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Abstract: The consumption of illicit drugs represents a global social and economic problem. Using
suitable analytical methods, monitoring, and detection of different illegal drugs residues and their
metabolites in wastewater samples can help combat this problem. Our article defines a method to
develop, validate, and practically applicate a rapid and robust analytical process for the evaluation of
six naturally occurring cannabinoids (CBG, CBD, CBDV, CBN, THC, THCV), two cannabinoids in
acidic form (CBDA, THCA-A), and the major cannabis-related human metabolite (THC-COOH). After
SPE offline enrichment, we used a UPLC–ESI-MS/MS system, which permitted the determination
of several by-products. Studied matrices were samples of different origins: (i) effluent water from
a wastewater treatment plant in the Porto urban area; (ii) environmental water from Febros River,
the last left-bank tributary of the Douro River. The multi-residue approach was substantiated and
successfully employed to analyze the water samples collected in the above locations. The rapid
and precise quantification of nine different cannabinoids in different water samples occurred within
nine minutes at the ng L−1 level. The appearance of dozens of ng L−1 of some cannabis secondary
metabolites, such as CBD, CBDA, CBN, THCA-A, indicates this plant species’ widespread usage
among the general population in the considered area.

Keywords: hemp; Cannabis sativa; cannabinoids; wastewater; drug consumption; liquid chromatography;
mass spectrometry

1. Introduction

Cannabis (Cannabis sativa L.) is a controversial plant species and the most used illicit
drug worldwide [1–3]. Agreeing with the last World Drug Report from the United Na-
tions Office of Drugs and Crime, its production and prevalence are not diminishing [4].
Instead, its use increased during the COVID-19 pandemic [5,6]. It remains the most
diffused and accessible drug experienced by European citizens [7]; the Portuguese popu-
lation is no exception [8–10]. The same trend is generally applicable for other drugs (i.e.,
amphetamine, cocaine) and “legal highs” (i.e., new psychoactive substances, synthetic
cannabinoids) [11–13].

Hemp and marijuana are two distinct varieties of C. sativa. A cannabis plant with
high cannabinoid and ∆9-tetrahydrocannabinol (THC) content is defined as marijuana [14],
while hemp has a significantly lower THC content (i.e., <0.2%, w/dryw).

Among several hundred isolated compounds, cannabinoids are terpenophenolic sec-
ondary metabolites obtained with the alkylation of an olivetol such as alkyl resorcinol with
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a monoterpene unit [15,16]. They are classified according to their source and mainly into
ten distinct structural types [17,18].

The consumption of illicit drugs represents a significant social and environmental
problem [19,20]. More countries are adopting measures to regulate cannabis production
and consumption [21].

Portugal permitted the ownership and usage of small amounts of all psychotropic
substances in 2001 with the Decree-Law 30/2000 [22].

Since 2001, the legislation change appears to be correlated to a halved number of
people convicted and imprisoned for drug trafficking [23]. Levels of drug use in Portugal
have been steadily below the European standard over the past twenty years [24]. This
survey is relevant, especially in the case of young people [25].

One of the Portuguese districts with a higher ranking for drug dealing infractions is
Porto (the most populated municipality of northern Portugal), both in absolute values and
rates per 100,000 inhabitants aged 15–64 years [26].

Still, stable regulations and randomized clinical trials cannot fully confirm cannabis’s
beneficial properties for human health [27–30]. Additionally, more efforts are needed to
inform physicians, clinicians, and patients [31,32].

Cannabis and related human metabolic by-products (HMs) are frequently present
in environmental studies, representing a new ecological concern [33,34]. Monitoring and
detecting cannabinoids (phyto-, synthetic, human metabolite tracers) in different matrices
are of actual interest for food, human health, and environment-related reasons [35–39].
Analysis campaigns, including wastewater and environmental water resources, represent
an excellent multi-purpose approach to detect illicit drugs, licit substances, abused phar-
maceuticals, or other compounds (i.e., personal care products) [40]. Sewage epidemiology,
sewage-based epidemiology, or forensic epidemiology using drugs in sewage are current
definitions of such an approach [41,42]. Sewage epidemiology was initially proposed by
Daughton [43] and applied for the first time to evaluate cocaine intake in Italy [44,45].
Sewage epidemiology represents a technologically advanced and rapidly growing field
that monitors and assesses population consumption from excreted quantities of a drug
residue/metabolite in environmental water samples. It has been beneficial in collecting
society-wide data and individuating new psychoactive substances or emerging recreational
drugs [46].

Cannabinoids, together with the related HMs (also called drug target residues), cur-
rently have high production and growth in consumption volumes (legal and illegal). They
have been addressed as pseudo-persistent and environmentally emerging contaminants.
The primary psychotropic cannabis compound, THC, and tracers for drug prevalence as
human metabolic by-products are commonly analyzed in blood, serum, plasma, hair, and
urine/oral fluids [47–50].

The presence of an HM in detectable concentrations at the inlet of sewage catchment
areas such as a wastewater treatment plant (WWTP) and a sewage treatment plant is an
indicator of significant drug use. These sewage epidemiology approaches are more often
used to observe consumption trends and loads by directly measuring a specific drug of
abuse or a related HM, thus estimating the consumption via back-calculations [51,52].
When a particular drug HM is found in effluent water (EWW), river water (RW), and
surface water (SW), it represents a clear symptom of wide use across the general population
or in a specific context [53,54].

