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Abstract

This work provides a new analytical method for the determination of cocaine, its metabolites
benzoylecgonine and cocaethylene, the pyrolytic products anhydroecgonine and
anhydroecgonine methyl ester and the pharmaceutical levamisole in wastewater. Samples were
solid-phase extracted and extracts analyzed by liquid chromatography-tandem mass
spectrometry using, for the first time in the illicit drug field, a stationary phase that combines
reversed-phase and weak cation-exchange functionalities. The overall method performance
was satisfactory, with limits of detection below 1 ng/L, relative standard deviations below 21%
and percentages of recovery between 93% and 121%. Analysis of 24-h composite raw
wastewater samples collected in Santiago de Compostela (Spain) and Brasilia (Brazil)
highlighted benzoylecgonine as the compound showing the highest population-normalized
mass loads (300-1000 mg/day/1000 inhabitants). In Brasilia, cocaine and levamisole loads
underwent an upsurge on Sunday, indicating a high consumption, and likely a direct disposal,
of cocaine powder on this day. Conversely, the pyrolytic product resulting from the smoke of
crack, anhydroecgonine methyl ester, and its metabolite anhydroecgonine were relatively

stable over the four days, agreeing with a not recreational-associated use of crack.
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1. Introduction

Estimating the consumption of illicit drugs by the analysis of wastewater (wastewater-based
epidemiology, WBE) is a well-known approach currently applied in several countries
worldwide®°, This methodology is used to better understand the drug phenomenon at global
level by institutions such as the European Monitoring Centre for Drugs and Drug Addiction®!,
the Australian Criminal Intelligence Commission*? or the New Zealand Police!®. As one of the
most consumed illicit substances, cocaine (COC) remains a major concern for governments
and public agencies trying to monitor its trafficking routes, market expansion and prevalence
of use. The increase of COC production over the last few years, driven by a dramatic resurgence
of coca bush cultivation in Colombia®#, is now reflected in the increased availability, purity
and use of the drug worldwide!'4. Thus, problems derived from high-risk patterns of
consumption, including the smoking of the free-base form “crack”, are expected to rise. Crack
use, compared to snorting of COC hydrochloride, is associated to greater medical illness,
higher mortality and psychiatric disorders and increased risk of polydrug use, among other
negative consequences®®.

The urinary excretion profile of COC is well known and includes two major metabolites,
ecgonine methyl ester (7-50% of a dose on molar basis) and benzoylecgonine (BE, 16-55%),
which has been selected as the main biomarker of COC consumption in WBE studies®*8. In
addition, the smoking of crack leads to the formation of a specific pyrolytic product,
anhydroecgonine methyl ester (AEME or methylecgonidine), which is partially hydrolyzed in
the human body to form anhydroecgonine (AE or ecgonidine)!®!°. Both AEME and AE are
excreted in urine and have been detected in urine samples from crack users™®? and in
wastewater'®2!. Their determination, together with BE, in the latter matrix allows to identify
the different routes of administration of COC (co)existing in a specific location, as well as to

follow potential changes in the patterns of abuse. Additionally, when COC is consumed
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together with alcohol, a minor metabolite resulting from the transesterification of COC with
ethanol is produced: cocaethylene (COE, 0.7% of a dose)*®. This product has been used as a
biomarker of the co-consumption of both substances by applying the WBE principles??22,
Most of the analytical methodologies developed for the determination of COC and its
metabolites (mainly BE) in wastewater apply solid-phase extraction (SPE) followed by high
performance or ultra-high performance liquid chromatography (HPLC or UHPLC) coupled to
tandem mass spectrometry (MS/MS). Usually, separation is carried out on reversed-phase (RP)
stationary phases modified with or containing embedded polar groups that provide a good
separation  efficiency in multi-residue analysis involving drugs of different chemical
classes??42%, Hydrophilic interaction liquid chromatography (HILIC) has also been applied to
improve-the determination of small and very polar analytes that are poorly retained by
traditional RPLC, such as ecgonine, ecgonine methyl ester, AE or AEME®?®, The recent
commercialization of mixed-mode LC columns combining RP and ion-exchange properties
may be a-good alternative for the determination of very polar and ionizable compounds?’. These
columns contain long alkyl chain ligands with an ionizable terminus that, depending on the
functional groups and the pH of the mobile phase, allow them to interact with the analytes by
anion-exchange, cation-exchange or both, in addition to RP interactions. Several applications
of this technology can be found in the pharmaceutical field?®2° and, to a minor extent, in the
food>'32 and environmental field®**.

The aim of this study was to develop a new analytical method combining SPE and mixed-mode
LC coupled to MS/MS for the determination of COC and its related compounds in wastewater.
The analytes selected were the parent drug, its metabolites BE and COE, the pyrolytic products
AE and AEME, and levamisole (LEV), one of the main pharmaceuticals used in the
adulteration of COC hydrochloride®. To the best of our knowledge, this is the first application

of RP ion-exchange mixed-mode LC for the determination of drugs of abuse. The optimized
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and validated method was used to analyze composite 24-h raw wastewater samples collected
in Santiago de Compostela (Spain) and Brasilia (Brazil) as a first proof of concept of its
applicability in WBE. Brazil has experienced an upsurge in the abuse of crack in the last years®®
and, although still rare, there have been recent increases in the number of crack users in Italy
and UK, Therefore, the use of this method in the future in longer sampling campaigns could
improve the understanding of the different patterns of COC consumption existing in different

locations.

2.  Materials and Methods

2.1. Chemicals and reagents

Analytical standards of COC, BE, COE and LEV were supplied by Cerilliant (Round Rock,
TX, USA) as individual solutions of 1.0 mg/mL in methanol (MeOH). Isotopically labeled
analogs (COC-D3, BE-D3, and COE-D3) were also supplied by Cerilliant as 0.1 mg/mL
solutions in MeOH. AE hydrochloride (1.0 mg/mL in water) and AEME (1.0 mg/mL in acetonitrile
(ACN)) were supplied by LGC Standards (Barcelona, Spain). Mixed stock solutions containing all
the analytes or all the deuterated analogs (used as surrogate or internal standards, 1Ss) were
prepared in MeOH and stored in the dark at -20 °C until use.

