laimou-Geraniou, M., Krizman-Matasic, I., Prosen,
H., Elersek, T., Kramari¢ Zidar, V., Mislej, V., Misma$, B., StraZar, M., Levstek, M.,
Cimrmancic, B., Luksic, S., Uranjek, N., Kozlovic-Bobic, T., Kosjek, T., Kocman, D.,
Heath, D., Heath, E., 2023, Science of The Total Environment, 866, 161257.

Incomplete removal during wastewater treatment means drug residues are continuously
introduced into the environmental waters through wastewater effluent. Once in the
environment, they can potentially affect aquatic ecosystems adversely. Many studies have
already addressed the efficiency of various wastewater treatment technologies for removing
drug residues and the occurrence of drug residues in environmental waters (mainly effluent-
receiving river waters). However, additional studies are still needed considering the
proposed EU Directive concerning urban wastewater treatment (Chapter 1.4.2
Wastewater) and the consideration of individual drug residues for inclusion in the 4™
Watch List under the Water Framework Directive (Chapter 1.4.3.1 Surface waters).
Furthermore, ecotoxicity studies are warranted to adequately assess environmental risks
posed by drug residues in environmental waters (Chapter 1.4.4 Effects on aquatic
organisms).

To fill the knowledge gap, this study aimed to determine the efficiencies of Slovenian
WWTPs of various sizes and configurations during different seasons (spring, summer and
winter) in removing various residues of licit and illicit drugs. For the first time, the removal
efficiencies were reported for moving bed biofilm reactor (MBBR). In addition, drug
residues were explored in receiving rivers using modified analytical methods developed to
determine drug residues in wastewater (Chapter 3.2.2 Investigation of drugs of abuse in
educational institutions using wastewater analysis) and a prediction approach based on
generating dilution factors. Finally, toxicity towards green algae (Chlamydomonas
reinhardtii) was studied using a growth inhibition test and environmental risk assessment
was made for studied rivers based on measured concentrations of drug residues and effect
concentrations predicted using ECOSAR.

Drug residues were detected in wastewater influents and effluents in ng/L to pg/L
range. On average, the highest removal efficiencies were observed for nicotine residues
(>97 %), while methadone residues were removed to a lower extent (<30 %). The
treatment technology employed at the WW'TP was recognized as the most critical factor
influencing the removal of drug residues, with similar removal observed for activated sludge
and MBR and poorer removal of cotinine, cocaine and benzoylecgonine in MBBR. The
removal of drug residues at various WW'TPs affects their occurrence in river waters, where
they were found in the ng/L range. Similar values were obtained with the water analysis
and prediction method, indicating that the prediction of environmental concentrations in
effluent-receiving rivers can be used as an alternative to labor- and cost-intensive water
analysis. Although no pronounced biological effect of drug residues (as an individual or in
selected mixtures) was observed on green algae, drug residues may still affect other species,
including algae. Indeed, environmental risk assessment predicted that nicotine, methadone,
EDDP, morphine and MDMA could affect aquatic organisms at concentrations detected
in the studied rivers and warranted further monitoring and regulatory actions.

The study results were presented at four scientific conferences, i.e., Chem2Change,
Environmental Chemistry towards Global Change, the 2nd Online ACE Seminar on
Chemistry and the Environment Led by Early-Career Scientists; the 26th International



223

Symposium on Separation Sciences; the 15th International Symposium on the Interactions
Between Sediments and Water; and the 22nd European Meeting on Environmental
Chemistry, and were summarized within seven working reports to the final users, i.e.,

Slovenian WWTPs.
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nibeotine, 11-mor-8-carboy-A94e trahydrocannablnel {THE-COOH), cocalne reskdves, and amphetamine (=90 %) and
Jowest for methadone resdues (<30 %) HEs were comparable berween teamments involving sctivaed dudge and
membrane blomeactors, while the moving blofilm bed rese tor (MBER) removed cotinine, cocalne, and berzoylecgonine
10 a lesser extent. Accordingly, higher levels of nieotine and cocalne resldues were detactad In river water recelving
MEBRdiseharge. Altough there were seasoml vanations in REsand levels ofdrug residues in recelving rivess, no gen-
eral partern could be dhserved. No dgnificant inhibition of algal growth (Chlomdomonns ranhardsl) was obsered for
the tested compounds (1 mg/L) during 72 hand 240 b of expossre, although effects on aquatle plants were predictedin
alleo. In add itlon, environmental risk assessment revealed that levels of nicotine, methadone, 2-ethylidene1,5-
dimethyl-3,3d iphenylpyrolidine (EDDP), morphine, and 3,4-methyened baymethamphetamine (MDMA) pose a
rigk toagquatle organlams. Sinee nicotine and EDDF can have acute and chronle effects, the authors suppart regular
mondtoerng of recelving surfce watars, followed up by regulatory actions

1. Introduction

Onee administered, psychoactive drugs @oss the blood-brain barrier
and act upon the central nervous system affecting mental processes such
&8 perception, consciousnes, cognition, mood and emotons (Viana et al.,
2012; WHO, 2022). They are consumed licitly for rereational purposes
(e.g., nicotine and aleohol), medicinally (e.g., morphine, ketamine, co-
deine, and methadone), or illicitdy (eg., cocaine, amphetamines, and her-
oin) (Viana et al, 2012). Like most drugs, they are exaeted from the
body in uring, faeces, sweat and =zaliva as either the parent compound ot
as metmbalites (dmg residues) and enter the sewer system where, in maost
cases, they are delivered to a local wastewater treatment plant, WWTP
(Jin et al., 2022; Mohan et al, 2021; Zuccato et al., 2005). Once at the
WWTP, they are removed to differing degrees (from negative removal effi-
ciencies, RE, to >93 %) depending on influent concentration and their
physicochemical properties, treatment technology and ervimonmental pa-
rameters (Deng et al., 2020; Di Marcantonio et al., 2020; Evgenidou etal.,
2015; Hedgespeth et al., 2012; Jin et al., 2022; Veroviek et al., 20232;
Yadav et al., 2017). Consequently, drug residues, e.g. parent compounds
and their metabaolites, are found in reoeiving surface waters (e.g., nivers,
lakes, and seawater) in the ng/L—pg/L range, making wastewater effluent
a major source of drug residues in the environment (Evgenidou et al.,
2015; Jinet al., 2022; Veroviek et al, 2022).

The presence of psychoacive drug residues in receiving sutface waters
raises ecotoxicological concerns due to their psychoadive properties, espe-
cially since their presence in the environment through contimious release
(pscudo-persistence) poses a risk to non-target organisms (Ebele et al.,
2017; Mohan et al., 2021; Rosi-Marshall et al, 2015). Medium to long-
term exposune may result in chronic effects (ecological and evolntionary)
even at low emvironmental concentrations (ng/L range). Momeover, their si-
multzneous presence may lead to additive or synergistic effects (Bvgenidou
et al, 2015 Jin et al.,, 2022). Unfortunately, research on their effects on
squatic organisms is limited regarding the number of drug residues tested
and the variety of aquatic organisms exposed (Mohan etal, 2021). However,
available data indicate that drug residues could harm aquatic organisms For
example, plint-derived substances, sich as cocine, cannabingids, opicids,
nicotine, and amphetamines, have antimicrobial properties (Baran et al.,
2020; Radulovié et al., 2013; Rosi-Marshall et al., 2015). Nicotine, cocine
and tetrahydrocannabinol (THC) were shown to affect invertebrates, such
as water fleas (Daphnia magna and Daphnia pulex) and mussels (Zebra mus-
sel, Dreissena polymorpha), while cocaine was proven to affect vertebrates
(Exropean eel, Anguilla anguilla) (Binelli et al, 2012; De Felice et al, 2019;
Gay et al, 2013; Oropesa et al., 2017; Paralini and Binelli, 2014). So far,
nopublished studies have addressed the ecotoxicological dfectof psychoac-
tive drug residues on algae, athough itis widey Imown that the disturbance
of algae as primary producers in the aquatic food chain affects higher trophic
levek (Gds et al, 2000).

This study aimed to fill knowledge gaps by determining (i) the effi-
ciency of six Slovenian WWTPs differing in size and configumtion (inchid-
ing MBER) for removing peychoactive drug residues; (i) their presence in
recdving waters determined using liguid chromatography coupled to tan-
dem mass spectrometry (UPLC-MS/MS) and predicted based on effluent

ooncentra tons and river flows; (iii) their potential aquatic toxdd ty using
an algal growth inhibition test (Chlenydomonas remhardii) for the first
time; and (iv) a risk assessment based on measured concentrations of
drug residues in meceiving rivers and effect concentrations estimated
wsing Ecological Strocture-Activity Relatonships software (ECOSAR ).

2 Methods
2 1. Compounds of faterest

Seventeen residues of licit drugs, medications of abuse and illicit drugs
were targeted in wastewater (influents and effluents) and receiving river
waters (Table 1). All detaik regarding reagents are provided in the Supple-
mentary material {sce SM: 1.1. Chemicals and Materials).

22 Sampling and szmple prepamation

Six WWTFs varying incatchment size (25,4 14-270,305 inhabitants) and
type of treatment technology (activated sludge — AS, sequential batch
teactor — SBR, SER with UV disinfection, membrane biomactor - MER and
maoving biofilm bed reactor - MEBR) were included in the study (Table 52).
Wastewater influent and effluent samples (24-h composites) were collected
wsing Hme- or volume-proportional sampling taking hydraulic-retention
times (HRTz) into account. Receiving waters (Table 52) differing in hydro-
logical conditions, e.g., dilution factor (4.22-887), expressed as the ratio
between the receiving river water and wastewa ter effluent flow, weme col-
lected as grab samples from the riverbank, approxmately 100 m down-
stream of the WWTPs outflows. In the case of ane WWTP, collection of
Teceiving river water wasnot possible (Table 52). All water samples were
wollected in spring and summer (2019) and winter (2020) and stored at
=20 “C until analysis. Full details about the WWTFs and receiving waters
are given in the SM (1.2, Sampling).

Spring sample analyzis is based on previously published methods
(Veroviek et al., 2021a, 2021b). Pre<oncentration of compounds was
achieved using solid-phase extraction (SPE) with Qasis MCX cartridges,
followed by analysis using UPLC-MS/MS. In the case of nicotine and aleo-
hol residues, which were present in much higher concentmtions, the dimect
injection method was used. Due to contamination of the MS when using
directinje dionand ion-pairing reagent (Vemvick et al, 2022), the method
was later optimised and wsed to analyse the summer and winter samples.
Both methods are described in the SM (1.3, Sample preparation: waste-
and surface waters). In this case, waste- {influent: 125 ml., effluent
250 mL) and river (0.5 L) water samples were spiked with isotopically-
labelled internal standards (18s) of each drug residue (Table S1). For the de-
termination of aleohol residue (ethyl sulphate), liquid-liquid extraction
(LLE) with acetonitrile was used. Nicotine residues were extracted from
wastewater influent using supported liquid extraction — SLE (ISOLUTE
SLE+, 400 pL, Biotage, Sweden) and from effluent and river water using
SPE (Qasis PRIME MCX, 150 mg/6 mL, Waters, Milford, MA, USA). Resi-
dues of illicit drugs and medications of abuse were extracted from waste-
and river water by SPE {Oasis PRIME MCX). In order to determine THC-

225



T Vemnddk et al
Table 1
Compounds of interest human metabalic resldues).
Prychosctive drug  Compound afinterest Abbrevistion
Licit drugs
Nicotine (obacca)  Mcotine” N
Cotinine" CoT
Trams 3" hyd mxyeotinine® HOOT
Etamal {akahal)  Ehyl milphate RS
Medications of abwse
Marphine Mearphine* MOR
Condeine Codeine oD
Methadone Methadane MTHI
2 Bhylidens 1 5 dimethyl 4,3 diphenylprmlidine DR
Estamine Eetamins KET
Dicit dnugs
THC 11 -Nar-S carboxy-Af4etrzhyd rocannabinal THCCOOH
Cocaine Cocaing” (a0
ey lecgonine” BE
Coczethylens COE
Amphetmine Amphetamine® P
Mathamphatzmine Methemphetmine MAMP
Emtay A1 Memthy Jemadticnoy mmsth amp hetamine® MDMA
1Lerain & Acetylmomphine &AM

Algal growth inhibition test (spiks of michr ek
MIX_1: Nicatine and ELOF

MIX_Z Nicotine, mtinine, HOOT, FDDP and bemaylecponine

MIX % Nicatine, mtinine, HCOT, marphine, EDOP, cocaine, benzaylacgmine,
amphataming and MOMA

* Compounds wsed in algal growth inhibiton test {individual spike).