Advanced analytical methodologies based on solid-phase extraction (SPE) liquid
chromatography (LC) coupled to tandem mass spectrometry (MS/MS) and liquid chro-
matography coupled to high-resolution mass spectrometry (HRMS) are excellent tools
in trace analysis for rapidity, sensitivity, and selectivity to screen and assess drug use at
a large scale by wastewater and surface water sampling [55–62]. Such high-throughput
screenings give non-intrusive measurements and helpful information, allowing estimation
and comparison of “per capita” consumption [63,64]. The degree of drug abuse and range
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of used drugs can be assessed in an urban or metropolitan area, university cities, and small
rural towns with no ethical risks such as individual labeling or stigmatization [65,66].

Wastewater analysis (WWA) and monitoring should be included as a measure of illicit
drug consumption because they directly reflect observable consumption of all users and
because they give comparable drug use estimation in several countries worldwide [67].
Moreover, WWA allows the spatial difference and temporal change estimates in a specific
place and for specific drug use to be made, enabling the study of non-homogeneous
trends [68]. In some cases, quantification (ng L−1 or mg day−1 per 1000 inhabitants) is
in good agreement with officially reported prevalence data [69], thus more reliable than
indirect methods (i.e., consumer interviews, population surveys, crime statistics, and drug
seizures). WWA represents rapid and regular technologies (compared to traditional indirect
methods) able to estimate illicit drug use and the international illicit drug market for which
such data do not exist [70].

Target compounds or tracers to estimate drug of abuse consumption by sewage/wastewater
and SW/RW analysis are derived compounds and consumption-related HMs. Often found
in environmental water samples is marijuana’s main psychoactive component, THC, its
acidic form ∆9-tetrahydrocannabinolic acid A (THCA-A), and the common HMs selected
in WWA and sewage epidemiology as consumption biomarkers: the psychoactive 11-
OH-THC, rapidly oxidized to form (-)-11-nor-9-carboxy-∆9-THC (THC-COOH) and its
glucuronide (THC-COOH-GLC) in the human body [71,72]. Moreover, two other natural
cannabinoids, namely cannabinol (CBN) and cannabidiol (CBD), have been found in
wastewater, urban groundwater [73,74], and airborne particulate matter [75]. Further,
these two compounds have been found in the suspended solids and particulate phase of
sewage sludge at significant levels [76]. Regarding sewage epidemiology approaches for
cannabinoids and related HMs in Europe, the highest loads have been observed in Spain
and the Netherlands compared to Croatia, Finland, and Italy [69,77]. No evident differences
have been reported in seasonal variations and weekly patterns in load for this family of
compounds; in fact, cannabis HMs have been found fairly consistently during weekend
nights [78].

These compounds enter the aquatic environment as unaltered or slightly transformed
metabolites via EWW. They have frequently been removed and transformed into different
transformation products through transformation/degradation processes in both WWTPs
and environmental conditions (i.e., air and aquatic ecosystems) [75].

THC-COOH is the more frequently detected cannabis-related HM in influent wastew-
ater (IWW). Sometimes released in surface water (SW) and river water (RW), it is correlated
to cannabis consumption and is linked to urine content in wastewater and the aquatic
environment. THC-COOH is hydrolyzed, chlorinated, and photo-degraded mainly by
sunlight and UV under controlled and EWW conditions [79]. We suggest measuring concen-
trations of THC-COOH in sewage suspended solid matter for epidemiologic approaches to
correct THC-COOH concentrations, considering its adsorption onto suspended particulate
matter (SPM). The total mass loads might be miscalculated by ignoring the particulate mat-
ter [78,80]. THC-COOH presents relatively high distribution coefficients; thus, adsorption
might play a significant role in its overall removal during wastewater treatment [76].

Cannabinoids’ cumulative hazard quotients have been studied, and in some cases,
sufficient concentrations to generate hazard quotients have been reported, indicating
probable risks due to their presence. However, additional studies are recommended to
fill the gap in toxicological data that does not allow environmental risk assessment or
estimation of their potential adverse effects on aquatic systems [65]. Deeper investigations
are also needed to better understand cannabis use in populations and assess prevention
and treatment programs [81]. We suggest further studies to accurately indicate how
cannabinoids can affect natural waters.

Cannabinoids used in sewage-based epidemiology through WWA approaches present
several issues and require separate preconcentration protocols to overcome poor sensitivity
and low recoveries [55].
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Cannabidiolic acid (CBDA) is the acidic form of CBD; its homolog cannabidivarin
(CBDV) has been recently studied for its negative modulations of the endocannabinoid
system [31]. The THC precursor in the cannabis plant’s intricate biochemistry, cannabigerol
(CBG), has been recently addressed against inflammation in the human body. Another of
the multiple active components of C. sativa is ∆9-tetrahydrocannabivarin (THCV). Since
most illicit drugs seem to have at least one chiral center [82], this may explain some
of the significant variations in values in assessed cannabis use in sewage epidemiology
investigations. To our knowledge, the four cannabinoids, namely CBDA, CBDV, CBG, and
THCV, have never been considered in WWA and sewage epidemiology approaches before
the present study.

