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Abstract 

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

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

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

Given the uncertainties regarding biomarker stability in wastewater, systematic 
experiments were conducted to evaluate the stability of 11 antipsychotic biomarkers under 
various storage and sampling conditions. Results demonstrated compound-specific 
degradation patterns: several compounds rapidly degraded under acidification or repeated 
freeze–thaw cycles, while only quetiapine and risperidone remained highly stable across 
most tested conditions. Storage of extracted samples on SPE cartridges in a freezer 
(−20 °C) was highly effective, maintaining high stability for up to three months for almost 
all antipsychotic biomarkers, making them suitable for sample transport and batch 



xiv  Abstract 

analysis. Additionally, the stability of selected NPS on loaded SPE cartridges was 
evaluated under different temperatures and time intervals to mimic various storage 
conditions. The findings indicated that keeping extracts at −20 °C maintained recoveries 
within the acceptable range (80–120%) for most compounds for up to four months. 

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

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

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

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

Analiza ostankov psihoaktivnih snovi v komunalnih odpadnih vodah (neprečiščeni vtoki in 
iztoki iz čistilnih naprav) ter v površinskih vodah, v katere se iztekajo iztoki iz čistilnih 
naprav, ponuja dragocen vpogled v epidemiološke in okoljske vplive uporabe psihoaktivnih 
snovi. Doktorska disertacija opisuje uporabo epidemiologije na osnovi analize neprečiščene 
odpadne vode (ang. Wastewater-Based Epidemiology – WBE) za preučevanje prostorsko-
časovnih trendov porabe psihoaktivnih zdravilnih učinkovin in novih psihoaktivnih snovi 
(NPS) v splošni populaciji v Sloveniji. Poleg tega obravnava vpliv pandemije COVID-19 
na uporabo psihoaktivnih zdravilnih učinkovin in NPS, preučuje uspešnost odstranitve teh 
spojin iz odpadnih vod ter posledično njihovo pojavnost v okolju. Disertacija prav tako 
raziskuje uporabo novih strategij aktivno-pasivnega vzorčenja v odpadnih vodah ter 
primerja rezultate s konvencionalnim 24-urnim kompozitnim vzorčenjem. Nazadnje se 
osredotoča na pomembno vrzel v poznavanju vplivov ostankov psihoaktivnih zdravilnih 
učinkovin na vodne organizme. 

V okviru doktorske naloge smo sprva vzpostavili robustne bioanalitske metode za 
kvantifikacijo ostankov psihoaktivnih zdravilnih učinkovin v različnih vodnih matrikah. 
Med te metode sodi razvoj analiznih postopkov na osnovi tekočinske kromatografije 
sklopljene s tandemsko masno spektrometrijo (LC-MS/MS) za analizo sledov biomarkerjev 
psihoaktivnih zdravilnih učinkovin, vključno z antidepresivi, antipsihotiki in benzodiazepini 
v neprečiščenih odpadnih vodah (vtoki) komunalnih čistilnih naprav. Za povečanje 
pretočnosti analiz in zmanjšanje potrebnega volumna vzorca smo optimizirali nov analizni 
protokol na osnovi ekstrakcije na trdo fazo (SPE) s “96-well plate” za kvantifikacijo 28 
biomarkerjev antidepresivov, opioidov in zdravil, ki se zlorabljajov vtokih čistilnih naprav. 
Ta metoda, ki zahteva le 2 mL vzorca (vtok), je predvsem uporabna za obsežne in 
dolgotrajne nadzorne meritve, pri čemer ohranja zadostne meje zaznave. 

Vzporedno smo uporabili analizne protokole na osnovi LC-MS/MS (QTrap, tarčna 
analiza in QTOF, “suspect screening” protokoli) za preučevanje prisotnosti NPS in 
spremljanje njihove dinamične pojavnosti in široke razširjenosti. V ta namen smo razvili 
tarčne LC-MS/MS protokole za določanje ostankov psihoaktivnih zdravilnih učinkovin v 
odpadnih in površinskih vodah. Te metode omogočajo oceno učinkovitosti odstranjevanja 
ostankov preučevanih snovi v čistilnih napravah ter določanje njihove prisotnosti v 
površinskih vodah, ki prejemajo iztoke iz čistilnih naprav. Poleg tega smo z uporabo “in 
silico” metod (programska oprema ECOSAR –Ecological Structure-Activity Relationships) 
preučevali tudi akutno in kronično toksičnost ostankov psihoaktivnih zdravilnih učinkovin 
na vodne organizme. 

Glede na negotovosti, povezane s stabilnostjo biomarkerjev v odpadnih vodah, smo 
izvedli sistematične poskuse za oceno stabilnosti 11 biomarkerjev antipsihotikov pri 
različnih pogojih shranjevanja in vzorčenja. Rezultati so pokazali specifične vzorce 
razgradnje posameznih spojin – več spojin se je razgradilo ob nakisanju vzorcev in pri 
ponavljajočih se ciklih zamrzovanja in odtaljevanja, medtem ko sta kvetiapin in risperidon 
ostala stabilna pri večini testiranih pogojev. Shranjevanje ekstraktov na SPE kartušah v 
zamrzovalniku (−20 °C) omogoča za večino biomarkerjev antipsihotikov visoko stabilnost 
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do treh mesecev, kar nakazuje, da je tovrstna hramba vzorcev primerna tudi za daljši 
transport in obdelavo večje serije vzorcev. S simuliranjem različnih scenarijev shranjevanja 
vzorcev smo dodatno ocenili stabilnost izbranih NPS na SPE kartušah pri petih različnih 
temperaturah in v petih časovnih intervalih. Rezultati so pokazali, da shranjevanje 
ekstraktov pri −20 °C ohranja izkoristke ekstrakcije znotraj sprejemljivega območja 
(80−120%) za večino spojin v časovnem razponu do štirih mesecev. 

Glavne ugotovitve raziskav o uporabi psihoaktivnih zdravilnih učinkovin in NPS v 
splošni populaciji na osnovi analize neprečiščene odpadne vode razkrivajo izrazite trende s 
številnimi časovnimi in prostorskimi variacijami. Večina psihoaktivnih zdravilnih učinkovin 
je imela stabilno porabo med tednom, opaženih razlik med vikendi in delovnimi dnevi pa 
ni bilo mogoče neposredno povezati s pandemijo. Poleg tega se je pri večini antidepresivov 
poraba povečala med prvim valom pandemije, pri čemer nismo zaznali jasnih prostorskih 
trendov. Nasprotno pa se je poraba antipsihotikov in benzodiazepinov med pandemijo 
zmanjšala, zlasti med prvim valom COVID-19. Pomembno je tudi, da so pridobljeni 
rezultati skladni z razpoložljivimi letnimi podatki predpisovanja psihoaktivnih zdravilnih 
učinkovin, kar dodatno potrjuje zanesljivost rezultatov, pridobljenih z WBE. Med 
zaznanimi NPS je imel 3-metilmetkatinon (3-MMC) najvišjo frekvenco zaznave, saj je bil 
prisoten na skoraj vseh vzorčnih mestih in v vseh obdobjih vzorčenja, sledil pa mu je 
mitraginin, ki je imel najvišje masne obremenitve. Ugotovitve so skladne tudi z drugimi 
mednarodnimi WBE študijami, ki poročajo, da je 3-MMC ena izmed prevladujočih 
stimulativnih NPS v Evropi. Omeniti velja, da so se masne obremenitve 3-MMC med 
pandemijo opazno povečale. Aplikacija “suspect screening” protokolov pa je razkrila 
dodatne NPS na vsaj eni lokaciji med različnimi vzorčenji. 

Zaradi nepopolnega odstranjevanja ostankov psihoaktivnih zdravilnih učinkovin pri 
različnih konvencionalnih bioloških postopkih čiščenja odpadnih vod (aktivno blato, šaržni 
biološki reaktor–SBR, SBR z UV–dezinfekcijo, membranski bioreaktor–MBR, reaktor s 
plavajočimi nosilci biomase–MBBR) smo določili njihovo prisotnost v površinskih vodah, 
ki sprejemajo iztoke iz čistilnih naprav (ng/L). Poleg tega smo s primerjavo rezultatov 
analiz površinske vode in napovedanimi okoljskimi koncentracijami pokazali, da lahko 
napovedni pristopi, kot je opisano v tej disertaciji, služijo kot alternativa konvencionalnim 
analizam vode. Model ECOSAR pa je dodatno nakazal možne učinke na vodne organizme, 
zlasti ob njihovi izpostavitvi venlafaksinu, O-desmetilvenlafaksinu, citalopramu in 
sertralinu. Ti rezultati poudarjajo pomen nadgradnje tehnologij čiščenja in potrebo po 
nadaljnjih in vivo raziskavah. 

Nazadnje disertacija obravnava uporabo inovativnega aktivno-pasivnega vzorčenja 
(APS) v realnih odpadnih vodah. APS vzorčevalnike smo namestili v vtok in iztok iz 
komunalne čistilne naprave z namenom primerjave prisotnosti ostankov psihoaktivnih 
snovi (antidepresivov, prepovedanih drog in opioidov) določenih z APS in konvencionalnim 
24 urnim kompozitnim vzorčenjem s sledečo SPE ekstrakcijo. Čeprav APS v neprečiščenih 
vzorcih vtoka zaradi prevelike vsebnosti trdnih delcev ni delovalo, je primerjava 
učinkovitosti APS s konvencionalnim vzorčenjem v iztoku pokazala dobro ujemanje za 
večino preučevanih spojin in potencial tega vzorčenja za nadzorne meritve. 

V predloženi disertaciji smo uspešno naslovili več vrzeli, povezanih z razvojem in 
validacijo naprednih analitskih metod za določanje psihoaktivnih zdravilnih učinkovin in 
NPS. Obravnavali smo tudi oceno njihove stabilnosti, uporabo pristopa WBE ter 
razumevanje okoljskih vplivov ostankov teh snovi. Raziskava je nakazala tudi nove izzive 
na področju WBE, med katere spadajo vključitev netarčnih analiznih protokolov v sistem 
zgodnjega opozarjanja (EWS) ter raziskave prisotnosti teh snovi v pitni vodi in s tem 
povezanih tveganj za zdravje ljudi. Poleg tega so potrebne dodatne ekotoksikološke študije 
za oceno tveganj za netarčne organizme, zlasti v občutljivih okoljih. 
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bromo-1-pentyl-1H-indazole-3-carboxamide 

ADB-BUTINACA . . . N-(1-AAmino-3,3-dimethyl-1-oxobutan-2-yl)-1-
butyl-1H-indazole-3-carboxamide 

ADB-CHMICA . . . N-(1-Amino-3,3-dimethyl-1-oxobutan-2-yl)-1-
(cyclohexylmethyl)-1H-indole-3-carboxamide 

ADB-D-5Br-INACA . . . N-(1-Amino-3,3-dimethyl-1-oxobutan-2-yl)-5-
bromo-1-decyl-1H-indazole-3-carboxamide 

ADB-FUBICA . . . N-(1-Amino-3,3-dimethyl-1-oxobutan-2-yl)-1-(4-
fluorobenzyl)-1H-indole-3-carboxamide 

ADB-HEXINACA . . . N-(1-Amino-3,3-dimethyl-1-oxobutan-2-yl)-1-
hexyl-1H-indazole-3-carboxamide 

ADB-INACA . . . N-(1-Amino-3,3-dimethyl-1-oxobutan-2-yl)-1H-
indazole-3-carboxamide 

ADB-P-5Br-INACA . . . N-(1-Amino-3,3-dimethyl-1-oxobutan-2-yl)-5-
bromo-1-propyl-1H-indazole-3-carboxamide 

ADB-PHETINACA . . . N-(1-Amino-3,3-dimethyl-1-oxobutan-2-yl)-1-
phenethyl-1H-indazole-3-carboxamide 

ADB-PINACA_isomer 2 . . . N-(1-Amino-3,3-dimethyl-1-oxobutan-2-yl)-1-
pentyl-1H-indazole-3-carboxamide 

ADHD . . . Attention-Deficit/Hyperactivity Disorder 
AKB48 . . . N-(1-Adamantyl)-1-pentyl-1H-indazole-3-

carboxamide 
ALD-52 . . . 1-Acetyl-LSD (1A-LSD) 
Alpha-PHP . . . Alpha-pyrrolidinohexanophenone 
Alpha-PHiP . . . 4-Methyl-alpha-pyrrolidinopentaphenone 
Alpha-PVP . . . 1-Phenyl-2-(1-pyrrolidinyl)-1-pentanone 
AM-2201 . . . 1-(5-Fluoropentyl)-3-(1-naphthoyl)indole 
AMB-CHMICA . . . Methyl-N-[(1S)-1-(cyclohexylmethyl)-1H-indole-3-

carbonyl]-L-valinate 
AMB-FUBICA . . . Methyl-N-[(1S)-1-(4-fluorobenzyl)-1H-indole-3-

carbonyl]-L-valinate 
AMT . . . 2-(1H-Indol-3-yl)-1-methyl-ethylamine 
AMP . . . Amphetamine 
APAAN . . . alpha-Phenylacetoacetonitrile 
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APP-BUTINACA . . . N-(1-Adamantyl)-1-butyl-1H-indazole-3-
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APS . . . Active–Passive Sampling 
ARIS . . . Slovenian Research and Innovation Agency 
ATHPINACA_isomer 1 . . . N-(1-Adamantyl)-1-(tetrahydrofuran-3-ylmethyl)-

1H-indazole-3-carboxamide 
ATHPINACA_isomer 2 . . . N-(1-Adamantyl)-1-(tetrahydrofuran-2-ylmethyl)-