COOH, an additional dean-up was introduced (Strata NH,, 200 mg/3 mL,
Phenomenex, Torrance, California, USA).

23. Chemical analysis and method validaton

All samples were analysed using reverse-phase UPLC-MS/MS. The
method is described in full in the SM (1.5. Sample analysis), and the
methods’ performance was evaluated by determining the following param-
eters: linearity, limits of detection (LOD), limits of quantficaton (LOQ), fil-
tration recovery (FR), extracion recovery (ER), matrix effect (ME),
accuracy and repeatability on at least two concentration levels. Artificial
wastewater influent and effluent, potable water and blank TRIS acetate
phosphate (TAP) medium were used as blank matrices for validation (see
SM 1.6. Method validation). Methods used for analysis were validated in
the frame of the Sewage analysis CORe group - Europe (SCORE)
interlabomtory comparison study (SCORE, 2022).

24. Renoval effidency caloulation

Removal efficiency (RE) was aaleulated according to Eq. (1).
RE (%)= 1m-('ﬂxlm} 8]
carf

where c_gis the concentrationof the target compound (ng/L) in wastewater
effluentand ¢y is the concentration of the target compound in wastewater
influent. In the casewhere the ¢, was <LOQinwastevaterinfluent, the RE
was not calculated, whereas when the c g was <LOQ) in wastewater efflu-
ent, LOQ was wsed.

25, Predidting environmental concentration of drug residues inreceiving rivars

An appmach based on generating dilution factors for predicting the en-
vironmental concentration of down-the-drain chemicals in surface waters
was adapted from Keller et &l, 2014, The concentration of drug residues
in receiving surface waters was predicted using calculated dilntion factors
(Table 52) and measured concentrations in wastewater effluents
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(Tables 511-513). Estimated concentmtons were compared with those
measured in the receiving rivers (Tables 511-513).

26 Algal growth inhibition test

Ten drug residues (Table 1) were sdected based on therr ocourrence in
wastewater and predicted ecotoxidty (ECOSAR) and spiked (individually
and as mixtures) in TAP medium (Table §3). An algal growth inhibition
test was then conducted following OECD Test No. 201 guideline (OECD,
20122) with minor modification of prolonged exposure with individual
drug residues. The gnideline consists of the following three validation
ariteria: (i) growth rate of at least 0.92 per day, (i) coefficients of variation
betweeneachtes day <35 %hand (iii) coeffidents of variation for individual
oontrol cultures during whale test <10 %. Each week of the experiment,
gree algae (Chlamydomones reinharddi) culture was prepared in agar (2 g
of agar mixed with 250 ml. sterike TAP medium). The stock culture was pre-
pared by mixing a portion of the agar ltume nito a liquid TAP med mm and
incubated inder controlled conditions for three days. The stock cilture was
inoculated into the test chambers (100 ml glass Erlenmeyer® flasks,
sterilized) filled with 10 mLTAP medium to achieve an initial algae coneen-
tration of 2 % 10° cells/mL Far cell cmmiting, an aliquot of each liquid cul-
ture (50 pl) was transtered to a 96-well plate (Brand GMBH + CO KG,
Germany) and injected into a flow cptometer (MACSQuant Analyser 10
Miltenyi Biotec, Germany). Inoculated TAP medium was spiked with ten
drug res dues (individually or in a mixture) at a nominal value of 1 mg/L
Won-spiked inoculated TAF medium was used for the negative control, and
TAP medium withadded methanol and acetonitrile (separately andin a mix-
ture) as a control for the offect of solvents of drugs stock standard sohtions
(Table 51) on algal growth. All tests were performed in an algae growth
chamber (LTH, Slovenia) at room temperature (22 # 1 “C) under constant
light (80-120 kE/ms, Sylvania GRO-Lix F 18 W/GRO-T8) and shaking
(B0 mpm, GFL 3017, Germany). Total exposure time was 240 h for individual
drug residues and 72 h for mixhres of drug residues. Algal growth was mea-
aured by flow oytometer after 24, 48, 72, and 240 h (each time in riplicate).
Specific growth rate (Eg. (2)) and inhibition of growth rate (Eg. (3)) were
calculated for each time interval. The keveks of drug resdues spiked in the
TAP medium were determined (at 0, 72, and 240 h) as follows: a portion
of the TAP medium was sequentially centrifuged (14,000 RCF, 3 min),
spiked with 1Ss of each targeted analyte and filter-centrifuged using modi-
fied nylon centrifugal filters (0.2 pm, 14,000 RCF, 3 min, VWR, Vierma,
Italy). The dmg residues were then extmcted either by SLE or LLE into ace-
tonitrile (=e SM: 1.4. Sample preparation: TAP medium).

The specific growth rate () for an individual period was caleolated as
the logarithmic increase in the cell density (Eq. (2)), where j; ; is the spe-
dfic growth rate (cell/mL) at times i to j (hours), % is the cell density at
the time i and X;is the cell density at time j. The specific growth rate was
caleulated for individual measirement within the individual replicate.

iy InX - InX;
“_j{h Y= G-t 2

Theinhibition of growth rate (1,) for individual messurement within an
individual replicate was calalated in percentages as presented in Eq. (3),
where g is the average specific growth rate (h ™) in the conirol group,
and pris the growth for individual measuwrement.

Ll SYRT (3

L) =
Fc

27 Bwironmental risk awessment

Anemvironmental risk assessment (ERA) addresses the ecological threat
amociated with drug residues in receiving waters. In this study, the ERA is
based on Commission Directive 93,/67/EEC on Risk assessment for new
notified substances, Commission Regulation (BC) no. 1488/04 on Risk as-
sessment for existing substances, directive 98,/8/EC (European Directive
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93,67 /EC, 1488,/94 and 98/8/EC, Part I} and US Environmental Protec-
tion Agency (EPA) guidelines (US EPA, 2022) by caloulating risk quotients
(F)) according to Eq. (4):

MEC
RQ=7—2 )

The measured environmental concentration (MEC) is the average and
maximal amount of each drug residue in the receiving water body. When
the measured concentrations were < LOQ, the LOQ) was used in the cakeula-
tion. The predicted no-effect concentration (PNEC) was cakeulated by divid-
ing the lowest concentration for a single species short-term (median lethal
conceniration - LCs, or median effect concentration — ECs, ) or the long-
term (no-obaerved-effect concentration — NOEC) effect concentration with
the ass=ment factor — AF (Table 55). As noexperimental data is ava lable
for the majority of drug residues exeept for nicotine (HSDE, 2022), the
ECsy/LCsy were predicted (Table 55) uwsing ECOSAR software (v2.2),
which predicts the toxicity of new/untested compounds based on their
structural similarities with compounds with known experimental effect
levels and physicochemical properties, The lowest experimental EC g,/
LCs, offered in BCOSAR was used for nicotine. For all residues, the NOEC
was calculated by dividing the chronic value (Chv) derived using
ECOSAR with v2 (European Directive 93/67 /EC, 1488,/04 and 98/8/EC,
Part III). An AF of 1000 was applied to address acute effects and an AF of
50 to assess chronie risks (European Directive 93/67,/EC, 1488,/94 and
98/8/EC, Part IIT). The RQ expressing risk to aquatic organisms were com-
pared to levels of concern (LOC) determined by the USEPA (Table S6) (US
EPA, 2022), where RQs =1 mdicate an amte risk for aquatic plants and RQ
>0.05 represents an acute tisk to aquatic animak. An RQ >1 mepresents a
chronic effect on aquatic animals, Only an acute rizk assessment was
made for aquatic plants.

2.8. Smiistical analyss

Univariate and multivariate analysic was used to explore differences in
remaoval efficiencies (variation between WWTPs and seasonal variations)
and in the ocowrrence of drug residues in receiving waters (variation be-
tween Tivers and seasonal variations). A Student’s t-test (when data normal-
ity and equality of variance were assumed), Welch's t-test (when data
normality but equality of variance is not assumed) or Mann-Whitney
Rank Sum Test {when the normality of the data was not assumed) at the
95 % confidence level (@ = 0.05) were used to evaluate the differences be-
tween two groups. The normality of the data was tested using the Shapiro-
Wilk testand the equality of variance using the Brown-Forsythe test (95 %
confidence level, @ = 0.05). The variation within the dataset was ecplored
using prind pal component analysis - PCA (unsupervised), while orthogo-
nal projection to latent squares-discriminant analysis — OPLS-DA (super-
vised) was used to determine the importance of the variables (drug
residue) in the projection (VIP) score (95 % confidence interval).
Overfitting of the OPLS-DA model was excluded using a permutation test
(n = 100). Far PCA and OPLS-DA, the data were either UV or Par scaled,
and logarithmic transformation was applied where necessary. In thealgal
gmwth inhibition test, the differences in the inhibition of growth rate be-
tween thenegative control (inhibiton set on 0) and the samples (spiked
with solvents and drug resides) were eva hated using repeated measures
(RM) one-way ANOVA with Dunnett's multiple comparisons post-hoc test
(95 % confidence interval, @ = 0.05). Statistical evaluations were per-
formed using SigmaPlot 14.0, Origin 2020, GraphPad Prism 9 and Simca
15.0.

3. Results and discussion
3.1. Method validation parameters

A linear response (B > 0.99) was observed between LOQ-1000 ng/mL
for all drug residues except methadone (LOQ-500 ng/L) in artifical
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wastewater influent (Table 57), between LOQ and at least 300 ng/L in arti-
ficial wastewater effluent (Table S8), betweeen LOQ and at least 250 ng/Lin
potable water (Table 59) and between LOQ and at least 500 ng/Lin TAP
medium (Table $§10). The LOD and LOQ were in the ng/L range
(Tables 57-510), except for LODYLOQ for licit drug residues in artificial
wastewater influent (LOD: 109.5-1166 ng/L and LOG: 155-3341 ng/L),
ethyl sulphate in artiticial wastewater effluent (LOD: 739 ng /L and LOG:
2419ng/L) and potable water (LOD: 884.9 ng/Land LOQ: 2047 ng/L). Sig-
nal suppression or enhancement (Tables 57-510) was observed in artifidal
wastewater influent (ME: —7-46.2 %) wastewater effluent (ME:
=13.7-15.7 %), potable water (ME: —84.7-32.6 %) and TAP medium
(ME: —18-8.5 %). The relative extraction recoveries (Tables 57-510)
were 19-112 % in artificial wastewater influent (the lowest for ethyl
sulphate), 29-110 % in artifidal wastewater effluent (the lowest for
morphine), 23-108 % in potable water (the lowest for ethyl sulphate)
and G5-107 % in TAP medium (the lowest for THC-COOH). Despite
lower recoveries and higher matrix effects in exceptional cases, good aco-
racies were obtained for all compounds of interest in tested matrices
(B6-110 %5 Tables 57-510). Only ethyl sulphate showed an acauracy of
76 % at the lowest spike in potable water. Instrumental and inter-day
repeatability was =20 %RSD.