2. Materials and Methods
2.1. Chemicals and Reagents

HPLC-grade methanol was acquired from Sigma-Aldrich (Steinheim, Germany).
Ultra-pure water was produced using a Milli-Q RG system from Millipore (Bedford, MA,
USA). Methanolic solutions of CBDV, THCV, CBD, CBN, CBG (1.0 mg mL−1), and THC
(0.1 mg mL−1) were purchased from H.P.C. Standard GmbH (Cunnersdorf, Germany).
Methanolic solutions (1.0 mg mL−1) of CBDA and THCA-A were obtained from THC
Pharm GmbH (Frankfurt am Main, Deutschland). Ethanolic solution (0.1 mg mL−1) of
(THC-COOH) was obtained from Sigma-Aldrich (Milan, Italy). All standard solutions
were handled following the manufacturers’ instructions. Mixtures of standard compounds
were utilized as spiking solutions to prepare the aqueous calibration tools and to perform
recovery studies. Individual stock solutions were prepared weekly by diluting each analyte
solution with methanol.

2.2. Description of the Sampling Site

Located in northwest Portugal in a maritime-Atlantic climate, the Febros River is
the last left-bank tributary of the Douro River, one of the major rivers in the Iberian
Peninsula [83]. It has a 35.4 km2 basin and a varying diversity of riparian vegetation along
its course (Figure 1). In most adjacent land, human urban and industrial development
has taken place over a tradition of agriculture, with a consequent increase in pollution
and a decrease in its natural fish species diversity [84]. After an accident occurred in
2008, resulting in 4 tons of hydrochloric acid being released, the river characteristics and
hydraulics have been studied, and environmental protection strategy models have been
implemented [85,86]. The studied WWTP (Figure S1) is located along the Febros River
shoreline in Vila Nova de Gaia, Porto. It is one of the largest aerated wastewater treatment
plants in Europe. It was inaugurated in 2003. It treats wastewater from the Porto interlard,
namely Avintes, Olival, Pedroso, Seixezelo, Vilar de Andorinho, and part of Oliveira do
Douro. With a wastewater flow rate of 39,605 m3/day, this plant serves 80,000 inhabitants,
having a total load of 5334 kg day−1 BOD. The WWTP consists of harrowing, desanding,
and degreasing sections; two aeration tanks with 6053 m3 capacity each; three secondary
sedimentation tanks 25 m in diameter and 14 m deep; dehydration of sludge with two
mechanical centrifuges; 50 m3 sludge storing system; odor treatment in a deodorization
column with activated carbon, capacity 6380 m3/h.

2.3. Sample Pretreatment and Solid-Phase Extraction (SPE)

After sampling, pH, conductivity, and temperature measurements were immediately
conducted for WWE and river water. Moreover, collected samples were kept frozen
at −20 ◦C.

An offline SPE protocol was created and optimized, selecting the best sorbent type
and quantity. Cartridge breakthrough volume was calculated to optimize the sample
volume to be extracted. Different SPE sorbent types and amounts have been tested in this
study. Three additional 10 mm × 2 mm i.d. disposable trace enrichment solid phases
obtained from Waters (Barcelona, Spain) were evaluated for extraction efficiency, clean-
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up performance, concentration, and elimination of interferences, regarding the analytes
considered: reversed-phase hydrophilic–lipophilic polymeric Oasis HLB (macroporous
polymer of divinylbenzene and N-vinylpyrrolidone, 30 µm particle size); mixed-mode
anion exchange (Oasis MAX); mixed-mode cation exchange (Oasis MCX).
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Figure 1. Location of the Febros River in northern Portugal.

Sorbent quantities (1, 3, or 6 mL) and breakthrough volume have been investigated.
Sample preconcentration was conducted in an ASPEC XL system from Gilson (Villiers-le-
bel, France). The semi-automated offline SPE preconcentration of all samples (previously
filtered), standard aqueous solutions, and blanks were performed by loading 1000 mL of
the corresponding solutions at 10 mL/min through the SPE cartridge once conditioned
with 6 mL of MeOH and 6 mL of H2O (flow rate 10 mL/min).

After sample loading and elution, the cartridges were washed with 3 mL of HPLC
water at a 10 mL/min flow rate to remove interferences (i.e., inorganic salts) and complete
the sample transfer.

Upon completing each ASPEC protocol, the trapped analytes were eluted manually
into sterile glass tubes with 6 mL of MeOH and dried with nitrogen. The matrix was
reconstituted with 1 mL of MeOH/water (1:1, v/v).

2.4. Ultra-Performance Liquid Chromatography–Electrospray Ionization-Tandem Mass
Spectrometry (UPLC–ESI-MS/MS) Analysis

The chromatographic conditions (i.e., mobile phase, gradient) were optimized using
ACQUITY UPLC® (Waters, Manchester, UK) binary solvent and sample manager systems.
The mass detection was carried out in a triple-quadrupole mass analyzer (TQD, Waters,
Manchester, UK). Target compounds were identified in multiple reaction monitoring (MRM)
mode, recording two transitions between precursor ions and the two most abundant
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product ions. MS/MS operational parameters (i.e., cone voltages, collision energies) were
optimized using the Intellistart™ software. The equipment was operated in both positive
and negative ESI mode and the MRM and product ion scan mode.

The multi-residue method was validated and applied to the wastewater and river
water samples. In addition, recoveries, repeatabilities, method variation coefficient, and
intermediate precision were assessed for each studied analyte. After mobile phase opti-
mization, chromatographic separation was achieved using an ACQUITY UPLC® BECH
C18 (1.7 µm 2.1 × 100 mm) column. The UPLC module was interfaced with a TQD mass
spectrometer and an electrospray ionization (ESI) source.