HPLC-grade MeOH, ACN, acetic acid (100%), hydrochloric acid (37%) and NHs solution in
ultrapure water (25%) were supplied by Merck (Darmstadt, Germany). Formic acid (95-97%)
and NHs solution in MeOH (7 N) were supplied by Sigma-Aldrich (St. Louis, MO, USA).
Ultrapure water was obtained in the laboratory by purifying demineralized water in a Milli-Q

Gradient A-10 system (Merck-Millipore, Bedford, MA, USA).

2.2.._Liquid chromatography-tandem mass spectrometry determination
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Instrumental analyses were performed with a Waters Acquity UPLC®H class system (Milford,
MA,; USA) equipped with a quaternary solvent pump, a sample manager and a thermostated
column compartment. Chromatographic separation was performed at 40 °C on an Acclaim®
Mixed-Mode WCX-1 column (50x3.0 mm L.D., 3 um particle size) from Thermo Scientific
(Waltham, MA, USA). An Acclaim® Trinity P1 column (50x2.1 mm I.D., 3 um particle size),
also from Thermo Scientific and a Luna® Omega Polar C18 (50x2.1 mm I.D., 1.6 pm particle
size) from Phenomenex (Torrance, CA, USA) were also used at the initial stage of the
chromatographic optimization. In the final method, a dual eluent system consisting of (A) 10
mM of ammonium acetate in ultrapure water;ACN 90:10 at pH 3.5 and (B) 10 mM of
ammonium acetate in ultrapure water:ACN 10:90 at an aqueous-equivalent pH of 3.5 was used
at a flow-rate of 0.2 mL/min. Gradient was as follows: 0 min (100% A), 2 min (100% A), 7
min (100% B), 10.5 min (100% B), 11 min (100% A), 18 min (100% A). Injection volume was
setat 10 pL.

The UPLC® system was interfaced to a Xevo TQD triple quadrupole mass spectrometer
(Waters Corp., Milford, MA, USA) equipped with an electrospray ionization (ESI) source.
Nitrogen, provided by a nitrogen generator of Peak Scientific Spain (Barcelona, Spain), was
used as desolvation gas at 650 L/h. Argon was employed as collision gas. The ESI interface
operated in positive mode at a fixed capillary voltage of 3.4 kV and a temperature of 150 °C.
Analytes were recorded in Selected Reaction Monitoring (SRM) mode acquiring one (IS), two
(BE, LEV, COC, COE) or three (AE, AEME) precursor/product ion transitions per compound.
For AE and AEME, three transitions were acquired to ensure their correct identification in the
presence of interferences in real samples; two transitions and their ratio were the minimal
criteria set to confirm their identity®’. Transitions, optimal collision energy (CE) and cone
voltage (CV) values were selected by direct infusion of individual standard solutions (10

pg/mL) in MeOH (Supplementary Material, SM, Table S1).
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2.3.- Sampling and sample treatment

Composite 24-h raw wastewater samples were collected at three different wastewater treatment
plants (WWTP) located in Santiago de Compostela (NW of Spain) and Brasilia (the federal
capital of Brazil). Sampling was performed during three (Santiago) or four (Brasilia)
consecutive days in March (Santiago) and June (Brasilia) of 2018. In Brasilia, two WWTPs
were considered: one serving the North of the city (Brasilia-North) and the other one receiving
the wastewater of the southern neighborhoods (Brasilia South). Population served by each
plant, sampling mode and daily flow rates are displayed in Table S2. Samples were solid-phase
extracted daily following the optimized protocol developed in this study. Cartridges from
Brasilia'were frozen and shipped to our laboratory for analyte elution and instrumental analysis
(performed within seven days after arrival). River water (for recovery experiments) was taken
freshly from a creek in Santiago de Compostela.

Under final working conditions, sample aliquots (100 mL) were vacuum-filtered through 0.7
pm glass microfiber filters GF/A (Whatman, Kent, UK) and 0.45 um cellulose filters
(Merckmillipore, Bedford, MA, USA), acidified to pH 2.0 with hydrochloric acid 37% and
spiked with 20 ng of ISs. SPE was performed onto mixed RP cation-exchange cartridges (Oasis
MCX-150 mg, Waters) previously rinsed with 5 mL of MeOH and 5 mL of pH 2.0 ultrapure
water. After sample percolation, sorbents were washed with 10 mL of pH 2.0 ultrapure water
and dried under a nitrogen stream for ca. 30 min. Analytes were recovered with 2 mL of 2%
NHs in MeOH. Eluates were evaporated to dryness under nitrogen and, immediately before
injection, dissolved in 100 pL of LC mobile phase A (10 mM of ammonium acetate in ultrapure
water:ACN 90:10 at pH 3.5) and filtered through 0.22 um PVDF syringe-driven filters (Millex,

Merckmillipore).
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2.4. Method validation

BE, COC and COE were quantified using their corresponding deuterated analogs as IS; LEV
using COC-D3 as IS; and AE and AEME by standard addition over the extract, since none of
the three deuterated COC derivatives available in our laboratory corrected matrix effects for
these two compounds.

Instrumental validation was performed in terms of linearity, intra- and inter-day precision,
instrumental detection limits (IDLs) and instrumental quantification limits (IQLs). Calibration
curves were prepared in mobile phase A (10 mM of ammonium acetate in ultrapure water:ACN
90:10 at pH 3.5) and ranged from IQLs to 10,000 ng/mL for BE, LEV, COC and COE, and
from IQLs to 500 ng/mL for AE and AEME. ISs were added at 200 ng/mL. IDLs and IQLs
were calculated as the concentration of a standard providing a signal-to-noise ratio (S/N) of 3
and 10, respectively. Precision was assessed at two concentration levels, 10 ng/mL and 100
ng/mL, by the relative standard deviation (%RSD) of six injections of a standard. Injections
were performed over 24 h for the intra-day precision and over a period of several weeks for the
inter-day precision.

The method validation parameters evaluated were method detection limits (MDL), method
quantification limits (MQLs), matrix effects (ME), trueness and precision. MDLs and MQLs
were calculated from IDLs and IQLs considering the concentration factor (1000) and ME. ME
were expressed as the percentage of signal suppression (thus with a negative sign (-)) in a
spiked SPE extract after non-spiked signal subtraction, referred to the signal of a standard of
the same concentration.

