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Abstract

The aim of this study was to screen and quantify 23 pharmaceutical compounds (including illicit drugs), at two sampling points near the
diffusers of the Guaruja submarine outfall, State of Sdo Paulo, Brazil. Samples were collected in triplicate during the high (January
2018) and low (April 2018) seasons at two different water column depths (surface and bottom). A total of 10 compounds were detected
using liquid chromatography coupled with tandem mass spectrometry (LC-MS/MS). Caffeine (42.3-141.0 ng/L), diclofenac (3.6—
85.7 ng/L), valsartan (4.7—-14.3 ng/L), benzoylecgonine (0.3—1.7 ng/L), and cocaine (0.3-0.6 ng/L) were frequently detected (75%
occurrence). Orphenadrine (0.6-3.0 ng/L) and atenolol (0.1-0.3 ng/L), and acetaminophen (1.2—1.4 ng/L) and losartan (0.7-3.4 ng/L),
were detected in 50% and 25% of the samples, respectively. Only one sample (12.5%) detected the presence of carbamazepine (<
0.001-0.1 ng/L). Unexpectedly a lower frequency of occurrence and concentration of these compounds occurred during the summer
season, suggesting that other factors, such as the oceanographic and hydrodynamic regimes of the study area, besides the population
rise, should be taken into account. Caffeine presented concentrations above the surface water safety limits (0.01 pg/L). For almost all
compounds, the observed concentrations indicate nonenvironmental risk for the aquatic biota, except for caffeine, diclofenac, and
acetaminophen that showed low to moderate ecological risk for the three trophic levels tested.

Keywords Subtropical zone - Waste treatment - Ocean discharge - Pharmaceuticals - Illicit drugs - Marine ecology - Pollution
effects

Highlights « First report of the presence of pharmaceutical compounds
and illicit drugs in the mixture zone of the Guaruja submarine outfall
(State of Sdo Paulo, Brazil).

* First record of the occurrence of orphenadrine near a Latin American
submarine sewage outfall.

* All detected compounds presented concentrations below the surface
water safety limits (0.01 pg/L), except for caffeine.

* For almost all compounds, the observed concentrations indicate
nonenvironmental risk for the aquatic biota.

* Only acetaminophen, diclofenac, and caffeine showed low to moderate
ecological risk.
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Introduction

Coastal areas are of great economic and socio-environmental
importance because 50% of the world’s population live within
60 km of a coastline (Roberts et al. 2010). This high concen-
tration of people exposes coastal ecosystems to different an-
thropogenic pressures, such as the disposal of untreated sew-
age in the marine environment (Rodgers-Gray et al. 2000).
This sewage can contain thousands of chemical substances,
such as pharmaceuticals and personal care products (PPCPs)
(Moreno-Gonzalez et al. 2015; Brumovsky et al. 2017; Fontes
etal. 2019). PPCPs are a vast group of emerging environmen-
tal contaminants, such as pharmaceuticals from different ther-
apeutic classes (e.g. antiepileptics, stimulants, analgesics/anti-
inflammatory, and antihypertensive drugs) (Moreno-
Gonzalez et al. 2015; Brumovsky et al. 2017; Comtois-
Marotte et al. 2017), and illicit drugs (e.g. cocaine) (Pereira
et al. 2016; Love et al. 2018; Fontes et al. 2019).

Currently, there is no worldwide regulatory legislation that
sets safety limits for these emerging compounds in the envi-
ronment (Beretta et al. 2014; Machado et al. 2016; Pereira
et al. 2016). Consequently, they end up in wastewater treat-
ment plants (WWTPs), which are often inefficient in remov-
ing these pollutants (Santos et al. 2009; Behera et al. 2011;
Pereira et al. 2016). Pharmaceuticals and illicit drugs are ubig-
uitous in coastal marine environments at concentrations rang-
ing from ng/L to pg/L (Pereira et al. 2016; Diamanti et al.
2019; Fontes et al. 2019) and could cause harmful effects on
the aquatic biota at different trophic levels, namely in molluscs
(Aguirre-Martinez et al. 2013b; Almeida et al. 2015;
Capolupo et al. 2016), crustaceans (Aguirre-Martinez et al.
2013a; Binelli et al. 2013; Imeh-Nathaniel et al. 2017), and
fishes (Ramos et al. 2014; Nunes et al. 2015; Capaldo et al.
2019). Among the various harmful effects, some physiologi-
cal, biochemical, and behavioural changes at different trophic
levels are frequently observed when individuals are chronical-
ly exposed to environmentally realistic concentrations (Fabbri
and Franzellitti 2015; Godoy et al. 2015a, b; Godoy and
Kummrow 2017). Under this scenario, caffeine can cause in-
duction of oxidative stress or metabolism disturbances in mol-
luscs (Binelli et al. 2013; Almeida et al. 2014, 2015); carba-
mazepine can alter the stability of the lysosomal membrane in
crabs (Aguirre-Martinez et al. 2013a); and acetaminophen can
cause oxidative stress in fish (Ramos et al. 2014; Nunes et al.
2015), among other effects.