Formic acid (FA) as an organic modifier (0.1%, v/v) was tested for peak resolution and
signal suppression during the chromatography. An optimized mobile phase consisting
of A: MeOH, B: H2O at a flow rate of 300 µL/min at 25 ◦C was adopted. The gradient
program was: 20% A at 0 min; linearly increased to 90% A in 6 min and 98% A in 2 min;
followed by a decrease to the initial conditions in 0.1 min and equilibration time for 1 min,
which resulted in a total run time of 9.1 min. The injected sample was always 20 µL.

MassLynx® V4.1 SCN 714 was used to control the system operation and data acquisi-
tion; data were processed by TargetLynx V4.1 SCN 714 software (Waters, Manchester, UK).

2.5. Method Validation

The quantification of compounds in samples was performed using six-point calibration
curves achieved with standard compounds. Those curves, obtained with four repeated
injections for each concentration, were satisfactorily linear for eight standard compounds
in the range 0.050–0.500 µg L−1. The linearity was achieved in the range 0.050–0.15 µg L−1

for THC-COOH. The linearity was assumed satisfactory when the determination coefficient
(R2) was >0.99, based on analyte/internal standard peak area measurement (Table S1).

Standard addition curves, prepared in the same concentration range, helped calculate
the limit of detection (LOD) of the method and limit of quantitation (LOQ) by testing
the lowest spiked concentration five times. Confirmation using three MS/MS transitions
was also required at the LOQ level. Replicate determinations of the same sample were
necessary to calculate the LODs. The standard deviation of the lowest spiked concentration
or the standard deviation of the replicate determinations (for abundant compounds) was
multiplied by three and divided by the slope of the spiked sample calibration curve. Spiking
experiments at 1 µg L−1 were carried out to assess the method’s validity.

The method performance was satisfactory under the optimized linearity range, consid-
ering sensitivity, accuracy, repeatability, and intermediate precision. Instrumental analytical
parameters, linearity ranges, determination coefficients (R2), and intraday instrumental
precision (all evaluated through the RSD values) were selected as quality indices.

The acquisition in MRM mode was the standard process, with the protonated molecu-
lar ion of each compound chosen as a precursor ion. The method used the most abundant
product ion of each target analyte for quantification and two additional product ions
for confirmation.

Compared with the reference standards, LC retention time helped to confirm the
compounds detected in samples. For the quantification of each compound, the method
used its corresponding labeled analyte as a surrogate internal standard.

The detection limit was fixed to a signal-to-noise of three from the quantitation MRM
chromatograms, using samples spiked at the lowest analyte concentration tested. Accuracy
(estimated through recovery experiments) and precision (expressed as repeatability in
terms of RSD) were evaluated by analyzing spiked river and wastewater samples. In
wastewater, the LOQ objective was 147 ng L−1 for CBN and 19 ng L−1 for THC-COOH
(Table S1). The method was used to perform all recovery experiments in quintuplicate for
each type of water sample tested.
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3. Results and Discussion
3.1. SPE Procedure

The decisive implementation of the analytical method is significantly affected by
sample preconcentration and purification of the focus compounds. Target analytes of the
present work are included in the same class of chemical compounds; however, they show
different physicochemical properties. Cannabinoids are neutral at pH 2.5. A compro-
mise has been reached to match these physicochemical characteristics, which provided
reasonable recovery rates for most compounds.

Throughout the optimization of the SPE process, three distinct sorbent types (Oasis
HLB, Oasis MCX, and Oasis MAX) and quantities (1, 3, 6 mL) were evaluated. One liter of
Milli-Q water was spiked with a mixed standard solution at individual concentrations of
1.5 µg L−1. All selected analytes showed adequate absolute recoveries (65–130%) for 6 mL
Oasis MCX and 6 mL Oasis HLB cartridges (Figure S2). A 6 mL (500 mg) Oasis HLB was
selected for further optimization and breakthrough volume calculation (Figure S3). The
reversed-phase hydrophilic–lipophilic polymeric mixed-mode material allows improved
selectivity towards loading washing and elution steps through the developed ASPEC
protocol. The HLB cartridges were washed with Milli-Q water at a flow rate of 10 mL/min
at the end of the ASPEC protocol set to remove interferences such as inorganic salts, which
caused a lower matrix effect. We noticed that the washing had no adverse impact on
the recoveries or sensitivity of the target analytes. Finally, the analytes were eluted from
the cartridges using MeOH. Their extraction efficiency was estimated from the recovery
percentage obtained for each target compound when loading an optimized sample volume
(1 L) of Milli-Q water at a 10 mL/min flow rate (triplicate analysis).

Most of the sample preconcentration protocol steps have been programmed and auto-
matically controlled by the ASPEC system; this configuration allows a partially automated
SPE with short cycle times.

The ASPEC system described allows programming and automation of most sample
preconcentration steps. This kind of configuration enables a partially automated SPE
resulting in a substantial reduction of the well-known time-consuming procedures for our
target compounds, reducing human errors (Figure S4).