Trueness and precision were assessed from recovery experiments in river water and raw
wastewater performed in triplicate. River samples were spiked with 50 ng/L of all the analytes
and.200 ng/L of IS, and wastewater samples with 500 ng/L of BE, LEV, COC and COE, 100

ng/L of AE and AEME and 200 ng/L of IS before extraction. Aliquots spiked only with IS
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were processed simultaneously to account for the background levels of all the analytes in both
matrices. - These extracts were also used to prepare the standard addition calibration curves for

the quantification of AE and AEME.

3. Results and Discussion

3.1. Chromatographic separation

Separation was initially attempted by UHPLC on a Luna® Omega Polar C18 column of 1.6 um
of particle size. This column contains a C18 stationary phase modified with polar groups that
enhance the retention of polar compounds. A dual eluent system consisting of (A) ultrapure
water and (B) MeOH was used at a flow rate of 0.5 mL/min. Different organic modifiers
(formic acid 0.1%, ammonium acetate 5 mM at pH 3.5 or 5.5) were tried, but none of them
affected either the peak shape or the analyte retention (data not shown). Alternatively, the
gradient affected peak widening, with narrower peaks obtained when the elution started at
100% of A (gradients starting at 90%, 80% and 70% of A were also considered, analyzing, in
every case, a standard prepared in the initial composition of the gradient). However, peak
tailing was still observed for the analytes eluting earlier (LEV and, especially, AE and AEME
(Fig. S1)) and, therefore, the use of mixed-mode RP ion-exchange HPLC was considered. Two
columns were assessed: an Acclaim® Trinity P1 column that combines strong cation-exchange
and weak anion-exchange properties (in addition to RP) and an Acclaim® Mixed-Mode WCX-
1 column that incorporates weak cation-exchange functionalities. Supplier specifications,
which do_not recommend the use of MeOH as organic eluent and pH values outside the range
3-6.5, were taken into account to optimize the chromatographic separation. The eluent system
consisted of: (A) ultrapure water with 10% of ACN, and (B) ACN with 10% of ultrapure water,
both-modified with 10 mM of ammonium acetate at pH 3.5 or at pH 5.5 (ultrapure water was

added to B to guarantee the complete solubilization of the salt and, complementary, the same
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percentage of ACN was added to A). Using a flow rate of 0.2 mL/min and an initial gradient
composition of 100% of A, three pH combinations were assessed: both eluents at pH 3.5; both
eluents at pH 5.5; A at pH 3.5 and B at pH 5.5. Fig. 1 shows the retention behaviour of the six
analytes on (a) the WCX column and (b) the Trinity column. In the first case (Fig. 1 a), mainly
RP.interactions occurred at pH 3.5, providing a good retention for all analytes but the most
polar ones (AE, BE and AEME), which eluted early in the chromatogram. When both eluents
were adjusted to pH 5.5 and weak cationic exchange took place, retention of basic compounds
(especially LEV and AEME) increased, whereas amphoteric species (AE and BE) were slightly
less retained. In order to elute them the latest possible, mobile phase A was adjusted to pH 3.5.
No differences were observed when combining it with mobile phase B adjusted to pH 3.5 or
5.5, so pH 3.5 was selected for eluent B and no gradient of pH was used with this column.
With the Trinity stationary phase (Fig. 1 b), the behaviour was different. At pH 3.5, analyte
amine functionalities were protonated to a great extent and, therefore, all of them but BE were
strongly retained by cationic exchange. At pH 5.5, cationic exchange decreased, and so did
retention. Carboxylic moieties of amphoteric species (BE and AE) were partially deprotonated
and repelled by the sulfonated nano-polymer beads of the outer surface of the column phase.
This prevented them from interacting with the secondary amines (anion-exchange
functionalities) in the inner pore area, causing a very early elution. The adjustment of mobile
phase A to pH 3.5, maintaining mobile phase B at pH 5.5, avoided this effect, providing a good
retention for all analytes. However, when wastewater extracts spiked with all the analytes were
analyzed, the peak of AE splitted in the Trinity column, likely due to the presence of matrix
components affecting its interaction with the stationary phase (SM, Fig. S2). This split was not
observed with the WCX, which was, therefore, the column selected.

Both calibration standards and sample extracts were dissolved in mobile phase A (10 mM of

ammonium acetate in ultrapure water:ACN 90:10 at pH 3.5) in accordance with the initial
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gradient composition, and the injection volume was set at 10 pL. Fig. S3 of the SM shows the

chromatogram for the first transition of all the analytes in a 100 ng/mL standard.

3.2. Sample preparation

Initial tests with 100 mL aliquots of spiked ultrapure water adjusted to pH 7.0 showed that AE
was neither retained on Oasis HLB 200 mg cartridges nor on Oasis WCX 150 mg cartridges.
Conversely, it was highly retained on Oasis MCX cartridges of 150 mg after passing samples
adjusted to pH 2.0. Based on the demonstrated extraction efficiency of this sorbent for basic
drugs and other amphoteric, more polar compounds®383° it was selected for the
preconcentration of the analytes in this study. Sample pH, breakthrough volume and elution
solvent volume were further assessed in detail.

The effect of the sample pH was investigated with 50 mL aliquots of ultrapure water spiked
with 50 ng of all analytes and adjusted to pH 2, pH 4.5 and pH 7.0 (n=3). Samples were loaded
under vacuum, cartridges dried under nitrogen for 30 min and analytes eluted with 10 mL of
5% NHz in MeOH. Eluates were evaporated to dryness and reconstituted in 100 pL of mobile
phase A. For all the analytes but AE, no differences were observed at all assessed pHs (SM,
Fig. S4). For AE, the response decreased with the increasing pH due to the higher prevalence
of lits deprotonated carboxylic form, in agreement with the extraction efficiency observed for
this compound and also for AEME and ecgonine methyl ester in a previous study considering
different sample pHs and Oasis MCX cartridges'®. Therefore, samples were acidified to pH
2.0.

Experiments performed by passing 20 mL, 50 mL and 100 mL (n=3) of ultrapure water spiked
with 50 -ng of all analytes and adjusted to pH 2 through two cartridges connected in series
demonstrated that the breakthrough was minimal even after passing 100 mL of sample (SM,

Fig. S5). In this case, only 0.9% of AEME was recovered in the second cartridge; for the
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remaining analytes, a percentage higher than 99.8% was recovered in the first cartridge. Thus,
100-mL was selected as sample volume. The sequential elution of MCX cartridges with four
consecutive fractions of 2 mL of 2% NHs in MeOH showed that >92% of the recovered AE
and >97% of the recovered BE, AEME, LEV, COC and COE were eluted in the first fraction
(SM, Fig. S6). Therefore, 2 mL of 2% NHz in MeOH was selected as the elution solvent.