32 Ocoumence in wastewaters

Fourteen out of the 17 targeted drug residues had a high (= 80 %) de-
tection frequency — DF (percentage of the zamples containing drug residue
>L0D) in the wastewater influents (Fig. §1), while DF of ketamine (8.3 %)
and G-acetylmorhine (20 %) was low ( =20 %). Quantities of drug residues
in wastewater influents are, among others (eg., excretion mte), dosely re-
lated to the level of drug use (Yadav etal, 2017). The leve ks of drug resi-
dues in aqueous samples sampled in spring, summer and winter are given
inTables 511-5§13. Astobacco and aleohol (ethanol) are the two most com-
monly used drugs inSlovenia, i e, approximately 24 % and 68 % of the
population between 15 and 64 years of age, respectively (NLIZ, 2019a),
high detection (DF = 100 %) and high measured concentrations
(756—60,900 ng /L) of their residues were expected and in comparable
coneentrations (pg/L) to that reported in the literature (Veroviek etal.,
2022). The medication of abuse with the highest concentration was
morphine (9.40-1634 ngsL), agreeing with its higher prescription rate
than other studied medications, ie, in 2019, morphine was prescribed at
least G500 times, codeine 2400 and methadone 30 times (NLIZ, 2019b).
In wastewater, moTphine may also originate from other sources, such as
the metabolism of eodeine and hemin (Grada-Lor etal, 2017). Among il-
licit drug residues, benzoylecgonine had the highest coneentration
(180-2900 ng/L), followed by cocaine (54-1096 ng/L) and THC-COOH
(up to 736 ng/L).

Nine out of 17 targeted drug residues in wastewater efffuent had a high
IF (=80 %, Fig. 51), while ethyl sulphate (1.6%) and amphetamine (2.4 %)
had low DFs. Ketamine showed higher DF in wastewater effluents (27 %)
than influents (8.3 %), which may be explained by the 3—4 times lower
LOD/LOY obtained for wastewater effluent (Tables S7-58). Similarly,
Bijlsma et al. (2012) found ketamine mainly in wastewater effluents of
five Dutch WWTPs (DFuguas = 22 % DFapes = 88 %) In our study,
Gracetylmomphine was not detected. The kevels of drug residues i nwastewa-
tereffluent depend an their removal efficiency during wastewater treatment
(Yadav etal, 2017). As expected, most drug residues had lower concentra-
tions inwastewater effluents than nfluents(Tables §11-5813), agreeing with
the litera ture data (Yadav et al., 2007; Verovick et al., 2023). Licit drug
mesidues were detected in was towater effluents up to 1075 ng/L (nicotine),
msidues of medications of abuse up to 4% ng/L (morphine) and illidt drug
residues up to 218 ng /L (MDMA).

3.3 Removal efficiendes

The highest average REs (>90 %) were ob=erved for nicotine residues,
THC-COOH, comine residues, and amphetamine, with methadone residues

227



228

T Vemndsk gt al

Table 2

Insdividual drug residue removal efficlencies (average and range).
Drug resichie Average RE (mmgs)  Drugresidue Average RE (mnge)

[] [l

Byl mulphate 75 (30-96) THC-COOOH o (8899
Nicotine 99 (87-99.993) Cocaine 97 (62-99.9)
Catinine 57 (83-99.9) Renzaylecgmine 4 (53-99.9)
HCOT G (A5-05 59 Cocasthylene (66997
Marphine 8 (—6-59) Amphetamine 97 (78-99.7)
Mesthadone T (—58=74) Methamphetamine 51 {35=95)
ELDP o0 (—87=86) KIDALA A7 {— 155907
oon 53 (- 64-08) Goamtylmarphing 42 (29-56)

EDDP - Z-athylidena-1 S-dimethyl-3,3-diphanylpyrmolidise, HODT - tans-3'-
hydrozyeotinine, MDMA - 34-methykredioxymethampletamine, RE - removal
eficiency, THC-DOH = 11-nor-9-carbosy-A9- tetrah yrocanna binol

having the lowest RE (<30 % Table 2). The result agrees with already pub-
lished studies (Baker and Kasprzyk-Hordern, 2013; Bijlsma et al., 2012;
Ekpeghere et al., 2018; Nefauet al., 2013; Nguyen et al., 2018; Postigo
ctal, 2008; Postigoet al., 2010; Terzic etal., 2010). Negative REs for mor-
phine, methadone residues, codeine and MDMA (Table 2) indicate that
these drug residues wiere present in higher amounts in wastewater efffuent
than the influent This difference can be explained by the formation/trans-
formation of the compounds during wastewa ter treatment, eg., the trans-
formation of parent compound /precursor, deconjugation of glucumnide
canjugates or transformation of conjugated metabaolites into parent com-
pound and by an inadequate pairing of wastewater influent and effluent
samples (sampling not in range of HRT) (Bijlsma et al, 2012; Subedi and
Hamman, 2014; Terzic et al., 2010; Yadav et al., 2019).

The differences in the RE of the six WWTPs for the studied compounds
were explored usng PCA (Fig. 1). Only WWTP 6 formed a digtinet group.
Far the projection, the difference in removal of cotinine, cocaine and
benzoylecgonine was important (OPLS-DA), with sgnificantly lower removals
obtained for WWIP_6 (cotinine: Uz = 14, p < 0.001, @ = 0.05;
cocaing Ugusge = 0, p = 0L001, @ = 0.05; benzoylecgonine: Ug.pa. =
0,p = 0.001, a = 0.05). The dependenceof RE on commonly applied waste-
water treatment technologies are already well known (Y adav et al., 2017)
and in terms of efficiency is as follows: MBR > AS > trickling filters (Baker
and Kasprzyk-Hordern, 2013; Kaspreyk-Hordemn et al., 2009; Petrovic
etal., 2000; Veroviek et al., 2022). The preeent study observed no difference
(grouping) in REs between MBR and AS (Fig. 1). To the best of our lmowl-
edge, the removal of dug residues by MBBR was studied for the first ime
and indicated poorer emoval of cotinine, cocaine, and bemzoylecgonine

Seasonal variation in RE is expected since environmental factors,
namely wastewater temperature and dissolved oxygen, besides treatment
proceses and operational pammeters, play an important mle in removing
drug residues by {micro)biological processes (Yadav et al, 2017} Indeed,
differences in RE regarding season were observed (PCA: small level of
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Fig. 1. PCA scatter plot showing vartation in [LEs' dataset
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grouping) for five out of the six studied WWTFs (Fig. 52), with important
differences inthe RE of nicotine residues (WWTP_4 and WWTP_5), codene
(WWTP_1 and WWTP.G), cocaine (WWTF 3), and berzaylecganine
(WWTP_4). In the case of eodeine, cocaine, and benzoylecgonine, signifi-
cantly higher REs were obtained in summer compared to winter and, in
some cases (codeine - WWTP 6, berzoy kecgonine — WWTP_4), in compari-
son to spring (Table S14). Higher REs during summer are expected because
higher wastewater temperatures (14.2-25.3 “C compared to 9.90-18.3 °C
in spring and 9.4-15.3 “C in winter) generally enhance microbial activity
[Castiglioni et al,, 2006). In contrast, nicotine residoes {nicotine: WWTP 4
and WWTP 5, cotinine and HCOT: WWTP 4) shawed significantly higher
REs in spring than insummer (Table §14). However, although seasonal var-
iations in REx were observed, they weme only significant for specific drug
residues at specific WWTPs (Tables $11-513), suggesting that seasonal
RE variztion is compound and WWTP specific.

34 Occumrence in receiving river waters

The presence of drug residues in receiving waters (Tables 511-513) is
expected due to their occurrence in the effluent (see Ocowrence in
wastewaters). Nine out of 17 drug residues had high DF (=80 %, Fg. 51),
with DF = 20 % obtained for ethyl sulphate (1 %), ketamine (14 %),
THC-COOH (8 %) and amphetamine (12 %). G-acetylmorphine was not
detected. Nicotine, HCOT, cocaine residues, amphetamine and metham-
phetamine, had a higher DF in receiving river waters than wastewater efflu-
ents (Fig. 51), which can be explained by either the much lower LOD/LOQ
(2-17-times) obtained forriver water (Tables 58-5%) orby the input of drug
residuesfrom soumes other than WWTPs, namely the dandestine relesse of
illicit drugs,precursors into the soil, nicotine wash-out from cigarette butts
and ashes and leaking sewer system (Barbom etal., 2016; Castiglioni et al,
2015). Otherwise, as expected, due to dilution (Table 52), lower levels of
drug residues were detected in receiving waters compared to wastewater
effluents (Tables £11-513). In general, licit drug residues were detected
in receiving river waters in concentrations up to 312 ng/L (nicotine), resi-
dues of medications of abuse in concentrations up tol55 ng/L (EDDP)
and illicit dmg residuesin concentrations up to 190 ng/L (BE.

The variationsin the occumrence (level) of psychoactive drug residues
wiere explored in terms of location (different rivers with different dilution
factors) and season (spring, summer and winter) usng multi-variant analy-
sis. The scatter plot (Fig. 2) shows how R6 (receiving effluent from
WWTP_6) is grouped separately. For the projection, the difference in the
ocormnee of micotine residues and benzoylecgonine was important
(OPLS-DA), with significantly higher concenirations measured in R_6 (nico-
11 Ungoge = 229, p = 0.001, @ = 0.0 cOMNIng Uungege = 9 p = 0,001,
a = 0.05 HOOT: Ugpee = 100, p = 0,001, @ = 0.05; berzoylecgonine:
Ugaisse = 0, p = 0.001, @ = 0.05). The result can be explained by the
lower rermoval of cotinine and cocaine residues and its lower dilution factor
(R 6: 422-14.4, all smdied rivers: 422-887), making the influence of
wastowatereffluent onthe quality of receiving iverwater maore signiticant.

Seasonal variation in levels of drug residues in the receiving waters is
zhown to be connected to variations in WWTP discharge, REs, dilution
(ie., river flow) and environmental conditions affecting the degradation
of compounds (water temperature and exposure to sunlight) (Baker and
Kasprzyk-Hordern, 201 3 Mendoza et al., 2014). We observed seasonal var-
iations (PCA: grouping of the samples) for B_3, R_5 and R_G (Fig. 53). For
the projections, nicotine residues, morphine, codeine, methadone, EDDF,
methamphetamine and cocaethylene were important variables (OPLS-
Da), with significantly higher concentrations obtained in winter and spring
(Table 515). Exceptions were nicotine residues in B 6, where significantly
higher concentrations were observed in the summer and cocaethylene con-
centrations in R_3, which were significantly higher in spring. Surprisingly,
o seasonal variation (e.g., no grouping) was observed for R_1 and R 2
when data were analysed using PCA (Fig. $3). Similar to REs, seasonal var-
iations in drug residuesin receiving waters are also compound and receiv-
ing water-spedfic (significant variation observed for a limited number of
compounds in different river waters).
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35, Drug residues in river water: meaared vs prediceed vabues

A comparison between measured and estimated levels of dug residues
in river waters revealed that differences are within an order of magnitude
(the avemge ratio between measured and estimated values iz 10,06 1,
without WWTP_5). With only a few exceptions, measured values are higher
than predicted (Fig. 3) and are likely sampling related. Sampling water
from the river bank means that the complex hydrodynamics of the river
secton is notcaptured. Also, it should be noted that the river water samples
were taken as grab samples Grab sampling makes obtaning a representa-
tive river water sample more challenging (Veroviek et al, 2022). The
assumption that the hydrodynamics of the river is not captured is further
supparted by the fact thatthe differences between measured and estimated
cancontrations are more pronounced in rivers with higher flow rates The
differences may also be related to uncertaintiesin the tiver discharge data
and the representativeness of the selected stations. Such discrepandes are
maost notceable for WWPT 5, where the dilution is most pronounced
(WWTP_5: 108-887, other WWTPs: 4.22-121), and the nearest available
hydrological station is located approximately 10 km downstream. At this
site, differences between measured and estimated values are also the
greatest (max ratio measured 15 estimated values: 5691). All three niootine
residues stand out in partcular, which may also be related to unireated
wastewater or sources other than WWTP discharge (see Occumence in
receiving river waters). Despite some deviation, the results demonstrate
that predicting environmen tal concentrations when reliable data on
river flows are available can be an alternative to analysing river water,
esporially considering the costof analysis and at loations where sampling
is difficult

2.6. Alpol growth inhibition test resuks

Cell growth was measured in spiked samples (individoally or as a mix-
ture of drug residues) and the negative controls (Table 516). The results
show that cell growth in the spiked samples was similar to that in the neg-
ative controls (Fig. 4), with negative inhibition (growth enhancement) dur-
ing 024 h (Table £17), while no pronounced enhandng or inhibiting effect
was observed with prolonged exposure (72 h and 240 h). Although based
on predicted ECsq (Table $19), EDDP (ECs, = 0.04 mg/L) and THC-
COOH (ECsy = 0.05 mg/L) were expected to affect algal growth (spiked
concentrations were above predicted BCsq; Table 55), no significant differ-
encein inhibition of growth mte was observed when spiked individually
(p > 0.05, @ = 0.05). The result may be explained by (i} a reduction in
the concentration of drug residues (Table 518), which may have occurred
due to their transtormation, adsorption (test vessel or algal cells) and
uptake into algal cells (Elersek et al., 2021; Castiglioni et al., 2013) and
(ii) insensitivity of the tested spedes (Chlamydomaas reinharddi) to a par-
ticular drug residue (Rojickovi and Margilek, 1999). Given that this is
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Fig. 3. Comparkon and distribution {median, mean, P25-P75, min-max valses and
outliers) of messured (M) and estimated (E) concentmtions of individual
compounsds in river water.

the firststudy looking at the effects of drug residues ongreen algae, no com-
parison with the literature is possible.

