Water Research 130 (2018) 151e160

Contents lists available at ScienceDirect

Water Research
journal homepage: www.elsevier.com/locate/watres

Enantiomeric proﬁling of chiral illicit drugs in a pan-European study
 a, *, Zhugen Yang a, b, Richard Bade c, d, Jose A. Baz-Lomba e,
Erika Castrignano
f
Sara Castiglioni , Ana Causanilles g, Adrian Covaci h, Emma Gracia-Lor c, f,
Felix Hernandez c, Juliet Kinyua h, Ann-Kathrin McCall i, Alexander L.N. van Nuijs h,
 sz j, k, Pedram Ramin j, l, Nikolaos I. Rousis f, Yeonsuk Ryu e,
Christoph Ort i, Benedek G. Plo
e, m
, Pim de Voogt g, n, Ettore Zuccato f, Barbara Kasprzyk-Hordern a, **
Kevin V. Thomas
a

Department of Chemistry, Faculty of Science, University of Bath, Bath, BA2 7AY, UK
Division of Biomedical Engineering, School of Engineering, University of Glasgow, Oakﬁeld Road, Glasgow G12 8LT, UK
c
n, Spain
Research Institute for Pesticides and Water, University Jaume I, Avda. Sos Baynat s/n, E-12071, Castello
d
School of Pharmacy and Medical Sciences, University of South Australia, Adelaide, South Australia 5000, Australia
e
Norwegian Institute for Water Research (NIVA), Gaustadalleen 21, 0349, Oslo, Norway
f
IRCCS Istituto di Ricerche Farmacologiche “Mario Negri”, Department of Environmental Health Sciences, Via La Masa 19, 20156, Milan, Italy
g
KWR Watercycle Research Institute, Chemical Water Quality and Health, P.O. Box 1072, 3430 BB, Nieuwegein, The Netherlands
h
Toxicological Center, Department of Pharmaceutical Sciences, Campus Drie Eiken, University of Antwerp, Universiteitsplein 1, 2610, Wilrijk-Antwerp,
Belgium
i
Eawag, Swiss Federal Institute of Aquatic Science and Technology, CH-8600, Dübendorf, Switzerland
j
Department of Environmental Engineering, Technical University of Denmark, Bygningstorvet, Building 115, DK-2800M, Kgs. Lyngby, Denmark
k
Department of Chemical Engineering, University of Bath, Claverton Down, Bath, BA2 7AY, UK
l
Process and Systems Engineering Center (PROSYS), Department of Chemical and Biochemical Engineering, Technical University of Denmark, Building 229,
2800 Kgs. Lyngby, Denmark
m
Queensland Alliance for Environmental Health Science (QAEHS), University of Queensland, 39 Kessels Road, Coopers Plains, QLD, 4108, Australia
n
IBED-University of Amsterdam, The Netherlands
b

a r t i c l e i n f o

a b s t r a c t

Article history:
Received 4 September 2017
Received in revised form
24 November 2017
Accepted 24 November 2017
Available online 1 December 2017

The aim of this paper is to present the ﬁrst study on spatial and temporal variation in the enantiomeric
proﬁle of chiral drugs in eight European cities. Wastewater-based epidemiology (WBE) and enantioselective analysis were combined to evaluate trends in illicit drug use in the context of their consumption
vs direct disposal as well as their synthetic production routes. Spatial variations in amphetamine loads
were observed with higher use in Northern European cities. Enantioselective analysis showed a general
enrichment of amphetamine with the R-()-enantiomer in wastewater indicating its abuse. High loads of
racemic methamphetamine were detected in Oslo (EF ¼ 0.49 ± 0.02). This is in contrast to other European cities where S-(þ)-methamphetamine was the predominant enantiomer. This indicates different
methods of methamphetamine synthesis and/or trafﬁcking routes in Oslo, compared with the other
cities tested. An enrichment of MDMA with the R-()-enantiomer was observed in European wastewaters indicating MDMA consumption rather than disposal of unused drug. MDA's chiral signature
indicated its enrichment with the S-(þ)-enantiomer, which conﬁrms its origin from MDMA metabolism
in humans. HMMA was also detected at quantiﬁable concentrations in wastewater and was found to be a
suitable biomarker for MDMA consumption. Mephedrone was only detected in wastewater from the
United Kingdom with population-normalised loads up to 47.7 mg 1000 people1 day1. The enrichment
of mephedrone in the R-(þ)-enantiomer in wastewater suggests stereoselective metabolism in humans,
hence consumption, rather than direct disposal of the drug. The investigation of drug precursors, such as
ephedrine, showed that their presence was reasonably ascribed to their medical use.
© 2017 Published by Elsevier Ltd.
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1. Introduction
Since the ﬁrst study by Zuccato et al. (Zuccato et al., 2005),
where wastewater-based epidemiology (WBE) was introduced as
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an approach to estimate community-wide illicit drug use trends,
WBE has proven to provide valuable and complementary information to traditional epidemiological approaches (Thomas and
Reid, 2011; Kasprzyk-Hordern et al., 2014). Indeed, the analysis of
carefully selected biomarkers, which are often unique human urinary metabolic excretion products, has allowed for near real-time
proﬁling of the community-wide use of a number of illicit drugs
(Thomas et al., 2012; Ort et al., 2014), new psychoactive substances
(NPS) (Reid et al., 2014; Castiglioni et al., 2015a), alcohol (Reid et al.,
2011a) and tobacco (Castiglioni et al., 2015b) use and counterfeit
medicines (Causanilles et al., 2016). The study by Zuccato et al. was
followed and further developed by other research groups (Van
Nuijs et al., 2009a,b; van Nuijs et al., 2009a,b; Karolak et al., 2010;
Metcalfe et al., 2010; Terzic et al., 2010; Reid et al., 2011b; van
Nuijs, Castiglioni et al., 2011). The ﬁrst Europe-wide study in
2011, led by the SCORE group (www.score-cost.eu), involved 19
cities and estimated temporal and spatial drugs use trends across
Europe (Thomas et al., 2012). This was followed by Europe-wide
monitoring of 23 cities in 2012 (Ort et al., 2014) and then 42 cities in 2013 (http://www.emcdda.europa.eu/topics/pods/wastewater-analysis 2016). WBE is currently used to report on worldwide illicit drug use trends (Lai, O'Brien et al., 2016; Tscharke
et al., 2016) and feeds into the Europe-wide evidence based early
warning system managed by the European Monitoring Centre for
Drugs
&
Drug
Addiction
(EMCDDA)
(http://
www.emcdda.europa.eu/activities/wastewater-analysis).
There are several key stages that need to be considered when
developing new WBE applications: (i) biomarker selection; (ii)
collection of representative wastewater samples; (iii) measurement
of biomarkers in wastewater; (iv) calculation of populationnormalised mass loads and, ﬁnally, (v) estimation of the consumption pro capita. Biomarker selection is considered to be of
critical importance. This cannot be limited to the parent drug itself
if the determination of drug consumption estimate is the aim, since
bias related to disposal of the unused drug might take place. A
biomarker should be uniquely formed in the body, be stable and
present in wastewater at quantiﬁable concentrations. Furthermore,
the impact of transformation of biomarkers in sewer bioﬁlm/suspended solids between the discharge and the sampling points
should be considered as it could affect the detected amount of the
analytes, thereby inﬂuencing epidemiological observations (McCall
et al., 2016; Ramin et al., 2016). Unfortunately, as it is not always
possible to select a unique metabolic biomarker, different solutions
need to be sought. One of the innovative approaches focuses on
enantiomerism of chiral drugs and their stereoselective human
metabolism [26].
Enantiomeric proﬁling can complement WBE data with valuable
information on abuse trends and potency of chiral drugs. It can also
help with distinguishing between the legal and illicit use of drugs,
as well as providing an indication of actual consumption as
opposed to disposal of non-consumed drugs [2]. This is because
drug synthesis is associated with different chiral signatures that
depend on the routes of synthesis. Furthermore, chiral drugs undergo stereoselective disposition in humans leading to changes in
their chiral signature (expressed as enantiomeric fraction, EF)
(Kasprzyk-Hordern, 2010) when excreted.
The potential of enantioselective analysis for WBE purposes has
thus far only been demonstrated in a few limited studies focussing
on (i) veriﬁcation of the fate of chiral drugs during wastewater
~ oz, 2015), (ii)
treatment and in the environment (Camacho-Mun
conﬁrmation of origin of amphetamine found in wastewater in the
United Kingdom (UK) (Kasprzyk-Hordern and Baker, 2012) and (iii)
conﬁrmation of MDA present in wastewater as a result of MDMA
consumption rather than MDA use (Kasprzyk-Hordern and Baker,