The detection of PPCPs in the coastal and marine envi-
ronment has been neglected for many years under the as-
sumption that ocean dilution would represent a safety factor
(Fabbri and Franzellitti 2015; Desbiolles et al. 2018).
Meanwhile, the number of studies on underwater sewage
discharge is increasing around the world (Nodler et al.
2010; Afonso-Olivares et al. 2013; Alygizakis et al. 2016).
In Brazil (the fifth largest country in the world), where

approximately 50 million people live in coastal municipal-
ities (along 8,500 km of coastline) (Quadra et al. 2016; Ibge
2018), only a limited number of' studies have been dedicat-
ed to detecting the presence of PPCPs and/or illicit drugs in
coastal and marine ecosystems in the last 20 years (Beretta
et al. 2014; Pereira et al. 2016; Dos Santos et al. 2018;
Fontes et al. 2019). In Brazilian coastal cities, WWTPs with
only preliminary levels of treatment (20 systems along the
coast) are predominant (Abessa et al. 2012; Ortiz et al.
2016). Each WWTP consists of a series of tanks including
a sand filter and a screen, which aims to remove only the
solid and floating material from the sewage, followed by a
chlorination step in order to eliminate pathogenic microor-
ganisms; but they are not specifically designed to remove
PPCPs (Abessa et al. 2012; Ortiz et al. 2016; Pereira et al.
2016). The final destination of the preconditioned sewage is
a submarine outfall that disposes the sewage daily into the
marine environment (South Atlantic Ocean) (Abessa et al.
2012; Ortiz et al. 2016; Pereira et al. 2016). One such
WWTP, which completed 20 years in 2018, is located in
the Guaruja municipality (Abessa et al. 2012; Ortiz et al.
2016). Guaruja is a microregion of Santos, Sdo Paulo
State, Brazil, where the good climatic conditions (average
annual temperature of 22 °C) favour the use of its beaches
throughout the year, making the municipality one of the
main Brazilian tourist destinations, doubling the population
in summer (Ribeiro and Oliveira 2015; Cetesb 2017).
However, to the best of the author’s knowledge, no data
exist about the occurrence of pharmaceuticals and illicit
drugs around this coastal submarine sewage outfall.
Therefore, considering that (i) pharmaceuticals and illicit
drugs pose a growing risk to marine species and ecosystems
(Desbiolles et al. 2018); (ii) marine organisms are exposed
to these environmental stressors, mainly in highly urbanised
coastal areas and at recreational sites (Fabbri and
Franzellitti 2015); (iii) data on marine pollution by these
compounds is scarce, namely, in South America, where
the consumption of these substances is rapidly increasing
(Quadra et al. 2016); and (iv) after the report of PPCPs and
illicit drugs in Santos Bay (Pereira et al. 2016), Brazilian
environmental agencies showed great concern about their
occurrence and associated ecological risks, additional stud-
ies on the occurrence and risk assessment of these com-
pounds in the marine environment around the Guaruja sew-
age outfall are of extreme relevance.

In this context, the objective of this study was, for the first
time, to screen and identify the occurrence of 23 pharmaceu-
ticals of various therapeutic classes (including cocaine and its
primary metabolite, benzoylecgonine), near the discharge of
the outfall of Guaruja on the coast of Sdo Paulo, Brazil. This
work also discusses the potential acute and chronic aquatic
toxicology and adverse effects of each chemical compound
reported hereby to ecologically relevant aquatic species.
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Materials and methods
Study site description and sample collection