1H-indazole-3-carboxamide 
Benzyl-4-CN_BUTINACA . . . N-(4-Cyanobenzyl)-1-butyl-1H-indazole-3-

carboxamide 
BK-2C-B . . . 2-Amino-1-(4-bromo-2,5-

dimethoxyphenyl)ethanone hydrochloride 
BMDP . . . Benzylone 
BOD . . . Biological Oxygen Demand 
BSTFA . . . N,O-Bis-(trimethylsilyl)trifluoroacetamide 
BZE . . . Benzoylecgonine 
BZP . . . Benzylpiperazine 
CEC . . . Contaminants of Emerging Concern 
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COD . . . Chemical Oxygen Demand 
COVID-19 . . . Coronavirus Disease 2019 (SARS-CoV-2) 
CUMYL-4CN-B7AICA . . . N-(1-Methyl-1-phenylethyl)-1-(4-cyanobutyl)-1H-

indole-3-carboxamide 
CUMYL-5F-P7AICA . . . N-(1-Methyl-1-phenylethyl)-1-(5-fluoropentyl)-1H-

indole-3-carboxamide 
CUMYL-5F-PICA . . . N-(1-Methyl-1-phenylethyl)-1-(5-fluoropentyl)-1H-

indole-3-carboxamide 
CUMYL-5F-PINACA . . . N-(1-Methyl-1-phenylethyl)-1-(5-fluoropentyl)-1H-

indazole-3-carboxamide 
CUMYL-BICA . . . 1-Butyl-N-(2-phenylpropan-2-yl)-1H-indole-3-

carboxamide 
CUMYL-CBMICA . . . N-(1-Methyl-1-phenylethyl)-1-(cyclobutylmethyl)-
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CUMYL-CBMINACA . . . N-(1-Methyl-1-phenylethyl)-1-(cyclobutylmethyl)-
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CUMYL-PeGaClone . . . N-(1-Methyl-1-phenylethyl)-1-pentyl-1H-indazole-
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CUMYL-PICA . . . N-(1-Methyl-1-phenylethyl)-1H-indole-3-
carboxamide 

CUMYL-PINACA . . . (S)-1-(1-Methyl-1H-indazole-3-carbonyl)-3,3-
dimethylbutan-2-yl (1-pentyl-1H-indole-3-
carboxylate) 

CUMYL-PIPETINACA . . . N-(1-Methyl-1-phenylethyl)-1-(piperidin-1-
ylmethyl)-1H-indazole-3-carboxamide 

CUMYL-THPINACA . . . N-(1-Methyl-1-phenylethyl)-1-((tetrahydro-2H-
pyran-4-yl)methyl)-1H-indazole-3-carboxamide 

DB-MDBP . . . Difluoromethylenedioxybenzylpiperazine 
DDA . . . Data-Dependent Acquisition 
DDD . . . Defined Daily Dose 
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DIA . . . Data-Independent Acquisition 
DMAA . . . 1,3-Dimethylamylamine 
DMT . . . Dimethyltryptamine 
DOF . . . 2,5-Dimethoxy-4-fluoroamphetamine 
DOM . . . 2,5-Dimethoxy-4-methylamphetamine 
DRIs . . . Dopamine Reuptake Inhibitors 
DUR . . . Drug Utilisation Research 
ECOSAR . . . Ecological Structure-Activity Relationships 

(software) 
EDDP . . . 2-Ethylidene-1,5-dimethyl-3,3-diphenylpyrrolidine 
EDMB-PINACA . . . Ethyl-N-[(1S)-1-pentyl-1H-indazole-3-carbonyl]-L-

tert-leucinate 
EF . . . Excretion Factor 
ER . . . Extraction Recovery 
ESI . . . Electrospray Ionization 
Ethylbenzyl-CYBINACA . . . N-(1-Ethylbenzyl)-1H-indazole-3-carboxamide 
EU . . . European Union 
EUDA . . . European Union Drugs Agency 
EWA . . . Early Warning Advisory on new psychoactive 

substances 
EWS . . . Early Warning System 
F-AMB-PICA . . . Methyl-N-[(1S)-1-(5-fluoropentyl)-1H-indole-3-

carbonyl]-L-valinate 
Furanyl UF-17 . . . N-[2-(Dimethylamino)cyclohexyl]-N-phenylfuran-2-

carboxamide 
FUB-144 . . . N-(1-Amino-3,3-dimethyl-1-oxobutan-2-yl)-1-(4-

fluorobenzyl)-1H-indazole-3-carboxamide 
FUB-AKB48 . . . N-(1-Adamantyl)-1-(4-fluorobenzyl)-1H-indazole-3-

carboxamide 
FUBIMINA . . . N-(1-Amino-3,3-dimethyl-1-oxobutan-2-yl)-1-(4-

fluorobenzyl)-1H-indazole-3-carboxamide 
FUB-NPB-22 . . . Quinolin-8-yl-1-(4-fluorobenzyl)-1H-indole-3-

carboxylate 
FU-F . . . Furanylfentanyl 
GABA . . . Gamma-aminobutyric acid 
GAD . . . Generalised Anxiety  
GBL . . . Gamma butyrolactone 
GC . . . Gas Chromatography 
GC-MS/MS . . . Gas Chromatography coupled with Tandem Mass 

Spectrometry 
GHB . . . Gamma-hydroxybutyric acid 
HBM . . . Human Biomonitoring 
HBP . . . Hydroxybupropion 
HE . . . High Energy mode 
HLB . . . Hydrophilic–Lipophilic Balanced (sorbent) 
HPLC . . . High-Performance Liquid Chromatography 
HRMS . . . High-Resolution Mass Spectrometry 
ISTD . . . Internal Standard 
JWH-018 . . . 1-Pentyl-3-(1-naphthoyl)indole 
JWH-020 . . . 1-Pentyl-3-(1-naphthoyl)indole 
JWH-072 . . . 1-Pentyl-3-(2-methoxybenzoyl)-1H-indole 
JWH-072-N-carboxy . . . (1-Pentyl-1H-indol-3-yl)oxoacetic acid 
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JWH-166 . . . 1-Pentyl-3-(2-chlorobenzoyl)-1H-indole 
JWH-308 . . . 1-Pentyl-3-(4-methoxybenzoyl)-1H-indole 
JWH-368 . . . 1-Pentyl-3-(4-chlorobenzoyl)-1H-indole 
JWH-369 . . . 1-Pentyl-3-(3-methoxybenzoyl)-1H-indole 
LC . . . Liquid Chromatography 
LC-MS/MS . . . Liquid Chromatography coupled with Tandem 

Mass Spectrometry  
LC-HRMS . . . Liquid Chromatography coupled with High-

Resolution Mass Spectrometry 
LC-QTOF-MS . . . Liquid Chromatography coupled with Quadrupole 

Time-of-Flight Mass Spectrometry 
LE . . . Low Energy mode 
LLOQ . . . Lower Limit of Quantification 
LOD . . . Limit of Detection 
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LSD . . . Lysergic acid diethylamide 
LSZ . . . Lysergic acid 2,4-dimethylazetidide 
MAOIs . . . Monoamine Oxidase Inhibitors 
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MBBR . . . Moving Bed Biofilm Reactor 
MBR . . . Membrane Bioreactor 
MCX . . . Mixed-Mode Cation Exchange (sorbent) 
MCX 96-well . . . 96-well solid-phase extraction plate using MCX 

sorbent 
MDA-19 . . . N-(Adamantan-1-yl)-1-pentyl-1H-indole-3-

carboxamide 
MDAI . . . 5,6-Methylenedioxy-2-aminoindane 
MDD . . . Major Depressive Disorder 
MDMA . . . 3,4-Methylenedioxymethamphetamin 
MDMB-4en-PINACA . . . Methyl-N-[(1S)-1-(pent-4-en-1-yl)-1H-indazole-3-

carbonyl]-L-tert-leucinate 
MDMB-CHM7AICA . . . Methyl-N-[(1S)-1-(cycloheptylmethyl)-1H-indole-3-

carbonyl]-L-tert-leucinate 
MDMB-CHMCZCA . . . Methyl-(2S)-2-(9-(cyclohexylmethyl)-9H-carbazole-

3-carboxamido)-3,3-dimethylbutanoate 
MDMB-CHMICA . . . N-(1-Amino-3,3-dimethyl-1-oxobutan-2-yl)-1-

(cyclohexylmethyl)-1H-indole-3-carboxamide 
MDMB-CHMINACA . . . Methyl-N-[(1S)-1-(cyclohexylmethyl)-1H-indazole-

3-carbonyl]-L-tert-leucinate 
MDMB-INACA . . . Methyl-N-[(1S)-1H-indazole-3-carbonyl]-L-tert-

leucinate 
MeOH . . . Methanol 
MDMB-FUB7AICA . . . Methyl-N-[(1S)-1-(4-fluorobenzyl)-1H-indole-3-

carbonyl]-L-tert-leucinate 
MEP-FUBICA . . . Ethyl-N-[(1S)-1-(4-fluorobenzyl)-1H-indole-3-

carbonyl]-L-valinate 
MMB-022 . . . Methyl-N-[(1S)-1-(pent-4-en-1-yl)-1H-indole-3-

carbonyl]-L-tert-leucinate 
MO-CHMINACA . . . N-(1-Amino-3-methyl-1-oxobutan-2-yl)-1-

(methoxybenzyl)-1H-indazole-3-carboxamide 
MOR . . . Morphine 
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MPT . . . Microporous Polyethylene Tubes 
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MS . . . Mass Spectrometry 
MS/MS . . . Tandem Mass Spectrometry 
MSTFA . . . N-Methyl-N-(trimethylsilyl)trifluoroacetamide 
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NM-2201 . . . N-(1-Adamantyl)-1-(5-fluoropentyl)-1H-indole-3-

carboxamide 
N-Methyl-bk-MMDA-2 . . . 1-(6-Methoxy-1,3-benzodioxol-5-yl)-2-

(methylamino)propan-1-one 
Noopept . . . N-Phenylacetyl-L-prolylglycine ethyl ester 
NPS . . . New Psychoactive Substances 
OCD . . . Obsessive-Compulsive Disorder 
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OECD . . . Organisation for Economic Co-operation and 

Development 
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PDA . . . Partial Dopamine Agonist 
Phenibut . . . A
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TMCS . . . Trimethylchlorosilane 
TRA . . . Tramadol 
TWA . . . Time-Weighted Average 
U-47700 . . . 3,4-Dichloro-N-((1S,2S)-2-

(dimethylamino)cyclohexyl)-N-methylbenzamide 
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UPLC . . . Ultra-Performance Liquid Chromatography 
UPLC-MS/MS . . . Ultra-Performance Liquid Chromatography 
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Symbols 

Δg . . .  Thickness of the diffusive layer 

φ . . .  Daily wastewater flow 

A . . .  Exposure surface area 

c . . .  Measured concentration of the target biomarker 

CE . . .  Collision energy 

D . . .  Diffusion coefficient of the target analyte in the diffusive layer 
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Glossary 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

Wastewater Treatment Plant (WWTP) – a facility that uses mechanical, physical, 
chemical, and biological processes to remove pollutants from wastewater before it is 
released to the environment or reused. 
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Chapter 1 

 

1 Introduction 

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

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

1.1 Psychoactive Substances 

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

According to the United Nations Office on Drugs and Crime (UNODC), psychoactive 
substances can be classified as stimulants, hallucinogens, and depressants based on their 
pharmacological effect [9]. Among these, psychoactive pharmaceuticals represent a 



2 Chapter 1. Introduction  

significant subclass of medications prescribed for the management of various 
neuropsychiatric and somatic disorders such as depression, anxiety, schizophrenia, bipolar 
disorder, insomnia, and chronic pain and include antidepressants, antipsychotics, 
benzodiazepines, mood stabilisers, anxiolytics, and hypnotics [10]. 

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

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

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

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

Single Convention on Narcotic Drugs (1961)  

Schedule Classification criteria Degree of control Examples 

I Highly addictive substances 

High risk of abuse 

Very strict: subject to all 

measures of control under 

the Convention of 1961 

Cannabis, cocaine, 

heroin, morphine, 

methadone, opium 

II Substances used for medical purposes 

Lower risk of abuse than substances 

in Schedule I 

Less strict Codeine 

III Preparations of substances listed in 

Schedule II and cocaine 

Lenient <2.5% codeine 

<0.1% cocaine 

IV The most dangerous substances 

already listed in Schedule I 

Particularly harmful and of 

extremely limited or no accepted 

medical/therapeutic value 

Very strict: complete ban 

on their production, 

manufacture, 

export/import, trade, 

possession and use 

Exceptions: medical and 

scientific research 

Heroin 

Convention on Psychoactive Substances (1971) 

Schedule Classification criteria Degree of control Examples 

I Substances with a high risk of abuse 

that pose a serious threat to public 

health 

Very little/ no therapeutic value 

Very strict: prohibited use 

 

Exceptions: scientific or 

limited medical purposes 

LSD, THC, 

MDMA  (ecstasy), 

mescaline, 

psilocybin 

II Substances with a risk of abuse that 

pose a serious threat to public health 

Low/ moderate therapeutic value 

Less strict Amphetamines 

III Substances with a risk of abuse that 

pose a serious threat to public health 

Moderate/ high therapeutic value 

Available for medical 

purposes 

Barbiturates, 

buprenorphine 

IV Substances with a risk of abuse that 

pose a minor threat to public health 

High therapeutic value 

Available for medical 

purposes 

Tranquilisers, 

analgesics, 

narcotics, 

benzodiazepines 
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Regulation on the classification of illicit drugs in Slovenia 

No. 69/19, 157/20, 162/21, 8/23, and 113/23 

Group Classification criteria Degree of control Examples 

I Substances (and plants) with a high 

risk of abuse that pose a serious 

threat to public health 

No therapeutic value 

Very strict: prohibited use  

 

Exceptions: scientific or 

educational purposes 

Heroin, LSD, 

MDMA, cocaine 

II Substances (and plants) with a 

moderate to high risk of abuse that 

pose a serious threat to public health 

Known therapeutic value 

May be produced, 

possessed, traded and 

used for medical, 

veterinary, educational, or 

scientific purposes 

Cannabis, 

methadone, 

codeine 

III Substances (and plants) with a risk 

of abuse that pose a medium threat 

to public health 

Known therapeutic value 

May be produced, 

possessed, traded and 

used for medical, 

veterinary, educational, or 

scientific purposes 

Antipsychotics, 

benzodiazepines, 

morphine, 

barbiturates 

 

1.1.1 Antidepressants 

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

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

Class Trade 

name 

Parent compound (PC)/ 

main active metabolite (M) 

Primary 

therapeutic uses 

Legal status 

SSRIs Cipramil, 

Celexa, 

Citalon 

Citalopram (PC) 

Desmethylcitalopram or 

Norcitalopram (M) 

MDD, GAD Prescription-only, 

not scheduled 

Prozac, 

Sarafem, 

Adofen 

Fluoxetine (PC) 

Norfluoxetine (M) 