zquez-Roig et al (Vazquez-Roig et al., 2014). reported us2012). Va
age patterns of chiral drugs in the catchment area of Valencia
(Spain), by linking selective enrichment of MDMA with the R()-enantiomer in wastewater to human consumption. Enantioselective analysis also proved invaluable in establishing that the
unexpectedly high quantity of MDMA detected during a monitoring
campaign in 2011 in Utrecht was due to direct disposal of unused
MDMA as a consequence of a police raid at a nearby illegal production facility (Emke et al., 2014) and not as a result of high levels
of consumption. Similarly, Petrie et al (Petrie et al., 2016). linked
high levels of ﬂuoxetine in wastewater with the disposal of the

unused drug rather than its consumption. Recently, Castrignano
 et al., 2016). found mephedrone enriched with Ret al (Castrignano
(þ)-enantiomer in wastewater in the UK suggesting human use.
Despite these ﬁndings, a limited number of studies have
correlated the enantiomeric composition of chiral biomarkers to
~ oz, 2015). Hence, this is the ﬁrst
ofﬁcial statistics (Camacho-Mun
pan-European study aimed at investigating enantiomeric proﬁling
of “common” drugs of abuse, NPS and chiral drug precursors in
eight cities from different countries with a total population
equivalent of 4.9 million. The focus of this research was to:
 quantify selected drugs in wastewater from eight European
cities,
 verify if drug residues in wastewater originated from the direct
disposal of unused drugs into the sewer system or their
consumption.