This study was carried out in Guaruja municipality, a
microregion of Santos, Sdo Paulo State, Brazil. It is an area
of 143 km? and 64 km of extension, in which 107 km? are
made up of environmental protection areas and 36 km?> of
urbanised area (Ribeiro and Oliveira 2015), with 318,000 in-
habitants (Ibge 2018). In Guaruja, there are two quite distinct
seasonal periods: a rainy season that occurs from November
through March and a dry season that occurs from April
through October (Cetesb 2017). The annual precipitation of
the region ranges between 2500 and 3000 mm and the annual
mean temperature is 22 °C (Cetesb 2017). The municipality’s
economy is mainly driven by three activities. Two of these
activities are non-seasonal and occur in the western portion of
the island: trade in the district of Vicente de Carvalho and
port-related activities in the port of Santos (the largest port
in Latin America). A third activity, which takes place in the
eastern and southern parts of the island, is tourism that benefits
of the existent 26 beaches. The number of inhabitants almost
doubles in the high summer season (between December and
February) (Ribeiro and Oliveira 2015; Cetesb 2017).

The municipal sewage of Guaruja is treated through a
WWTP with a preliminary treatment (Cetesb 2017). This
WWTP consists of a series of tanks including a sand filter
and a screen, followed by a chlorination step in order to elim-
inate pathogenic microorganisms (Ortiz et al. 2016). The final
destination of the preconditioned sewage is a submarine out-
fall 4500 m long and 14 m deep that daily disposes sewage
(1.45 m>/s) into the marine environment (Enseada beach)
(Cetesb 2017).

Two field campaigns were carried out: one on 12 January
2018 during the high tourist season (summer/rainy season)
and another on 13 April 2018 in the low tourist season
(fall/dry season). This study adopted two existing environ-
mental agency (Cetesb) sampling points: P1: 24° 01’ 39, 7"
S;46°13'27,5" W and P2:24° 01" 34,3" S;46° 13" 21,3" W.
Both points, P1 (southwest) and P2 (northeast), are located
about 100 m from the discharge point (Fig. 1). During the
sampling work, no rainfall was recorded in the 48 h prior to
water collection. The water was collected using a Van Dorn
bottle at two different depths: surface (1 m) and bottom (10
m). Samples were labelled according to the sampling points
(P1 and P2), collection seasons [high (HS) and low (LS) tour-
ist seasons], and water depths [(surface (S) and bottom (B)].
Thus, a total of eight samples were collected (2 sampling
points x 2 water depths x 2 seasons).

Water samples were stored in 1-L amber glass bottles pre-
viously cleaned, transported to the laboratory in an insulated
box with ice (< 6 °C), filtered with 0.45 um pore size mem-
brane to remove suspended solids, and kept under
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refrigeration (— 20 °C) until further processing. The extrac-
tion, concentration, and purification of the drugs of interest
were performed within 7 days after filtration (USEPA 2007).

Preparation and analysis of pharmaceutical
compounds

Chemical and standards

High purity reagents such as nitric acid and sulphuric acid
were purchased from Merck. Organic solvents of HPLC or
LCMS grade, including acetonitrile, methanol, and
isopropanol, were acquired from Sigma-Aldrich. Mobile
phase additives, namely LC-MS grade formic acid and
ammonium acetate, were acquired from Sigma-Aldrich
and Merck, respectively. Analytical standards of acetamin-
ophen, atenolol, bromazepam, caffeine, carbamazepine,
cyproterone, clonazepam, clopidogrel, diclofenac, enala-
pril, loratadine, losartan, midazolam, orphenadrine, pro-
pranolol, sildenafil, and valsartan were acquired from
Sigma-Aldrich. Cocaine and benzoylecgonine were ac-
quired from Cerillant. Other targeted pharmaceuticals were
purchased from several providers: citalopram (Alcytam®,
Torrent by Brazil Limited), chlortalidone (Higroton®,
Novarts), rosuvastatin (Crestor®, AstraZeneca), and ge-
neric paroxetine medication (Medley).

Sample preparation

In this study, the extraction technique was adapted from Wille
et al. (2010). Before extraction, the pH of each sample was
adjusted to 7.0 using a hydrochloric acid solution (1M). Next,
1 L samples were filtered through Whatman® filter paper
(GF/C particle retention 1.2 pum, diameter 47 mm; Merck
KGaA, Darmstadt, Germany), and to prevent the loss of the
compounds of interest, the filters were washed with 2 mL of
methanol (CH3;0H) (Sigma-Aldrich, St. Louis, USA). The
methanol extract collected was then combined to the filtered
sample. Subsequently, the SPE (solid phase extraction) pro-
cedure using spherical, hydrophobic polystyrene-
divinylbenzene resin for SPE cartridges (Chromabond ®
HR-X, 200 mg, 3 mL, Macherey-Nagel GmbH & Co. KG,
Diiren, Germany) was accomplished as described by Wille
et al. (2010) and Ghoshdastidar et al. (2015). The cartridges
were preconditioned with methanol (5 mL) and Milli-Q-water
(5 mL) (Milli-Q®-Merck KGaA). They were loaded with 1 L
of the filtered sample, and the cartridges were rinsed twice
with 5 mL of Milli-Q-water. The cartridges were then dried
under vacuum for 30 min. The elution was performed using 2
x 5 mL of methanol and 5 mL of acetone. Prior to the analysis,
the concentrated eluate was evaporated to dryness under a
nitrogen flow (at 50 °C), re-suspended in 1 mL with a solution
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Brazil