MDD, OCD, 

bulimia nervosa 

Prescription-only, 

not scheduled 

Fevarin, 

Luvox 

Fluvoxamine (PC) MDD, OCD, 

anxiety disorders 

Prescription-only, 

not scheduled 

Seroxat, 

Paxil, 

Loxamine 

Paroxetine (PC) MDD, OCD, 

panic disorder, 

SAD, PTSD 

Prescription-only, 

not scheduled 

Zoloft, 

Lustral, 

Asentra 

Sertraline (PC) 

Desmethylsertraline or 

Norsertraline (M) 

MDD, OCD, 

panic disorder, 

PTSD, SAD 

Prescription-only, 

not scheduled 

SNRIs Cymbalta, 

Drizalma, 

Ariclaim, 

Yentreve 

Duloxetine (PC) MDD, GAD, 

fibromyalgia, 

neuropathic pain 

Prescription-only, 

not scheduled 

Efectin Venlafaxine (PC) 

O-desmethylvenlafaxine (M) 

MDD, GAD, 

panic disorder, 

SAD 

Prescription-only, 

not scheduled 

TCAs Elavil Amitriptyline (PC) 

Nortriptyline (M) 

MDD, chronic 

pain, migraine 

prophylaxis 

Prescription-only, 

not scheduled 

Norpramin, 

Pertofrane 

Desipramine (PC) 

2-Hydroxydesipramine (M) 

MDD, ADHD, 

neuropathic pain 

Prescription-only, 

not scheduled 

Sinequan, 

Quitaxon, 

Aponal 

Doxepin (PC) 

N-Desmethyldoxepin or 

Nordoxepin (M) 

Depression, 

anxiety disorders, 

insomnia, chronic 

hives 

Prescription-only, 

not scheduled 

Noveril Dibenzepin (PC) MDD Prescription-only, 

not scheduled 

Tofranil, 

Melipramine 

Imipramine (PC) 

Desipramine (M) 

Depression, 

enuresis 

(bedwetting), 

panic disorder 

Prescription-only, 

not scheduled 

Adaptol, 

Dixeran, 

Melixeran, 

Thymeol, 

Trausabun 

Melitracen (PC) Depression, 

anxiety disorders 

Prescription-only, 

not scheduled 

Surmontil Trimipramine (PC) 

Desmethyltrimipramine (M) 

Trimipramine N-oxide (M) 

Depression, 

insomnia 

Prescription-only, 

not scheduled 
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Anafranil Clomipramine (PC) 

Desmethylclomipramine or 

Norclomipramine (M) 

OCD, depression, 

panic disorder 

Prescription-only, 

not scheduled 

MAOIs Aurorix, 

Manerix 

Moclobemide (PC) Depression, social 

anxiety disorder 

Prescription-only, 

not scheduled 

Nardil Phenelzine (PC) 

β-phenylethylidenehydrazine 

(M) 

Depression, 

anxiety disorders 

Prescription-only, 

not scheduled 

NaSSAs Tolvon, 

Athymil 

Mianserin (PC) 

Desmethylmianserin or 

Normianserin (M) 

Depression, 

insomnia 

Prescription-only, 

not scheduled 

Remeron, 

Mirataz, 

Avanza, 

Mirzaten 

Mirtazapine (PC) 

N-Desmethylmirtazapine or 

Normirtazapine (M) 

MDD, GAD, 

insomnia 

Prescription-only, 

not scheduled 

SARIs Trittico, 

Desyrel, 

Molipaxin, 

Oleptro, 

Trazorel 

Trazodone (PC) 

m-chlorophenylpiperazine, 

mCPP (M) 

MDD, insomnia Prescription-only, 

not scheduled 

DRIs Wellbutrin, 

Zyban 

Bupropion (PC) 

Hydroxybupropion (M) 

MDD, SAD, 

smoking cessation 

aid 

Prescription-only, 

not scheduled 

Mood 

stabilizers 

Tegretol, 

Carbatrol, 

Epitol, 

Equetro 

Carbamazepine (PC) 

Carbamazepine 10,11-epoxide 

(M) 

Trigeminal 

neuralgia, 

epilepsy, bipolar 

disorder 

Prescription-only, 

not scheduled 

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

1.1.2 Antipsychotics 

Antipsychotics, also known as neuroleptics, are a class of psychoactive medications 
primarily used to manage psychosis, including symptoms such as delusions, hallucinations, 
and disordered thought processes. They are essential in the treatment of schizophrenia, 
schizoaffective disorder, and bipolar disorder, and are sometimes used adjunctively in major 
depressive disorder. There are three categories of antipsychotics: first-generation, also 
known as typical antipsychotics, which are primarily dopamine D2 receptor antagonists, 
second-generation, also known as atypical antipsychotics, which are traditionally described 
as serotonin-dopamine (5-HT₂A/D₂) antagonists, and third-generation, which act mainly 
as partial dopamine agonists (PDAs) (Table 3) [21], [22]. However, the serotonin–
dopamine antagonism model for atypical antipsychotics is now considered oversimplified, 
as agents such as clozapine and risperidone display variable D₂ receptor occupancy and 
diverse receptor-binding profiles. Their clinical effects are thought to arise from broader 
multi-receptor activity and kinetic properties rather than solely 5-HT₂A/D₂ antagonism 
[23], [24]. 

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

Table 3: Classification of prescribed antipsychotics in Slovenia. 

Class Trade 

name 

Parent compound (PC)/ 

main active metabolite (M) 

Primary 

therapeutic uses 

Legal status 

Typical 

(first 

generation) 

Thorazine, 

Largactil 

Chlorpromazine (PC) 

7-hydroxychlorpromazine (M) 

Schizophrenia, the 

manic phase of 

bipolar disorder 

Prescription-

only, Group III 

Prolixin Fluphenazine (PC) 

7-Hydroxyfluphenazine (M) 

Schizophrenia Prescription-

only, Group III 

Haldol Haloperidol (PC) Schizophrenia, 

acute psychosis, 

Tourette 

syndrome 

Prescription-

only, Group II 

Trilafon Perphenazine (PC) 

7-Hydroxyperphenazine (M) 

Schizophrenia, 

nausea 

Prescription-

only, Group III 

Atypical 

(second 

generation) 

Saphris Asenapine (PC) 

N-Desmethyl-asenapine (M) 

Schizophrenia, 

bipolar disorder 

Prescription-

only, Group III 

Clozaril 

Leponex, 

Versacloz 

Clozapine (PC) 

N-Desmethylclozapine or 

Norclozapine (M) 

Treatment-

resistant 

schizophrenia 

Prescription-

only, Group II 

Zyprexa Olanzapine (PC) 

N-desmethyl-olanzapine (M) 

Schizophrenia, 

bipolar disorder 

Prescription-

only, Group III 

Invega, 

Xeplion, 

Trevicta 

Paliperidone (PC) Schizophrenia, 

schizoaffective 

disorder 

Prescription-

only, Group III 

Seroquel, 

Kventiax 

Quetiapine (PC) 

N-Desalkylquetiapine or 

Norquetiapine (M) 

Schizophrenia, 

bipolar disorder, 

major depression 

Prescription-

only, Group III 

Risperdal, 

Rispolux, 

Torendo 

Risperidone (PC) 

9-hydroxyrisperidone (M) 

Schizophrenia, 

bipolar disorder, 

autism 

Prescription-

only, Group III 

Third 

generation 

Abilify, 

Aryzalera 

Aripiprazole (PC) 

Dehydroaripiprazole (M) 

Schizophrenia, 

bipolar disorder, 

depression 

Prescription-

only, Group III 

Reagila, 

Vraylar 

Cariprazine (PC) 

Desmethylcariprazine (M) 

Didesmethylcariprazine (M) 

Schizophrenia, 

bipolar disorder 

Prescription-

only, Group III 
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1.1.3 Benzodiazepines 

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

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

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

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

Class Trade 

name 

Parent compound (PC)/ 

main active metabolite (M) 

Primary 

therapeutic 

uses 

Legal status 

Short acting  Xanax, 

Xanor, 

Niravam, 

Aripsiq 

Alprazolam (PC) 

α-hydroxy-alprazolam (M) 

Anxiety, panic 

disorders 

Prescription-only, 

Group III 

Noctamid, 

Loramet 

Lormetazepam (PC) 

N-Demethylated lormetazepam 

(M) 

Insomnia Prescription-only, 

Group III 

Versed Midazolam (PC) 

α-Hydroxy midazolam (M) 

Sedation, 

Anaesthesia 

Prescription-only, 

Group III 

Serax, 

Alepam 

Oxazepam (PC) Anxiety, 

Alcohol 

Withdrawal 

Prescription-only, 

Group III 

Halcion Triazolam (PC) 

α-Hydroxytriazolam (M) 

4-Hydroxytriazolam (M) 

Insomnia 

Prescription-only, 

Group III 

Intermediate 

acting 

Prosom, 

Esilgan, 

Eurodin 

Estazolam (PC) 

4-Hydroxyestazolam (M) 

Insomnia Prescription-only, 

Group III 

Rohypnol Flunitrazepam (PC) 

7-Aminoflunitrazepam (M) 

Severe 

Insomnia 

Not approved 

Ativan, 

Tavor, 

Temesta 

Lorazepam (PC) Anxiety, 

Insomnia, 

Seizures 

Prescription-only, 

Group III 

Mogadon, 

Alodorm, 

Nitrazadon 

Nitrazepam (PC) 

7-Aminonitrazepam (M) 

Insomnia Prescription-only, 

Group III 

Restoril, 

Normison, 

Nortem 

Temazepam (PC) 

Oxazepam (M) 

Insomnia Prescription-only, 

Group II 

Long acting Lexotan, 

Lexotanil, 

Lekotam, 

Lexaurin 

Bromazepam (PC) 

3-Hydroxybromazepam (M) 

Anxiety Prescription-only, 

Group III 

Frisium Clobazam (PC) 

N-Desmethylclobazam (M) 

Epilepsy Prescription-only, 

Group III 

Klonopin, 

Rivotril 

Clonazepam (PC) 

7-Amino-clonazepam (M) 

Seizures, panic 

disorders 

Prescription-only, 

Group III 

Valium, 

Apaurin 

Diazepam (PC) 

Nordiazepam (M) 

Temazepam (M) 

Oxazepam (M) 

Anxiety, 

muscle spasms, 

seizures 

Prescription-only, 

Group III 
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Z-drugs Sonata, 

Starnoc, 

Andante 

Zaleplon (PC) 

5-Oxo-zaleplon (M) 

Short-term 

treatment of 

insomnia 

Prescription-only, 

Group III 

Ambien, 

Sanval, 

Zolsana 

Zolpidem (PC) 

Zolpidem phenyl-4-carboxylic 

acid (M) 

Short-term 

treatment of 

insomnia 

Prescription-only, 

Group III 

Imovane, 

Zimovane, 

Dopareel 

Zopiclone (PC) 

N-Desmethylzopiclone (M) 

Short-term 

treatment of 

insomnia 

Prescription-only, 

Group III 

 
 

1.1.4 New psychoactive substances 

New psychoactive substances are a diverse and continuously evolving group of synthetic 
plant-based substances, either in a pure form or a preparation, that are structurally similar 
to internationally controlled illicit drugs but not regulated under UN61 or UN71 [31]. The 
term “new” primarily refers to substances that have recently emerged on the drug market, 
rather than to new inventions [7]. According to the UNODC, NPS are classified into 15 
primary groups [32], based on their origin, chemical structure, and pharmacological effects 
(Table 5). These substances appear on the drug market under various names, including 
“legal highs”, “herbal highs”, “research chemicals “, “bath salts”, and “designer drugs”. 
NPS are often designed to mimic the effects of conventional illicit drugs by making minor 
modifications (addition/substitution of functional chemical groups) to the molecular 
structure of controlled substances, while bypassing legal restrictions [32]. 

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

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

NPS class Origin / 

Chemical group 

Pharmacological 

effect 

Examples 

Aminoindanes Synthetic / 

Indane derivatives 

Stimulant, 

Entactogen 

MDAI, 5-IAI, 2-AI 

(New) benzodiazepines Synthetic / 

Benzodiazepine-related 

Sedative, 

anxiolytic 

Flubromazolam, 

diclazepam, etizolam 

Fentanyl analogues Synthetic / 

Fentanyl-related 

Potent µ-opioid 

agonists; 

depressant 

Carfentanil, 

acetylfentanyl 

Lysergamides Synthetic / Lysergic acid 

derivatives (LSD-like) 

Hallucinogen, 

psychedelic 

(5-HT2A agonism) 

1P-LSD, LSZ 

Nitazenes Synthetic / 

Benzimidazole opioids 

Potent synthetic 

opioids 

Isotonitazene, 

metonitazene 

Phencyclidine-type 

substances 

Synthetic / 

Phencyclidine-related 

arylcyclohexylamines 

Stimulant, 

Dissociative 

(NMDA 

antagonism) 

3-MeO-PCP, 

3-MeO-PCE 

Phenethylamines Synthetic / 

Amphetamine derivatives 

Stimulant, 

hallucinogen 

2C-B, DOM, 

Phenidates Synthetic / derivatives of 

methylphenidate 

Stimulant Ethylphenidate, 

isopropylphenidate, 

4F-MPH 

Phenmetrazines Synthetic / 

Phenmetrazine 

derivatives 

Stimulant 3-fluorophenmetrazine, 

phendimetrazine 

Piperazines Synthetic / Piperazine 

ring 

Stimulant, 

entactogenic 

BZP, TFMPP 

Plant-based substances Natural / 

Diverse origins 

Various Kratom  (mitragynine), 

Salvia divinorum 

(salvinorin A) 

Synthetic cannabinoids Synthetic / Cannabinoid 

receptor agonists 

Cannabinoid-like, 

Psychoactive 

JWH-018, AM-2201, 

5F-MDMB-PINACA 

(5F-ADB) 

Synthetic cathinones Synthetic / β-keto 

amphetamines 

Stimulant Mephedrone, 3-MMC, 

alpha-PVP 

Tryptamines Synthetic or natural / 

Indolealkylamines 

Hallucinogenic 4-HO-MET, psilocybin, 

DMT, 5-MeO-DMT 

Other substances Synthetic / Structurally 

diverse 

Hallucinogen, 

stimulant, opioid, 

sedative/hypnotic 

n.a 

n.a.: not applicable 
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1.2 Monitoring the Prevalence of Psychoactive 

Pharmaceutical and NPS Use 

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

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

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

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

prescription data 

1.2.1.1 Antidepressants 

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

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

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

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

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

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

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

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

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

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

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

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

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

1.2.2 Current dynamics of the NPS market 

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

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

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

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

Based on the latest Slovenian data, the number of reported NPS cases was relatively 
low until 2020, but increased ninefold in 2021. Twenty different NPS were reported, mainly 
synthetic cathinones, including 3-MMC, MDPHP, and pentedrone, which were identified 
[81]. The identified NPS from street drug analysis in Slovenia from 2015 to 2025, grouped 
by their chemical class, are shown in Table 6 [82], [83]. This comprehensive list provides 
a foundation for more targeted toxicological and epidemiological analyses. 