2. Experimental
2.1. Chemicals and materials
The following chiral analytes were selected in this study
(Fig.
S1):
(±)-mephedrone,
(±)-4-hydroxy-3methoxymethamphetamine
(HMMA),
(±)-3,4methylenedioxymethamphetamine (MDMA), (±)-4-hydroxy-3methoxyamphetamine
(HMA),
(±)-methamphetamine,
(±)-amphetamine, (±)-3,4-methylenedioxyamphetamine (MDA),
(±)-3,4-methylenedioxy-N-ethyl-amphetamine
(MDEA),
(±)-ephedrine, (±)-pseudoephedrine, (±)-para-methoxyamphetamine (PMA), (±)-norephedrine. Table S1 shows properties of all
analytes. Amphetamine-D5, methamphetamine-D5, mephedroneD3, MDA-D5, MDMA-D5, MDEA-D5 and 1S,2R-(þ)-ephedrine-D3
were used as internal standards (ISs).
All standards and ISs were of the highest purity available (>97%).
Stock and working solutions of standards were stored at 20  C.
Methanol, acetonitrile and ammonium acetate were purchased
from Sigma Aldrich, UK. Ultrapure water was obtained from MilliQ
system (UK). Deactivation of the glassware was carried out as
 et al., 2016) to prevent the adsorption of
described in (Castrignano
basic analytes to the hydroxyl sites on the glass surface.
2.2. Sample collection, storage and sample preparation
24-h composite wastewater inﬂuent samples were collected
over seven consecutive days in March 2015 from wastewater
treatment plants (WWTPs) across Europe using best practice
sampling protocol (Castiglioni et al., 2014). The week in March was
chosen as a “routine week”, in which no national and local festivities were taking place. Sampling sites were in Norway (Oslo),
United Kingdom (Bristol), Denmark (Copenhagen), The
Netherlands (Utrecht), Belgium (Brussels), Switzerland (Zurich),
n). Table S2 provides information
Italy (Milan) and Spain (Castello
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on population and ﬂow for the selected cities in the study. After
collection, samples were transported to the local laboratory in
refrigerated conditions and shipped on ice blocks to the UK within
24 h. A fully validated analytical method was used for the detection
and quantiﬁcation of chiral drugs of abuse in wastewater as
 et al., 2016).
described elsewhere (Castrignano
2.3. Sample analysis
Samples were analysed in triplicate using enantioselective high
performance liquid chromatography coupled with tandem mass
spectrometry system. Separation of all chiral analytes was undertaken with a CHIRALPAK® CBH HPLC column 5 mm particle size,
L  I.D. 10 cm  2.0 mm with a chiral-CBH guard column
10  2.0 mm, 5 mm particle size (Chiral Technologies, France) using
a Waters ACQUITY UPLC® system (Waters, Manchester, UK) under
isocratic conditions at a 0.1 mL min1. The mobile phase was a
solution 1 mM ammonium acetate/methanol 85:15 v/v. The temperature was kept at 4  C in the ACQUITY UPLC™ autosampler,
whilst at 25  C in the column compartment. The injection volume
was set at 20 mL.
A triple quadrupole mass spectrometer (Xevo TQD, Waters,
Manchester, UK) equipped with an electrospray ionisation source
was used in positive mode operating in the multiple reaction
monitoring (MRM) mode. Table S3 shows MRM transitions used for
selected analytes. MassLynx 4.1 (Waters, UK) was used to control
the Waters ACQUITY system and the Xevo TQD. Data processing
was carried out using TargetLynx software (Waters, Manchester,
UK). Method validation data are provided in Tables S4-S8.
2.4. Calculations
Enantiomeric fraction (EF) was calculated using the following
equation (1):

EF ¼

ðþÞ
½ð þ Þ þ ð  Þ

(1)

where (þ) is the concentration of (þ)-enantiomer or the ﬁrst eluted
enantiomer and () is the concentration of ()-enantiomer or the
second eluted enantiomer. EF equals 0.5 in the case of a racemate,
whilst 1 or 0 in the case of the enantiopure compound.
In order to obtain daily mass loads, the concentrations of analytes expressed in ng L1 (see Table S9) were multiplied by the ﬂow
rate (L day1) and then normalised by the population size of the
catchment area. This was essential for comparing data coming from
different cities involved in the study.
All relevant information on the selected chiral illicit drugs is
gathered in Table S10. It includes: biomarkers used as drug target
residue (DTR), urinary excretion data, correction factors (CFs) used
for WBE estimates, EF expected in urine after human metabolism
(EFurine), EF calculated from illegal synthesis of the drug (EFillegal_synth), information derived from the legal use of the drug with EF
derived from the legal use of the drug (EFlegal source) and consumption estimates from ofﬁcial health statistics and from wastewater analysis. CF was calculated as the ratio between the molar
ratio of the drug and its DTR and the urinary excretion data.
Estimated community-wide consumptions were calculated using population-normalised mass loads and CF.
3. Results and discussion
3.1. Amphetamines
Data on amphetamines consumption, reported by the European
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drug report 2015 (as a sum of amphetamine and methamphetamine), showed that 1.3 million Europeans within the ages of
15e34 used amphetamines in the last year (EMCDDA, 2015). This
data was obtained using the EMCDDA's ﬁve key epidemiological
indicators, which consist of “estimates of recreational use (based
mainly on surveys), estimates of high-risk use, drug-related deaths,
infectious diseases and drug treatment entry” along with Reitox
focal points and other sources (EMCDDA, 2015). In this work, we
applied WBE to estimate amphetamine and methamphetamine use
in eight European cities. Unfortunately, no metabolic biomarkers of
amphetamine and methamphetamine are validated for a reliable
estimation of their abuse via WBE. Therefore, amphetamine and
methamphetamine themselves are commonly used as biomarkers.
This constitutes a problem since the analysis of parent drugs does
not allow for distinguishing between consumed and unconsumed
(meth)amphetamine. Additionally, amphetamine is also a metabolite of other (prescription) drugs, such as fenethylline, fenproporex, methamphetamine (Baselt) and selegiline (Ort et al., 2014).
Furthermore, the percentage of the unchanged amphetamine
fraction in urine can change due to changes in urine pH (Table S10),
leading to high uncertainty of calculations and possible over or
underestimation of amphetamine use. The awareness of this uncertainty is well recognised in the scientiﬁc community studying
amphetamine use using WBE (Chiaia-Hernandez et al., 2011),
(Kasprzyk-Hordern et al., 2009), (Postigo et al., 2010), (van Nuijs,
Mougel et al., 2011). As reported by Ort et al. (Ort et al., 2014), the
estimation of the amphetamine consumption has to be carried out
in the context of methamphetamine data to distinguish between
drug consumption from its metabolism. However, veriﬁcation of
the amphetamine/methamphetamine ratio cannot provide
comprehensive information on drug consumption against direct
disposal of unused drug. Additional evidence is therefore needed to
distinguish between amphetamine abuse from its direct disposal or
its usage as a prescription drug. The phenomenon of enantiomerism of amphetamines may provide invaluable insight (see section
S1-2 for further information).
3.1.1. Amphetamine
Population-normalised amphetamine loads were <5 mg day1
1000 people1 in Milan to a maximum weekly average value of
122.3 mg day1 1000 people1 in Oslo, which shows higher
amphetamine prevalence in Northern Europe (Fig. 1a and S2, estimated consumptions also shown in Table S11). There was a
decreasing amphetamine usage from Northern to Southern cities
with only Italian and Spanish cities notably below the overall mean
load of 28 mg day1 1000 people1 reported in the 2013 European
study (Ort et al., 2014). By looking at the results from previous
monitoring studies undertaken since 2012 (Ort et al., 2014), temporal trends show that amphetamine loads increased in Oslo,
Copenhagen, Brussels and Milan, even if they are very low for the
latter city. They remained stable in Bristol and decreased in Zurich
and in Utrecht.
Enantiomeric proﬁling revealed that amphetamine in wastewater was enriched with the R-()-enantiomer in most European
cities (EFww < 0.5, EF determined in the wastewater is referred as
EFww; the enrichment was signiﬁcant as the unpaired t-test showed
“t Stat > t Critical one-tail” 8.25 > 1.81 for a ¼ 0.05 and 8.25 > 4.14
for a ¼ 0.001, p one-tail 0.0000045 < 0.001). This could indicate the
consumption of racemic amphetamine (see section S1 for further
discussion). Interestingly, amphetamine was found to be enriched
with S-(þ)-enantiomer in Milan (EFww ¼ 0.67 ± 0.16). This suggests
either usage of S-(þ)-amphetamine (prescribed or illicit) or its
formation as a result of metabolism of methamphetamine. Indeed,
the illicit origin of amphetamine is very likely as methamphetamine was also found to be enriched with the S-(þ)-enantiomer
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Fig. 1. Amphetamine (a) and methamphetamine (b): population-normalised mass loads and enantiomeric fraction values in a week monitoring campaign (M, T, W, T, F, S, S indicate
week days). The absence of the bars indicates ‘not detected’.