Guaruja

Sao Paulo

Fig. 1 Map showing the location of the Guaruja municipality, in the state of Sdo Paulo, Brazil. The two sampling points (P1: red circle and P2: blue
circle) are located around the coastal submarine sewage outfall in Guaruja (Enseada beach, South Atlantic Ocean)

of water/acetonitrile (CoH3N) (95:5, v/v), and then filtered
through a 0.45 pm pore size membrane (Merck Millipore).

LC-MS/MS analysis

Based on the reported annual consumption, expected tox-
icity, and environmental persistence (CMED 2017), a total
of 23 chemical compounds, namely, pharmaceutical and
illicit drugs, were analysed using liquid chromatography
coupled with tandem mass spectrometry (LC-MS/MS)
(Table 1). LC-MS/MS methodology was described and val-
idated by Shihomatzu (2015). The validation was per-
formed using the parameters of selectivity, matrix effect,
dynamic range, linearity, limit of detection (LOD), limit of
quantification (LOQ), precision (% relative standard devi-
ation), accuracy (% coefficient of variation), recovery, and
robustness. An aliquot (10 pL) of each sample was
analysed using an Agilent 1260 Infinity HPLC
(Agilent™, Germany) combined with a hybrid triple
quadrupole/LIT instrument (3200QTRAP®-linear ion trap)
mass spectrometer (ABSciex, Ontario, Canada). The con-
ditions used for the liquid chromatography (LC) separation
were as follows: an injection volume of 10 pL of each
sample was loaded in an Agilent Zorbax Eclipse XDB —
C18 column (50 x 4.6 mm ID, 1.8 wm column at 25 °C).
The eluent flow rate was 0.7 mL/min, and the mobile phase
for positive mode analysis was 0.1% formic acid (Sigma-
Aldrich; LC-MS grade) in solvent A (water — H,O) and
solvent B (acetonitrile — C,H;N) (J.T. Baker, Philipsburg,

NJ, USA). For negative mode analysis, the mobile phase
was a 5 mM ammonium acetate buffer (Sigma-Aldrich)
with a pH of 4.6 (solvent A) and acetonitrile (solvent B).
For both modes of ionisation (negative and positive), a
linear gradient of 0.7 mL/min was used, starting with a
mixture of solvent A (95%) and solvent B (5%). The sol-
vent A percentage was decreased linearly from 95 to 5%
over the course of 5 min, and this condition was maintained
for 1 min. Over the course of 2 min, the mixture was then
returned to the initial conditions. Using electrospray
ionisation (ESI: positive and negative modes) and multiple
reaction monitoring (MRM mode), analytes were detected
and quantified. This procedure was performed with the se-
lection of a precursor ion and two ion products to quantify
and qualify each compound. MRM parameters for the pos-
itive and negative modes for each chemical compound,
LOD, and LOQ are shown in Table 1. A seawater matrix-
matched external calibration curve was employed, as de-
scribed by Shihomatzu (2015). LOD and LOQ values were
determined, using spiked matrix samples, and obtained
from seven measurements of the lowest detectable concen-
tration of the calibration curves (with signal-to-noise ratio
of at least 10), following the Brazilian Institute of
Metrology, Quality, and Technology Procedures
(INMETRO 2011). Both field and laboratory blanks were
below LOD. Data analysis was performed with Analyst®
1.5.2 software (ABsciex). A concentration factor (1/1000)
was used to obtain the measured concentration (ng/L) fol-
lowing LC-MS/MS quantification (Table 2).
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Table 1 Multiple reactions for positive and negative ion modes