To avoid analyte degradation during sample transport and storage, samples were solid-phase
extracted daily either in Santiago de Compostela or Brasilia, and cartridges from Brasilia were
shipped frozen to our laboratory for instrumental analysis (performed within one week after
arrival). Once submitted to SPE, analytes are stable for several weeks**? and, therefore, no in-
cartridge degradation is expected to occur under these conditions. In-sewer stability and
stability-during sampling were not specifically assessed in our study. However, previous works
have shown that AE, AEME, BE and COE have a medium-to-high stability in wastewater!®4344
and, while COC is degraded in a remarkable extension to form BE*> %6, the small percentage
of excretion of COC in its parent form as compared to the excretion of BE limits the relevance

of such transformation in WBE applications.

3.3. Method performance

Instrumental validation parameters (linearity, intra- and inter-day precision and instrumental
detection and quantification limits) are displayed in Table 1. The linear range of the four
analytes quantified by the use of 1Ss was IQL-10,000 ng/mL, with determination coefficients
(R?) varying between 0.9991 and 0.9999. For AE and AEME, external calibration responses
were linear between their IQL and 500 ng/mL, with R? of 0.9905 and 0.9972, respectively.
RSD values were below 8.0% and 29% for both a 10 ng/mL standard and a 100 ng/mL standard,
for the intra-day and inter-day precision, respectively. IQLs were between 0.03 ng/mL for COC

and 0.8 ng/mL for AEME.
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Matrix effects in raw wastewater varied between -76% and -91% (spiking level: 500 ng/L of
BE, LEV, COC and COE, 100 ng/L of AE and AEME). Recovery values in river water samples
spiked with 50 ng/L of all the analytes varied between 96% and 121%, with %RSD between
2% and 21% (Table 1). In raw wastewater spiked with 500 ng/L of BE, LEV, COC and COE
and with 100 ng/L of AE and AEME, they were between 93% and 113%, with %RSD between
0.3% and 18%.

Calculated MQLs ranged from 0.2 ng/L for COC and COE to 3 ng/L for AE and AEME. These
values are in the same order of magnitude or lower (between 2 and 18 times lower for AEME,
COC and COE) than the MQLs reported by Castiglioni et al.'® and Baker and Kasprzyk-
Hordern®* following SPE-LC-MS/MS analyses. They are also considerably lower than the
limits reached by Bisceglia et al. by a direct injection LC-MS/MS method??, and by Sodré et

al. following an SPE-LC-MS/MS protocol®®.

3.4.Concentrations and mass loads in 24-h composite wastewater samples

Table S3 shows the concentrations found in 24-h composite raw wastewater samples collected
during three (Friday-Sunday, sampling from 9.00 to 9.00 of the following day) or four days
(Thursday-Sunday, sampling from 00.00 to 00.00) in Santiago de Compostela and Brasilia,
respectively. In Brasilia, the six analytes were quantified in all the samples collected at two
different WWTPs: Brasilia North and Brasilia South. Fig. 2 shows the chromatogram (two
transitions per analyte) of the sample collected in Brasilia North on Thursday. In Santiago de
Compostela, AE and AEME were always below the MDL. BE was the substance found at the
highest levels in all cases: COC was the second one, with exceptionally high levels in the
samples of Sunday in Brasilia (over 200% with respect to the mean levels measured during the
period Thursday-Saturday). This increase was accompanied by an upsurge in the levels of LEV

(455% and 277% higher than the mean values of the other three days) suggesting a high
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consumption (and likely a direct disposal) of COC hydrochloride. According to the Brazilian
Federal Police, LEV is the main adulterant used in the salt form of COC, whereas another
pharmaceutical, phenacetin, is mainly used to adulterate the free base**. COE and, when
quantified, AE and AEME, were found at concentrations < 100 ng/L in all cases. To the best
of author’s knowledge, this is the second time that AEME is positively quantified in
wastewater; only Bisceglia et al. had previously reported values of 15 ng/L in Baltimore?!.
Concentrations (ng/L) were multiplied by wastewater daily flow rates (L/day) to estimate mass
excretion loads (mg/day), which were further normalized to the population served by each
WWTP (Table 2). BE showed the highest population-normalized mass loads: up to 997
mg/day/1000 inhabitants in Brasilia North, 565 mg/day/1000 inhabitants in Brasilia South and
455 mg/day/1000 inhabitants in Santiago. In Brasilia, the increase in the concentrations of
COC, LEV and COE in the samples of Sunday was also reflected in their mass loads.
Conversely, mass loads of AE and AEME were relatively stable over the four days in Brasilia
South or-decreased slightly on Saturday and Sunday samples in Brasilia North (for AE). These
findings agreed with the higher recreational use of snorted COC when compared to the more
stable consumption of crack: the exclusive pyrolytic product and metabolite of the later
remained relatively steady over the four days, whereas BE (common to COC hydrochloride
and crack), LEV (main adulterant of COC powder) and COE (metabolite of the co-
consumption of COC and ethanol) rose during the weekend.

A similar conclusion can be reached from the ratios between the concentrations of AE to BE
(Fig. 3a): they decreased from 0.022 on Thursday to 0.009 (57% lower) on Sunday in Brasilia
North-and from 0.020 to 0.014 (34% lower) in Brasilia South. The ratio AEME/BE showed a
great variation and did not allow to discern any clear trend (Fig. 3b). LEV/BE ratios (Fig. 3c)
increased on Sunday in Brasilia, likely indicating a high consumption of adulterated COC

powder on this day. It must be noted that the wastewater sampling in this city started at 00.00,
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so the sample of Sunday includes the wastewater generated during Saturday-to-Sunday night.
Co-consumption of alcohol and COC can be roughly estimated from COE/BE ratios,
considering that the amount of COE excreted depends on the relative amounts of COC and
ethanol ingested and that the amount of BE produced decreases in the presence of ethanol64748,
Based on the pharmacokinetic data available, Rodriguez-Alvarez et al. set a reference value of
0.039%3, so that lower COE/BE ratios indicate lower co-co-consumption of both substances. In
this study, all the ratios reported were below this value. In Brasilia, a remarkable increase was
observed on Sunday, whereas this increase happened on both Saturday and Sunday in Santiago
(sampling here started at 9.00, so the wastewater generated during Saturday-to-Sunday night

was mostly included in the sample of Saturday).