3.2. UPLC Optimization

In LC-MS/MS operations, an efficient LC separation was essential to avoid or reduce
matrix effects. The chromatography procedures were used to perform different experiments
and evaluate the analyte retention times, peak shapes, and sensitivity. Moreover, the
choice of the mobile phase composition significantly improved the detector response. The
system tested several mobile phase combinations using MeOH and water as solvents. The
ACQUITY UPLC® binary solvent system varied the gradient of the mobile phase optimized
composition, enhancing the sensitivity for these compounds. Different mobile phases and
gradient conditions resulted from the system tests (Figure 2; Table 1).

The chromatographic optimization included tests with different concentrations of
formic acid (FA) used as organic modifiers to obtain the maximum peak resolution and
small-signal suppression. In general, the addition of FA decreased the peak areas of most
of the studied compounds, causing a retarded exit of the column.

An optimum mobile phase consisting of MeOH and Milli-Q water (both without FA)
was preferred, allowing a satisfactory elution for all the studied analytes and THC-COOH,
the compound with lower sensitivity (Figure S5).

Employing the UPLC gradient indicated in Section 2.4, the separation of the selected
analytes occurred in 9.1 min.
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Figure 2. The improvement obtained with optimized chromatographic mobile phase (gray) compared
to other mobile phases (other colors), an example of two compounds: CBN, (left), and THCA-
A, (right).

Table 1. Optimized retention times and variations expressed as RSD, LOD, and LOQ calculated with
the S/N at the lowest concentration, UPLC-MS/MS injection at 5 µg L−1.

Compound Rt
min

RSD
min

1st Standard
S/N

LOQ (S/N)
10 µg L−1

LOD (S/N)
3 µg L−1

CBDV 6.58 0.001 383.5 0.13 0.039
CBN 7.48 0.077 734.4 0.068 0.020
CBD 7.03 0.082 8.122 6.2 1.86
CBG 7.02 0.000 23.35 2.1 0.64
THV 7.19 0.080 16.78 3.0 0.89

CBDA 6.61 0.262 68.27 0.73 0.22
THC 7.69 0.075 20.25 0.25 0.74

THCA-A 7.40 0.135 40.97 1.2 0.37
THC-COOH 7.75 0.000 84.26 0.59 0.18

The system tested different column temperatures (from 25 to 50 ◦C). Generally, the
temperature variation did not significantly affect the sensitivity of the analytes; the effect of
column temperature (◦C) expressed as RSD was below 2% for the retention time and below
7.0% for peak area. In any case, 25 ◦C was the optimized column temperature chosen since
better sensitivity resulted for some of the selected compounds.

With the described method, the quantification of nine different cannabinoids was rapid
and precise in different water samples within nine minutes at the ng L−1 level (Table S1).

3.3. MS/MS Parameter Optimization

The TQD mass spectrometer is a fast-acquisition triple quadrupole mass analyzer.
MS/MS compound-dependent operating parameters were optimized (i.e., cone voltage,
collision energy) via direct injection experiments (infusion) of individual standard solutions
at 1 mg L−1 in methanol at a flow rate of 10 µL min−1. This procedure permitted us
to select the best electrospray ionization (ESI) mode. The following parameters were
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manually optimized and set up to improve desolvation efficiency, analyte ionization, and
reproducibility: source temperature, 140 ◦C; desolvation temperature, 350 ◦C; cone gas
flow rate, 60 L/h; desolvation gas flow rate, 1100 L/h.

Optimum MS source and analyzer conditions for MRM determination of each target
and standard internal compound are listed in Table S2. The three most intense MRM transi-
tions were selected for each target compound: the most abundant was used as quantitation
transition (Q) whereas the other two were used as qualifier transition (q). For most of the
studied compounds, ionization in both modes is possible. The IntelliStart™ technology
allows fast and automatic ESI optimization, enhancing deprotonated or protonated adduct
formation in the ionization source for each target compound and standard solution; it also
helped optimize the retention time windows used in the method.

According to the European Union Guidelines, a sample is positive when the experi-
mental ion ratio falls in the tolerance range.

We have devoted special efforts to optimizing sample preparation and LC separation
to incorporate THC-COOH in the analytical method. Although we observed some diffi-
culties related to the confirmatory capability, LOD and LOQ values for this analyte were
satisfactory. However, a unique, relevant indicator of cannabinoid consumption cannot be
suggested yet. Nevertheless, we are assumed to have a rough estimation of the cannabis
consumption by the amounts of THC-COOH in water samples, which have been adopted
as an indicator of cannabis usage by several authors.

3.4. Method Validation

Before the application of the analytical procedure, it was necessary to carry out its overall
validation for surface water and effluent wastewater, considering the following parameters:
linearity, precision, and accuracy, LOQs, LODs, and Q/q ratios used for confirmation.

Calibration curves obtained via UPLC-MS/MS and offline SPE-UPLC-MS/MS for
the analytes had determination coefficients (R2) higher than 0.99 in all cases. In general,
recoveries (between 70 and 120%) and precision (RSD < 20%) were satisfactory for most
compounds. Two quality control samples (QCs), i.e., a blank water sample (previously
analyzed) spiked at LOQ, and 10 LOQ levels were also analyzed. QC recoveries were
considered satisfactory when they ranged from 60 to 130% for each analyte.

The LOQ objective was taken as the lowest concentration level for which the method
was fully validated using spiked samples with satisfactory recovery (between 64 and 130%
for WWPT effluent water; between 73 and 120% for Febros River) and precision (relative
standard deviation (RSD) ≤15% for WWPT effluent water and ≤13.7% for Febros River
(Table 2)).