Compounds CAS number Ql Q3 DP CE CXP LOD LOQ RT
(m/z) (m/z) V) V) W) (ng/L) (ng/L) (min)
Antiepileptic
Carbamazepine 298-46-4 237.1 194.2 36 43 4 0.003 0.01 4.7
179.1 36 25 4
Clonazepam 1622-61-3 316.1 270.0 51 31 4 0.0013 0.01 5.1
214.2 51 47 4
Stimulants
Caffeine 58-08-2 195.2 1383 26 19 4 0.0001 0.0085 34
110.1 26 29 4
Cocaine 50-36-2 304.2 182.2 36 39 4 0.003 0.012 39
105.1 36 25 4
Benzoylecgonine 519-09-5 290.2 168.2 31 25 4 0.0012 0.0077 3.6
105.1 31 37 4
Analgesics and anti-inflammatory drugs
Diclofenac 15307-86-5 296.1 214.1 21 39 4 0.001 0.0074 5.8
250.0 21 25 4
Acetaminophen 103-90-2 152.1 109.9 26 19 4 0.0014 0.0084 3.0
93.1 26 29 4
Orphenadrine 83-98-7 270.2 181.1 16 19 4 0.0009 0.0034 4.4
165.0 53 4
Antihypertensives
Atenolol 29122-68-7 267.3 145.2 31 37 4 0.0016 0.0069 29
190.3 31 25 4
Losartan 114798-26-4 423.2 207.2 21 31 4 0.0007 0.0061 4.8
405.2 21 17 6
Valsartan 137862-53-4 436.3 235.1 21 25 4 0.0014 0.0077 53
207.1 21 33 4
Propranolol 525-66-6 260.2 116.0 41 23 4 0.0013 0.0072 44
183.0 41 23 4
Enalapril 75847-73-3 377.3 2342 36 27 4 0.003 0.009 44
303.3 36 25 4
Antidepressants
Citalopram 59729-33-8 325.2 109.2 41 37 4 0.0006 0.0059 43
262.1 41 25 4
Paroxetine 61869-08-7 330.2 1922 41 27 4 0.004 0.031 4.6
135.1 41 54 4
Anxiolytics
Bromazepam 1812-30-2 316.0 182.2 51 41 4 0.005 0.0281 43
209.2 51 33 4
Midazolam 59467-70-8 326.1 291.2 51 33 4 0.0006 0.0059 45
249.1 51 44 4
Antiplatelets
Clopidogrel 113665-84-2 3222 2122 31 23 4 0.00004 0.0003 6.2
155.0 31 51 4
Contraceptives
Cyproterone 2098-66-0 417.3 357.2 41 25 6 0.0015 0.0075 6.4
279.3 41 4
Diuretics
Chlortalidone 77-36-1 336.9 189.9 =35 22 -2 0.0023 0.0088 4.1
146.2 =35 -28 -2
Anticholesteremic agents
Rosuvastatin 287714-41-4 4822 258.2 61 41 4 0.0008 0.0069 49
270.2 61 47 4
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Table 1 (continued)

Compounds CAS number Ql Q3 DP CE CXP LOD LOQ RT
(m/z) (m/z) V) V) V) (ng/L) (ng/L) (min)

Antihistamines

Loratadine 79794-75-5 383.3 3373 41 33 6 0.0014 0.0126 52
267.1 41 41 4

Sexual stimulants

Sildenafil 171599-83-0 475.3 100.0 51 37 4 0.006 0.043 4.2
283.2 51 47 4

The table presents the name of compound and its respective CAS (chemical abstracts service) number; Q1, mass to charge ratio of the mother ion in the
first quadrupole (m/z); Q3, mass to charge ratio of the most intensive daughter ion in the third quadrupole (m/z); DP, declustering potential (V); CE,
collision energy (V); LOD, limits of detection (ng/L); LOQ, limits of quantification (ng/L); RT, retention time. Note: It was assumed hereby the sample

concentration factor to be 1000 times in water matrix

Ecological risk assessment

The ecological risk assessment for aquatic organisms was per-
formed calculating the risk quotient (RQ) for 3 different tro-
phic levels (algae, crustacean, and fish) following the equation
RQ = MEC/PNEC, in which MEC is the maximum measured
environmental concentration and PNEC the predicted no ef-
fect concentration, both expressed in pg/L. PNEC values were
obtained from base-set reliable ecotoxicity data available for
the aquatic compartment regarding short-term [lethal concen-
tration 50 (LC50) or median effective concentration (EC50)]
and long-term [no observed effect concentration (NOEC)]
toxicological endpoints. In the absence of NOEC, the lowest

observed effect concentration (LOEC) or, in alternative, the
10% effective concentration (EC10) were used, when avail-
able. In the present study, an attempt was made to compile
specifically data for coastal marine species. When this infor-
mation was not available, data from freshwater species were
used instead, since a reasonable correlation exists between the
ecotoxicological responses of freshwater and saltwater biota,
at least for the usual aquatic taxa (i.e. acute and chronic tox-
icity to algae, crustacean, and fish) (EMA 2006; Li et al. 2012;
Thomaidi et al. 2015). In order to collect available aquatic
ecotoxicity test endpoints, an extensive search was carried
out in the Ecotoxicology Database (ECOTOX) from the
United States Environmental Protection Agency (USEPA