4. Conclusions

This_study presents the first application of the RP-ion exchange mixed-mode liquid
chromatography for the determination of drugs of abuse. The use of these stationary phases
provides a good alternative to traditional RP and HILIC phases in the separation of very polar
and ionizable compounds from other less polar species. COC, its metabolites and pyrolytic
products and levamisole (used as adulterant) were successfully extracted from raw wastewater
following an optimized SPE procedure and analyzed by HPLC-MS/MS with a RP-weak cation
exchange chromatographic column. The application of the method to the analysis of composite
samples of 24 h collected in Santiago de Compostela (Spain) and Brasilia (Brazil) provided the
first proof of concept of its usefulness in WBE, allowing to get insights in COC patterns of

consumption in terms of intake pathways, adulteration and co-consumption with alcohol.

This article is protected by copyright. All rights reserved.



Acknowledgments

This work was financially supported by the Galician Council of Culture, Education and
Universities (ED431C2017/36 and IGM postdoctoral contract, Plan Galego 12C-Modalidade
B, ED481D 2017/003), the Spanish Ministry of Economy and Competitiveness (project no.
CTM2017-84763-C3-2-R), the Federal District Research Foundation (project no.
193.000.916/2015) and FEDER/ERDF. We also acknowledge Concello de Santiago and

Viaqua for the access to the WWTP.

Conflict of interest: none

Supplementary Material (SM): Supplementary material is available online.

References

1. Love ASC, Baz-Lomba JA, Reid MJ, et al. Analysis of stimulant drugs in the wastewater of five
Nordic capitals. Sci Total Environ 2018;627:1039-1047. doi:10.1016/j.scitotenv.2018.01.274.

2. Foppe KS, Hammond-Weinberger DR, Subedi B. Estimation of the consumption of illicit drugs
during special events in two communities in Western Kentucky, USA using sewage
epidemiology. Sci Total Environ 2018;633:249-256. doi:10.1016/j.scitotenv.2018.03.175.

3. Archer E, Castrignano E, Kasprzyk-Hordern B, Wolfaardt GM. Wastewater-based epidemiology and
enantiomeric profiling for drugs of abuse in South African wastewaters. Sci Total Environ
2018;625:792-800. doi:10.1016/j.scitotenv.2017.12.269.

4. Du P, Zhou Z, Bai Y, et al. Estimating heroin abuse in major Chinese cities through wastewater-
based epidemiology. Sci Total Environ 2017;605-606:158-165.

doi:10.1016/j.scitotenv.2017.05.262.

This article is protected by copyright. All rights reserved.



5. Zuccato E, Castiglioni S, Senta I, et al. Population surveys compared with wastewater analysis for
monitoring illicit drug consumption in Italy in 2010-2014. Drug Alcohol Depen 2016;161:178-
188. doi:10.1016/j.drugalcdep.2016.02.003.

6. Lai FY, O'Brien J, Bruno R, et al. Spatial variations in the consumption of illicit stimulant drugs
across Australia: A nationwide application of wastewater-based epidemiology. Sci Total Environ
2016;568:810-818. doi:10.1016/j.scitotenv.2016.05.207.

7. Bijlsma L, Botero-Coy AM, Rincon RJ, Pefiuela GA, Hernandez F. Estimation of illicit drug use in
the main cities of Colombia by means of urban wastewater analysis. Sci Total Environ
2016;565:984-993. doi:10.1016/j.scitotenv.2016.05.078.

8. Been F,/Lai FY, Kinyua J, Covaci A, van Nuijs ALN. Profiles and changes in stimulant use in
Belgium in the period of 2011-2015. Sci Total Environ 2016;565:1011-1019.
doi:10.1016/j.scitotenv.2016.05.128.

9. Yargeau V, Taylor B, Li H, Rodayan A, Metcalfe CD. Analysis of drugs of abuse in wastewater from
two Canadian cities. Sci Total Environ 2014;487:722-730. doi:10.1016/j.scitotenv.2013.11.094.

10. Ort C, Nuijs ALN, Berset JD, et al. Spatial differences and temporal changes in illicit drug use in
Europe quantified by wastewater analysis. Addiction 2014;109(8):1338-1352.
doi:10.1111/add.12570.

11. European Monitoring Centre for Drugs and Drug Addiction (EMCDDA). European Drug Report
2018: Trends and Developments. Publications Office of the European Union, Luxembourg.

12. Australian Criminal Intelligence Commission. National Wastewater Drug Monitoring Program.
https://www.acic.gov.au/publications/intelligence-products/national-wastewater-drug-
monitoring-program-report. Archived at: http://www.webcitation.org/768bR1Kyx

13. New Zealand Police. Wastewater Pilot Programme. http://www.police.govt.nz/about-
us/publication/wastewater-pilot-programme. Archived at:
http://www.webcitation.org/768bnkGyD

14. United Nations Office on Drugs and Crime (UNODC). World Drug Report 2018. United Nations

publication, Sales No. E.18.X1.9.

This article is protected by copyright. All rights reserved.


https://www.acic.gov.au/publications/intelligence-products/national-wastewater-drug-monitoring-program-report
https://www.acic.gov.au/publications/intelligence-products/national-wastewater-drug-monitoring-program-report
http://www.webcitation.org/768bR1Kyx
http://www.police.govt.nz/about-us/publication/wastewater-pilot-programme
http://www.police.govt.nz/about-us/publication/wastewater-pilot-programme
http://www.webcitation.org/768bnkGyD

15

16

17

18

19

20

21

22

23

24

. Bell S, Nida C. Pyrolysis of drugs of abuse: a comprehensive review. Drug Test Anal 2015;7(6):445-
456. doi:10.1002/dta.1794.

.Baselt RC. Disposition of Toxic Drugs and Chemicals in Man, third edition. Seal Beach: Biomedical
Publications; 2004.

. Castiglioni S, Bijlsma L, Covaci A, et al. Evaluation of Uncertainties Associated with the
Determination of Community Drug Use through the Measurement of Sewage Drug Biomarkers.
Environ Sci Technol 2013;47(3):1452-1460. doi:10.1021/es302722f.

. Castiglioni S, Zuccato E, Chiabrando C, Fanelli R, Bagnati R. Mass spectrometric analysis of illicit
drugs in wastewater and surface water. Mass Spectrom Rev 2008;27(4):378-394.
doi:10.1002/mas.20168.