Monitoring the Prevalence of Psychoactive Pharmaceutical and NPS Use 17 

Table 6: Identified NPS in Slovenia from 2015 to 2025 (acute emergency cases, anonymous 
testing of street drugs and drug seizures), adapted by [82], [83]. For full compound names 
corresponding to the abbreviations used in this table, please refer to the Abbreviations section. 

Class Identified Substances 

Aminoindanes 5-IAI, 2-AI 

Arylalkylamines 2-MAPB, Methiopropamine (MPA), BK-2C-B, 6-APDB, 

Beta-ketomethiopropamine 

Arylcyclohexylamines 3-MeO-PCP, Methoxetamine (MXE), Ketamine, 

N-Ethyldeschloroketamine (2-oxo-PCE, O-PCE), 2-Methoxyketamine, 

3-MeO-PCE, 2F-Ketamine, 3-HO-PCE, 4-MeO-PCE, MXPr, 

2F-Deschloronorketamine, 3-Fluoro-PCP, 3-Chloro-PCP, MXiPr, 

N-Boc Norketamine, 3-Fluoro-deschloroketamine, 2-Fluoro-2-oxo-PCE, 

2F-Deschloroketamine (2-FDCK) 

Benzodiazepines Nifoxipam, Phenazepam-4-oxide, Pivoxazepam, Metizolam, Nitrazolam, 

Ro5-4864 (4-chlorodiazepam), Fonazepam, Clonazolam, Etizolam, 

Flubromazepam, 3-Hydroxyflubromazepam, Bromazolam, Flualprazolam, 

Norflurazepam (Norfludiazepam), Desalkylgidazepam, 

Triazolobenzodiazepine (TBZD), Flubromazolam, Meclonazepam 

Cannabinoids MDMB-CHMCZCA, AB-FUBINACA, CUMYL-BICA, 5F-AMBICA, 

CUMYL-THPINACA, AB-CHMINACA, CUMYL-PINACA, 

ADB-CHMICA, FUB-AKB48, CUMYL-5F-P7AICA, CUMYL-PICA, 

AKB48, ADAMANTYL-THPINACA, PB-22, 

CUMYL-5F-PINACA, CUMYL-5F-PICA, 5C-AKB48, FUBIMINA, 

MDMB-CHMICA, STS-135, AMB-CHMICA, JWH-072-N-carboxy, RCS-8, 

5F-APICA, JWH-147, AB-PINACA, JWH-020, JWH-072, JWH-018, 

5F-MN-18, 5F-APP-PICA_(PX1), 5F-PY-PICA, MO-CHMINACA, 

5-Fluoropentyl-3-pyridinoylindole, FUB-NPB-22, ADB-PINACA_isomer 2, 

5F-AKB48, JWH-166, JWH-368, 5-Fluoro-SDB-005, JWH-308, 

SDB-006-N-phenyl analogue, 5-Fluoro-JWH-018-adamantyl analogue, 

5F-MDMB-PINACA, JWH-369, AMB-FUBICA, 5F-PB-22, NM-2201, 

MDMB-CHMINACA, 5F-3,5-AB-PFUPPYCA, ADB-FUBICA, 

ATHPINACA_isomer 1, ATHPINACA_isomer 2, 5Cl-AB-PINACA, 

5F-CYPPICA, MEP-FUBICA, CUMYL-PeGaClone, FUB-144, 

CUMYL-4CN-B7AICA, 4F-CUMYL-5F-PICA, MDMB-4en-PINACA, 

MMB-022 (MMB-4en-PICA), THJ-2201 (AM-2201 indazole analogue), 

RCS-4-C4 homologue, F-AMB-PICA, CUMYL-PIPETINACA, 

4,4-F-CUMYL-PIPETINACA-(SGT-235), Ethylbenzyl-CYBINACA, 

Isobutyl-1-pentyl-1H-indazole-3-carboxylate, MDMB-INACA, 

APP-BUTINACA, 5F-MDMB-P4AICA, ADB-BUTINACA, 

CUMYL-CBMICA, MDMB-CHM7AICA, Benzyl-4-CN_BUTINACA, 

MDMB-FUB7AICA, 4-CN-CUMYL-BUTCZCA, 4F-EMB-BUTICA, 

EDMB-PINACA, ADB-HEXINACA, ADB-PHETINACA, MDA-19, 

CUMYL-CBMINACA, ADB-D-5Br-INACA, ADB-5Br-BUTINACA, 

ADB-5Br-PINACA, CUMYL-CHSINACA, ADB-5Br-4-en-PINACA, 

ADB-INACA, ADB-P-5Br-INACA 
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Synthetic cathinones 2-MMC, 3-MMC, 4-MMC, 4-Methyl-alpha-pyrrolidinopentiophenone (alpha-

PHiP), Alpha-PVP, Pyrovalerone, Pentedrone, N-Ethylnorpentedrone, 

3-CMC, 5-BPDi, N-methyl-bk-MMDA-2, alpha-PHP, N-ethylhexedrone, 

PV9, PV8, Naphyrone, 4-Ethylethcathinone, 4-Ethylmethcathinone, 

3,4-DMMC, 4Cl-PVP, Eutylone, BMDP, 4-CDC, MPPP, 3-MeOMC, 

N-Ethylpentylone, 3Cl-N,N-DMC, 4-Ethylpentedrone, 4Cl-alpha-PHP, 

2Cl-N,N-Dimethylcathinone, 4-Methyldiethcathinone, 3F-alpha-PVP, 

4Cl-Buphedrone, 3-MeO-4-EtO-N,N-Diethylpentedrone, 

3-MeO-4EtO-N,N-Diethylhexedrone, 3-EtO-4-MeO-N,N-Diethylpentedrone, 

5-MeO-N,N-Diethyl hexylone, 3-EtO-4-MeO-N,N-Diethylhexedrone, 

6-MeO-N,N-Diethylpentylone, 3F-NEB, 4-Me-N-Propylcathinone, 

Propylcathinone, 3-Chlorocathinone, N-Propylmethylone, 

4-Chloromethcathinone (4-CMC) 

Indolalkylamines 

(tryptamines) 

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

Opioids 4-MeO-BF, 4F-BF, FU-F, U-47700, Acryloyl-F, 4Cl-iBF, Methoxyacetyl-F, 

Methene-U-47700, Benzyl-carfentanil, Benzylfentanyl, Beta-methylfentanyl, 

3-Methylbutyrylfentanyl, Furanylethyl fentanyl, Cyclohexyl fentanyl, 

Cyclopropyl fentanyl, 4Cl-Acrylfentanyl, 4Cl-Cyclopentyl-F, 

Despropionyl-methylfentanyl, Isophentanyl (cis), Propyl U-47700, 

2,3-seco-fentanyl, para-Fluorobenzylfentanyl, ortho-fluoro 4-ANBP, 

Despropionyl-4-methoxyfentanyl, Despropionyl-4-bromofentanyl, 

TIANEPTIN, N-Me-4-Me phenyl fentanyl, 

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

Furanyl UF-17, Etonitazepyne, N-Pyrrolidino etonitazene 

Phenethylamines 4-Fluoroamphetamine (4-FA), X-fluoroethamphetamine (X-FEA), 

1-(Benzofuran-5-yl)-N-methylpropan-2-amine (5-MAPB), 25I-NBF, DOF, 

Acetylamphetamine, 2C-TFM, 4-Chloromethamphetamine, 

2-Bromo-4,5-MDMA, Allylescaline, 25I-NBOMe, 

4-Bromo-2,5-dimethoxyphenethylamine (2C-B), 5-MAPDI, Hordenine, 

25E-NBOH, 25B-NBOH, 2-Fluoromethamphetamine (2-FMA), 

4-FLuoromethamphetamine (4-FMA), 

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

Piperazine 

derivatives 

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

Methoxypiperamide, Kleferein 

Plants & extracts Mitragynine, Harmine 

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

Phenylpiracetam 

Precursor and pre-

precursor chemicals 

(associated with the 

synthesis of NPS) 

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

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

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

Since its first application in 2005 by Zuccato, to investigate cocaine consumption in 
Italy [86], WBE has been subjected to continuous development and improvement [87], [88], 
and most WBE studies have adopted the same approach, including the following steps: 
sampling of raw influent wastewater, targeted wastewater analysis for selected biomarkers, 
and back-calculation of their consumption (Figure 1). 

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

1.3.1 WBE methodology 

1.3.1.1 Sampling 

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

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

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

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

 

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

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

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

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

 

 

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

 

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

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

The appropriate transport and storage conditions for wastewater samples are 
determined by the matrix properties, which are influenced by factors such as temperature 
and source, as well as the stability and preservation requirements of the target analytes. 
Thus, before any sampling and analysis, the stability of target biomarkers in wastewater 
should be established under relevant environmental and storage conditions. Since the 
stability of many psychoactive pharmaceuticals and NPS in wastewater remains unknown, 
wastewater samples that cannot be processed immediately must be stored appropriately 
(−20 °C) to avoid degradation of target biomarkers [2]. Another acceptable practice is the 
extraction of biomarkers on solid-phase extraction (SPE) cartridges within 24 h, with the 
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addition of internal standard (ISTD), and storing the cartridges in the freezer (−20 °C) [2]. 
Loaded POCIS [45], [112], [122] and MPTs [96] samplers, stored at −20 °C, have also been 
reported. 

1.3.1.2 Biomarker selection 

Selection of biomarkers in WBE can follow either a top-down or bottom-up approach 
(Figure 5). The top-down approach involves selecting biomarkers from a set of human-
derived substances identified in pharmacokinetic and human biomonitoring (HBM) studies, 
for which data on metabolism, excretion rates, and stability are well established. In 
contrast, the bottom-up approach relies on non-target analysis to identify human-related 
substances present in wastewater. After evaluating their stability, suitable biomarkers are 
proposed for further study. Although the bottom-up approach provides a wealth of 
information, including data for yet unknown substances that could reveal emerging 
psychoactive substance use patterns, it is less commonly applied than the top-down 
approach due primarily to the difficulty in identifying potential biomarkers, which are often 
present at very low concentrations, and the high levels of organic matter in wastewater 
[106]. 

 

Figure 5: Scheme of top-down and bottom-up approach (adapted from [106]). 

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

1.3.1.3 Sample preparation 

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

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

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

1.3.1.4 Target analysis 

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

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

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

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

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

1.3.1.5 Suspect screening 

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

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

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

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

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

1.3.1.6 Back-estimation of consumption 

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

 Consumption [mg/day/1,000 inhabitants] =
𝑐 × 𝜑 × 𝐶𝐹

𝑁
 (1) 
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 CF =
𝑚𝑜𝑙𝑎𝑟 𝑚𝑎𝑠𝑠 𝑟𝑎𝑡𝑖𝑜 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑝𝑎𝑟𝑒𝑛𝑡 𝑐𝑜𝑚𝑝𝑜𝑢𝑛𝑑 𝑎𝑛𝑑 𝑚𝑒𝑡𝑎𝑏𝑜𝑙𝑖𝑡𝑒

𝑏𝑖𝑜𝑚𝑎𝑟𝑘𝑒𝑟 𝑒𝑥𝑐𝑟𝑒𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒
 (2) 

 

Here 𝑐 represents the measured concentration of the target biomarker in influent 
wastewater (ng/L), φ the daily wastewater flow (m3/day), CF a correction factor, and N 
the number of people in the catchment area. 

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

1.3.2 Advantages and limitations 

1.3.2.1 Advantages and WBE potential as a complementary data source 

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

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

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

1.3.2.2 Limitations and uncertainties 

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

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

 

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

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

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

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

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

To limit chemical changes in biomarkers after collection, preservatives such as 
hydrochloric acid (HCl) and storage at low temperatures (below −20 °C) are commonly 
used. However, since preservatives can only be added at the point of sampling, they do not 
prevent degradation that occurs within the sewer network. For biological biomarkers, 
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degradation may still occur under these storage conditions, necessitating the use of 
alternative sample-handling methods [2]. 

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

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

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

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

1.3.3 WBE as a complementary information source during the 

COVID-19 pandemic 

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

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

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

1.4 Environmental Aspect 

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

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

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

 

Figure 8: Conceptual overview of the psychoactive pharmaceutical transfer pathway, from 
production and consumption to the environment. 

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

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

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

1.4.1 Analytical methods for the determination of psychoactive 

pharmaceutical residues in the aqueous environment 

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

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

1.4.2 Occurrence and removal of psychoactive pharmaceutical residues 

in wastewater 

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

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

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

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

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

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

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

1.4.3 Occurrence of psychoactive pharmaceutical residues in receiving 

surface waters 

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

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

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

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

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

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

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

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

organisms 

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

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

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

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

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

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

2 Aims and Hypotheses 

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

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

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

ii. Evaluate the stability of antipsychotic biomarkers in influent wastewater under 
various experimental conditions (e.g., storage and sampling). 

iii. Investigate spatiotemporal trends in the use of psychoactive pharmaceuticals in 
general populations in Slovenia. 