Table 2  Results of the occurrence of eight pharmaceuticals of different therapeutic classes and two illicit drugs (cocaine and its metabolite

benzoylecgonine) collected around the coastal submarine sewage outfall in Guaruja, Sdo Paulo, Brazil (P1 and P2 represents the sampling sites)
P1-HS-S P1-HS-B P2-HS-S P2-HS-B P1-LS-S P1-LS-B P2-LS-S P2-LS-B

Antiepileptics

Carbamazepine < 0.01%* <0.01%* 0.1 < 0.01%* <0.01%* < 0.01%* <0.01%* <0.01%*

Stimulants

Caffeine <0.0001%* 141.0 82.6 < 0.0001* 90.3 42.3 54.9 71.5

Cocaine 0.4 < 0.003%* 0.3 <0.003* 0.6 0.3 0.3 0.4

Benzoylecgonine 0.4 < 0.0012* 0.4 < 0.0012%* 0.3 0.9 0.5 1.7

Analgesics and anti-inflammatory drugs

Diclofenac 9.9 3.6 <0.001* <0.001* 57.4 29.7 80.0 85.7

Acetaminophen <0.0014* <0.0014* <0.0014* <0.0014* <0.0014* <0.0014* 14 1.2

Orphenadrine < 0.0034%* < 0.0034%* < 0.0034%* < 0.0034%* 2.0 0.6 3.0 2.8

Antihypertensives

Atenolol < 0.0069%* < 0.0069%* < 0.0069%* < 0.0069%* 0.1 0.3 0.1 0.1

Losartan < 0.0061%* < 0.0061%* < 0.0061** < 0.0061%* 0.7 34 < 0.0061%* < 0.0061%*

Valsartan <0.0014%* <0.0014* 12.0 10.6 4.7 9.0 8.0 14.3

Two field campaigns were carried out: one during the high tourist season (summer/rainy season: HS) and another in the low tourist season (fall/dry
season: LS). The water was collected at two different depths: surface (S) (1 m) and bottom (B) (10 m). Concentrations are expressed in ng/L. * and **
means below limits of detection (LOD) and quantification (LOQ), respectively. Bold values represent the maximum measured concentration for each

compound
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2019), as well as in other literature sources using the PubMed
database. When ecotoxicity laboratory experimentally derived
data were not available, short [L(E)C50] and long toxicolog-
ical endpoints [Chv, geometric mean of NOEC and LOEC,
ChV=10"(log(NOEC x LOEC)]/2)] were estimated using the
Ecological Structure Activity Relationships Program
(ECOSAR, v 2.0) (USEPA 2017). The derived PNEC values
for the acute and chronic toxicity data were thereafter calcu-
lated by dividing each toxicological endpoint by an assess-
ment factor (AF). For saltwater environments, an AF of
10,000 and 100 should be considered in short- and long-
term data sets. For further details, see the European
Chemical Bureau (ECB 2003) and the European Chemicals
Agency (ECHA 2008) guidelines. Finally, the risk (RQ =
MEC/PNEC) was categorised into four levels: no (RQ <
0.01), low (0.01 <RQ < 0.1), moderate (0.1 <RQ < 1), and
high ecological risk (RQ > 1.0) to aquatic organisms
(Hernando et al. 2006).