. Castiglioni S, Bagnati R, Melis M, et al. Identification of cocaine and its metabolites in urban
wastewater and comparison with the human excretion profile in urine. Water Res
2011;45(16):5141-5150. doi: 10.1016/j.watres.2011.07.017

. Jeppesen HH, Busch-Nielsen M, Larsen AN, Breindahl T. Analysis of Urinary Biomarkers for
Smoking Crack Cocaine: Results of a Danish Laboratory Study. J Anal Toxicol 2015;39(6):451-
459. doi:10.1093/jat/bkv035.

. Bisceglia KJ, Roberts AL, Schantz MM, Lippa KA. Quantification of drugs of abuse in municipal
wastewater via SPE and direct injection liquid chromatography mass spectrometry. Anal Bioanal
Chem 2010;398(6):2701-2712. doi:10.1007/s00216-010-4191-9.

.-Mastroianni N, Lopez de Alda M, Barcelo D. Analysis of ethyl sulfate in raw wastewater for
estimation of alcohol consumption and its correlation with drugs of abuse in the city of Barcelona.
J Chromatogr A 2014;1360:93-99. doi:10.1016/j.chroma.2014.07.051.

. Rodriguez-Alvarez T, Racamonde |, Gonzalez-Marifio |, et al. Alcohol and cocaine co-consumption
in two European cities assessed by wastewater analysis. Sci Total Environ 2015;536:91-98.
doi:10.1016/j.scitotenv.2015.07.016.

. Baker DR, Kasprzyk-Hordern B. Multi-residue analysis of drugs of abuse in wastewater and surface

water by solid-phase extraction and liquid chromatography-positive electrospray ionisation

This article is protected by copyright. All rights reserved.


https://doi.org/10.1016/j.watres.2011.07.017

25

26

27.

28

29

30

31

32

tandem mass spectrometry. J Chromatogr A 2011;1218(12):1620-1631.
doi:10.1016/j.chroma.2011.01.060.

. Gonzélez-Marifio I, Castro V, Montes R, et al. Multi-residue determination of psychoactive
pharmaceuticals, illicit drugs and related metabolites in wastewater by ultra-high performance
liquid chromatography-tandem mass spectrometry. J Chromatogr A 2018;1569:91-100.
doi:10.1016/j.chroma.2018.07.045.

. Gheorghe A, van Nuijs A, Pecceu B, et al. Analysis of cocaine and its principal metabolites in waste
and surface water using solid-phase extraction and liquid chromatography-ion trap tandem mass
spectrometry. Anal Bioanal Chem 2008;391(4):1309-1319. doi:10.1007/s00216-007-1754-5.

Ordofiez EY, Quintana JB, Rodil R, Cela R. Computer assisted optimization of liquid
chromatographic separations of small molecules using mixed-mode stationary phases. J
Chromatogr A 2012;1238:91-104. doi:10.1016/j.chroma.2012.03.055.

. Kazarian AA, Nesterenko PN, Soisungnoen P, Burakham R, Srijaranai S, Paull B. Comprehensive
analysis of pharmaceutical products using simultaneous mixed-mode (ion-exchange/reversed-
phase) and hydrophilic interaction liquid chromatography. J Sep Sci 2014;37(16):2138-2144.
doi:10.1002/jssc.201400411.

. Kazarian AA, Taylor MR, Haddad PR, Nesterenko PN, Paull B. Single column comprehensive
analysis of pharmaceutical preparations using dual-injection mixed-mode (ion-exchange and
reversed-phase) and hydrophilic interaction liquid chromatography. J Pharm Biomed Anal
2013;86:174-181. doi:10.1016/j.jpba.2013.08.003.

.'Ren X, Zhang K, Gao D, et al. Mixed-mode liquid chromatography with a stationary phase co-
functionalized with ionic liquid embedded C18 and an aryl sulfonate group. J Chromatogr A
2018;1564:137-144. doi:10.1016/j.chroma.2018.06.017.

. Lird; Song X, Zhang M, Li E, He L. Simultaneous Determination of Aminoglycoside Residues in
Food Animal Muscles by Mixed-Mode Liquid Chromatography-Tandem Mass Spectrometry.
Food Anal Methods 2018;11(6):1690-1700. doi:10.1007/s12161-018-1156-7.

. Perkons I, Pugajeva I, Bartkevics V. Simultaneous screening and quantification of aminoglycoside

antibiotics in honey using mixed-mode liquid chromatography with quadrupole time-of-flight

This article is protected by copyright. All rights reserved.



mass spectroscopy with heated electrospray ionization. J Sep Sci 2018;41(16):3186-3194.
doi:10.1002/jssc.201800230.

33.GaoL, ShiY, LiW, RenW, LiuJ, Cai Y. Determination of organophosphate esters in water samples
by mixed-mode liquid chromatography and tandem mass spectrometry. J Sep Sci
2015;38(13):2193-2200. doi:10.1002/jssc.201500213.

34. Montes R, Aguirre J, Vidal X, Rodil R, Cela R, Quintana JB. Screening for Polar Chemicals in
Water by Trifunctional Mixed-Mode Ligquid Chromatography—High Resolution Mass
Spectrometry. Environ Sci Technol 2017;51(11):6250-6259. doi:10.1021/acs.est.6b05135.

35.deJong M, Florea A, Vries AM, et al. Levamisole: a Common Adulterant in Cocaine Street Samples
Hindering Electrochemical Detection of Cocaine. Anal Chem 2018;90(8):5290-5297.
doi:10.1021/acs.analchem.8b00204.

36. Sodré“FF, Souza GB, Feitosa RS, Pereira CEB, Maldaner AQ. lllicit Drugs, Metabolites and
Adulterants in Wastewater: Monitoring Community Drug Abuse in the Brazilian Federal District
during the 2014 Soccer World Cup. J Braz Chem Soc 2017;28(11):2146-2154.
d0i:10.21577/0103-5053.20170063.

37..Pozo OJ, Sancho JV, Ibafiez M, Hernandez F, Niessen WMA. Confirmation of organic
micropollutants detected in environmental samples by liquid chromatography tandem mass
spectrometry: Achievements and pitfalls. Trends Anal Chem 2006;25(10):1030-1042. doi:
10.1016/j.trac.2006.06.012.