(see section 3.1.2).
3.1.2. Methamphetamine
In this study, population-normalised methamphetamine loads
were <5 mg day1 1000 people1 in Bristol and Brussels to a
maximum value of 172.4 mg day1 1000 people1 in Oslo wastewater (Fig. 1b and S2, estimated consumptions in Table S12). According to the EMCDDA (EMCDDA, 2015), high methamphetamine
seizures were reported in Norway. A correlation (not statistically
signiﬁcant) was found between amount seized and loads in
wastewater (Baz-Lomba et al., 2016). Zurich wastewater was found
to have the second highest methamphetamine loads of 20.2 mg
day1 1000 people1 as a weekly average of eight cities. Estimates
in Copenhagen and Brussels were below the overall mean value.
Wastewater from other European cities contained low levels.

Despite
being
below
the
European
average
(http://
www.emcdda.europa.eu/topics/pods/waste-water-analysis, 2016),
data from Milan has shown that the methamphetamine load has
doubled when compared to data from the same area in 2013e14
and reaching 2012 loads.
Enantiomeric proﬁling of European wastewater revealed that
methamphetamine used in most European locations tested was the
enantiopure S-(þ)-methamphetamine with EFww ranging from
0.89 ± 0.01 to 1.00 ± 0.00. Norwegian wastewaters were an
exception as they contained racemic methamphetamine
(EFww(n¼7) ¼ 0.49 ± 0.02), which also indicated direct disposal of
unused (±)-methamphetamine. Indeed, it has been reported by the
EMCDDA (EMCDDA, 2014) that methamphetamine available in
Norway (and in Sweden) is mainly produced from phenylacetone
and trafﬁcked as racemate from Lithuania (see section S2 for
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further information). This is because clandestine production facilities in Lithuania tend to utilise a different synthetic route for
methamphetamine production than facilities in Central Europe.
Interestingly, since S-(þ)-methamphetamine is the most potent
psychotropic enantiomer (Freeman and Alder, 2002) of methamphetamine, one can conclude that despite the lower usage of
methamphetamine in Zurich, Copenhagen, Brussels and Milan, the
potency of the drug is much higher in these cities than in Oslo.
3.2. MDMA and MDA
The European drug report 2015 stated that 1.8 million Europeans with an age range from 15 to 34 used ecstasy (with MDMA as
the main ingredient) in the last year, with a low and stable prevalence trend (EMCDDA, 2015). Europe-wide MDMA usage was also
estimated using WBE (Thomas et al., 2012; Ort et al., 2014). Unfortunately, so far estimations are based on quantiﬁcation of MDMA
as a DTR in wastewater. Such an approach does not allow for accurate evaluation of MDMA consumption against the direct
disposal of unused drug. There are two possible solutions: (1)
speciﬁc metabolic biomarkers should be sought as MDMA is known

to metabolise to MDA, DHMA and HMMA (Fig. S3) (Castrignano
et al., 2016; Gonzalez-Marino et al., 2017), and (2) enantiomeric
proﬁling should be implemented as MDMA undergoes stereoselective metabolism leading to the formation of chiral metabolites
(see section S3 for further information).
In the current study, population-normalised MDMA loads
ranged from a minimum average value of 3.2 mg day1 1000 peon to a maximum value of 62.0 mg day1 1000
ple1 in Castello
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people1 in Utrecht (Fig. 2 and S2, estimated consumptions also in
Table S13). Increasing MDMA loads were found during the weekend
in all the countries involved, with the exception of Utrecht that had
also high MDMA loads on a weekday. The overall MDMA weekly
mean in 2013 was 18 mg day1 1000 people1 (Ort et al., 2014). A
geographical trend of MDMA loads from North to South was also
found. Indeed, Northern European cities (except for Brussels) were
mostly above the average. Enantiomeric proﬁling revealed that
MDMA in wastewater is enriched with R-()-MDMA
(0.32<EFww < 0.40). This indicates that MDMA retrieved in
wastewater comes from consumption, due to the stereoselective
metabolism of MDMA in humans. Fig. S3 shows expected EFwws in
wastewater for MDMA consumption using the conditions reported
 et al. (Castrignano
 et al., 2016). Although illicit
in Castrignano
MDMA production sites are presumably mainly located in The
Netherlands and Belgium (as mentioned in the EMCDDA report
(EMCDDA, 2015)), MDMA loads in Utrecht and Brussels were linked
to human consumption rather than its direct disposal. In contrast,
incidental ﬁndings in the wastewater of the city of Utrecht (Emke
et al., 2014) have shown that aberrantly high loads of (±)-MDMA
can occur and can be ascribed to disposal of the unconsumed drug.
The hypothesis that MDMA was present in European wastewaters as a result of its consumption was further evidenced by the
study of MDA and its chiral signature. MDA can be a drug of abuse
itself or a metabolite of MDMA and MDEA (3,4methylenedioxyethylamphetamine). It is therefore of utmost
importance to verify the origin of MDA. It does not have any
medical applications and is available on the illicit market as a
racemate (Karch and Drummer, 2001) (EFillegal_synth ¼ 0.5). This is