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

v. Evaluate the influence of the pandemic on the use of psychoactive pharmaceuticals 
and NPS in Slovenia. 

vi. Assess the removal efficiency of psychoactive pharmaceutical residues by WWTPs 
(different sizes and configurations) and evaluate the occurrence of these residues 
(n=42) in waste- and receiving surface waters. 

vii. Investigate active-passive sampling strategies for wastewater and compare them 
with conventional 24-hour composite sampling. 

viii. Estimate the acute and chronic toxicity of psychoactive pharmaceutical residues to 
aquatic organisms (using the ECOSAR predictive model). 
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More specifically, this work set out to test the following five hypotheses (H): 

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

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

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

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

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

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

The publications are divided into four sections: 

1. Analytical methods for the determination of psychoactive substances in 

influent wastewater 

The publications (3.1.1 Analytical methods for the determination of antidepressants, 
antipsychotics, benzodiazepines and their metabolites through wastewater-based 
epidemiology and 3.1.2 Optimisation, validation and application of a high-throughput 
96-well elution protocol for the quantification of psychoactive substances in influent 
wastewater) included in the first section address hypotheses H1, H2, and H4. Analytical 
methods for the simultaneous determination of a broad range of psychoactive substances 
in influent wastewater within the scope of WBE are described. Additionally, this section 
provides an overview of novel advancements in sampling techniques, sample preparation 
and analysis, as well as the stability and consumption of psychoactive substances at high 
spatiotemporal resolution worldwide. 

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

population 

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

and NPS 

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

4. Psychoactive pharmaceutical residues in the aqueous environment: 

removal, occurrence, and ecotoxicity 

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

5. Novel sampling approaches for psychoactive substances in wastewater 

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

Psychoactive Substances in Influent Wastewater 

3.1.1 Analytical methods for the determination of antidepressants, 

antipsychotics, benzodiazepines and their metabolites through 

wastewater-based epidemiology 

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

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

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

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

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

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

96-well elution protocol for the quantification of psychoactive 

substances in influent wastewater 

Published: T. Boogaerts, M. Quireyns, F. Maes, M. Laimou-Geraniou, N. Van Wichelen, 
E. Heath, B. Pussig, B. Aertgeerts, A. Covaci, A. L. N. van Nuijs, 2022, Drug testing and 
analysis, vol. 15 (2), pp. 240-246. 

This study is a collaboration between the Jožef Stefan Institute in Ljubljana (Slovenia) 
and the Ecotoxicological Centre at the University of Antwerp (Belgium). In this work, I 
contributed to method optimisation and validation, sample preparation, instrumental 
analysis, data analysis, and manuscript preparation. 

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

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

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

The developed method was presented at the 6th International Conference on Testing 
the Waters (TTW6): The International Conference on Wastewater Surveillance, held in 
Oxford, UK, June 26-27, 2023 (poster presentation). 
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3.2 WBE as a Complementary Data Source: Application in 

the Slovenian Population 

3.2.1 Retrospective spatiotemporal study of antidepressants in 

Slovenian wastewaters 

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

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

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

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

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

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

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

Study outcomes were presented at three scientific conferences, i.e., 28th Annual Meeting 
of the Slovenian Chemical Society, September 21-23, 2022, Portorož, Slovenia; 
Chem2Change, Environmental Chemistry towards Global Change, 2nd Online ACE 
Seminar on Chemistry and the Environment Led by Early-Career Scientists, March 15-16, 
2022; and Throughout Knowledge Towards a Green New World: 13th Jožef Stefan 
International Postgraduate School Students’ Conference and 15th Young Researchers’ Day 
of Chemistry, material science, biochemistry and environment, (CMBE day), May 27-28, 
2021. 
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3.2.2 Three years of wastewater surveillance for new psychoactive 

substances from 16 countries 

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

My role in this international work included performing experimental work (sample 
preparation of Slovenian wastewater samples) and reviewing and editing the manuscript. 

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

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

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

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

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

Study outcomes were presented at two scientific conferences: the Annual Conference of 
the International Association of Forensic Toxicologists (TIAFT 2024), St. Gallen, 
Switzerland, September 2–6, 2024, and Testing the Waters 6 (TTW6), Oxford, United 
Kingdom, June 26–27, 2023. 
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3.2.3 Spatiotemporal trends of new psychoactive substances in Slovenia 

through influent wastewater analysis 

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

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

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

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

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

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

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

The study's outcome was presented at two scientific conferences: the SETAC Europe 
34th Annual Meeting in Seville, Spain, May 5-9, 2024, and the SPECTROMED 
Mediterranean Congress on Mass Spectrometry and Its Applications in Hammamet, 
Tunisia, April 21-25, 2024. 
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3.3 Reducing WBE Uncertainties: Stability of Psychoactive 

Pharmaceuticals and NPS 

3.3.1 Stability of antipsychotic biomarkers for wastewater-based 

epidemiology 

Published: M. Laimou-Geraniou, M. Quireyns, T. Boogaerts, D. Heath, A. Covaci, A. L.N. 
van Nuijs, E. Heath, 2025, Journal of Pharmaceutical and Biomedical Analysis, vol. 257, 
pp. 116702. 

This study is a collaboration between the Jožef Stefan Institute in Ljubljana (Slovenia) 
and the Ecotoxicological Centre at the University of Antwerp (Belgium). All aspects of the 
work  from experimental design, data analysis and interpretation to manuscript writing 
were shared equally between me and M. Quireyns (co-author). 

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

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

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

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

psychoactive substances monitoring 

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

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

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

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

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

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

The study's outcome was presented at two scientific conferences: The 61st Annual 
Conference of the International Association of Forensic Toxicologists (TIAFT 2025), 
Aotearoa New Zealand, November 23-28, 2025, and in Testing the Waters 8 (TTW8): 
International conference on wastewater-based epidemiology/surveillance, Tacoma, WA, 
United States, June 2-4, 2025.  
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3.4 Psychoactive Pharmaceutical Residues in the Aqueous 

Environment: Removal, Occurrence, and Ecotoxicity 

3.4.1 Psychoactive pharmaceuticals: Consumption trends, removal 

during wastewater treatment and occurrence in receiving waters 

with associated environmental risks 

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

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

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

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

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

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

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

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

The study results were presented at the 7th International Conference on Testing the 
Waters (TTW7): The International Conference on Wastewater Surveillance, held in 
Lisbon, Portugal, October 21-22, 2024. 
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3.5 Novel Sampling Approaches for Psychoactive Substances 

in Wastewater 

Based on the following publication: 

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

for monitoring psychoactive compounds in wastewater 

To be submitted to Environmental Pollution (December 2025): A. Jun Aniesa*, M. Laimou-
Geranioub, c, M. Quireynsd, T. Boogaertsd, T. Verovšek b,c, D. Heathb, E. Heathb, c, A. L. N. 
van Nuijsd, A. Covacid, R. Blusta, R. Towna. 

a ECOSPHERE, Department of Biology, University of Antwerp, Groenenborgerlaan 171, 2020 
Antwerp, Belgium 
b Department of Environmental Sciences, Jožef Stefan Institute, Jamova c. 39, 1000 Ljubljana, 
Slovenia, 
c Jožef Stefan International Postgraduate School, Jamova c. 39, 1000, Ljubljana, Slovenia 
d Toxicological Centre, University of Antwerp, Universiteitsplein 1, Wilrijk 2610, Antwerp, Belgium 
 

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

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

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

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

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

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

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

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

3.5.1.2 Materials and methods 

3.5.1.2.1 Chemicals and sorbents 

Reference standards and deuterated ISTDs for the analytes under investigation 
(purity > 98%) were obtained as solutions in methanol (MeOH) or acetonitrile (ACN) at 
concentrations of 1 mg/mL or 100 µg/mL from Cerilliant Corporation (Round Rock, Texas, 
USA). Working solutions (analytes: 10 mg/L, deuterated analogues: 2 mg/L) were prepared 
from the stock solutions in methanol. Standards and working solutions were stored in the 
dark at 20 °C. LC-MS grade MeOH was purchased from JT Baker (Philipsburg, USA), 
LC-MS grade hydrochloric acid (HCl, 37%) from VWR Chemicals (Pennsylvania, USA), 
formic acid (HCOOH) from Fluka (Switzerland) and aqueous ammonia (NH3, 25%) from 
Merck (Darmstadt, Germany). The derivatisation agent MSTFA + 1% TMCS was 
purchased from Merck (Darmstadt, Germany). Milli-Q was obtained using the Millipore 
Direct-Q purifying system. 

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

3.5.1.2.2 Compounds of interest 

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

Psychoactive drug/ pharmaceutical Compound of interest 

(target compound) 

Abbreviation Internal 

standard 

Illicit drugs Amphetamine Amphetamine AMP AMP-d6 

Cocaine Benzoylecgonine BZE BZE-d3 

Opioids Methadone 2-Ethylidene-1,5-dimethyl-

3,3-diphenylpyrrolidine 

EDDP EDDP-d3 

Morphine Morphine MOR MOR-d3 

Tramadol Tramadol TRA VEN-d6 

Antidepressants Bupropion Hydroxybupropion HBP VEN-d6 

Venlafaxine O-desmethylvenlafaxine ODV VEN-d6 

 

Chemical structure, physicochemical properties, and chemical speciation (data obtained 
from ChemAxon 2024) of the target compounds at pH 7.8 (average pH of wastewater) are 
presented in Figure 10. Morphine, EDDP, tramadol, and O-desmethylvenlafaxine, all 
having tertiary ammonium ions, and amphetamine with a primary ammonium group 
predominantly exist as cationic (+1) species; hydroxybupropion primarily exists in neutral 
form (approx. 59%); however, the remaining fraction is present mainly as a monocationic 
species due to protonation of the amine group; while benzoylecgonine is mainly in a 
zwitterionic form (Figure 10). The stability of illicit drugs [237], opioids [92], [237], and 
antidepressants [84], [238] has been previously investigated. 

 

 

Figure 10: Physicochemical properties, chemical structures and speciation (cationic, neutral, 
zwitterionic, anionic), at pH 7.0 – 8.0, of the target psychoactive compounds. Data obtained from 
ChemAxon, 2024. The logP (elsewhere referred to as log Kow) values shown in this figure represent 
the octanol–water partition coefficient of the neutral species, as provided by ChemAxon.  
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Figure 10 (continued): Physicochemical properties, chemical structures and speciation 

(cationic, neutral, zwitterionic, anionic), at pH 7.0 – 8.0, of the target psychoactive compounds. 
Data obtained from ChemAxon, 2024. The logP (elsewhere referred to as log Kow) values shown in 
this figure represent the octanol–water partition coefficient of the neutral species, as provided by 
ChemAxon. 
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3.5.1.2.3 Active-passive sampling (APS) device 

The APS device (Figure 11) incorporates a diffusion cell constructed from polyether ether 
ketone (PEEK), a pump at the inlet, a flow meter at the outlet to maintain a constant 
flow rate, and temperature and humidity sensors [118]. Regular measurements of flow rate 
(set at 5.4 cm3 s-1), water temperature and air humidity were logged using the sampler’s 
embedded online software. The diffusion cell consists of two blocks separated by a 5 mm 
thick spacer. Each block contains two pockets designed to house the receiving phases (HLB- 
and MCX-based) in 40 x 20 mm and 20 × 20 mm sizes, with two replicates per sorbent 
(Figure 11). Each receiving phase was topped with a filter membrane (polyethersulfone, 
PES, 0.2 μm pore size, 145 μm thickness). The APS device is coupled with an external 
100 μm Nylon mesh filter to prevent the entry of large particles into the diffusion cell. 

 

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

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

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

3.5.1.2.5 Field experiment setup 

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

 

Figure 13: Deployment of APS in (A) influent and (B) effluent wastewater, in Ljubljana 
WWTP (Photo (A): David Heath and photo (B): Maria Laimou-Geraniou). 
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The APS and o-DGT samplers were simultaneously deployed at both the influent and 
effluent of the WWTP in Ljubljana (population: 270,305) to obtain relevant information 
on analyte concentrations and to assess treatment efficiency. For the influent sampling, 
the APS sampler was deployed after the clarifier tank to avoid contact with large debris 
and particulate matter. However, after only 18 hours of exposure, the filters became 
clogged, resulting in pump failure. Thus, the sampling campaign in the influent wastewater 
was cancelled. Consequently, APS and o-DGT sampling devices were deployed as planned 
only in the effluent of Ljubljana WWTP for five sampling periods: 3 days (26-29/09/2023), 
6 days (03-09/09/2023), 9 days (27/09-06/10/2023), 12 days (11-23/10/2023), and 14 days 
(26/09-10/10/2023). Daily conventional 24-hour composite samples were collected and 
analysed separately during the same sampling periods to determine psychoactive 
compounds and for subsequent comparison with APS and o-DGT devices. 

3.5.1.2.6 Sample preparation 

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

3.5.1.2.6.1 Conventional 24-hour composite samples 

Pre-concentration of psychoactive compounds in composite effluent wastewater samples 
was achieved using SPE with OASIS MCX cartridges, following the method of 
Laimou-Geraniou et.al [8] with minor modifications. Prior to SPE, effluent wastewater 
samples (125 mL) were spiked with the isotopically labelled ISTD mixture (200 ng/mL in 
final extract) and subsequently filtered through GF/D (2.7 µm) and GF/C (1.2 µm) glass 
microfiber filters (Whatman, USA). After acidification to pH 2 with HCl (37 %), analytes 
were loaded onto Oasis Prime MCX cartridges (150 mg/6 mL, Waters, Milford, MA, USA) 
and washed with 5 mL of Milli-Q water. After drying the sorbent under vacuum for 
30 minutes, the target analytes were eluted with 6 mL of a 0.5 % ammonium solution in 
methanol. The samples were evaporated to dryness at 35 °C and reconstituted in 100 μL 
of methanol. A 50 μL aliquot (for EDDP) was transferred into GC-MS vials and stored at 
−10 °C until further analysis. The remaining aliquot of 50 μL was then evaporated to 
dryness under a gentle stream of N2, and the dry extract was derivatised using 50 μL of 
MSTFA + 1% TMCS in a microwave oven at 800 W for 3 min. After cooling to room 
temperature, the extracts were transferred to GC glass inserts and then to GC vials, where 
they were analysed using gas chromatography-tandem mass spectrometry (GC-MS/MS). 