38. Bijlsma L, Sancho JV, Pitarch E, Ibafiez M, Hernandez F. Simultaneous ultra-high-pressure liquid
chromatography-tandem mass spectrometry determination of amphetamine and amphetamine-
like stimulants, cocaine and its metabolites, and a cannabis metabolite in surface water and urban
wastewater. J Chromatogr A 2009;1216(15):3078-3089. doi:10.1016/j.chroma.2009.01.067.

39. Gonzélez-Marifo I, Quintana JB, Rodriguez 1, Gonzaez-Diez M, Cela R. Screening and selective
quantification of illicit drugs in wastewater by mixed-mode solid-phase extraction and
guadrupole-time-of-flight ~ liquid  chromatography-mass  spectrometry. Anal  Chem

2012;84(3):1708-1717. doi:10.1021/ac202989e.

This article is protected by copyright. All rights reserved.



40. Gonzalez-Marifio I, Quintana JB, Rodriguez I, Cela R. Determination of drugs of abuse in water by
solid-phase extraction, derivatisation and gas chromatography-ion trap-tandem mass
spectrometry. J Chromatogr A 2010;1217:1748-1760. doi: 10.1016/j.chroma.2010.01.046.

41. Baker DR, Kasprzyk-Hordern B. Critical evaluation of methodology commonly used in sample
collection, storage and preparation for the analysis of pharmaceuticals and illicit drugs in surface
water and wastewater by solid-phase extraction and liquid chromatography-mass spectrometry.
J Chromatogr A 2011;1218:8036-8059. doi:10.1016/j.chroma.2011.09.012.

42. McCall A-K, Bade R, Kinyua J, et al. Critical review on the stability of illicit drugs in sewers and
wastewater samples. Water Res 2016;88:933-947. doi: 0.1016/j.watres.2015.10.040.

43. Mardal M, Kinyua J, Ramin P, et al. Screening for illicit drugs in pooled human urine and urinated
soil samples and studies on the stability of urinary excretion products of cocaine, MDMA, and
MDEA in wastewater by hyphenated mass spectrometry techniques. Drug Test Anal 2017;9:106-
114. doi:10.1002/dta.1957

44.LiJ, Gao J, Thai PK, et al. Stability of Illicit Drugs as Biomarkers in Sewers: From Lab to Reality.
Environ Sci Technol 2018;52:1561-1570. doi:10.1021/acs.est.7b05109

45 Senta I, Krizman I, Ahel M, Terzic S. Assessment of stability of drug biomarkers in municipal
wastewater as a factor influencing the estimation of drug consumption using sewage
epidemiology. Sci Total Environ 2014;487:659-665. doi:10.1016/j.scitotenv.2013.12.054

46. Thai EP K, Jiang G, Gernjak W, Yuan Z, Lai F.Y, Mueller J.F. Effects of sewer conditions on the
degradation of selected illicit drug residues in wastewater. Water Res 2014;48:538-547. doi:
10.1016/j.watres.2013.10.019

47. Cami J, Farré M, Gonzalez ML, Segura J, de la Torre R. Cocaine Metabolism in Humans after Use
of Alcohol Clinical and Research Implications. In: Recent Developments in Alcoholism: The
Consequences of Alcoholism. Boston, MA: Springer US; 1998:437-455.

48. Harris DS, Everhart ET, Mendelson J, Jones RT. The pharmacology of cocaethylene in humans
following cocaine and ethanol administration. Drug Alcohol Depen 2003;72(2):169-182.

doi:10.1016/S0376-8716(03)00200-X.

This article is protected by copyright. All rights reserved.


http://dx.doi.org/10.1016/j.chroma.2010.01.046
https://doi.org/10.1016/j.watres.2015.10.040
https://doi.org/10.1016/j.watres.2013.10.019

Table 1. Performance parameters of the SPE-LC-MS/MS method: determination coefficients (R?), relative standard deviations (%RSD), instrumental detection

limits (IDL), instrumental quantification limits (IQL), matrix effects, percentages of recovery (%R), method detection limits (MDL) and method quantification

limits (MQL).
.. .. Matrix effects . 0
sw— o Lineazrity"‘ Intr(a%ia;\é?:‘i(;;mn Inte(:ﬁiasylg?;e:cﬁl;lon iDL aL (%Sudp;r:;;ion Truenesizziﬁr:se[c)l)smn (%R mpL | MaL
(R?) (ng/mL) | (ng/mL) |_and %RSD)
10 ng/mL | 100 ng/mL | 10 ng/mL | 100 ng/mL Wastewater® | River water® | Wastewater® | (ng/L) | (ng/L)
AE - 0.9905 8.0 7.1 28 28 0.06 0.2 -91 (1) 121 (21) 111 (13) 0.7 2
BE BE-D3 0.9999 2.7 2.0 8.1 5.6 0.1 0.4 -86 (1) 99 (5) 109 (2) 0.8 3
AEME - 0.9972 4.7 3.5 18 14 0.2 0.8 -76 (8) 105 (2) 107 (18) 0.9 3
LEV COC-D3 | 0.9991 2.7 1.2 20 14 0.03 0.1 -79 (4) 99 (4) 93 (6) 0.1 0.5
cocC COC-D3 | 0.9999 1.0 0.3 3.6 2.7 0.01 0.03 -79 (6) 96 (8) 113 (2) 0.05 0.2
COE COE-D3 | 0.9999 0.7 1.2 23 4.6 0.01 0.04 -79 (6) 100 (6) 113.1 (0.3) 0.05 0.2

aLinear range:

1QL-10,000 ng/mL for BE, LEV, COC and COE; IQL-500 ng/mL for AE and AEME. Level of BE, LEV,

bSpiking level: 500 ng/L of BE, LEV, COC and COE, 100 ng/L of AE and AEME, 200 ng/L of IS
¢Spiking level: 50 ng/L of all analytes, 200 ng/L of IS
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COC and COE internal standards (IS): 200 ng/mL




Table 2. Population-normalized mass loads (mg/day/1000 inhabitants) for the substances quantified

in 24-h composite raw wastewater samples collected during three or four days in March (Santiago)

and June (Brasilia) of 2018. Days of the week: Thursday (Th), Friday (Fr), Saturday (Sa) and Sunday

(Sun). NA: not applicable, due to concentration below the method detection limit.