3.7 Envimonmentol risk asessment

The ECOSAR results are given in Tables §19-524. Although interactions
between different psychoactive compounds may induce synergistic and ad-
ditive effects on aquatic aorganisms (la Farré etal., 2008), only the effectof
individual drug residues was predicted in this smdy. The results show that
anly EDDP at average (47 ng/L, RQaverage = 1.18) and maximal (155
ng,/L, RQmax = 3.87) measured concentrations pose an acute risk for
squatic plants in R 2 during winter sampling.

Nicotine was the only measured drug residue in river water (except for
R.5) with predicted acute effects on aquatic animals at average (3.87-185
ng/L, RQaverage = 0.06-0.92) and maximal (8.92-312 ng/L, RQmax =
0.09-1.56) levels during all seasons, The results agree with the toxic potem-
tial of nicotine mpaorted in studies conducted in Spanish (RQ = 1, maximal
ooncentration: 2500 ng/L (Oropesaet al., 2017)) and Italian receiving wa-
ters (RQ > 1, all sampling sites: 670-6430 ng/L [Riva et al., 2019]).

Among the medications of abuse, aoute risks to aquatic animals of meth-
adone were predicted in R_2 in winter (average concentration: 20.8 ng/L,
RQaverage = 0.06; maximal concentration: 65.8 ng/L, RQmax = 0.19).
Also, acute effects weme predicted for EDDF at average (6.42-47.0 ng/T,
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Since groundwater is an essential source of freshwater worldwide, its quality is highly
important and regulated under several legislations. Despite growing concern about
groundwater contamination by CEC, existing legislation does not cover these. However,
several are already included in the EU voluntarily Groundwater Watch List, namely
pharmaceuticals and PFAS. As representatives of CEC, drug residues also have the
potential to deteriorate groundwater, a potential source of drinking water quality. So far,
only a few studies addressed their occurrence in aquifers (Chapter 1.4.3.2 Groundwater).
Accordingly, this study aimed to investigate the occurrence, distribution and potential
sources of the residue of licit and illicit drugs in an urban aquifer located beneath the city
of Ljubljana, Slovenia. For that purpose, municipal wastewater samples (n=28), samples
from aquifer-recharging rivers (n=4) and groundwater samples (n=22) were analysed using
SPE followed by RP-LC-MS/MS (Chapter 3.4.2 Removal of residues of psychoactive
substances during wastewater treatment, their occurrence in receiving river waters and
environmental risk assessment). In addition, the distribution of drug residues was predicted
using a solute transport model.

Most commonly, nicotine (<45.7 ng/L), cotinine (<5.86 ng/L), HCOT (<0.528 ng/L)
and benzoylecgonine (<0.572 ng/L) were detected. The more frequent occurrence of drug
residues was observed in samples downgradient from the main urbanisation area, while
they were mainly absent in samples obtained near the river. The result indicates that the
leaky sewer system is the primary source of drug residue in the studied aquifer, while the
river water that recharges the aquifer and contains drug residues does not significantly
contribute to their presence. A good agreement between the measured concentrations and
the predicted groundwater distribution was observed, suggesting that modelling can be
used to predict the occurrence of drug residues in urban aquifers.

Even though low concentrations of drug residues were found in the study, their
occurrence in groundwater and known pharmacological activity emphasize the importance
of their inclusion into groundwater monitoring for a better evaluation of possible impacts
on the environment and even human health.

The study results were presented at one scientific conference, i.e., the 18" International
Conference on Chemistry and the Environment.
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This study investigated the oocurrence and potential sources of residues of drugs of abuse in an urban aquifer beneath
the City of Ljubljmma using water analysis and a solute transport model designed to predict nitrogen distribution. Sam-
pleswere collected from three sources: 28 samples (24-h ¢ i 4aquifer-recharging river samples
(grab), and 22 groundwater samples. The samples were analysed for residues of commenly (abjused licit drugs (nico-
tine and alcohol), medications of abuse (morphine, methadone, codeine, and ketamine), and ilicit drugs (tetrahydro-
cannabinol — THC, cocaine, amphetamines, and heroin) using liquid-liquid (alcohol residue) and solid phase
extraction, foll d by liquid ¢t tandemn mass spectrametty (LC-MS/MS). AddiGonally, we used solute
transport modelling to predict the spatial d.uambuum of drug residues in the aquifer and their potental sources. Nic-
otine (up to 45,7 ng/L), cotinine (up w 586 ng/L), trans-3-hydroxycotinine (up to 0.528 ng/L) and benzoylecgomine
(up to 0.572 ng/L) were the most commonly detected drug residues in groundwater, followed by cocaine (<LOQ). In
comparison, methadone (0.054 ng/L) was detected only once. A higher prevalence of residues of drugs of abuse was
observed insamples obtained at the south-eastern edge of the aquifer, downgradient from the main zone of urbanisa-
tion, agreeing with model predidions. Although dug residues were detected in rver water, modelling suggests that
the city's leaky sewer system is the primary source of drug residues.
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1. Introduction

Groundwater represents the primary source of fresh water for domestic,
agricultural and industrial purposes globally (IAH, 2022). Compared tosur-
face water, it is generally considered to be of good quality and usually re-
quires only minimal treatment when used as a source of drinking water
(Foster et al., 2013). However, population growth and urbanisation can sig-
nificantly degrade groundwater quality, for example, through contamina-
tion with anthropogenic compounds (Li et al., 2021). In the European
Union (EU), the chemical status of groundwater is regulated under the
‘Water Framework Directive 2000/60,/EC (Directive 2000/60/EC, 2000)
and the Groundwater Directive 2006/118/EC (GWD 2006/118/EC,
2006). These directives provide a minimum list of substances, ions and in-
dicators of human activity, e.g., arsenic, cadmium, lead, mercury chloride,
ammonium, sulphate, nitrate, tichloroethylene and tetrachloroethylene,
and parameters, such as conductivity, pH and oxygen content that must
be regularly monitored in order to maintain groundwater quality. However,
numerous other anthropogenic compounds, including emerging contami-
nants, have the potential to contaminate groundwater (Ebele et al., 2020;
Durcik et al,, 2023; Veroviek et al,, 2022). These so-called emerging con-
taminants are substances detected in the environment but are not currendy
included in routine monitoring programs at the EU level and whose behav-
iour and ecotoxicological effects are not well understood (NORMAN,
2023).

Included among emerging contaminants are drugs of abuse and their me-
tabolites (referred to collectively as drug residues), which are widespread and
pseudo-persistent in the surface waters due to their continual consumption
and release mainly through polluted wastewater effluent (Ebele et al.,
2017; Pitarch et al., 2016; Veroviek et al,, 2023; Yadav et al., 2017). Many
substances have been shown to affect aquatic organisms at different trophic
levels, even at environmental concentrations within the range of ng/Lto
gL (Bunch and Bemaot, 2011; Capaldo et al., 2019). In response, several sub-
stances, namely cannabinol, cocaine and its metabolite benzoylecgonine,
ephedrine, methamphetamine, 3,4-methylenedioxymethamphetamine
(MDMA), and tetrahydrocannabinol (THC), were considered for inclu-
sion in the 4th Watch list under the Water Framework Directive in
2022 to gather sufficient data to evaluate risks more reliably (Gomez
Cortes et al., 2022).

Less well studied are the levels of drug residues in groundwater but
given their physicochemical properties that facilitate their transportation
through water, they have the potential to enter groundwater through differ-
ent pathways, such as leaky sewage systems, septic tanks, effluent
discharged directly to the ground, and infiltration of effluent-polluted sur-
face water (Estévez etal., 2012; Stuartet al., 201 2). Upon entering ground-
water, drug residues may subsequently enter finished drinking water,
potentially posing a risk to human health {(Wadley, 2016). Therefore, it is
crucial to have a comprehensive understanding of the occurrence, trans-
port, and fate of drug residues in groundwater for effective water resource
management (Lapworth et al, 2019).

Notwithstanding this fact, conducting extensive groundwater analyses
across an aquifer to obtain such data is often impractical and resource-
intensive. Asa result, research on this topic remains limited to only a few
EU member states and the USA (Jurado et al., 2012; Lapworth et al.,
2019; Veroviek et al., 2022; Yadav et al., 2017). As a possible solution, a
modelling approach, such as a solute transport model developed for track-
ing nitrates in groundwater (JanZa et al., 2020; Pietrzak, 2021), could be
used as asupport to estimate drug residue concentrations (and other pollut-
ants), identify potential sources, and predict their transport within the aqui-
fer.

In this study, we investigated the presence of 17 drug residues in an un-
confined intergranular aquifer (Ljubljansko polje, Slovenia), serving
330,000 inhabitants of the city of Ljubljana and its surrounds (VOKA-
SNAGA, 2019). We also analysed the aquifer-recharging river (Sava) and
influent from the city's main wastewater treatment plant. Furthermore,
we used a solute transport model to predict the sources and the disriburion
of drug residues in the aquifer.

Publications

Science of the Total Enviranment 892 (2023} 164364

2. Experimental

2.1. Compounds of interest

Atotal of 17 metabolic drug residues of licit drugs, medications of abuse
and illicit drugs were targeted in the study. These included nicotine, cotin-
ine (nicotine meta bolite), trans-3-hydroxycotinine (HCOT; nicotine metab-
olite) and ethyl sulphate (EtS; alcohol /methanol metabolite), morphine,
methadone, 2-ethylidene-1,5-dimethyl-3,3-diphenylpyrrolidine (EDDP;
methadone metabolite), codeine and ketamine, 11-nor-9-carboxy-A9-
tetrahydrocannabinol (THC-COOH, cannabis,THC metabalite), cocaine,
benzoylecgonine (cocaine metabolite), cocaethylene (cocaine metabolite
produced when co-consumed with alcohol), amphetamine, methamphet-
amine, 3,4 methylenadioxymethamphetamine (MDMA - ecstasy) and 6-
acetylmorphine (heroin metabolite). For additional data, see Supplemen-
tary Information (Tables §1 and 52).

2.2, Smdy area

The Ljubljansko polje alluvial aquifer is located below the mainly
urbanised, low-lying area within the municipality of Ljubljana, Slovenia.
Over half of the area is developed, while two-fifths are used for agricultural
purposes (Rejec Brancelj etal, 2004). The aquifer comprises highly perme-
able Quaternary sand beds and gravel which are partially conglomerated.
The thickness of these sediments varies from 2 to 100 m and is susceptible
to pollution due to the high permeability of the deposits (Rejec Brancelj
et al., 2004; JanZa et al, 2020).