We monitored the recoveries of analytes at each step of the procedure through four
groups of blank controls fortified with native compounds before SPE extraction (Table 2).

CBG showed poor recovery (64%) but good RSD (15%). At the 10LOQ level, THC
showed a relatively high recovery (133% in effluent water) but with good precision (1.3%).
Some analytes (i.e., CBG, THC-COOH) in surface water and effluent wastewater showed
low relative recoveries (in the range of 64–73%), but good RSD (<15%). The absence of
an adequate internal standard perhaps affected the possibility of good relative recoveries
for CBG.

In any case, we assessed the overall accuracy by the differences observed among the
neat drug amounts, experimentally determined in the fortified drug samples and those
added to them. It was equal to −0.4 ± 7.6% for methadone, 2.3 ± 6.1% for cocaine, and
7.7 ± 4.2% for cocaethylene.

Groups of samples (n = 3) were processed to assess precision, taken from a homoge-
nous matrix, and fortified with drug amounts (0.500 µg L−1). Table S1 shows the cannabi-
noid molecular mass (MM), the ESI mode optimized via Intellistart™, LOD, LOQ, and
intermediate precision (IP) for three replicates at 0.500 µg/L, and the mean repeatability
(REP) obtained with five repetitions at 0.125 µg L−1.
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Table 2. Concentrations (µg L−1) of cannabinoids and recoveries (Rec) with their respective %RSD in
Febros River and effluent water flowing from the WWTP located in Vila Nova de Gaia.

Compound

Febros River C

C
(µg L−1)

RSD
(%)

QC LOQ
(%)

QC LOQ
RSD (%)

QC 10LOQ
(%)

Rec
RSD (%)

C
(µg L−1)

RSD
(%)

QC LOQ
(%)

QC LOQ
RSD (%)

QC 10LOQ
(%)

Rec
RSD (%)

CBDV <LOQ - 99 3.5 101 2.5 <LOQ - 98 7.2 96 9.4
CBN 0.079 3.0 91 1.9 91 1.1 0.076 4.8 94 3.1 92 2.2
CBD <LOQ - 102 11.4 100 13.7 0.096 4.3 129 4.5 133 1.8
CBG <LOQ - 76 7.6 73 8.5 <LOQ - 67 10.8 64 15.0
THV <LOQ - 118 2.3 123 1.3 <LOQ - 89 2.9 84 0.9

CBDA 0.070 7.9 114 1.7 110 1.2 0.065 0.0 124 5.2 125 3.2
THC <LOQ - 116 2.2 112 3.2 <LOQ - 128 1.5 133 1.3

THCA-A 0.073 8.7 104 2.4 110 1.7 0.071 5.8 108 3.6 116 4.3
THC-

COOH <LOQ - 98 7.5 102 6.3 <LOQ - 74 8.5 71 9.8

The intermediate precision, expressed as RDS%, was calculated by comparing the
analyte concentrations detected in the samples and was very satisfactory for the laboratory,
ranging from 2.6% (CBD) to 10.0% (CBN).

Finally, the calculated MS detector repeatability was 88% (±6%) for the nine stud-
ied compounds.

3.5. Application to Actual Samples

No treatment has been applied to date for the specific removal of cannabis HMs and
transformation products [87].

The occurrence of cannabinoids and the related HMs in the EWW of the Febros WWTP
and Febros River located in Vila Nova de Gaia was evaluated using the multi-residue
method described above.

We also considered positive samples with concentrations of the analytes below the
respective LOQ when we observed all three transitions acquired, and at least one Q/q ratio
was within tolerance limits. Due to the chromatograms’ higher chemical background and
the low peak intensity corresponding to the low analyte concentration, compliance of the
Q/q ratio of both confirmatory transitions was not always possible.

Photo-degradation studies suggest UV as an effective method for THC-COOH removal
in WWTPs, better than chlorination, which generates unwanted transformation products.
The studied WWTP, designed to treat urban wastewaters of a small population, seemed to
have good removal efficiency (>99%) for the THC-COOH compounds. However, we could
not conclude about the WWTP THC-COOH removal efficiency. In our case, the SW/RW
analysis did not lead to confirmation of an abundant presence of this specific analyte.
Usually, THC-COOH is present in lower concentrations on EWW than in IWW because
WWTPs present a certain degree of THC-COOH removal efficiency (31–98%) [67,79].

We could not define the presence of the transformation products of THC-COOH
because their structures were not yet commonly available in the scientific databases during
our investigation, and it was not possible to find their labeled compounds in the market,
probably due to their recent discovery. Moreover, nineteen THC-COOH metabolic by-
products or transformation products have been reported. Most of them have been found in
EWW [85].

Illustrative chromatograms (quantitative transition) are shown in Figure 3. The method
presents excellent sensitivity and the potential to detect low concentration levels of analytes.

Data concentrations for this sample are in Table 3, where several analytes are re-
ported as detected (i.e., concentration below the LOQ). Looking at the corresponding
chromatograms, it is possible to realize that satisfactory peaks were obtained for these
analytes when acquiring the quantification transition.
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Table 3. Concentrations (µg L−1) of cannabinoids in Febros River and effluent water flowing from
the WWTP located in Vila Nova de Gaia.