3.5.1.2.6.2 APS and o-DGT receiving phases 

Extraction of psychoactive compounds from sorbent gels (APS and o-DGT) was achieved 
using sonication-assisted extraction, following the method of Anies et al. [239]. Prior to 
extraction, exposed sorbent gels were spiked with an isotopically labelled ISTD mixture 
(200 ng/mL in the final extract). For the HLB sorbent, 3 mL of 2% formic acid in methanol 
was added, followed by vortex mixing for 30 seconds and sonication for 10 minutes. This 
extraction process was then repeated twice (3 mL then 2 mL), and the supernatants were 
pooled and evaporated to dryness (35 °C, N2). For the MCX sorbent, the same extraction 
procedure was performed, using 3 mL of methanol followed by 3 mL and 2 mL of 1.25% 
NH₃ in methanol. The supernatants were then pooled and evaporated to dryness (35 °C, 
N2). Dried extracts were then reconstituted with 100 μL of methanol. Similar to the SPE 
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procedure, a 50 μL aliquot (for EDDP) was transferred into GC-MS vials and stored at 
−10 °C until further analysis. The remaining aliquot of 50 μL was then evaporated to 
dryness (N2) and the dry extracts derivatised using 50 μL of MSTFA + 1% TMCS in a 
microwave oven at 800 W for 3 min. After cooling down to room temperature, the extracts 
were transferred to GC vials and analysed using GC-MS/MS. 

3.5.1.2.7 Gas chromatography-tandem mass spectrometry 

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

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

Analyte Retention 

time [min] 

MRM Transitions 

[m/z] 

CE 

[eV] 

Dwell time 

[ms] 

AMP 6.06 116 → 73 (Q) 

117 → 74 (q) 

25 

30 

50 

50 

BZE 13.19 240 → 82 (Q) 

82 → 67 (q) 

35 

45 

50 

50 

EDDP 11.75 277 → 262 (Q) 

277 → 235 (q) 

262 → 105 (q) 

30 

25 

35 

50 

50 

50 

MOR 14.44 236 → 146 (Q) 

236 → 220 (q) 

20 

25 

50 

50 

TRA 11.20 58 → 43 (Q) 

245 → 58 (q) 

335 → 58 (q) 

45 

30 

30 

80 

80 

80 

HBP 10.53 188 → 145 (Q) 

188 → 44 (q) 

224 → 166 (q) 

15 

25 

15 

50 

50 

50 

ODV 12.30 58 → 43 (Q) 

171 → 73 (q) 

191 → 177 (q) 

45 

30 

10 

80 

80 

80 

AMP-d6 6.03 120 → 73 (Q) 25 50 

BZE-d3 13.18 243 → 85 (Q) 35 50 

EDDP-d3 11.71 280→ 265 (Q) 35 50 

MOR-d3 14.43 239 → 149 (Q) 25 50 

VEN-d6 11.94 64 → 46 (Q) 45 50 

 

3.5.1.2.8 Method validation 

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

Linearity and linearity range were determined from seven- to twelve-point calibration 
curves by plotting the peak area ratios (analyte vs. ISTD) as a function of analyte 
concentration and assessed using the coefficient of determination (R2). 

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

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

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

 𝐸𝑅 (%) =
𝐴(𝑠𝑎𝑚𝑝𝑙𝑒 𝑠𝑝𝑖𝑘𝑒)

𝐴(𝑒𝑙𝑢𝑎𝑡𝑒 𝑠𝑝𝑖𝑘𝑒)
× 100 (3) 

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

 𝐴𝑐𝑐𝑢𝑟𝑎𝑐𝑦 (%) =
𝐶 (𝑠𝑎𝑚𝑝𝑙𝑒 𝑠𝑝𝑖𝑘𝑒)

𝐶 (𝑆𝑇𝐷 𝑠𝑝𝑖𝑘𝑒)
× 100 (4) 

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

3.5.1.2.9 Calculation and Data analysis/Statistical analysis 

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

𝑐𝑠 = 𝑐𝑤𝐾𝑠𝑤(1 − 𝑒𝑥𝑝−𝑘𝑥𝑡)       (5) 

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

𝑐𝑤 = 𝑀∆𝑔
𝐷𝐴𝑡

         (6) 

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

3.5.1.3 Results and Discussion 

3.5.1.3.1 Derivatisation procedure 

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

3.5.1.3.2 Method performance 

The analytical method demonstrated good performance (Table 9) when evaluated 
according to the SANTE/11312/2021_v2 Guidance. A linear response (R2 > 0.992) was 
observed within the range LOQ–5000 ng/mL (final extract concentration) for all target 
psychoactive compounds, with LOD: 1.02-7.06 ng/L and LOQ: 2.19-18.50 ng/L (Table 9). 
Accuracy ranged from 91% to 110%. Extraction recoveries ranged from 77% to 101%. Inter-
day and instrumental repeatability showed %RSD of 1–9%, all of which fall within the 
acceptable SANTE limits for both concentration levels (100 and 500 ng/mL, final extract). 
All validation results are presented in Table 9. 
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Table 9: Validation results. 

Analyte Linearity range 

in ng/mL 

(R2) 

LOD 

[ng/L] 

LOQ 

[ng/L] 

Concentration level 

used for validation 

[ng/mL] 

Accuracy 

[%] 

Extraction 

recovery 

[%] 

Inter-day 

repeatability 

[%RSD] 

Instrumental 

repeatability 

[%RSD] 

AMP LOQ-5,000 

(0.998) 

7.06 14.17 100 104 101 5 4 

500 103 93 1 7 

BZE LOQ-5,000 

(0.997) 

1.78 5.91 100 105 89 5 3 

500 103 81 7 1 

EDDP LOQ-5,000 

(0.997) 

5.56 18.50 100 98 79 7 5 

500 110 77 6 5 

MOR LOQ-5,000 

(0.996) 

4.07 13.55 100 96 90 6 9 

500 109 96 6 3 

TRA LOQ-5,000 

(0.995) 

1.02 3.39 100 109 98 7 7 

500 106 90 7 6 

HBP LOQ-5,000 

(0.992) 

1.62 2.19 100 91 93 7 9 

500 108 90 9 9 

ODV LOQ-5,000 

(0.993) 

2.87 11.58 100 99 91 9 5 

500 105 88 7 3 
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3.5.1.3.3 Application to real samples 

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

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

3 days of sampling (26-29/09/2023) 

Substance SPE APS o-DGT 

MCX HLB MCX HLB-1 HLB-2 MCX 

AMP <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ 

BZE 10.1 20.6 <LOQ <LOQ <LOQ <LOQ 

EDDP 50.2 31.6 21.4 <LOQ 92.8 110 

MOR 22.9 29.3 45.1 <LOQ <LOQ <LOQ 

TRA 355 * 324 700 559 598 

HBP 81.4 * 137 <LOQ <LOQ 113 

ODV 542 296 441 323 408 * 

6 days of sampling (03-09/10/2023) 

Substance SPE APS o-DGT 

MCX HLB MCX HLB-1 HLB-2 MCX 

AMP <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ 

BZE 18.4 29.2 <LOQ 18.4 31.6 * 

EDDP 51.2 63.7 29.8 60.0 67.4 * 

MOR 18.5 25.2 33.2 <LOQ <LOQ * 

TRA 439 684 335 693 699 * 

HBP 94.6 44.0 125 12.0 14.0 * 

ODV 594 458 361 471 717 * 

9 days of sampling (27/09-06/10/2023) 

Substance SPE APS o-DGT 

MCX HLB MCX HLB-1 HLB-2 MCX 

AMP <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ 

BZE 15.7 22.0 <LOQ 15.9 18.9 19.2 

EDDP 50.7 60.3 20.7 46.3 63.7 120 

MOR 20.5 27.3 39.5 22.0 25 40.7 

TRA 429 597 403 333 473 681 

HBP 93.8 47 131 48.9 <LOQ 99.7 

ODV 593 453 431 404 413 818 
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12 days of sampling (11-23/10/2023) 

Substance SPE APS o-DGT 

MCX HLB MCX HLB-1 HLB-2 MCX 

AMP <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ 

BZE 23.8 20.3 <LOQ 13.1 16.9 10.8 

EDDP 63.6 38.5 17.3 44.0 46.0 42.5 

MOR 18.5 17.1 29.5 <LOQ 18.8 17.8 

TRA 354 410 356 259 327 214 

HBP 64.5 51.8 49.6 14.2 12.4 30.8 

ODV 422 305 421 273 317 326 

14 days of sampling (26/09-10/10/2023) 

Substance SPE APS o-DGT 

MCX HLB MCX HLB-1 HLB-2 MCX 

AMP <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ 

BZE 16.7 24.8 <LOQ 11.9 12.1 12.7 

EDDP 51.3 62.5 16.7 60.3 58.5 74.0 

MOR 19.6 26.5 37.5 15.4 16.6 23.7 

TRA 418 661 266 528 337 269 

HBP 91.4 45.3 73.7 7.4 <LOQ 56.8 

ODV 577 416 409 413 276 260 

*values without replicates-outliers 

 

3.5.1.3.4 Conventional 24-hour composite sampling vs APS 

The measured concentrations of target psychoactive compounds obtained with SPE, APS 
and o-DGT are visualised in Figure 15. The x-axis represents the sampling method used, 
and the y-axis shows the obtained target biomarker concentrations (ng/L) in effluent 
wastewater during the five discrete sampling periods. SPE-MCX refers to the composite 
samples extracted using SPE with MCX cartridges. APS (HLB and MCX) refers to the 
gels in the APS device. DGT-HLB1 is the purchased DGT, while DGT-HLB2 and 
DGT-MCX are the lab-assembled DGTs. SPE values were represented as dots to indicate 
daily concentrations. The red bars represent the average concentration over the sampling 
period, with vertical lines indicating the standard deviation of the mean. APS and DGT 
values are presented as box plots to represent the time-weighted average concentrations 
over each sampling period. Thin bars or missing values for the DGT are due to the lack of 
replicates, due to the damage/loss of the gels in the field. 
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Figure 15: Scatterplot and boxplots showing the average concentrations of target psychoactive 
pharmaceuticals with all sampling methods tested during all sampling periods. 

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

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

 

Figure 16: Correlation plots comparing sampling methods. Obtained concentrations are 
log-transformed, and the diagonal line represents a 1:1 correlation. 

Similarly, hydroxybupropion showed a statistically lower average concentration (50% 
difference) with the APS, but this time using the HLB sorbent, compared to the SPE 
(Figure 15B). In general, there were no major discrepancies in the concentrations of 
targeted compounds. However, for morphine (Figure 15C) and tramadol (Figure 15D), 
the APS concentrations, when using MCX and HLB, respectively, were approximately two 
times higher than those obtained by SPE composite sampling. O-desmethylvenlafaxine was 
the only compound where measured SPE concentrations were slightly higher (<30% 
difference) compared to both APS-HLB and APS-MCX concentrations (Figure 15E). 
Variations in concentration could be linked to interactions between compound species and 
micro- and nanoparticles in wastewater, potentially influencing their sorption rate and 
extent onto the sorbent. What is also noteworthy is the case of BZE, whose concentration 
was <LOQ when in the APS-MCX sorbent (Figure 15F). This observation could be 
attributed to the cation-exchange properties of MCX, which enhance the sorption of 
cationic species but are less effective for zwitterionic compounds such as BZE. The average 
sorbed concentrations of BZE on APS-HLB sorbent were in good agreement with SPE 
(25% difference). 

Moreover, as shown in Figure 16B, comparing APS-HLB and o-DGT-HLB revealed 
variations in hydroxybupropion concentrations. In particular, the concentration of 
hydroxybupropion was on average 60% lower for o-DGT-HLB (both HLB1 and HLB2) 
compared to APS-HLB. This difference could be due to the smaller exposed surface area 
of the o-DGT sorbent compared to that of the APS (3.14 × 10-4 and 8.0 × 10-4 m2, 
respectively). For the remaining target compounds, no significant differences (<30%) were 
observed between APS-HLB and o-DGT-HLB. Additionally, the comparison between o-
DGT-HLB1 and o-DGT-HLB2 revealed no significant differences, with differences <20% in 
all cases. Finally, when comparing the o-DGT (HLB1, HLB2, and MCX) with the SPE 
concentrations, results showed good agreement for most target compounds, with only a few 
variations, mainly for hydroxybupropion (Figure 16C). According to the results, 
hydroxybupropion showed a significantly (p<0.05) lower average concentration (75% 
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difference) with the o-DGT-HLB device compared to composite samples extracted using 
SPE (Figure 16C and Figure 15B). 

3.5.1.4 Conclusions 

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

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

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

Future research should also include optimisation of the APS device for challenging 
matrices, such as influent wastewater monitoring. Such improvements could include 
physical modifications (e.g., a metal cage or protective mesh around the PES membrane 
to prevent clogging by large debris and solids) and alternative pumping mechanisms, such 
as more resilient micro-pump types (e.g., peristaltic or diaphragm pumps) that are less 
prone to fouling. Besides allowing for their exploitation in wastewater-based 
epidemiological studies, this could also enable the evaluation of WWTP treatment 
efficiency, which is in line with the upgraded UWWTD (2024, 1991) [211], [212]. 
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Chapter 4 

4 Overall Conclusions 

Analytical methods for psychoactive substance biomarkers for WBE 

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

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

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

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

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

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

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

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

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

WBE as a complementary tool for monitoring spatiotemporal changes 

in psychoactive substance consumption: Application to the Slovenian 

population 

The use of psychoactive substances (psychoactive pharmaceuticals and NPS) has a 
significant impact on public health. Especially since the outbreak of the COVID-19 
pandemic, there has been a growing interest in exploring how it affected people's mental 
health. Additionally, NPS rapidly enter the market as legal alternatives to conventional 
illicit drugs, bypassing legal restrictions and thus becoming an international public health 
concern. Conventional socio-epidemiological methods, such as general population surveys, 
hospital records, and prescription and sales data, are used to obtain information on trends 
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in psychoactive pharmaceutical consumption. Self-reported surveys, seizure data, and 
forensic and toxicological analysis are also employed to collect data on NPS consumption 
trends in the population; however, these methods have many limitations. To overcome 
these challenges, complementary approaches such as WBE are necessary. 

WBE offers the potential to serve as an indicator of lifestyle and public health 
characteristics within populations, providing data quickly and with high spatial and 
temporal resolution. Analysis of only a small number of influent wastewater samples can 
deliver anonymous, objective, complementary and real-time data about a community’s 
health and lifestyle. Due to its high spatiotemporal resolution, WBE can also serve as an 
early warning system for detecting emerging trends in consumption and exposure to 
different xenobiotics in defined populations.  

In the thesis, the developed and validated analytical methods were used to measure 
spatiotemporal changes in the PNMLs of psychoactive pharmaceutical and NPS 
biomarkers, and to evaluate their consumption trends in the Slovenian population. Short-
term weekly monitoring (weekdays vs weekends) can reveal potential recreational use of 
psychoactive pharmaceuticals, while long-term trends can also provide insights into the 
stability or fluctuations in the use of both psychoactive pharmaceuticals and NPS over 
time. Additionally, the high spatial resolution enabled area-based evaluations that would 
not have been possible with only conventional epidemiological data. 