The aquifer is pimarily recharged from the Sava River in the north-
westemn part and drains back into the rver in the eastemn part. The average
water table depth is 25 m (Rejec Brancelj et al., 2004; JanZa et al, 2020).
The Ljubljana central wastewater treatment plant (Ljubljana WWTP) serves
270,305 people and is situated at the very far boundary of the aquifer
(south-eastern part of the aquifer, Fig. 1). It discharges its effluent into
the Ljubljanica River, which then flows into Sava downstream from the
aquifer. This fact and given direction of flow in the aquifer, treated waste-
water has limited potential to infiltrate groundwater in the studied area. Ac-
cordingly, only raw wastewater was examined in this study. The average
exfiltration rate of raw wastewater from the entire sewer system was esti-
mated to be 0.21 L/s/km (Pestotnik et al., 2019).

2.3. Sample collection

Raw wastewater samples were collected at the inlet of Ljubljana WWTP
as time-proportional 24-h compasites during one week in March-April over
four consecutive years (2019-2022), while in 2021 samples were obtained
inJune (Table 53). Sampling was performed in the frame of Sewage analy-
sis CORe group - Europe (SCORE) international monitoring on stimulants
consumption (SCORE, 2023) and partially as part of a study on the occur-
rence of drug residues in waste- and environmental waters (Veroviek
etal., 2023).

Four grab samples were also collected from the Sava riverbank at the
northem part of the aquifer, which is the primary recharge area for the
aquifer (Fig. 1).In order toobtain an idea of the temporal trends of drug res-
idues in the Sava River, samples were collected randomly - one (RW1) in
July 2022 and three (RW 2—4) in October 2022,

Groundwater samples (GW 15-22) were collected in June 2019 from
eight observation wells in the south-eastern region of the Ljubljansko
Polje aquifer adjacent to the Ljubljana WWTP. In addition, 14 groundwater
samples (GW 1-14) were collected from observation wells distributed
throughout the aquifer during October-November 2022 to determine the
spatial pattern of drug residues in groundwater (Fig. 1). To ensure the col-
lection of representative groundwater samples, the wells were purged by
pumping out three well volumes before sampling. The obtained samples
were then collected and frozen at — 20 °C. The depth of the screen sections
in the wells where sampling was conducted is presented in Table 54. How-
ever, obtaining representative depth-specific groundwater samples in
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unconsolidated and coarse-grained aquifers, such as the one in the study
area, can be challenging due to the high risk of vertical circulations occur-
ring in the annular space around the well screen or casing (Ducommun
et al., 2013). Consequently, a multilevel sampling tect for collecting
depth-specific groundwater samples was not employed, and the vertical
distribution of the analysed drug residues within the aquifer was not ad-
dressed.

2.4. Sample preparation and analysis

Samples were analysed following the method of Veroviek et al. (2021,
2023). Briefly, samples were spiked with labelled intemal standards of
each analyte. Alcohol residues (EtS) were determined by extracting 1 mL
of Waste-, surface and groundwater with acetonitrile using liquid-liquid ex-
traction (LLE). All other residues were extracted from 125 mL (wastewater)
and 0.5 L (surface and groundwater) of the samples using solid-phase ex-
traction (SPE: Oasis MCX, 150 mg/6 mL; Waters, Milford, MA, US). Analy-
sis was performed using liquid chromatography coupled to tandem mass
spectrometry (LC-MS/MS). Two columns were utilised, namely the Supelco
Ascentis® Express C18 (50 x 2.1 mm, 2 pm; Supelco, Pennsylvania, US)
for THC-COOH determination and the Acquity UPLC HSS T3
(100 x 2.1 mm, 1.8 pm; Waters Corporation, Massachusetts, US) for the anal-
ysis of all other residues. Mobile phases comprised either 0.1 % formic acid/
methanol to determine EtS, Milli-Q/methanol for THC-COOH or 0.1 % formic
acid/0.1 % formic acid in methanol for all other compounds. Compounds
were ionised using electrospray ionisation (ESI) in the positive mode except
for EtS and THC-COOH, which were determined in the negative mode. All
data were acquired using multiple reaction monitoring (MRM). Concentra-
tions of analytes were obtained by internal quantification.

sampling points (1—22). Green cirde: Location of Ljubljana WWTP.

Performance of the method was evaluated in terms of linearity, limits of
detection (LOD) and quantification (LOQ), relative extraction recovery, ma-
trix effect, accuracy and repeatability (See Verovsek et al., 2023). Validation
parameters were addressed by spiking artificial raw wastewater and tap
water on at least two concentration levels. A linear response (R2 =099
was observed for most analytes between LOQ-1000 ng/L and LOQ-
250 ng/L in artificial raw wastewater and tap water, respectively, with
LOD/LOQ in the ng/L range. Poorer sensitivity was observed only in case
of nicotine (LODpy wasewater = 109-1170 ng/L and LOQrqy wastewater =
155-3340 ng/L) and alcohol (LOD e wastnester = 739 N@/L, LOQrmy veseviaier
= 2420 ng/L; LODyzp vayper = 885 ng/L, LOQuap varer = 2950 ng/L) residues.
Signal suppression or enhancement (— 85 % t 46 %) was observed in both
water matrices. Extraction recoveries were 68-112 %, except for ethyl sul-
phate, for which recoveries were lower (19-37 %).

2.5. Evaluation of nicotine sources

The ratio (Ryic/cor +1cor) betweennicotine and its metaboliteswas cal-
culated using Eq. (3):

CNIC
ccor + Crcor

Ryicicor = 3

where ¢y, Coor and ¢ycor represent measured nicotine, cotinine and trans-
3"hydroxycotinine (HCOT) concentrations, respectively. Ratios were cal-
culated only in samples with measured concentrations above the limit of
quantification (LOQ). The calculated value was compared against the theo-
retical (0.186), which is the sum of the free and conjugated forms of nico-
tine (13 %), cotinine (30 %) and HCOT (44 %) excreted in the urine
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(Castiglioni et al., 2015). When Ryic,cor + ncor exceeds the theoretical
value, the nicotine present in samples originates from other sources aside
from ion, e.g., wast from cig: butts (Rodriguez-Alv

etal., 2014; Shao et al,, 2021; Zheng et al., 2017).

2.6. Solute transport modelling

The solute transport model used in this study is based on the mass
balance and pressure impact model developed by the Geological Sur-
vey of Slovenia (JanZaetal, 2020). The model was developed to quan-
tify the impact of a leaky sewer system and agriculture on the nitrate

ionin ground and to support the planning and optimi-

Publications

Science of the Total Enviranment 892 (2023) 164364
2.7. Statistical analysis

Significant differences in the calculated Ryicycor+ ncor between waste-,
surface and grounds ipl ‘mined using univari ly
sis (Mann-Whitney Rank Sum Test or Student’ t-test). The nommality of the
data was tested using the Shapiro-Wilk test and the Equality of variance by
the Brown-Forsythe test. The confidence level was 95 % (a = 0.05). Pat-
terns in spatial distribution drug residues were studied by applying unsu-
pervised multivariate analysis (principal component analysis - PCA) at
the 95 % confidence level (@ = 0.05), using UV scaling of the data. Statis-
tical analysis was performed using SigmaPlot 14.0 and SIMCA 15.0.

3. Its and di

sationofg
quality.

In this study, it is assumed thar the sinmlated spatial distribution pattem
of nitrate concentration in groundwater could also be used to interpret the
behaviour of other substances in wastewater that act as conservative con-
taminants in the aquifer. Asa simulation for drug residue loads, the nitro-
gen load only from the leaky sewer system (Fig. 2) was used as the input,
as raw wastewater in this sewer system has been proven to contain measur-
able of drug residues (Vi k et al, 2021, 2023). Agricultural
inputs were not considered since, in Slovenia, the application of sewage
sludge (but not wastewater), although permitted for farming purposes
(Decree 62/08 and 44,22 - ZVO-2, 2008), is strictly regulated and limited
(ARSO, 2016). Neither retardarion nor degradation processes were consid-
ered in the model

toimproveg

3.1. Occurrence in raw wastewater

All drug residues were detected at least once in raw wastewater
(Table S5). High d: ion freq ofni (tobacco) and alcohol res-
idues was expected in wastewater due to their legality status and high prev-
alence in Slovenia, i.e., one in five adults (18-74 years old) smokes tobacco
(NIJZ, 2021a). Slovenia is also among the leading countries within the
European World Health Organization (WHO) in terms of registered alcohol
consumption (10.6 L of pure alcohol was consumed per capita aged 15-64
in 2021) (NLJZ, 2021a, 2023). Moreover, they were in the highest concen-
tration among the studied drug residues (average concentration range:
2420-29,600 ng/L), with levels similar to that reported in other studies,

T A I e
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@  Groundwater sampling point
@  River sampling point

3 Model boundary

s | =¥ Groundwater flow direction
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Fig. 2. Map showingth 1l di : frmodelled rd fonin

dot) and g:mmdwatcr sampling points (red dots) are also indicated

ing nitrogen loads (Janza et al., 2020). The locations of river water (RW: blue
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ie, <424,000ng/L (nicotine), <42,300ng/L (cotinine), 300-52,000ng/L
(HCOT) and 500-33,000ng/L (ethyl sulphate) (Veroviek et al., 2022).
Also, high concentrations are expected in the case of nicotine as its presence
in wastewater may relate to nicotine use and discarded cigarette butts
(Castiglioni et al., 2015; Roder Green et al., 2014; Veroviek etal, 2022). In-
deed, the calculated Ryccor 4 oot (Table 56) exceeded the theoretical
value by at least four times, confirming the presence of other sources of nic-
otine in the wastewater samples.

Medications of abuse were also detectable in wastewater. This finding is
likely a result of the availability of parent compounds, i.e., methadone, mor-
phine, codeine and ketamine, as prescription and over-thecounter medica-
tions (e g., codeine) in Slovenia (NUZ, 2019a). In fact, except for ketamine
(detection frequency, DF = 48 %4), residues of medications of abuse were
detected in all wastewater samples in ng/L to low g /L (Table §5), which
agrees with the detection and concentration levels of these compounds in
other studies (see review by Chen et al., 2021), i.e., <383 ng/L (metha-
done), <342 ng/L (EDDF), 19-1750 ng/L (morphine), 22-4780 ng/L (co-
deine) and <447 ng/L (ketamine). The levels of morphine, which was in
our study determined in the highest concentration (820 ng/L), reflects its
high prescription rate in Slovenia; morphine was the most prescribed opiate
in 2019 and the third most prescribed in 2021 (NLJZ, 2019, 2021h). Also,
morphine can derive from the metabolism of other drugs, such as codeine
and heroin (Gracia-Lor et ., 2017).

During the study period, all examined illicit drugs were known to be
available on the Slovenian illicit drug marketand reported to have been
used in Slovenia (NLJZ, 2019b, NIJZ, 2021a). The highest average con-
centrations were obtained for benzoylecgonine (2630 ng/L), followed
by cocaine (944 ng/L) and THC-COOH (526 ng/L). Compared to these
amounts, the levels of the other drug residues were much lower (LOD-
160 ng/L). Their residues in wastewater, in the ng/L-pg/L range (Ta-
ble 55), also agree with those reported in other studies, i.e., <6160
(benzoylecgonine), <2710 (cocaine), <1270 (THC-COOH), and others
mainly in ng/L range (see review by Chen etal, 2021).
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3.2. Occurrence in Sava River

According to the literature, the primary source of the studied substances
in river water is wastewater effluent, which is typically discharged from
WWTP into rivers (Rodayan et al., 2016). Although there are no WWTPs
in the studied area that discharge directly into the Sava River, treated (in
total: 979 % 10° m®*) anduntreated (in total: 57.8 x 10° m*) wastewater
enters the Sava River upstream from the studied location through
wastewater-receiving tributaries (SiStat, 2023). Their concentrations were
in the low ng/L range (Table 1), agreeing with those obtained in other
river waterstudies (Chen et al., 2021; Veroviek et al., 2022). Nicotine res-
idues, methadone residues and benzoylecgonine were detected in all river
samples, while cocaine, MDMA and codeine were detected only once,
with codeine being below the limit of quantification. The impact of sources
of nicotine other than consumption (Table 56) was similarly pronounced in
wastewater and the river (U, = 26.0, p = 0.093, o = 0.05). This obser-
wvation may be explained by sampling the Sava River in an urbanised area
where rminwater, which washes nicotine from surfaces, is discharged into
the municipal sewer instead of the river. Also, drug residues in the Sava
Riverare based on grab sampling, which can only provide dataon the pres-
ence of drug residues at the time and place of sampling. Regardless, it sdll
provides data on the general occurrence of drug residues in the river,
which was sufficient for this study.