Fig. 2. MDMA (a), MDA (b) and HMMA (c): population-normalised mass loads and enantiomeric fraction values in a week monitoring campaign (M, T, W, T, F, S, S indicate week
days). For HMMA: EF values are reported assuming that the ﬁrst-eluting enantiomer is R-(-)-HMMA and the second one is S-(þ)-HMMA. The absence of the bars indicates ‘not
detected’.
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due to its non-stereoselective synthetic route. Similarly to MDMA,
MDA's metabolism favours the S-(þ)-enantiomer (Meyer et al.,
2009). Therefore, if MDA is consumed, it will be excreted in urine
enriched with the R-()-enantiomer (EFurine < 0.5). However, if
MDA is formed as a result of the metabolism of MDMA or MDEA, it
will be present in urine (and in wastewater) enriched with S(þ)-enantiomer (Levine, 2003; Kasprzyk-Hordern et al., 2010)
(EFurine > 0.5). In this study, MDEA, for which a new CF was proposed, was not detected in any European location. The highest
loads of MDA were recorded in Utrecht with 3.2 mg day1 1000
people1, followed by Bristol with 1.9 mg day1 1000 people1 and
Oslo with 0.5 mg day1 1000 people1 at average weekly loads
(Table S14). Interestingly, these countries have also high MDMA
use, which led us to the conclusion that MDA could be present in
wastewater due to consumption of MDMA. In most cases, MDA was
found in wastewater enriched with S-(þ)-enantiomer proving that
its presence was associated with the consumption of MDMA, with
exception of three days in Bristol, one day in Oslo and in Utrecht
when MDA was enriched of the R-()-form. This could indeed
indicate an abuse of MDA. In the case of racemic MDA found in
Utrecht for two days, this could indicate a combination of either the
consumption of MDA and MDMA (most likely as HMMA data
conﬁrmed it) or simply the direct disposal of non-consumed MDA.
As MDA is a minor and not exclusive metabolite of MDMA, other
metabolites were also considered as possible DTRs for MDMA
consumption: HMA and HMMA. HMA was detected at 3.4 mg day1
1000 people1 as weekly average in three days of the monitoring
week in the Dutch city (Saturday, Sunday and Monday) and at
7.4 mg day1 1000 people1 in two days in Bristol samples (Sunday
and Monday) (Table S15). Because of the low percentage of excretion of HMA after a dose of MDMA, its choice as MDMA DTR could
be considered only in the case of high MDMA intake. Indeed, it was
only found in those countries reporting the highest levels of
MDMA. EFww showed values close to 0.5 when high HMA loads
were detected. However, the relevance of enantioselective analysis
is difﬁcult to comment on because of the low number of positive
samples for HMA.
HMMA, on the other hand, was found in wastewater at ng/L
level in six cities (i.e. no HMMA was detected in Oslo and Milan)

(Table S16). HMMA's excretion is 20%, which indicates that it could
be used as MDMA's DTR. Due to the stereoselective metabolism of
MDMA, HMMA and its glucuronide derivative are formed enriched
with S-(þ)-enantiomer. Interestingly, HMMA sulphate is formed via
non-stereoselective route (Schwaninger et al., 2012). In this study,
HMMA was enriched with the second eluting enantiomer.
Assuming the same elution order of MDMA enantiomers for HMA
and HMMA under the same chromatographic conditions, the
second-eluting enantiomer could be assigned as S-(þ)-enantiomer.
The expected EFww would then be > 0.5 for HMMA. Therefore, we
hypothesize that, if an enrichment of R-()-MDMA occurred in the
case of consumption, the presence of S-(þ)-HMMA would be
observable along with an EF > 0.5. Consumption estimates from
wastewater analysis were calculated taking into consideration the
following DTRs: MDMA itself (CF applied was 1.5 as it was widely
used in literature (Zuccato et al., 2008; Postigo et al., 2010; Nefau
et al., 2013) even though a new CF of 6.7 was proposed in this
study as a result of the most recent excretion data), MDA, HMMA
and HMA (see CF in Table S10). The estimates obtained with MDA
and HMA showed that these compounds were not suitable as
biomarkers of MDMA consumption. Indeed, the estimates calculated by using HMMA were quite superimposable to the parent
drug MDMA, except for Oslo.
3.3. Mephedrone

Mephedrone was previously detected in the UK (Castrignano
~ o et al., 2016), other European
et al., 2016), Italy (Gonz
alez-Marin
cities (Bade et al., 2017) and in China (Khan et al., 2014). Its
occurrence in wastewater can be only ascribed to illegal disposal or
consumption as there is no medical use in Europe (EMCDDA, 2011).
In this study, a new CF value has been proposed for the ﬁrst time to
allow for the estimation of mephedrone use via WBE. Considering
urinary excretion of 15.4% ± 8.4% as unchanged mephedrone after
an oral dose of 150 mg (n ¼ 6) (Olesti et al., 2017), CF was set at 6.5.
Population-normalised loads ranged throughout a sampling week
from 14.9 to 47.7 mg 1000 people1 day1 in the UK (Fig. 3 and S2,
estimated consumption in Table S17). Increasing loads were found
in weekend days rather than weekdays with a mean value of