Results and discussion

In the vicinity of Guaruja sewage outfall, from the 23 com-
pounds surveyed, 13 were below the LOD (e.g. clonazepam,
propranolol, enalapril, citalopram, paroxetine, bromazepam,
midazolam, clopidogrel, cyproterone, chlortalidone,
rosuvastatin, loratadine, and sildenafil). The other 10 com-
pounds were detected, at least once, according to the different
therapeutic classes (Table 2). The detection of PPCPs in the
Guaruja outfall mixing zone is a consequence of the signifi-
cant production (Brazil is the ninth largest producer of medi-
cines in the world) and high consumption of pharmaceuticals
in Brazil (CMED 2017). Among the drugs detected in
Guaruja, losartan was the second best-selling drug in Brazil
in 2017, followed by acetaminophen (sixth), atenolol
(twelfth), and diclofenac (fifteenth) (Cmed 2017). In addition,
there are problems related to exaggerated drug consumption
(self-medication is a common habit among the Brazilian
population) (de Loyola Filho et al. 2004) and to the inappro-
priate disposal of expired and/or unusable drugs into environ-
mental matrices (e.g. household sinks, toilets, and garbage)
(WHO 2011). Consequently, these PPCPs and illicit drugs
(in parental, metabolised or conjugated forms in human excre-
ta) (Fabbri and Franzellitti 2015; Dafouz et al. 2018) are re-
leased indiscriminately into the receiving waters because most
ofthe conventional WWTPs, such as Guaruja, are not efficient
in removing these emerging pollutants (Petrie et al. 2015; Dos
Santos et al. 2018). Removal of compounds with low octanol-
water partition coefficient (i.e. log Kow values < 3.00) gener-
ally only occurs in secondary level treatment systems (Behera
et al. 2011). This could explain the presence of these PPCPs
and illicit drugs in the Guarujd Sea [e.g. carbamazepine (log
Kow = 1.51), caffeine (log Kow = — 0.07), cocaine and
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benzoylecgonine (log Kow < 3.00), diclofenac (log Kow =
0.70), acetaminophen (log Kow = 0.46), and atenolol (log
Kow = 0.16) (Behera et al. 2011; Benotti et al. 2012; Fontes
etal. 2019).

During the summer season, holidays, and weekends, the
population increases such as the consumption of pharmaceu-
ticals and illicit drugs in the cities (Fontes et al. 2019).
However, this situation appears to have no interference in
the disposal of these compounds in Guaruja, since a higher
frequency of occurrence and also the highest concentrations
occurred during the low season. It is important to mention that
the present study covered a relatively short time period, as the
focus was a preliminary assessment occurrence of PPCPs and
illicit drugs in Guaruja. Moreover, several factors can influ-
ence the occurrence and spatial distribution of these com-
pounds in the marine environment, such as the rain regime,
oceanographic conditions, and complex hydrodynamics of the
marine environment in coastal areas (Vidal-Dorsch et al.
2012; Arpin-Pont et al. 2014). It is not possible to test these
hypotheses with the hereby data. Therefore, monitoring
should continue in order to evidence, at a larger time scale,
the possible effects of the discharge of Guaruja sewage.

Antiepileptics

In this study, a frequency of occurrence of carbamazepine was
observed in only 12.5% of the samples (1/8), being quantified
only during the high season at sampling point P2-HS-S
(Table 2). Carbamazepine is an anticonvulsant used to treat
schizophrenia, epilepsy, and neuralgia (Almeida and Cruciol
2013). It is an anthropogenic indicator and allows us to con-
firm the presence of sewage (e.g. Guaruja mixing zone)
(Donner et al. 2013). Carbamazepine is persistent and resistant
to degradation and adsorption, so even secondary and tertiary
treatment levels WWTPs (inexistent in Guaruja) show a low
rate of carbamazepine depuration (ranging from 5 to 30%,
respectively) (Lin et al. 2009; Sui et al. 2010). However, the
concentrations found in Guaruja (< 0.01 x 107°-0.1 x 10
pg/L) were much lower than the levels detected in oceanic
sewage disposal in the Baltic Sea, Germany (0.026 pg/L)
(Nodler et al. 2010), and in San Francisco Bay, USA (0.004
ng/L) (Klosterhaus et al. 2013). Therefore, carbamazepine
presented no ecological risk (RQ) regarding the acute and
chronic exposures for all trophic levels tested (Table 3).
Indeed, reported concentrations of carbamazepine capable of
causing toxic effects in different species of marine inverte-
brates are higher. For example, the mollusks Venerupis
decussata, Venerupis philippinarum, and Ruditapes
philippinarum, exposed to concentrations between 0.03 and
9.0 ng/L, suffered a dose-related reduction in health status due
to the induction of an oxidative stress scenario (Almeida et al.
2014, 2015). The crab Carcinus maenas, after a 28-day expo-
sure to increasing concentrations of carbamazepine (0.1, 1.0,
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10.0, and 50.0 pg/L), showed alteration in the stability of the
lysosomal membrane (LMS) and activation of glutathione S-
transferase (GST) (Aguirre-Martinez et al. 2013a). The
polychaeta Hediste diversicolor (Maranho et al. 2015a) and
microalgae Isochrysis galbana and Tetraselmis chuii
(Maranho et al. 2015b) exposed for 14 days to sediments
containing a concentration of 50.0 pg/kg carbamazepine, in-
creased the total lipid content (TLP) and the activity of mito-
chondrial electron transport (MET) of the polychaeta, in addi-
tion to inhibiting the growth of both microalgae.