To our knowledge, this is the first WBE study to investigate the spatiotemporal use of 
psychoactive pharmaceuticals and NPS at a higher degree of granularity in Slovenia, and 
to retrospectively evaluate the influence of the pandemic on their usage patterns. 
Specifically, seven WWTPs in urban and rural areas across Slovenia, which cover 
approximately 31% of the Slovenian population, were included in the study. In total, 
samples were collected during six sampling periods, spanning the pre- and post-pandemic 
periods, when most restrictions had been eased. 

Our results revealed several temporal and spatial variations for both psychoactive 
pharmaceuticals and NPS. Regarding psychoactive pharmaceuticals, there was a general 
alignment between measured PNMLs and annual prescription data in Slovenia, further 
supporting the validity of the WBE results. However, some notable discrepancies emerged. 
For instance, an exceptionally high concentration of citalopram was observed in Velenje 
during spring 2020, without a corresponding increase in its metabolite, suggesting direct 
disposal rather than consumption. Some psychoactive pharmaceuticals exhibited 
temporary increases or decreases in wastewater levels that were not mirrored in prescription 
records, indicating potential changes in usage behaviour or population dynamics. 

Furthermore, differences in spatial resolution between the localised WBE data and 
nationally aggregated prescription data may contribute to such discrepancies. Accordingly, 
hypothesis 1 (H1): “Measured levels of psychoactive pharmaceutical biomarkers 
in influent wastewater accurately reflect available prescription data on their 
consumption trends within Slovenian communities” was partially confirmed. 
Therefore, while WBE does not perfectly mirror prescription data, it serves as a valuable 
complementary tool to traditional monitoring methods, enhancing the understanding of 
pharmaceutical consumption trends in the Slovenian population and offering insights 
beyond what prescription data alone can provide. 

In addition, the results of this thesis showed that the PNMLs of most antidepressant 
biomarkers increased during the sampling campaigns, particularly during the first wave of 
the pandemic (spring 2020). On the contrary, the PNMLs of most antipsychotic and 
benzodiazepine biomarkers selected for long-term temporal analysis showed a decreasing 
trend during the same sampling period and particularly during the first wave in spring 
2020. However, no clear patterns related to the pandemic were observed in the short-term 
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analysis of weekdays vs weekends, as most statistically significant differences were observed 
either before or after the pandemic. 

This thesis also demonstrated the ability of WBE to overcome limitations associated 
with conventional NPS data collection, including identifying which NPS are circulating on 
the market without concrete data on their prevalence or use. Through targeted analysis, it 
is possible to quantify NPS use within the target population. Incorporating suspect 
screening into the workflow enables the rapid identification of newly emerging NPS. 
Accordingly, wastewater monitoring of NPS trends was first implemented during the 
2019/2020 New Year period as part of an international initiative, with the long-term aim 
of establishing a global surveillance NPS system similar to the SCORE model.  

Slovenia was first included in the 3rd international NPS monitoring campaign (New 
Year period 2021/22), revealing some interesting findings regarding the consumption of 
NPS in some specific sites, such as the detection of eutylone, mitragynine, and 3-MMC, 
with the latter having one of the highest mass loads detected within the study. These 
results led to a broader investigation of spatiotemporal trends in NPS use in Slovenia over 
four years of monitoring (2019–2022) during regular non-holiday periods.  

The outbreak of the COVID-19 pandemic in Slovenia in March 2020 also provided a 
valuable chance to evaluate the influence of the pandemic on NPS use. Five NPS were 
quantified across all sites at least once, with 3-MMC being the most prevalent, followed by 
mitragynine, which showed the highest PNMLs. One common observation for all detected 
NPS was their disappearance during the first wave of COVID-19 (spring 2020), except for 
3-MMC, which, in addition to being measured during all sampling periods, also showed an 
increasing trend during the pandemic. 

One main limitation regarding the spatiotemporal evaluation of both psychoactive 
pharmaceutical and NPS use was that only a single week of sampling was included within 
each sampling period. As a consequence, consumption rates may not fully capture the rest 
of the year. However, since all sampling campaigns were conducted in a “typical” week, it 
is assumed that the data reflect baseline use, with weekdays and weekends representing 
baseline consumption within a regular working week. 

Overall, the results showed that WBE was capable of monitoring the temporal and 
spatial changes in psychoactive substance use during the COVID-19 pandemic, 
confirming hypothesis 2 (H2): “WBE can serve as a complementary data source 
to evaluate the impact of the COVID-19 pandemic on the use of psychoactive 
pharmaceuticals and NPS in Slovenia”. 

WBE uncertainties: Stability of psychoactive pharmaceuticals and NPS 

Although WBE is a well-established approach for monitoring (ab)use, misuse, and regional 
prescription patterns by providing objective information on psychoactive substance use 
within a population, there remains a need to reduce methodological uncertainties, such as 
stability. In WBE, accurate estimations rely on the stability of substance biomarkers in 
influent wastewater; however, current information on the stability of psychoactive 
pharmaceuticals, especially antipsychotics, during sampling, storage, and sample 
preparation is limited. 

Throughout various stages, ranging from excretion and in-sewer transport to sampling, 
storage, and final analysis, target biomarkers may be degraded or transformed, potentially 
resulting in under- or overestimation of actual substance use. Therefore, it is crucial to 
ensure that the selected biomarker is stable or that an appropriate correction factor is 
applied to enable an accurate assessment of consumption. This study presents the first 
comprehensive analysis of the stability of 11 representative antipsychotic biomarkers, 
including parent compounds and related metabolites, in influent wastewater. It uses a series 
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of experiments that mimic in-sewer transport and in-sample stability under various 
conditions. 

The results showed that in-sewer degradation is compound-specific and influenced by 
environmental conditions, such as temperature and residence time, although the latter is 
often too short to affect many biomarkers significantly. Acidification before storage should 
generally be discouraged because it degrades some analytes at low pH and reduces their 
stability after freeze-thaw cycles, making this approach unsuitable for preserving samples. 
In contrast, SPE cartridges offer a more reliable storage option, with all compounds except 
quetiapine remaining stable for up to three months. Given these results, WBE should be 
used cautiously to monitor the spatiotemporal use of antipsychotics and tailored to specific 
biomarkers to ensure accurate conclusions are made. 

Additionally, within the framework of international NPS monitoring, another key focus 
of this thesis was evaluating the stability of NPS on SPE cartridges, particularly to ensure 
that NPS biomarkers remain stable during international shipping and potential delays. A 
total of 54 NPS biomarkers were evaluated for stability at five temperatures (−80 °C, 
−20 °C, 4 °C, 22 °C, and 37 °C) across five time points (three days to four months), 
simulating differing storage conditions, as well as the winter and summer conditions over 
the New Year period around the world. The findings showed that the majority of NPS 
biomarkers (n = 46) remained stable for up to three months when loaded onto SPE 
cartridges at −20 °C. 

Overall, understanding the degradation processes and evaluating the in-sample and in-
sewer biomarker stability further strengthens the accuracy of WBE, as a complementary 
data source for monitoring spatiotemporal trends in the consumption of psychoactive 
pharmaceuticals and NPS. Accordingly, the confirmation of hypothesis 2 (H2): “WBE 
can serve as a complementary data source to evaluate the impact of the 
COVID-19 pandemic on the use of psychoactive pharmaceuticals and NPS in 
Slovenia” is further supported. 

The ecological impact of psychoactive pharmaceutical residues in the 

aquatic environment 

There is growing recognition that the use of psychoactive pharmaceuticals, including 
antidepressants, antipsychotics, and benzodiazepines, not only affects human health and 
well-being but also has a significant impact on the environment. The increased consumption 
of psychoactive pharmaceuticals in modern society has driven higher production by the 
pharmaceutical industries, leading to a greater discharge of pharmaceutical and hospital 
waste, beyond municipal waste, into the aquatic environment. In response to the global 
rise in psychoactive pharmaceutical use, the UNODC recognised psychoactive 
pharmaceutical residues as an increasing environmental threat and advocated for expanded 
research into their environmental occurrence and toxicological effects. 

Due to their physicochemical properties, particularly high hydrophilicity, psychoactive 
pharmaceutical residues tend to accumulate in aquatic environments, with treated 
wastewater being their primary source. Accordingly, several studies have assessed the 
removal efficiency of psychoactive pharmaceutical residues using conventional wastewater 
treatment methods, including activated sludge, membrane bioreactors (MBR), and 
sequential batch reactors (SBR).  

Comprehensive data on the removal of psychoactive pharmaceuticals remains limited 
due to the number of residues and treatment methods (i.e., moving bed biofilm reactor, 
MBBR) tested. Additionally, most of the studies have been focused on the removal of 
antidepressants, while only a limited number of antipsychotics or benzodiazepines have 
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been addressed. Consequently, further research is essential, especially in light of the EU’s 
recently revised urban wastewater treatment directive, which requires the inclusion of 
additional quaternary treatment to remove >80% of at least six out of 13 listed 
micropollutants, including three antidepressants (citalopram, carbamazepine, and 
venlafaxine), which are also the subject of this study.  

A significant part of this thesis focused on the removal efficiency of antidepressant, 
antipsychotic, and benzodiazepine residues in seven Slovenian WWTPs, which varied in 
catchment size and type of wastewater treatment technology, including activated sludge, 
SBR, SBR with UV, MBR, and MBBR. Among the studied treatment technologies, the 
efficiency of MBBR in removing psychoactive pharmaceutical residues was tested for the 
first time. The results showed that the different treatment technologies remove 
psychoactive pharmaceuticals to differing degrees, with AS and MBR being the most 
efficient and MBBR the least efficient.  

This thesis also revealed how removal is compound dependent, with, e.g., oxazepam, 
venlafaxine/O-desmethylvenlafaxine, and citalopram/norcitalopram residues being poorly 
removed (average RE<40%) in all cases. On average, better removals were found for 
antipsychotics (REs=73%), followed by benzodiazepines (REs=45%), then antidepressants 
(REs=39%). Although a few antipsychotics, including clozapine, quetiapine, and 
paliperidone, were effectively removed (<90%) with some treatment methods, complete 
mineralisation was not achieved, confirming H3: “Conventional biological 
wastewater treatment technologies do not entirely remove psychoactive 
pharmaceutical residues to <LOQ”. Furthermore, bupropion-OH, carbamazepine, 
CBZ-E, clozapine, norclozapine, norquetiapine, temazepam, sertraline, and ZPCA residues 
showed significantly lower removal rates in MBBR systems compared to other treatment 
technologies. Psychoactive pharmaceutical residues were also found in various amounts in 
effluent-receiving surface waters, reflecting their degree of removal during treatment. 

As a result of their continuous release into wastewater, psychoactive pharmaceutical 
residues, including both parent compounds and their metabolites, demonstrate pseudo-
persistence in the aquatic environment and have been detected in various receiving waters, 
such as rivers, lakes, and oceans, as well as in some cases, even in soil or drinking water 
supplies. Even at trace levels (ng/L), their presence in surface waters could pose a threat 
to non-target aquatic organisms, and long-term exposure leads to chronic ecological and 
evolutionary impacts. Unfortunately, data on their occurrence in environmental waters 
remain limited due to the number of residues tested and the diversity of aquatic organisms 
exposed. Consequently, more data are required on the environmental presence and toxic 
effects of psychoactive pharmaceutical residues to better assess ecological risks. 

This thesis explored the occurrence of a broad range of antidepressants, antipsychotics, 
and benzodiazepine residues in Slovenian effluent receiving surface waters. Additionally, 
the ecological risk posed by the measured concentrations of psychoactive pharmaceutical 
residues in the tested receiving surface waters was evaluated using the ECOSAR predictive 
model. At the measured concentrations, the effect on aquatic organisms was predicted for 
venlafaxine, O-desmethylvenlafaxine, citalopram, and sertraline residues, which leads to 
the partial rejection of H5: “Measured levels of psychoactive pharmaceutical 
residues in surface waters impacted by WWTP effluent do not pose a risk to 
aquatic organisms based on the ECOSAR predictive model”, indicating that some 
psychoactive pharmaceutical residues may pose an acute toxicity risk to the aquatic 
organisms at the determined levels. Considering the in silico data, further in vivo studies 
would be beneficial. 
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Novel sampling strategies for the determination of psychoactive 

substances in wastewater 

An overall issue to be addressed in WBE is the sampling process. This thesis employed an 
innovative sampling strategy that utilised APS devices developed at the University of 
Antwerp. In brief, the APS relies on generating a controlled flow across sorbents selective 
for several classes of compounds, thereby providing on-site, in-situ pre-concentration of 
target biomarkers in a well-defined manner. Such an approach yields average 
concentrations over the device's deployment time (e.g., a few days to a few weeks), reducing 
the required sampling frequency and aligning them with the WBE approach. This 
deployment was the first in-situ application of the APS device in wastewater for the 
determination of six psychoactive compound biomarkers (antidepressants, illicit drugs, and 
opioids), and compared its performance with o-DGT passive samplers (both purchased and 
lab-assembled) and conventional 24-hour composite sampling (followed by SPE) during the 
same sampling period. 

Data from over five deployment periods (3, 6, 9, 12, and 14 days) revealed that APS 
results were in good agreement with both 24-hour composite sampling (followed by SPE) 
and o-DGT devices for most biomarkers, with concentration differences generally within 
40%. APS results were also remarkably consistent with the 24-hour SPE-based 
measurements for all biomarkers, except for EDDP and hydroxybupropion, for which 
compound-specific deviations were observed, likely driven by chemical speciation, 
differences in sorbent binding or interactions with particulate matter. 