Average load

(mg/day/1000 inhabitants) AE BE AEME LEV coc COE
Santiago Fr NA 314 NA 9.5 83 5.2
Santiago Sa NA 455 NA 14 181 12
Santiago Sun NA 420 NA 11 147 11
Brasilia North Th 14 655 6.9 26 84 1.4
Brasilia North Fr 16 848 6.8 43 142 3.1
Brasilia North Sa 14 997 12 59 152 43
Brasilia North Sun 8.5 920 6.4 159 255 17
Brasilia South Th 7.7 376 5.4 31 87 2.1
Brasilia South Fr 7.5 445 4.1 24 62 1.7
Brasilia South Sa 6.6 565 7.2 39 106 2.2
Brasilia South Sun 7.1 524 5.7 77 157 9

NA: not applicable due to concentration < MDL

This article is protected by copyright. All rights reserved.




Figure 1. Retention behaviour of the six analytes on (a) the WCX column and (b) the Trinity column using
both mobile phases at pH 3.5 (red squares); both at pH 5.5 (blue circles); mobile phase (4) at pH 3.5 and (B)
at pH 5.5 (orange triangle).
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Figure 2. Chromatogram (two transitions per analyte) of the sample collected in Brasilia Morth on Thursday.
In italics, ratio between transitions and percentage difference between this ratio (sample) and ratios in Table 51
(standard).
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Figure 3. Ratios between the concentrations of different analytes and benzoylecgonine (BE) in Santiago de
Compostela (Stg, orange circles), Brasilia North (BN, blus triangles) and Brasilia South (BS, green squares).
Analytes: anhydroecgonine (AE), anhydroecgonine methyl ester (AEME), levamisole (LEV) and cocasthylene
(COE). Days of the week: Thursday (Th), Friday (Fr), Saturday (5a) and Sunday (Sun).
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Table S1. Analytes, labeled compounds used as internal standards, retention time (RT) and SRM parameters: cone voltage (CV), transitions and collision energy
(CE).

RT Ratio Ratio
Compound Structure . Cv (Vv 1 CE (V 2 CE (V 3 CE (V
P (min) (V) Q (V) Q (v) Q (v) Qz/a1 a3/a1
Anhydroecgonine W9
AE "\"“*.-./I""F 1.9 42 168>91 25 168>122 22 168>137 18 0.32 0.16
Benzoylecgonine v on
BE o 3.9 44 290>168 20 290>105 32 - - 0.58 -
o
Anhydroecgonine WG
methyl ester Mﬁ“ﬁ 4.2 39 182591 25 1825118 22 1825122 20 0.76 0.65
AEME
Levamisole Sen N
\/T ~ 7.9 48 205>178 22 205>91 36 - - 0.76 —
LEV ~%
. Q CHa
Cocaine e o
%W/@ 8.9 30 304>182 22 304>82 32 - - 0.46 -
CcocC I
N 9
Cocaethylene - 9.7 32 318>196 22 318>82 32 - - 0.65 —
COE ° ' '
0
BE-D3 — 3.9 44 293>171 20 - - - - - -
COC-D3 - 8.9 30 307>185 22 — — — - - —
COE-D3 — 9.7 32 321>199 22 - - - - - -




Table S2. Characteristics of the wastewater treatment plants considered in this study:
population served, sampling mode and daily flow rates. Weekdays: Th-Thursday, Fr-Friday, Sa-
Saturday, Sun-Sunday.

WWTP Santiago de Compostela  Brasilia North Brasilia South
Population served 136,500 153,297 561,836
Method of estimation of the .
population House connections x 2.5  Census (2017) Census (2017)
Time of sampling beginning 9:00 00:00 00:00
Sampling mode Time prop. ) Flow prop. Flow prop.
(120 mL/10 min)
Flow (m3/day) - Th — 41,468 101,009
Flow (m3/day) - Fr 110,231 45,191 100,328
Flow (m3/day) - Sa 101,111 41,584 95,951
Flow (m3/day) - Sun 97,817 34,985 87,635




Table S3. Analyte concentrations (mean in ng/L + standard deviation) in composite samples of
24-h of raw wastewater collected in Santiago de Compostela and Brasilia during three or four
days in March (Santiago) and June (Brasilia) of 2018. Days of the week: Thursday (Th), Friday
(Fr), Saturday (Sa) and Sunday (Sun). <MDL: concentration below the method detection limit.

Day AE BE AEME LEV cocC COE
° Fr <MDL 389+11 <MDL 1243 102.740.1 6.4+0.7
%o Sa <MDL 614+23 <MDL 19+2 24516 1613
§ Sun <MDL 58612 <MDL 15+1 20515 1513
- Th 52+2 2423+39 26111 9816 309+4 5.1+0.1
§ Fr 5545 2877+21 2343 14419 48215 10.5+0.3
% Sa 51412 3675117 4615 219+7 562+7 16.0+0.4
g Sun 37+1 4033+113 2849 698124 1117431 73%2
- Th 4316 2094423 307 1716 48516 11.8+0.4
§ Fr 42+2 2492472 23+1 135+2 34943 9.31#0.1
% Sa 39+2 3305+51 42+6 227+3 623+11 13.1+0.3
'g Sun 4617 336068 3645 49319 1008+10 59+1




Figure S1. Chromatogram (first transition of all analytes) of a 100 ng/mL standard analyzed with
the Luna® Omega Polar C18 column. Mobile phases: (A) 0.1% formic acid in ultrapure water, (B)
0.1% formic acid in MeOH. Gradient: 0 min (100% A), 0.5 min (100% A), 2.5 min (100% B), 4.5
min (100% B), 4.51 min (100% A), 6 min (100% A). Flow rate 0.5 mL/min.
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Figure S2. Chromatogram for the first transition of anhydroecgonine (AE) in an SPE wastewater
extract spiked with 500 ng/mL of AE and analyzed with (a) the Acclaim® Trinity P1 column; and
(b) the Acclaim® Mixed-Mode WCX-1 column.
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Figure S3. Chromatogram (first transition of all analytes) of a 100 ng/mL standard under final

working conditions with the Acclaim® Mixed-Mode WCX-1 column.
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Figure S4. Influence of sample pH on analyte relative recovery during SPE.
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Figure S5. Analyte relative recovery on the first and second cartridge (connected in series) after

passing 100 mL of ultrapure water at pH 2 spiked with 50 ng of all analytes.
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Figure S6. Analyte relative recovery on successive elution fractions of 2 mL of 2% NH3 in MeOH.
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