Fig. 3. Population-normalised mephedrone loads and enantiomeric fraction values in a week monitoring campaign (M, T, W, T, F, S, S indicate week days). The absence of the bars
indicates ‘not detected’.
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25.6 ± 12.0 mg 1000 people1 day1. A similar trend was observed
 et al. (Castrignano
 et al., 2016), classifying mepheby Castrignano
drone as a recreational drug like MDMA. Furthermore, mephedrone
was found to be enriched with the R-(þ)-enantiomer in wastewater
(EFww in 2014 (n¼6) ¼ 0.57 ± 0.02 and EFww in 2015 (n¼4) ¼ 0.57 ± 0.04).
This indicates that mephedrone was consumed rather than directly
 et al., 2017) (see section S4 for further
disposed (Castrignano
information).
3.4. Other drugs and precursors
The analysis of drug precursors, such as norephedrine, ephedrine and pseudoephedrine (referred in the text as ephedrines), was
performed only for Oslo, Bristol, Utrecht (only norephedrine) and
Milan (see section S5 for further information).
Mean population-normalised norephedrine loads were 51 mg
1000 people1 day1 in Oslo (probably linked to methamphetamine's metabolism), 7.1 mg 1000 people1 day1 in Milan and
3.4 mg 1000 people1 day1 in Bristol (Table S18-Fig. 4c). Norephedrine was not detected in wastewater from Utrecht. EFs were
0.48 ± 0.04, 0.56 ± 0.11 and 1.00 ± 0.00 (due to < MQL values for the
ﬁrst eluting enantiomer), respectively.
Only two stereoisomers of ephedrine were found in European
wastewaters: 1R,2S-()-ephedrine and 1S,2S-(þ)-pseudoephedrine. Population-normalised 1R,2S-()-ephedrine loads were
0.7 mg 1000 people1 day1 in Oslo, 3.4 mg 1000 people1 day1 in
Milan and 0.6 mg 1000 people1 day1 in Bristol (Table S19-Fig. 4a).
Mean population-normalised 1S,2S-(þ)-pseudoephedrine loads
were 21.2 mg 1000 people1 day1 in Oslo, 35.7 mg 1000 people1
day1 in Milan and 96.4 mg 1000 people1 day1 in Bristol
(Table S19-Fig. 4b).
Chiral PMA (para-methoxyamphetamine), a phenylisopropylamine with hallucinogenic properties, has no legitimate therapeutical use. It is abused alone or in combination with MDMA or
PMMA. Seizures have been reported in several European countries,
including Belgium, Denmark, Spain, the Netherlands and the UK.
However, it was not found in wastewater from any studied city. This
is also in accordance with Kinyua et al. (Kinyua et al., 2015).
3.5. Consumption estimates of (meth)amphetamine and ephedrines
corrected for legal use: a case study in England
In England, legal amphetamine prescriptions in 2015 were as
follows: 17.8 kg/year of S-(þ)-amphetamine (73.4% correction from
23.7 kg/year as dexamfetamine sulphate (Team et al., 2016) to the
free base) and 20.3 kg/year as S-(þ)-amphetamine (29.7% correction from 68.4 kg/year as lisdexamfetamine dimesylate (Team et al.,
2016) to the free base) (Table 1). Taking into account urinary
excretion, the annual amount excreted as S-(þ)-amphetamine is
calculated as 5.2 kg from dexamfetamine sulphate consumption
and 8.4 kg from lisdexamfetamine dimesylate. Moreover, 1.3 kg of
R-()-amphetamine was excreted in 2015 from 9.7 kg/year of
prescribed selegiline (Team et al., 2016). As a result, the contribution of legal prescribed and excreted amphetamine to wastewater
in the WWTP considered in the study was 1.6 and 0.10 mg day1
1000 people1 of S-(þ)- and R-()-amphetamine, respectively (this
does not consider legally purchased drugs traded illegally). Consumption estimates from wastewater analysis were back-calculated
by using amphetamine and norephedrine as DTRs (3.3 and 44.7 as
corresponding CFs). Despite the good agreement between estimates obtained with considered DTRs, norephedrine is not recommended as a biomarker for amphetamine use as it can result
from other sources (e.g. disposal of norephedrine and metabolism
of ephedrine and methamphetamine). In relation to these ﬁndings,

Fig. 4. Ephedrine (a), pseudoephedrine (b) and norephedrine (c): populationnormalised mass loads and enantiomeric fraction values in a week monitoring
campaign (M, T, W, T, F, S, S indicate week days). The absence of the bars indicates ‘not
detected’.

the presence of amphetamine in Bristol was linked to an illegal use
of the substance since the contribution of estimates from the legal
sources was negligible (Table 1).
Regarding methamphetamine, 2.7 kg/year of the R-()-enantiomer was excreted into wastewater as a result of 9.7 kg/year of
selegiline intake (Team et al., 2016). Thus, by normalising the data
with the population equivalent served by the local WWTP in England, 0.18 mg day1 1000 people1 of R-()-methamphetamine
(originating from selegiline consumption) was estimated in the
studied location. Consumption estimates were performed considering methamphetamine itself, amphetamine and norephedrine as
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DTRs (see CFs in Table S10). The estimates obtained with amphetamine and norephedrine as DTR were 100-fold higher than the
estimate calculated from methamphetamine. 2.70 mg day1 1000
people1 of (±)-methamphetamine, of which 1.8 as R-()-enantiomer, were estimated by using methamphetamine as DTR, suggesting that its presence was associated mainly with illegal use.
The estimates of the legal use of ephedrines in England in 2015
are as follows (Table 1):
- ephedrine: 0.83 kg/year as hydrochloride (or 0.62 kg/year as free
base) resulting in annual excretion of 0.46 kg of ephedrine in
England;