3.3. Occurrence in groundwater

As already stated, several pathways exist by which drug residues can
enter an aquifer, such as wastewater infiltration and effluent-receiving sur-
face water. However, their actual occurrence in groundwater depends on
soil characteristics, environmental parameters, transport phenomena
(e.g., sorption and ion exchange), biodegradation and their physicochemi-
cal properties (Estévez et al, 2012; Smart et al., 2012). Based on soil data
(Section 2.2), the presence of drug residues in wastewater (Table $5) and

Table 1
Concentration (ng/L) of drug residues detected in samples from the Sava River and groundwater.

Matrix Sample Nicotine Cotinine HCOT Cocaine Berzoylecgonine MDMA Methadone EDDP Codeine

River water (Savs) W1 T4 225 378 <LOD 0667 0.262 0.305 0502 <LOD
RW2 336 108 2490 <LOD 0344 <LOD 0.051 0.218 <LOD
W3 £25 138 320 0120 06486 <LOD 0.054 0.165 <LOD
W4 720 132 I <LOD 0458 <LOD 0.098 0.240 <LOOQ

Groundwater GwWl 444 <LOD <LOD 0110 0224 <LoD <LOD <LOD <LOD
w2 4.36 <LOD <LoD <LOoD <LOD <LoD <LOD <LoD <LOD
awz <LOD <LOD <LoD <LOD <LOD <LoD <LOD <LoD <LOD
GW 4 0.834 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD
GW5 550 <LOD <LOD <LOO <LOD <LOD <LOD <LOD <LOD
GwWa 0.504 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD
w7 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD
GW E 240 <LOD <LoD <LOoD <LOD <LoD <LOD <LoD <LOD
awa 0486 =LOoD <LoD =LoD <LOD =LoD <LoD <LoD =LOoD
GW 10 B35 <100 <LoD <LOD 0133 <LoD <LOD <LoD <LOD
GW 11 .04 0111 <LOD <LOD 0320 <LOD <LOD <LOD <LOD
GwW 1z <LOD <LOD <LOD <LOD <LOQ <LOD <LOD <LOD <LOD
GW 13 <LOD 0.105 <LOD <LOD 0.142 <LOD <LOD <LOD <LOD
GW 14 4.22 1114 <LOD <LOoD <LOD <LoD <LOD <LOD <LOD
GW 15 Lo 0214 0169 <LOoD 0466 <LoD <LOD <LoD <LOD
W 16 32 312 0.304 <LOQ 049 <LoD <LOD <LoD <LOD
W17 ns 588 0.528 <LOO 0484 <LOD <LOD <LOD <LOD
GW 18 636 208 0412 <LOD 0284 <LOD <LOD <LOD <LOD
GW 19 208 378 0.22 <LOD 0202 <LOD <LOD <LOD <LOD
GW 20 170 2584 0.282 <LOoD 0302 <LoD <LOD <LOD <LOD
Gw 2l 456 2586 0.528 <LOQ 046 <LoD <LOD <LoD <LOD
GW 22 11z 129 0.z28 <LOQ 0572 =LoD 0.053 <LoD =LOoD

Detection frequency (DF) in groundwater samples B2 % 55 % 36 % 27 % 59 % 0% 4.5 % 0% 0%

The concentrations provided are from one sample measurement.

LODgoc = 0,021 ng/L, LODgor = 0.022ng/L, LODmor = 0.011 ng/L, LODxcor = 0.12 ng/L, LODyma = 0.027 ng/L, LODyrim = 0.0075 ng/L, LODwz = 0.033 ng/L,
LOQoe = 0.072 ng/L, LOQgor = 0.072 ng/L (Verovick et al, 2023).

EDDP — 2

1,5-dime thyl-3,3-dipheny}

Y

HOOT — trans-3*hydro

irue, MDMA — 3,4-methylenedi 1 1
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the Sava River (Table 1) and their physicochemical parameters (Table $7):
high hydrophilicity (log Koy < 4) and water solubility (S, > 8.4 mg/L), and
generally low adsorption-desorption distribution coefficient (K < 300 L/
kg)), itis expected that these substances will be present in the groundwater
of the studied aquifer. Nicotine and cotinine residues were the most com-
monly detected (Table 1), a finding similar to published data (Focazio
et al., 2008; Godfrey et al., 2007; Montesdeoca-Esponda et al., 2021;
Stuart et al., 2012) where nicotine was reported to be highly prevalent
(DF = 82 %, concentration: up to 45.6 ng/L. The Ryic/cor + ncor value
for groundwater (Table $6), unlike that calculated in the Sava River (t =
2.54, p = 0.0296, a = 0.05) and wastewater (U, = 0.00, p < 0.001,
a = 0.05), indicates that sources other than nicotine consumption are
more important in groundwater. This finding is supported by the fact that
nicotine was detected in 32 % of groundwater samples, but metabolites
were below the limit of detection (LOD). It is also interesting to note that
cotinine but not nicotine was detected in one groundwater sample. While
studies on nicotine degradation in soil and ground are unavailabl.

biodegradation may occurasbacteria (such as Pseudomanas) in the environ-
ment can break down nicotine into cotinine (Gurusamy and Natarajan,
2013). In the case of alcohol, ethyl sulphate remained undetected despite
its presence in the wastewater influent (Table S5). However, the limit of de-
tection (LOD) at 885 ng/L and the limit of quantification (LOQ) at
2947 ng/L of EtS are relatively high, which may contribute to its remaining

d dinthe g d ples (Veroviek et al., 2023).

Given their low sorption properties (K < 300 L/kg, Table §7) and their
presence in wastewater (Table S5) and river water (Table 1), it is expected
that only morphine and codeine, among all medications of abuse smdied,
are detectable in the groundwater. According to literature data, codeine
has been detected in Spanish (400 ng/L) and Nigerian groundwater
(2443 ng/L) (Ebele et al, 2020; Teijon et al., 2010). Interestingly, in our
study, only methadone was detected (0.053 ng/L) in one sample near
Ljubljana WWTP (Table 1). However, methadone (7.4 ng/L), as well as its
metabolite EDDP (0.4 ng/L), were present in the groundwater of Barcelona
(Jurado etal., 2012).

Despite its ubiquitous presence in wastewater influent (Table S5),
THC-COOH was not detected in groundwater (Table 1), agreeing with the
findings of Jurado et al. (2012). The result may be explained by its high hy-
drophobicity and sorption properties (Table S7). Among stimulants,
only cocaine (DF = 27 %, concentrations mainly below LOQ) and
benzoylecgonine (DF = 59 %, concentrations up to 0.572 ng/L) were de-
tected. Higher DF and concentrations of benzoylecgonine in comparison
to cocaine are expected in environmental waters due to pronounced differ-
ence in urine excretion rate, i.e.,30 % vs 1-9 % of the cocaine dose (Gracia-
Lor etal,, 2016) and degradation of cocaine during percolation through soil
(Lesseret al., 2018).

Although MDMA was detected in wastewater (Table S5) and Sava River
water (Table 1), itwas <LOD in groundwater samples (Table 1). The result
is expected since MDMA is known to degrade during percolation through
the soil by biotic and abiotic processes (Pal et al., 2011). Interestingly,
MDMA was detected (3.9 ng/L) in groundwater in Spain (Jurado et al,
2012).

3.4. Sources of contaminants in groundwater

Evaluation of possible sources of drugs of abuse was performed using a
modelling approach. Two primary sources of contamination were evalu-
ated: the Sava River and the city’s sewer system. According to relative
modelled concentrations (Table S8), high concentrations of the substance
system are expected to be found in groundwater samples downgradient
from the urbanised area in the south-eastern part of the aquifer. Indeed,
the highest number and concentrations of compounds were determined in
the eastern part of the aquifer near Ljubljana WWTP (Fig. 3). The difference
between those and other samples obtained throughout the aquifer was ob-
served when applying PCA (Fig. S1),i.e., most of the samples obtained near
Ljubljana WWTP (blue) are separated from samples obtained from the rest
of the aquifer (orange).
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Fig. 3. Measured concentrations of nicotine (a), cotinine (b) and benzoylecgonine
(). Circles present groundwater sampling points and triangle Sava River sampling
point (October 2022). The darker circles indicate higher measured
concentrations. Value 0 denote <LOD.

Moreover, the model simulated higher concentrations of residues of
drugs of abuse to be found in groundwater samples 1,10, and 14
(Table $8), as these sampling locations are in the area of greatest impact
from contamination from the leaky sewer system. In alliance with simula-
tion, samples 1, 10, 11 (one cluster) and 14 (second cluster) were grouped
separately based on measured concentrations of drug residues (Fig. S2).
More importantly, the modelled and experimental data show the absence
of drug residues (including nicotine) in groundwater samples obtained
near the Sava River (GW 3 and 7). The result indicates that despite being
the primary source of recharge for the aquifer, the Sava River is unlikely
to be the groundwater's primary source of these compounds.

Overall, a good ag between modelled and d concentra-
tions were obtained, with aleaky sewer system being the primary source of
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residues of drugs of abuse in the groundwater. The results also demonstrate
how the solute transport model, assuming a correlation between the distri-
bution pattem of nitrogen, anthropogenic pollutants and population den-
sity, can predict spatial distribution and potential sources of compounds
in groundwater and aid in decision-making regarding groundwater man-
agement.

4. Conclusions

This study reveals the presence of drug residues in wasteand river water
at significant concentrations, while in groundwater, drug residues were in
low concentrations (ng/L), with nicotine, cotinine, HCOT, and
benzoylecgonine the most prevalent. Notably, the absence of detectable
drug residues in samples obtained adjacent to the river indicates that the
river is not a significant contributor to their levels in the groundwarer. More-

wver, higher groundwater pollution with drg residues was observed
downgradient of groundwater flow, i.e., at the sourheast edge of the aquifer
near the WWTP, indicaring that the city's leaky sewer system is their primary
source. The smdy also found that solute transport modelling can be a reliable
support in estimating the occurrence and distribution of drug residues in
groundwater, as the experimental data aligned with predicted results. Addi-
tionally, valuable dat on their sources can be obtained by modelling. Despite
being detected in low ﬂmﬂmtlaunm. ﬁnd.mg drug residues in groundwater
along with their known il | activity highlights the importance
of their monitoring in water systems to understand better their sources and
potential impacts on the environment and public health.
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Chapter 4
Overall Conclusions

WBE applications in the Slovenian general population

Using licit and illicit drugs strongly affects public health. In order to efficiently deal with
drug use and prevent its consequences, it is first necessary to obtain information on drug
consumption trends in the population. Commonly used approaches like self-reporting
surveys and medical and police reports have many weaknesses. To overcome these, other
complementary approaches are needed.

Since its first application in 2005 (Milan, Italy), WBE has flourished and gained
international recognition through the annual SCORE monitoring. Although monitoring
began in 2011, Slovenia participated for the first time in 2017, providing data for Ljubljana,
the capital of Slovenia. In the following year, data were provided for three Slovenian
municipalities. However, the wastewater samples were analyzed by established SCORE
partners, which meant developing an in-house analytical method was crucial for the
permanent inclusion of Slovenia in SCORE monitoring. Accordingly, within the thesis,
analytical methods were developed for determining licit and illicit drug residues in aquatic
matrices using LC-MS/MS.