The APS offers a hybrid approach that integrates the strengths of both passive and 
active sampling, providing controlled uptake rates and broad analyte coverage without the 
need for expensive equipment or daily maintenance. Like o-DGT, APS enables the time-
integrated pre-concentration of analytes, thereby enhancing the detection of low-
concentration substances while minimising the complexity and associated costs of 
autosamplers. Additionally, APS benefits are particularly evident in applications that 
require controlled flow rates, low detection limits, and extended monitoring periods. 
Although this thesis demonstrated APS’s potential to complement traditional 24-hour 
composite sampling by enabling continuous measurement and capturing temporal 
fluctuations in psychoactive compound levels in wastewater effluents, APS does have 
certain limitations that should be considered. Despite the promising results in effluent 
wastewater applications, initial deployment of the APS device in influent wastewater failed 
due to filter clogging within 18 hours, which leads to a partial rejection of H4: “APS 
provides a more convenient and efficient sampling strategy than conventional 
24-hour composite sampling”. Further improvements would provide valuable 
opportunities for WBE applications and environmental surveillance. 

To summarise, determining psychoactive substance residues in waste and 
environmental waters provides significant information on the epidemiological and 
environmental aspects of psychoactive substance use. These aspects are closely related and 
require a multidisciplinary approach to be understood and addressed effectively. This thesis 
used a combination of different methods, including chemical analysis, ecotoxicity predictive 
model, and risk assessment, to (i) determine psychoactive substance biomarkers in aquatic 
matrices, (ii) monitor spatiotemporal use of psychoactive pharmaceuticals and NPS in the 
Slovenian population using WBE and compare the data with the available prescriptions 
(for psychoactive pharmaceuticals), (iii) evaluate the influence of the COVID-19 pandemic 
on psychoactive pharmaceutical and NPS consumption trends, (iv) assess the stability of 
antipsychotic and NPS biomarkers, (v) evaluate removal efficiency of psychoactive 
pharmaceutical residues during conventional biological wastewater treatments, 
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(vi) determine the occurrence of psychoactive pharmaceutical residues in receiving surface 
waters, (vii) estimate associated acute and chronic toxicity to aquatic organisms, and (viii) 
deploy and compare innovative (active-passive) and conventional (24-hour composite) 
wastewater sampling strategies. 

Overall, the work has made significant contributions to both science and society. 
Importantly, it has enabled methodological advancements for determining psychoactive 
pharmaceuticals and NPS in wastewater within the WBE framework. In particular, 
classical SPE protocols and a high-throughput miniaturised SPE protocol using Oasis MCX 
96-well plates were developed and validated for the quantification of a broad range of 
psychoactive substance biomarkers in waste and surface waters. Additionally, it has 
provided timely information on changes in the spatiotemporal patterns of psychoactive 
pharmaceutical and NPS use in Slovenia and evaluated the pandemic's influence on their 
use, thereby enhancing our understanding of these international trends. It also 
comprehensively assessed the stability of antipsychotic and NPS biomarkers, further 
supporting WBE in obtaining more accurate consumption data and strengthening its 
validity as a complementary approach. 

The thesis also contributes additional data on removing psychoactive pharmaceutical 
residues during wastewater treatment, including, for the first time, their removal using an 
MBBR. Moreover, it has evaluated the prevalence of psychoactive pharmaceutical residues 
in receiving surface waters and assessed associated environmental risks by using the 
ECOSAR predictive model. Lastly, this thesis investigated, for the first time, innovative 
active-passive sampling strategies in wastewater and compared them to conventional 
24-hour composite sampling. 

These contributions are documented in eight peer-reviewed scientific publications and 
one publication to be submitted for revision in Environmental Pollution in December 2025. 
The published papers include renowned peer-reviewed publications with impact factors 
ranging from 2.6 to 12.4. Three publications were published in the journals with 
outstanding scientific performance (A” according to the Slovene Research and Innovation 
Agency) classification. The doctoral candidate is the first author in five of the publications. 
In addition, the research findings have been presented at eleven scientific conferences, 
including both oral presentations and poster sessions.  

Despite the contributions this thesis has made, many questions remain unanswered, 
and there is considerable scope for further research. In this regard, this work serves as a 
foundation for future studies. Future directions (Chapter 5) include, among others, 
methodological advancements, applications to specific populations, and further 
investigation of the impact of psychoactive substance residues in aquatic ecosystems. 

 
 



177 

Chapter 5 

5 Future Perspectives 

Methodological improvements 

This section highlights key insights and future opportunities for WBE to further contribute 
as a complementary epidemiological source, providing independent, accurate, and timely 
information on xenobiotic consumption trends at high spatiotemporal resolution. Although 
WBE has already been used for two decades to investigate licit and illicit drug 
consumption, and it has proven useful in monitoring trends in the use of psychoactive 
pharmaceuticals in the general population, additional research is needed on methodological 
issues. 

New biomarkers (parent compounds or corresponding metabolites) for a selection of 
frequently prescribed pharmaceuticals, particularly for antipsychotics and benzodiazepines, 
should be included in the target analytical methods, such as the high-throughput 96-well 
SPE method. Considering that for some psychoactive pharmaceuticals of interest, such as 
fluoxetine, paroxetine, duloxetine, haloperidol, and lorazepam, only parent compounds 
have been investigated, their corresponding metabolites should be added to analytical 
methods.  

The available Phase I and II metabolism studies in the scientific literature should be 
further reviewed to identify additional metabolites to be targeted in influent wastewater. 
Additionally, it is essential to assess biomarker suitability by evaluating their 
pharmacokinetics and stability to address associated uncertainties, particularly when using 
parent compounds as biomarkers. This data is also needed for the accurate quantification 
of NPS in influent wastewater (e.g., within the framework of international NPS 
monitoring). Currently, data on their excretion and metabolism are limited, making it more 
challenging to estimate their consumption. 

In-sewer (i.e., temperature, pH, time, biofilm presence) and in-sample (i.e., storage, 
freeze-thaw, benchtop) conditions can result in the degradation and (bio)transformation of 
biomarkers. In-sewer and in-sample stability for several of the investigated biomarkers 
(mainly antidepressants and benzodiazepines) have been studied in various other 
publications, while there is only limited research for antipsychotics and NPS.  

Finding consensus on a suitable experimental setup that fully mimics sewer conditions 
remains challenging. A variety of approaches, such as gravity sewers, biofilm-free systems, 
and rising main sewer reactors, along with different conditions (pH, temperature, duration, 
and biofilm content), have been reported, making it difficult to compare findings across 
studies. Similarly, various experiments (benchtop, frozen cartridge, long-term sample 
storage, WWTP autosampler, and freeze-thaw) have been used in different studies to 
evaluate in-sample stability under different conditions (filtration, temperature, and pH). 
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Consequently, the in-sewer and in-sample stability of several target psychoactive substance 
biomarkers should be further assessed. 

The sampling schemes used in this thesis primarily consisted of daily 24-hour composite 
sampling for one week at different times between 2019 and 2023. The applicability of novel 
sampling approaches, such as active-passive sampling, should be further explored for 
spatiotemporal trend analysis within the WBE framework. Although APS was successfully 
applied to effluent wastewater, further optimisation is needed for more complex matrices 
such as influent wastewater. 

Improvements may include physical adaptations such as installing a metal cage or 
protective mesh around the PES membrane to prevent blockages caused by large debris 
and suspended solids. Additionally, integrating more robust pumping systems—such as 
peristaltic or diaphragm micro-pumps—could help reduce fouling and improve reliability. 
Moreover, with the inclusion of a broader range of psychoactive substances in this 
approach, these advancements would not only expand the applicability of APS in WBE 
studies but also support the assessment of WWTP performance, aligning with the 
objectives of the revised Urban Wastewater Treatment Directive. 

Further research is also required to reduce uncertainty in estimating the population size 
contributing to the WWTP. This omission is of great importance, as failing to account for 
population fluctuations may lead to incorrect conclusions about consumption trends or 
exposure levels. While various efforts have already been made to track changes in 
population sizes to reduce this uncertainty, proposed methods, including the use of mobile 
phone data and the determination of hydro-chemical parameters, remain inadequate. 
Mobile phone data, for instance, is not easily accessible or even available in all countries 
(including Slovenia), and hydro-chemical indicators like chemical oxygen demand (COD) 
and biological oxygen demand (BOD) are influenced not only by human activity but also 
by industrial and agricultural inputs. In the future, further research and alternative 
methods for applying dynamic population proxies are needed to address this methodological 
issue effectively. 

WBE: application to the Slovenian population 

International NPS monitoring is expected to continue, and interlaboratory studies and 
best-practice protocols will need to be developed. Slovenia’s ongoing participation in NPS 
monitoring is beneficial at both national and international levels. Accordingly, during the 
New Year periods of 2023/2024 and 2024/2025, Slovenia contributed to international NPS 
monitoring by providing wastewater samples from seven municipalities. However, future 
participation also depends on funding. 

Beyond methodological development, efforts should also focus on exploring the potential 
of applying wastewater analysis to specific populations as a non-invasive alternative to 
existing methods, such as individual drug testing. These could include educational 
institutions, prisons, and sports settings. Although studies have been made in Slovenian 
educational institutions to investigate the use of illicit drugs, monitoring the use of 
psychoactive pharmaceuticals would provide additional value. Educational institutions, 
mainly high schools and universities, are increasingly associated with the use of medications 
(i.e., antidepressants, anxiolytics) either for therapeutic purposes, cognitive enhancement, 
or non-medical use. WBE would provide valuable insight into students’ mental health, 
which could inform campus health services, awareness campaigns, and policy interventions. 
However, ethical considerations, including informed consent and the potential for 
misinterpretation or stigmatisation of institutions, must be carefully addressed.  

In correctional facilities, WBE could become a powerful tool to monitor the use of 
psychoactive pharmaceuticals and NPS in a comprehensive and real-time manner. Prisons 
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are high-risk settings for substance misuse, both through the smuggling of illicit drugs and 
the diversion of prescribed medications. WBE can serve as a tool for early detection of 
drug misuse trends, help evaluate the effectiveness of treatment and harm reduction 
programs, and guide health interventions tailored to the specific needs of the incarcerated 
population. Additionally, its non-invasive nature and ability to assess drug use at the 
population level provide a practical alternative to conventional methods such as random 
drug testing, which can be resource-intensive and limited in scope. However, implementing 
WBE in prisons must be handled with caution, ensuring strict adherence to ethical 
standards that protect privacy and prevent the misuse of data for punitive or 
discriminatory purposes. 

Recreational and professional athletes represent another potential setting, where 
wastewater analysis could be applied to monitor psychoactive substance misuse. Current 
doping control methods rely primarily on random individual testing, which may not capture 
broader trends or detect the use of new or designer substances that fall outside conventional 
testing panels. Here, wastewater analysis could serve as an initial screening method, 
providing insight into group-level drug use and guiding more targeted anti-doping 
strategies. However, since such an application has not yet been implemented in practice in 
the sports domain, careful consideration must be given to ethical implications, such as the 
potential stigmatisation of entire teams or clubs, especially when interpreting group-level 
data. Beyond identifying drug misuse, the use of suspect screening or non-targeted 
analytical approaches in wastewater analysis could also help detect emerging trends in the 
use of psychoactive substances in sports. Transparent communication and regulatory 
frameworks are essential to ensure fair, responsible, and scientifically grounded applications 
in the athletic community. 

Ultimately, wastewater analysis is expected to expand its applications beyond 
estimating population-level consumption of psychoactive substances. Another promising 
direction of WBE is its application to assess the spread of viruses and other diseases within 
populations, a role that proved valuable during the COVID-19 pandemic. Moreover, WBE 
can be applied to explore population-wide exposure to substances not intended for human 
consumption, such as pesticides, plasticisers, and various household or industrial chemicals, 
thereby serving as a complementary approach to human biomonitoring. Such an 
application is currently being explored through the ongoing European Partnership for the 
Assessment of Risks from Chemicals (PARC) project, co-funded by the European Union. 
The initiative focuses on evaluating the risks associated with known, emerging, and novel 
pollutants, aligning with the EU’s objective of achieving a pollution-free environment. 

Psychoactive pharmaceutical residues in receiving surface waters and 

associated risks 

While this thesis has made important contributions, further research is necessary to deepen 
our understanding of the presence of psychoactive pharmaceuticals in environmental 
waters. The predominant use of grab sampling as a technique for sampling surface waters 
presents limitations because it captures only a snapshot of substance concentrations at the 
time of collection and fails to provide time-resolved data. Therefore, alternative methods, 
such as passive or active-passive sampling techniques, require further investigation. 
Additionally, the evaluation of psychoactive pharmaceutical residues should also be 
expanded to include groundwater. Consequently, there is a need for studies that include a 
broader spectrum of psychoactive pharmaceuticals and their metabolites to support future 
environmental risk assessments, including those linked to the EU Watch List and 
Groundwater Watch List under the Water Framework Directive. 
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Furthermore, suspect screening and non-target analysis should be considered to detect 
substances that may occur in the environment but cannot be detected by targeted 
analytical methods. Moreover, conducting studies on psychoactive pharmaceutical residues 
in environmental waters is especially critical in developing regions and countries with 
limited access to wastewater treatment infrastructure. In these areas, untreated or 
inadequately treated wastewater can lead to higher concentrations of psychoactive 
pharmaceutical residues in the environment, posing significantly greater risks to ecosystems 
and public health. 

Exploring the potential impact of psychoactive pharmaceutical residues on other 
subsurface aquatic ecosystems (i.e., caves) would be of great interest, given their ecological 
sensitivity and fragility, particularly in light of Slovenia's well-known karst landscapes. 
However, to gain a comprehensive understanding of how pharmaceutical residues move, 
disperse, and persist in subterranean and cave aquatic systems, it is essential to investigate 
the stability of these compounds during their passage through soil and within water bodies. 

Additionally, research into the effects of psychoactive pharmaceutical residues on 
wildlife is necessary, as their impact on aquatic organisms at environmental levels and no-
effect concentrations remains largely unknown. Furthermore, ecotoxicological testing 
should be performed on subterranean species across different trophic levels, as such data 
are currently scarce or non-existent, although these organisms play vital roles in delicate 
karst ecosystems. While the environmental risk assessment in this thesis focused on 
psychoactive pharmaceuticals, future studies should also extend predictive ecotoxicological 
modelling approaches, such as ECOSAR, to NPS, once appropriate analytical methods, 
reference standards, and exposure data become available.  

Lastly, more attention should be given to studies that determine the occurrence of 
psychoactive pharmaceutical residues in drinking water and evaluate their potential risks 
to human health. Many psychoactive pharmaceutical residues are chiral molecules, and 
their enantiomers can exhibit differing levels of toxicity. Investigating stereoselective 
toxicity is another area for advancing environmental risk assessments of psychoactive 
pharmaceutical residues.  
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