Compound
Febros River Water WWPT Effluent Water

Area RSD (%) C (µg L−1) Area RSD (%) C (µg L−1)

CBDV 22.6 0.6 <LOQ 24.6 0.6 <LOQ
CBN 2503 4 0.079 2274 5 0.076
CBD 72.4 0.7 <LOQ 1205 4 0.096
CBG 20.5 0.3 <LOQ 8.0 0.4 <LOQ
THV 9.2 0.5 <LOQ 7.8 0.4 <LOQ

CBDA 2026 8 0.070 1350 5 0.065
THC 326.6 - <LOQ 133.7 2.7 <LOQ

THCA-A 2098 9 0.073 1768 6 0.071
THC-

COOH 87,000 33 <LOQ 5507 8 <LOQ

Although we could report the quantitative data as lower levels, we assumed a con-
servative criterion; we describe these analytes as detectable with concentrations above the
LOD of the method but below the LOQ.

In any case, the levels of analytes detected in effluent wastewater and river samples
led to the conclusion that the WWTP removal efficiency was poor for some studied analytes
(i.e., CBN, CBD, CBDA, THCA-A). More specific applications of the developed method
and efforts are needed to understand the impact of cannabinoids in aquatic ecosystems,
considering their recently discovered transformation products.

4. Conclusions

We developed an analytical method based on UPLC-ESI–MS/MS instrumental anal-
ysis for the simultaneous quantification and confirmation of some illicit drugs and their
relevant metabolites at ng L−1 levels in surface water and urban effluent wastewater. This
method allowed us to depict and validate a highly technological extraction and an ana-
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lytical method for screening one of the most used illicit drugs, marijuana, at the outlet
of a WWTP and in Febros River water located in Vila Nova de Gaia (Porto urban area,
northern Portugal).

The method is based on UPLC-ESI–MS/MS using a semi-automated method for the
SPE enrichment step; Oasis HLB cartridges (6 mL–500 mg) provided the best results with
higher sensitivity, allowing the rapid and precise quantification of six cannabinoids (THC,
CBD, CBG, CBN, CBDV, THV), two cannabinoids in acidic form (THCA-A, CBDA), and
the major human metabolite related to cannabis with high THC (marijuana) consumption
(THC-COOH), in an aquatic environment.

The multi-residue method was demonstrated to be highly sensitive, with LODs rang-
ing from 6 to 48.0 ng L−1 for the analyzed compounds, and suitable for monitoring the
presence of the target analytes in river and wastewater samples.

Absolute recovery rates obtained ranged from 65 to 130% for the considered substances.
We implemented the whole analytical method entirely based on an offline SPE phase

using Oasis HLB cartridges (6 mL volume) before the UPLC-MS/MS determination (a triple
quadrupole analyzer). We validated the method at the LOQ and 10LOQ levels, obtaining
satisfactory accuracy and precision. We obtained the full confirmation of analyte identities
by acquiring three MRM transitions and guaranteed the accomplishment of the ion ratio
deviations for all analyte/matrix combinations, even at the LOQ level. The LOQ target was
recognized as a function of the method sensitivity for each analyte, and in some cases, it
was as low as 10 ng L−1.

THC-COOH, which is the most significant metabolite of high-THC cannabis (mari-
juana) consumption, commonly used to obtain consumption data of this drug, was not
present at relevant concentrations in our river and wastewater samples. Results show the
high consumption of this illicit drug (THC), but we could not assess the presence of the
metabolite THC-COOH and its transformation products.

Applying this method to river water and effluent urban wastewater samples showed
the presence of cannabis secondary metabolites other than the most studied THC and
THC-COOH, confirming the consumption of this specific drug in the general population.
Specifically, the processed water sample (EWW and RW) quantification did not show an
abundant amount of the human metabolic by-product THC-COOH, sometimes found in
surface waters at the tens of ng L−1 level [88]. However, the presence of cannabis secondary
metabolites (i.e., CBD, CBDA, CBN, THCA-A) other than the well-known THC indicates the
widespread usage of this plant species among the general population in the considered area.

All positive findings were confirmed by the achievement of ion ratios among the
quantification transition and two specific additional confirmation transitions. The removal
efficiency of the WWTP was not assessed because we did not consider IWW.

These protocols have been validated and applied to environmental water samples
(waste and surface water) through proper sample collection campaigns, allowing us to
study, monitor, and estimate the presence of the target analytes in environmental water
samples. Good analytical results were obtained for THC-COOH, the most significant
metabolite of high-THC cannabis (marijuana) commonly used to obtain consumption data
of this drug.

The consumption of the most used illicit drug in Vila Nova de Gaia, Porto, Portugal,
can be derived from the obtained results.