The development of these methods led to Slovenia's continuous participation in SCORE
and the inclusion of the WBE approach in the national drug use monitoring scheme in
Slovenia, where slight differences between wastewater analysis data and data obtained by
other sources were observed. For example, survey data (2018) indicated a similar
prevalence of cocaine, amphetamine and ecstasy among Slovenes aged 15-64, while SCORE
2019 data showed cocaine strongly prevailed. The difference in the obtained data is most
likely the result of different methodologies, i.e., surveys are conducted only every few years,
have a time lag in reported data, and are often subjective, with respondents tending to
underreport drug use. In contrast, wastewater analysis provides rapid and objective data
and, as a complementary approach, enables a broader overview of the drug situation in the
country, including NPS.

It can be seen from the thesis that using WBE can overcome problems associated with
conventional data gathering on NPS, i.e., discovering which NPS are present on the market
without obtaining actual data on prevalence or use. With targeted analysis, the use of NPS
in a targeted population can be quantified, while by introducing suspect screening into the
workflow, rapid data on the identity of newly emerged NPS can be obtained. Accordingly,
wastewater analysis tracking changes in NPS use has been developed in the context of an
international study, which was carried out for the first time during the New Year period
2019/2020, and whose long-term purpose is to establish monitoring of the international
proportion according to the example of SCORE.
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This study covers Slovenia’s inclusion in the third international NPS monitoring
campaign (New Year period 2021/2022) by providing samples from three Slovenian
municipalities. Eutylone, 3-MMC and mitragynine were detected in Slovenia, with 3-MMC
having one of the highest mass loads detected within the study. Slovenia’s participation is
important as it provides timely data on NPS use that can support Slovenian public health,
similar to SCORE monitoring. Since NPS monitoring is still in its infancy, further
participation and evaluation of the methods and results are needed to reach the level of
SCORE, e.g., to form best-practice protocol and perform inter-laboratory studies.

Specific populations and vulnerable groups

Aside studying drug use in general populations, the non-invasive nature of WBE makes it
highly suitable for studying specific/vulnerable populations, such as young people. In the
case of young people, educational institutions have already been recognized as settings to
study the motivations behind drug use. Drug trend data among young people are typically
gathered through surveys and, in some cases, actual drug testing. Although both
approaches pose some ethical issues, drug testing is especially problematic as it is intrusive
and may cause long-term psychological and social harm without reducing drug use among
routinely tested youth. Moreover, it may even encourage punitive actions rather than early
prevention.

In order to augment the existing survey data, WBE has been employed in educational
institutions. However, these previous studies primarily focused on a limited number of
compounds (conventional illicit drugs, medications of abuse and NPS-targeted analysis)
mainly in high education institutions. In this respect, this thesis represents a step forward
by looking at the prevalence of residues of licit (alcohol and nicotine), medications of abuse
and illicit drugs in the wastewater of 40 wastewater samples from different Slovenian
educational institutions covering primary to tertiary levels and different geographic
locations. In addition, 23 wastewater samples covering institutions of different types were
screened for NPS. This work, therefore, presents the most extensive and comprehensive
WBE study of its kind. Moreover, drug prevalence in primary schools was addressed for
the first time, offering a unique insight into NPS and illicit drug presence in settings where
such data have not been obtained even by surveys (there is only data for cannabis).

Licit drugs, medications of abuse (morphine and codeine), illicit drugs (most commonly
cannabis and cocaine), and NPS (e.g., unequivocally identified synthetic stimulants) were
present in all types of educational institutions. Sampling was identified as a significant
weakness of the study, i.e., good knowledge of the sewer system was required to obtain
wastewater only from the targeted educational institution. In contrast, the sampling
strategy had to be adopted to avoid inconsistent wastewater flow. Also, obtaining
wastewater from the entire institution meant it was impossible to differentiate between
drug consumption in specific groups present at the institution, i.e., to obtain data on drug
use exclusively for pupils/students. Accordingly, a slight discrepancy was observed when
comparing wastewater analysis data with data obtained from surveys, targeting exclusively
pupils and students. Regardless, the data clearly showed that drugs are present even in
environments otherwise considered “drug-free”, such as educational institutions,
emphasizing the need for drug monitoring in such settings. Also, they open up the
possibility of using WBE as a non-invasive alternative to drug testing, not only for
targeting the use of conventional illicit drugs but also for scanning for various NPS.
Accordingly, the obtained data can also be used in establishing educational and prevention
programs.

Based on the data obtained within this thesis, it can be seen that due to methodological
differences in approaches, regardless of the population targeted, there will always be a
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discrepancy between WBE data and the data obtained from conventional socio-
epidemiological studies. Accordingly, hypothesis 1 (H1): “Determining drug
biomarkers in wastewater influent can confirm reported socio-epidemiological
data on trends in drug consumption in Slovenian communities” was rejected.
Nevertheless, WBE still provides objective and rapid data on trends in drug use in the
population, providing valuable and timely information on the drug situation on the national
and international levels. However, specific data, such as data on consumption trends of
individuals (e.g., the average dose used, number of drug users in the catchment) and purity
of drugs available on the illicit market, cannot be obtained using wastewater analysis as a
stand-alone approach. Accordingly, WBE will continue to be used to complement other
socio-epidemiological approaches.

WBE: Uncertainties in evaluating drug use

Methodologically, WBE is well established for studying illicit drug use in the general
population (municipalities). A best practice protocol has been developed, and
comparability of the results has been ensured within the SCORE inter-laboratory studies.
Regardless, the approach still has shortcomings, e.g., when parent compounds are selected
as biomarkers, drug use may be overestimated due to the contribution of disposed unused
drugs, waste from drug production or biomarker loads in wastewater. Without a suitable
alternative, parent compounds are commonly used to estimate drug use even within
SCORE, e.g., for amphetamines. Therefore, additional analytical methods are needed to
reduce such uncertainties, e.g., methods capable of identifying the disposal of unused drugs.
The feasibility of two approaches that can predict the origin of biomarkers was studied as
part of this dissertation: enantiomeric profiling and isotope-ratio mass spectrometry
(IRMS) of light elements, more precisely, carbon.

Enantiomeric profiling using chiral LC-MS/MS has already been used to address the
origin (consumption or disposal) of amphetamines in wastewater samples. The analysis has
been performed on a limited number of samples with unusually high mass loads, and
enantiomeric profiling based on chiral derivatization was investigated. The data showed
that chiral derivatization is a suitable alternative to chiral LC for enantiomeric profiling of
drug residues in wastewater. Enantiomeric profiling detected dumping events, but only
when illicit drugs under investigation are available exclusively in racemic form
(e.g., MDMA). However, for drugs with a more diverse synthesis and excretion
enantiomeric profile, such as amphetamine and methamphetamine, enantiomeric profiling
could supplement WBE consumption data by providing information on drug potency and
consequently propose the most probable synthesis route.

The possibility of tracing the origin of organic compounds to detect the disposal of
unused drugs using the stable isotope approach combined with WBE was investigated for
the first time in this dissertation. The isotopic composition of carbon (**C/"C) was
analyzed in morphine extracted from analytical standards, street drugs (morphine and
heroin) and wastewater. Although it was impossible to differentiate between consumption
and disposal, the data shed light on a new area where stable isotope/wastewater analysis
could potentially contribute to a better understanding of the drug market, i.e., by
complementing data obtained by drug profiling. It can be speculated that changes in the
isotopic ratios of the light elements in drug residues present in wastewater could also
provide an early warning system regarding changes in the supply of drugs on the illicit
drug market. For example, in the case of natural and semi-synthetic drugs (e.g., cannabis,
cocaine and heroin), GC-C-IRMS analysis of drug residues in wastewater may also be used
to track changes in the geographic origin of plant material used for their production.



244 Overall Conclusions

However, despite the progress reported in this thesis, more research is needed to support
such a claim and take advantage of this potentially powerful new approach.

It can be seen that both enantiomeric profiling using chiral derivatization and stable
isotope analysis can supplement WBE data. However, given that only enantiomeric
profiling could distinguish between consumption and disposal in specific cases, i.e., drugs
with uniform synthesis and excretion profiles. Therefore, H2: “Enantiomeric profiling
and stable isotope-ratio analysis can differentiate illicit drug consumption and
direct disposal” was partially confirmed.

The ecological impact of drug residues in the aquatic environment

No doubt, licit and illicit drug use has a major impact on the individual and society, but
its impact on the environment is no less important. On the contrary, cultivation,
production and drug use have been shown to contribute to the overall carbon footprint and
pollute water, soil and air, leading to biodiversity loss. In line with this and the fact that
drug use is increasing worldwide, the UNODC also identified drug residues as a growing
threat to the environment and encouraged the implementation of studies that address their
occurrence in the environment and toxicity.

Considering the physicochemical properties of drug residues, i.e., high hydrophilicity,
the aquatic environment is considered the most vulnerable, with treated wastewater being
the primary source of drug residues. Accordingly, many studies have assessed the removal
efficiency of drug residues in conventional wastewater treatment processes, namely
activated sludge, SBR, Bardenpho and MBR. However, the data's inconsistency and the
lack of available data for otherwise commonly used drugs (e.g., THC) and treatment
processes (e.g., moving bed biofilm reactor, MBBR) shows that removing drug residues
during wastewater treatment is only partially understood. More studies are needed in light
of that and the fact that the EU Directive on urban wastewater treatment foresees the
establishment of limit values for CEC, including psychoactive substances in treated
wastewater.

A significant part of this thesis focuses on the removal efficiency of drug residues in
Slovenian WW'TPs of different sizes and employing different treatment processes, namely
activated sludge, SBR, SBR with UV disinfection, MBR and MBBR. Among studied
treatment technologies, the efficiency of MBBR. in removing drug residues was tested for
the first time. Although, on average, most of the studied drug residues were effectively
removed (>90 % removal), complete mineralization was not achieved, confirming H3:
“Conventional wastewater treatment technologies do not fully mineralize drug
residues”. Moreover, nicotine and cocaine residues were removed to a lower extent in
MBBR than in other treatment processes, with comparable efficiency in removing drug
residues. Drug residues were also found in various amounts in effluent-receiving rivers,
reflecting their degree of removal during treatment.

The widespread occurrence and pseudo-persistence of drug residues in surface waters
such as rivers, lakes and seawater (received by wastewater) is problematic as it has been
shown that drug residues can harm aquatic organisms from bacteria to vertebrates. The
ubiquity and potential ecotoxicity of drug residues have also led to the consideration of
seven drug residues for inclusion in the 4™ Watch list under the Water framework directive
in 2022, namely cannabinol, cocaine, benzoylecgonine, ephedrine, methamphetamine,
MDMA and THC. However, more data are needed on the occurrence and ecotoxicity of
these and other drug residues at the environmental level to evaluate the risks they pose to
aquatic ecosystems properly.

This thesis investigated the ecotoxicity of residues of commonly abused licit and illicit
drugs using in vivo (algal growth inhibition test) and in silico (ECOSAR) methods. The
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impact of drug residues on green algae (Chlamydomonas reinhardtii) as a representative of
the primary producer in the aquatic food web was tested for the first time. No effect on
algae growth was observed at a concentration level (1 mg/L) considered high compared to
expected concentration levels in surface waters (literature data) and measured levels in
Slovenian effluent receiving rivers (range ng/L). However, only one type of algae was
tested, and the effect may still be seen in other types. Especially since a negative effect at
concentration 1 mg/L was predicted in silico (ECOSAR) for EDDP and THC-COOH.

In environmental risk assessment, ECOSAR was also used to evaluate risks posed by
the levels of drug residues detected in Slovenian effluent receiving rivers. At the measured
concentrations, the effect on aquatic organisms was predicted for nicotine, methadone,
EDDP, morphine, and MDMA, which leads to the partial rejection of H4: “Levels of
drug residues in studied receiving river waters do not pose a risk to the aquatic
organisms”, i.e., some drug residues may pose a risk to the aquatic organisms at levels
measured. Considering in silico data, further in vivo studies would be warrented.