- pseudoephedrine: 253.54 kg/year as hydrochloride (or
223.12 kg/year as 1S,2S-(þ)-enantiomer) resulting in annual
excretion of 196.34 kg of 1S,2S-(þ)-pseudoephedrine in
England;
- norephedrine: 0.35/year and 0.02 kg/year excreted as a result of
dexamfetamine sulphate and ephedrine consumption,
respectively.
Furthermore, the metabolism of selegiline produces 0.62%
(n ¼ 4) of (1S,2R)-(þ)-ephedrine, 0.04% (n ¼ 4) as (1R,2R)()-pseudoephedrine and 0.12% (n ¼ 4) as (1S,2R)-(þ)-norephedrine (Shin, 1997). In 2015 in England, 0.06 kg/year of (1S,2R)(þ)-ephedrine, 0.004 kg/year of (1R,2R)-()-pseudoephedrine and

Table 1
Consumption estimates and contribution from legal use in England in 2015. The following information is provided: biomarkers of drugs of abuse and precursors
(AMP ¼ amphetamine, METH ¼ methamphetamine, EPH ¼ ephedrine, PSEUDOEPH ¼ pseudoephedrine and NE ¼ norephedrine), parent compound or metabolite used as drug
target residue (DTR), information derived from the legal use of drugs in England in 2015 and consumption estimates calculated from ofﬁcial health statistics in relation to the
population served by the wastewater treatment plant in the study (Bristol) and from wastewater analysis (a calculated from weekly average loads of considered DTR).
Drug

DTR
From metabolism of
prescribed
pharmaceuticals

AMP

73.4% S-(þ)-AMP base 23.67 kg/year as
from dexamphetamine dexamfetamine
sulphate (or 17.38 kg/
sulphate
year as S-(þ)-AMP)

NE

Lisdexamfetamine

Excretion (%)

Amount excreted as
metabolite in England
in 2015 (kg/year)

Health national
statistics (2015)

Wastewater
analysis (2015)a

30.0% in neutral pH
condition, up to 74.0%
in acidic and 1.0% in
alkaline urine (Baselt,
2008)
41.5% S-(þ)-AMP
(Krishnan et al., 2008)

5.21 kg in neutral pH
urine (or 12.86 kg in
case of acidic urine or
0.17 kg in case of
alkaline urine)
8.42 kg

0.32 as S-(þ)-AMP

272.7 as (±)-AMP,
of which 120.1 as S(þ)-AMP; 213.7 as
NE

1.26 as S-(þ)-AMP

Selegiline

68.35 kg/year as
lisdexamfetamine
dimesylate (or
20.30 kg/year as S(þ)-AMP)
9.72 kg/year

Selegiline

9.72 kg/year

36.96 ± 8.17 (n ¼ 4) as 2.67 kg as R-()-METH 0.18 as R-()-METH
R-()-METH (Shin,
1997); 27.5% (Cody,
2002)

2.7 as (±)-METH, of
which 1.8 as R()-METH; 1661.1
as (±)-AMP and
94.2 as NE

EPH

EPH

75% used as average of 0.46 kg
excretion

0.03 as EPH

0.8 as 1R,2S()-EPH, 93.2 as
(±)-NE

NE

Selegiline

0.83 kg/year as EPH
hydrochloride (or
0.62 kg/year as EPH)
9.72 kg/year

0.62 ± 0.29 (n ¼ 4) as
(1S,2R)-(þ)-EPH (Shin,
1997)

0.06 kg as (1S,2R)(þ)-EPH

0.004 as (1S,2R)(þ)-EPH

196.34 kg as 1S,2S(þ)-PSEUDOEPH

10.61 as 1S,2S(þ)-PSEUDOEPH

0.004 kg as (1R,2R)()-PSEUDOEPH

0.0002 as (1R,2R)()-PSEUDOEPH

PSEUDOEPH PSEUDOEPH PSEUDOEPH

Selegiline

NE

Amount prescribed in
England in 2015 (kg/
year)

AMP

METH METH
AMP
NE

EPH

Consumption estimates (mg day1 1000
people1)

Legal Use in England in 2015

NE

Dexamfetamine

EPH
Selegiline

3.06 ± 1.10 (n ¼ 4) as R- 1.31 kg as R-()-AMP
()-AMP (Shin, 1997), (using 13.5% as
excretion)
13.5% (Cody, 2002)

88.0% (Baselt, 2008)
253.54 kg/year as
PSEUDOEPH
hydrochloride (or
223.12 kg/year as
1S,2S-(þ)-PSEUDOEPH)
9.72 kg/year
0.04 ± 0.03 (n ¼ 4) as
(1R,2R)()-PSEUDOEPH (Shin,
1997)
23.67 kg/year as
dexamfetamine
sulphate
0.83 kg/year as EPH
hydrochloride
9.72 kg/year

0.10 as R-()-AMP

2.0% in neutral pH
0.35 kg in neutral pH
condition (Baselt, 2008) urine

0.02 as NE

4.0% (Baselt, 2008)

0.0015 as NE

0.02 kg

0.12 ± 0.05 (n ¼ 4) as 0.011 kg as (1S,2R)-NE
(1S,2R)-NE (Shin, 1997)