The study of emerging contaminants in the aquatic environment may lead to a better
understanding of the consumption of the most used illicit drug in Vila Nova de Gaia, Porto,
Portugal, derived from the obtained results by setting up specific enrichment (i.e., offline
SPE) and analysis (i.e., UPLC-MS/MS) techniques for the isolation and quantification of
cannabinoids in different water samples (i.e., EWW and SW). These methods may provide
an estimate of illicit drug use in a specific area by applying such high technological value
methods in other specific locations.
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Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/w14040588/s1, Figure S1. Aerial view of the WWTP located in Vila Nova de Gaia, Porto
(photo courtesy of Águas de Gaia). Figure S2. Comparison of solid-phase MCX (6 mL) and HLB
(6 mL) sorbent types needed for the cartridge optimization. Figure S3. Breakthrough volume defining
the optimal volume of environmental water sample to preconcentrate/enrich via the developed
offline SPE method using HLB cartridges (6 mL). Table S1. Optimized SPE-UPLC-MS/MS working
range, determination coefficient (R2), limit of quantification (LOQ), limit of detection (LOD), and
intermediate precision (IP). Table S2. Summary of the standard solutions considered and electrospray
ionization optimization (gray) through IntelliStart™. Figure S4. Scheme of the offline SPE method
developed and applied for the enrichment/preconcentration of standard solutions for calibration
and environmental water samples for quantification before the UPLC-MS/MS analysis. Figure
S5. Improvement of chromatographic conditions for compounds THV, CBDV, CBD, CBDA, THC,
THC-COOH, CBG obtained with the optimized chromatographic mobile phase (grey), compared to
other mobile phases.
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80. Baker, D.R.; Očenášková, V.; Kvicalova, M.; Kasprzyk-Hordern, B. Drugs of abuse in wastewater and suspended particulate
matter—Further developments in sewage epidemiology. Environ. Int. 2012, 48, 28–38. [CrossRef]

81. Irvine, R.J.; Kostakis, C.; Felgate, P.D.; Jaehne, E.J.; Chen, C.; White, J.M. Population drug use in Australia: A wastewater analysis.
Forensic Sci. Int. 2011, 210, 69–73. [CrossRef] [PubMed]

82. Kasprzyk-Hordern, B. Testing wastewater in public health epidemiology: Pharmaceuticals, illicit drugs and the phenomenon of
chirality. In The SfAM Meeting Control of Water-Borne Disease: A Century of the Activated Sludge Sewage Treatment Process; University
of Bath: Bath, UK, 2014.

83. Bordalo, A.A.; Teixeira, R.; Wiebe, W.J. A water quality index applied to an international shared river basin: The case of the Douro
River. Environ. Manag. 2006, 38, 910–920. [CrossRef] [PubMed]

84. Cabral, J.P.; Marques, C. Faecal coliform bacteria in Febros River (Northwest Portugal): Temporal variation, correlation with
water parameters, and species identification. Environ. Monit. Assess. 2006, 118, 21–36. [CrossRef] [PubMed]

85. Lima, A.S.A. Modelação do Transporte e Dispersão de um Marcador Corado no Rio Febros. Ph.D. Thesis, Instituto Superior de
Engenharia do Porto, Porto, Portugal, 2009.

86. Bio, A.; Vieira, N.; Costa, M.J.; Valente, A. Assessment of habitat and water quality of the Portuguese Febros River and one of its
tributaries. Limnetica 2011, 30, 103–116. [CrossRef]

87. Boix, C.; Ibáñez, M.; Bijlsma, L.; Sancho, J.V.; Hernández, F. Investigation of cannabis biomarkers and transformation products in
waters by liquid chromatography coupled to time of flight and triple quadrupole mass spectrometry. Chemosphere 2014, 99, 64–71.
[CrossRef]

88. Ujváry, I.; Grotenhermen, F. 11-Nor-9-carboxy-∆ 9-tetrahydrocannabinol–a ubiquitous yet underresearched cannabinoid. A
review of the literature. Cannabinoids 2014, 9, 1–8.

http://doi.org/10.1016/j.envint.2014.05.009
http://doi.org/10.1016/j.scitotenv.2013.11.039
http://doi.org/10.1016/j.chemosphere.2012.05.110
http://www.ncbi.nlm.nih.gov/pubmed/22784865
http://doi.org/10.1016/j.scitotenv.2013.05.038
http://www.ncbi.nlm.nih.gov/pubmed/23770552
http://doi.org/10.1016/j.scitotenv.2012.06.069
http://doi.org/10.1016/j.scitotenv.2012.02.074
http://doi.org/10.1016/j.scitotenv.2019.01.270
http://www.ncbi.nlm.nih.gov/pubmed/30711595
http://doi.org/10.1016/j.scitotenv.2015.06.027
http://www.ncbi.nlm.nih.gov/pubmed/26081737
http://doi.org/10.1007/s00216-013-6720-9
http://doi.org/10.1007/s00216-010-3720-x
http://doi.org/10.1021/es5008388
http://doi.org/10.1016/j.envint.2009.10.004
http://doi.org/10.1016/j.envint.2012.06.014
http://doi.org/10.1016/j.forsciint.2011.01.037
http://www.ncbi.nlm.nih.gov/pubmed/21388761
http://doi.org/10.1007/s00267-004-0037-6
http://www.ncbi.nlm.nih.gov/pubmed/17039391
http://doi.org/10.1007/s10661-006-0771-8
http://www.ncbi.nlm.nih.gov/pubmed/16897531
http://doi.org/10.23818/limn.30.09
http://doi.org/10.1016/j.chemosphere.2013.10.007

	Introduction 
	Materials and Methods 
	Chemicals and Reagents 
	Description of the Sampling Site 
	Sample Pretreatment and Solid-Phase Extraction (SPE) 
	Ultra-Performance Liquid Chromatography–Electrospray Ionization-Tandem Mass Spectrometry (UPLC–ESI-MS/MS) Analysis 
	Method Validation 

	Results and Discussion 
	SPE Procedure 
	UPLC Optimization 
	MS/MS Parameter Optimization 
	Method Validation 
	Application to Actual Samples 

	Conclusions 
	References