The ubiquitous presence in surface waters and their known pharmacological effects
indicate that drug residues have a high potential to affect human health, for example,
through exposure to polluted drinking water. For many people, groundwater is their vital,
high-quality source of drinking water. For this reason, its quality is regulated at the EU
level under various directives, which do not currently cover CEC that are otherwise
increasingly present in the environmental waters. Such CEC are also drug residues, among
which cocaine, despite the limited amount of data (data available only for groundwater of
some member states within the EU), is already considered to be frequently present in the
EU groundwater and has therefore been proposed for inclusion in the volunteer
Groundwater Watch List (GWWL). However, the low amount of data reduced its priority
for inclusion, indicating the need for additional studies addressing the occurrence of cocaine
(as well as other drug residues) in groundwater.

In this thesis, drug residues were studied for the first time in an unconfined intergranular
urban aquifer (Ljubljansko polje, Ljubljana, Slovenia) using both chemical analysis and a
solute transport modelling approach. Among targeted drug residues, nicotine and cocaine
residues were the most commonly detected. However, the significant result was that
chemical analysis confirmed the model, i.e., that residues were distributed downgradient
from the main urbanized area, indicating that the leaky sewer system is their primary
source in the studied aquifer. The data indicate that although wastewater effluent is
commonly considered the primary source of drug residues in the environment (including
groundwater), raw wastewater (sewage leakage from the sewer system) should also be
considered when addressing urban aquifers.

To summarize, determining drug residues in waste and environmental waters provides
data on epidemiological and environmental aspects of drug production and use, which are
closely related and require a multidisciplinary approach when being studied. This thesis
used different methods, 4.e., chemical analysis, ecotoxicity tests modelling, and assessing
risks in order to (i) determine drug residues in aquatic matrices, (ii) estimate licit, illicit
drug and NPS use in general and specific populations in Slovenia utilizing WBE, (iii)
supplement obtained WBE data by providing information on the origin of drug residues,
(iv) evaluate removal efficiency of drug residues during various conventional biological
wastewater treatments, (v) determine the occurrence of drug residues in environmental
waters and (vi) to evaluate associated risks.

Overall, the work represented by this thesis has made significant contributions to both
science and society. Importantly, it has provided timely data on changes in spatiotemporal
trends in licit and illicit drug use in Slovenia, augmenting our understanding of drug use
trends at the international level.



246 Overall Conclusions

Additionally, it has comprehensively assessed the application of target and non-target
wastewater analysis to small, vulnerable populations, such as educational institutions.
Notably, it provides insight into the presence of drugs in institutions offering different
levels of education, like primary schools, where it is difficult to ethically gather data on
illicit drug use using conventional approaches, e.g., surveys. The dissertation has also made
strides in assessing the disposal of unused drugs by performing enantiomeric profiling
through chiral derivatization. Furthermore, it marks the novel approach of combining the
stable isotope approach (using IRMS specifically to obtain 6"°C of drug residues) with WBE
to supplement drug profiling data.

It has also provided additional data on removing drug residues during wastewater
treatment, specifically for the first time, their removal in an MBBR. Moreover, it has
evaluated the prevalence of drug residues in surface waters and assessed associated
environmental risks. The thesis has also explored the potential effects of drug residues on
green algae—primary producers in the aquatic food web. Lastly, it has investigated (water
analysis and modeling) and showed the presence of drug residues in groundwater within
an aquifer, an essential source of freshwater.

These contributions are documented in ten peer-reviewed scientific publications, three
national reports, and nine working reports. Furthermore, the research findings have been
presented at nine scientific conferences (both orally and in writing) and disseminated to
the public through more than 15 events, including interviews, articles, and popular science
lectures.

However, it is essential to emphasize that this work is far from complete and opens up
new avenues of research in wastewater epidemiology. These avenues include researching
the application of stable isotopes and further investigation of the environmental impact of
drug residues.
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Chapter 5

Future Perspectives

Methodological improvements

Although the WBE has been used to study licit and illicit drug use for nearly two decades
and is already well-established for studying trends in most common drug use in the general
population, several aspects of the approach require further research. The first is the
methodology. More studies are needed to identify new biomarkers and evaluate their
applicability, i.e., assess their pharmacokinetics and stability to overcome the uncertainties
associated with using parent compounds as biomarkers, as in the case of using pholedrine
to assess methamphetamine use. This data is also needed for quantifying NPS in
wastewater (e.g., in the frame of international NPS monitoring) since data on the
metabolism and excretion of NPS is currently limited, which makes estimating their
consumption difficult.

Additional research is also needed to reduce the uncertainty related to estimating the
size of the targeted population. Although many attempts have already been made to reduce
this uncertainty by evaluating fluctuations in population, proposed methods, namely the
use of mobile phone trace data and the determination of hydro-chemical parameters,
remain unsatisfactory. For example, mobile phone trace data are not readily available in
all countries (including Slovenia), while hydro-chemical parameters, such as COD and
BOD, reflect human metabolism and industrial and agricultural activities. Accordingly,
studies shifted to specific population biomarkers (e.g., metabolites such as cotinine or
hormones such as cortisol) research, and this area of research is expected to expand further.
Especially since currently proposed population biomarkers show shortages, such as low in-
sewer stability and variability in excretion rate.

WBE: applications in general populations

Assuming further support (e.g., by EMCDDA), SCORE monitoring is expected to continue
to provide data on trends in drug use internationally since, contrary to surveys, it provides
timely and objective data that can track changes yearly, which can be used as an early
warning of changes in drug use. In agreement with data obtained by other sources, shifts
in targeted drugs can be predicted following the example of ketamine, which was included
in the monitoring for the first time in 2022 based on indications of increasing illicit use.
Similarly, international monitoring of NPS is expected to continue, within which best
practice protocols and interlaboratory studies will need to be developed. Slovenia’s
continued participation in SCORE and NPS monitoring is beneficial from both national
and international perspectives. Accordingly, in the New Year period 2022/2023, Slovenia
continued participating in NPS monitoring by providing samples from seven municipalities.
However, future participation depends on funding, which is currently funded by ARIS
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project N1-0143, “Novel approaches for the estimation of the use of psychoactive
pharmaceuticals and illicit drugs by wastewater analysis”.

In the future, the use of wastewater analysis is expected to continue to expand into
other fields besides estimating population drug use. As demonstrated in this thesis,
determining the isotopic composition of light elements in drug residues present in raw
wastewater, once expanded upon, may be used to support forensic analysis to complement
the field of drug profiling since the analysis shows potential for revealing changes in illicit
drug market supply. This thesis, which for the first time determined the 6"*C in morphine
present in wastewater, highlighted many areas for improvement. Of particular importance
would be simplifying the extraction of drug residues from large volumes of wastewater, 7.e.,
by studying the applicability of passive sampling and expanding the analysis to other
isotopes of light elements commonly used to track the origin of organic compounds
(nitrogen, oxygen and hydrogen). Any future work will also require a study of potential
isotopic fractionation that could bias the results and build a suitable isotopic database of
authentic samples.

Another promising application of WBE is using wastewater analysis to assess the spread
of viruses (and other diseases) in the population, as has already been exploited during the
COVID-19 pandemic. Furthermore, WBE can be used to explore the exposure of a
population to compounds that are not intended for human consumption (e.g., pesticides,
plasticizers and other household and industrial chemicals) and, in that way, complement
HBM (no such study has been done in Slovenia so far). Also, such application is currently
tested within an ongoing Partnership for the Assessment of Risks from Chemicals (PARC)
project, which is co-funded by the EU and aims to assess safety challenges of well-known,
emerging and novel pollutants in line with EU goals towards a pollution-free environment.

WBE: applications in specific populations

Many gaps still need to be addressed when applying WBE to study drug use in specific
populations. First, difficulties in wastewater sampling (adjusting to inconsistent
wastewater flow) must be addressed to obtain a representative sample and provide good
insight into the type and extent of the drug used in a particular isolated population. As an
alternative to active sampling, passive and active-passive samplers, i.e., samplers, which
use a pump to draw water through the sampler and accumulate targeted compounds onto
the sorbent, can be tested for this purpose. However, even in the case of passive samplers,
a good knowledge of the sewage system and sampling strategies is required, as passive
samplers must be immersed /exposed to wastewater at all times (not to dry out), which is
often problematic in case of sampling wastewater from small sub-catchments.

Sampling only a part of a certain sub-catchment or facility should also be explored, as
it may offer insight into drug use in a specific part of the targeted population. For example,
in educational institutions, sampling wastewater from the entire facility means that the
detected drugs can be related to their use in any group of the people present in the
institution, i.e., pupils/students, staff or visitors. By exploiting the existing sewerage
infrastructure for the targeted collection of wastewater from toilets intended exclusively
for pupils/students, the WBE data on drug use in the younger population obtained in this
way could be extrapolated to drug use in the younger population. They would better
complement the epidemiological data on drug use in this age group. Also, such a setting
may allow studying differences in drug use between men and women.

Aside from methodology, an effort should be made to explore possibilities of
implementing wastewater analysis in specific populations as a non-invasive alternative to
existing methods, e.g., drug testing, should be made. In the case of educational institutions,
this would probably mean long-term monitoring of drug use in educational institutions by
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analyzing wastewater and assessing positive and negative outcomes, such as controlling
and regulating drug use in environments considered “drug-free”.

In addition to educational institutions, recreational and professional athletes are one
such setting where wastewater analysis can be used to track drug misuse. Currently, doping
control is based on drug testing, which is, due to the nature of the method (random testing),
only able to spot drug misuse of individuals and cannot fully capture trends in drug misuse
in sports. Contrarily, wastewater analysis can be used as a screening test for first doping
detection, which can be used as an orientation for further testing. However, since no such
applications exist, ethical considerations, e.g., stigmatization of the whole group tested by
wastewater, should be carefully considered. In addition to spotting drug misuse, wastewater
analysis applying suspect screening or a non-target approach could be used to detect trends
in newly abused psychoactive substances in sports.

Drug residues in the environmental waters and associated risks

Despite what this thesis has achieved, additional studies are needed to assess the occurrence
of psychoactive substances in environmental waters. Alternatives to grab sampling, which
is the most commonly applied technique to sample surface waters, need further exploration,
e.g., passive and active-passive sampling. The problem is that grab sampling can only
provide data on the occurrence of substances in studied water at the time of sampling, and
no time-dependent data on their occurrence can be obtained. Also, studies looking into an
expanded list of psychoactive drugs and their metabolites in environmental waters are
needed to evaluate further studies addressing environmental risk, e.g., within the Watch
List or Groundwater Watch List under the Water Frame Directive. Also, suspect screening
and non-target analysis should be considered to broaden the list of compounds that may
occur in the environment but remain undetected by targeted analytical approaches.
Conducting studies on drug residues in environmental waters is also needed in developing
countries and regions with limited wastewater treatment. Here, the absence of treatment,
resulting in higher concentrations of drug residues entering the environment, poses a
significantly greater risk to ecosystems and human health.

Aside from aquifers, it would be interesting to study the possible effects of drug residues
in other subterranean water ecosystems, such as caves, since they represent sensitive and
fragile ecosystems, especially since Slovenia is famous for its karst regions. Similar regions
also exist around the world. However, to fully understand the transport, distribution and
fate of drug residues in the subsurface and spelio aquatic environments, the stability of
compounds during transport through the soil and within water bodies needs to be
addressed.

Furthermore, studies evaluating the impact of drug residues on wildlife are also
warranted since their effects on aquatic organisms at environmental levels and no-effect
concentrations remain unknown. Considering that and the fact that many drug residues
are chiral molecules, for which it is known that enantiomers exhibit different toxicity, a
significant avenue of research would involve estimating stereoselective toxicity for
adequately assessing the environmental risks posed by drug residues. Moreover, the
ecotoxicological test should be performed for subterranean organisms of various trophic
levels since no or only a minimal amount of such data exists, although such organisms are
especially important for the fragile karst ecosystem. Finally, more studies should also be
conducted on determining the occurrence of drug residues in drinking water and assessing
the risk they pose to human health.
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