106.0 as 1S,2S(þ)-PSEUDOEPH

4.1 as (±)-NE

0.0008 as (1S,2R)NE

Baselt, R. (2008). Disposition of Toxic Drugs and Chemicals in Man. Chemical Toxicology Institute, Foster City, USA.
Cody, J. T. (2002). Precursor medications as a source of methamphetamine and/or amphetamine positive drug testing results. Journal of occupational and environmental
medicine 44(5): 435-450.
Krishnan, S. M., M. Pennick and J. G. Stark (2008). Metabolism, distribution and elimination of lisdexamfetamine dimesylate: open-label, single-centre, phase I study in healthy
adult volunteers. Clin Drug Investig 28(12): 745-755.
Shin, H.-S. (1997). Metabolism of Selegiline in Humans. Identiﬁcation, Excretion, and Stereochemistry of Urine Metabolites 25(6): 657-662.
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0.011 kg/year as (1S,2R)-(þ)-norephedrine were excreted as a result
of 9.72 kg/year of selegiline intake (Team et al., 2016).
Final estimates, normalised with local WWTP, were 0.034, 10.61
and 0.02 mg day1 1000 people1 of ephedrine, pseudoephedrine
and norephedrine respectively (CFs in Table S10). For Bristol, consumption estimates were in agreement with the legal usage of
ephedrine when ephedrine itself was used as DTR and discordant in
the case of pseudoephedrine and norephedrine (most likely due to
their availability on the OTC market).
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4. Conclusions
Appendix A. Supplementary data
This study was the ﬁrst to spatially and temporally assess the
enantiomeric proﬁling of chiral illicit drugs in wastewater serving
4.9 million people in eight European cities. Spatial variations in
drug loads were observed across Europe with higher use of
amphetamine in Northern European cities, revealing a general
enrichment of R-()-amphetamine in wastewater. The chiral
signature of amphetamine revealed that it is present in wastewater
as a result of its consumption. High methamphetamine loads were
detected in Oslo, where racemic methamphetamine was present,
likely due to different trafﬁcking routes from the Baltic countries,
rather than Western and Central Europe. The more potent S(þ)-methamphetamine was the predominant enantiomer found in
wastewater from the other European cities tested, which indicates
distribution of enantiopure S-(þ)-methamphetamine on the illicit
market. It could suggest that direct comparison of methamphetamine loads in Oslo and the other European cities should not be
undertaken without considering its chiral signature and the
different potency of individual enantiomers. The analysis of precursors was compatibly ascribed to their medical use. MDMA was
commonly enriched with R-()-enantiomer in studied European
cities, which indicates consumption rather than disposal of the
unused drug. MDA was commonly found to be enriched with S(þ)-enantiomer, which indicates that its presence in European
wastewaters originates from MDMA metabolism (especially during
weekends) rather than consumption of MDA itself. However, on a
few occasions (UK and The Netherlands), MDA was found to be
enriched with R-()-enantiomer, which indicates its consumption.
As MDA is a minor metabolite of MDMA, other metabolites were
considered as possible MDMA DTRs, namely HMA and HMMA.
HMMA was found to be a suitable MDMA DTR. Furthermore, its
chiral signature indicated its enrichment with S-(þ)-enantiomer,
which conﬁrms its origin from MDMA metabolism. Populationnormalised mephedrone loads were up to 47.7 mg 1000 people1
day1 in wastewater in the UK, where an enrichment of R(þ)-enantiomer suggested stereoselective metabolism in humans,
indicating consumption rather than direct disposal.
Contributions
This work was supported by the European Union's Seventh
Framework Programme for Research, Technological Development
and Demonstration [grant agreement 317205, the SEWPROF MC
ITN project, ‘A new paradigm in drug use and human health risk
assessment: Sewage proﬁling at the community level’]. Wastewater
samples were provided by local WWTPs to the University of Bath
(United Kingdom) by: Wessex Water, Norwegian Institute for Water
Research (Norway), Swiss Federal Institute of Aquatic Science and
Technology (Switzerland), Technical University of Denmark
(Denmark), Mario Negri Institute for Pharmacological Research
(Italy), University of Antwerp (Belgium), KWR Watercycle Research
Institute (The Netherlands), University Jaume I (Spain). Erika
 and Barbara Kasprzyk-Hordern planned and designed
Castrignano

Supplementary data related to this article can be found at
https://doi.org/10.1016/j.watres.2017.11.051.
References
 , E.,
Bade, R., Bijlsma, L., Sancho, J.V., Baz-Lomba, J.A., Castiglioni, S., Castrignano
Causanilles, A., Gracia-Lor, E., Kasprzyk-Hordern, B., Kinyua, J., 2017. Liquid
chromatography-tandem mass spectrometry determination of synthetic cathinones and phenethylamines in inﬂuent wastewater of eight European cities.
Chemosphere 168, 1032e1041.
Baselt, R., 2008. Disposition of Toxic Drugs and Chemicals in Man. Chemical Toxicology Institute, Foster City, USA.
Baz-Lomba, J.A., Salvatore, S., Gracia-Lor, E., Bade, R., Castiglioni, S., Castrignano, E.,
Causanilles, A., Hernandez, F., Kasprzyk-Hordern, B., Kinyua, J., McCall, A.K., van
Nuijs, A., Ort, C., Plosz, B.G., Ramin, P., Reid, M., Rousis, N.I., Ryu, Y., de Voogt, P.,
Bramness, J., Thomas, K., 2016. Comparison of pharmaceutical, illicit drug,
alcohol, nicotine and caffeine levels in wastewater with sale, seizure and consumption data for 8 European cities. BMC Public Health 16 (1), 1035.
~ oz, D., 2015. Enantiomeric proﬁling of chiral pharmacologically
Camacho-Mun
active compounds in the environment with the usage of chiral liquid chromatography coupled with tandem mass spectrometry. Curr. Anal. Chem. 12.
Castiglioni, S., Borsotti, A., Senta, I., Zuccato, E., 2015a. Wastewater analysis to
monitor spatial and temporal patterns of use of two synthetic recreational
drugs, ketamine and mephedrone, in Italy. Environ. Sci. Technol. 49 (9),
5563e5570.
Castiglioni, S., Senta, I., Borsotti, A., Davoli, E., Zuccato, E., 2015b. A novel approach
for monitoring tobacco use in local communities by wastewater analysis. Tob.
Control 24 (1), 38e42.
Castiglioni, S., Thomas, K.V., Kasprzyk-Hordern, B., Vandam, L., Grifﬁths, P., 2014.
Testing wastewater to detect illicit drugs: state of the art, potential and research
needs. Sci. Total Environ. 487, 613e620.
, E., Lubben, A., Kasprzyk-Hordern, B., 2016. Enantiomeric proﬁling of
Castrignano
chiral drug biomarkers in wastewater with the usage of chiral liquid chromatography coupled with tandem mass spectrometry. J. Chromatogr. A 1438,
84e99.
, E., Mardal, M., Rydevik, A., Miserez, B., Ramsey, J., Shine, T.,
Castrignano
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