Stimulants

Caffeine was detected during the high season only at sam-
pling points P1-HS-B and P2-HS-S. During the low sea-
son, it was present at all sampling points (frequency of
occurrence in 75% of the samples: 6/8) (Table 2).
Caffeine is another critical marker of domestic sewage,
as its presence is related to the disposal of food and drugs
used exclusively by humans. After consumption, caffeine
is rapidly metabolised by the liver and converted into one
or more metabolites (e.g. paraxanthine) (Machado et al.
2016). Paraxanthine, is the main metabolite in humans,
accounting for 80% of the total caffeine excretion in urine
and faeces (Almeida and Cruciol 2013; Machado et al.
2016). When submitted to a secondary treatment
WWTP, caffeine is rapidly biodegraded through biochem-
ical reactions, with a removal rate of 72 to 98% (Lin et al.
2009; Bueno et al. 2011). Because the Guaruja WWTP is
only a primary level system, caffeine was detected at sea
(up to 0.141 pg/L) in higher concentrations than those
found in discharges to the Baltic Sea, Germany (0.058
png/L) (Nodler et al. 2010), in San Francisco Bay, USA
(0.040 png/L) (Klosterhaus et al. 2013), and in the Gulf of
Saronikos, Greece (0.078 pg/L) (a region that concen-
trates a population 10 times larger than Guaruja)
(Alygizakis et al. 2016). In Guaruja, the RQ for acute
(crustaceans and fish) and chronic (algae) tests was be-
tween 0.02 and 0.03 (Table 3), signalling a low risk of
caffeine for these species. Caffeine usually causes harmful
effects in different marine species in slightly higher con-
centrations. For example, Del Rey et al. (2011) showed
that caffeine concentrations of 0.2 pg/L may have an ef-
fect in the gill tissue of the mussel Mytilus californianus
at a molecular level (positive regulation of Hsp70).
Studies have also shown that the crab Carcinus maenas
(Aguirre-Martinez et al. 2013a) and mollusks Ruditapes
philippinarum (Aguirre-Martinez et al. 2013b) and
Mytilus galloprovincialis (Capolupo et al. 2016) have suf-
fered destabilisation of the LMS after exposure to caffeine
concentrations of 50.0 ug/L (in the case of Carcinus
maenas and Ruditapes philippinarum) and 0.5 pg/L (in
the case of Mytilus galloprovincialis). Regarding

Ruditapes philippinarum, after the exposure of this mol-
lusk to caffeine for 28 days (0.5, 3.0, and 18.0 pg/L), it
was observed that as the concentrations increased, the
mollusk lost the ability to prevent lipid peroxidation of
cells and also to combat oxidative stress (Cruz et al.
2016).

Cocaine and benzoylecgonine were detected during the
high season only at surface sampling points P1-HS-S and
P2-HS-S (Table 2). During the low season, both substances
were detected at all sampling points at higher concentrations
when compared to the high season (both compounds were
present in 75% of the samples: 6/8) (Table 2). Some environ-
mental and public health concerns exist regarding cocaine and
its metabolite in Brazil (Brazil 2009). It is well-known that
Brazil is the main transit route for the cocaine produced in
South America, whose final destination is Europe and Asia
(Unodc 2016). Five million Brazilians aged 18 and over have
used cocaine at least once during their lifetime (Laranjeira
et al. 2012). It is known that even WWTP with secondary
treatment levels only partially remove cocaine (40-93%) and
benzoylecgonine (12-92%) (Zuccato et al. 2008; Doménech
et al. 2009). Since the Guaruja WWTP does not serve this
purpose, both compounds were detected in the present study
raising significant concerns due to their potential effects on
biota (Baker and Kasprzyk-Hordern 2013). The concentra-
tions of cocaine (0.0003-0.0006 pg/L) and benzoylecgonine
(0.002—0.0003 pg/L) detected in Guaruja are however lower
than other studies worldwide. In Santos Bay, Brazil, concen-
trations of cocaine and benzoylecgonine respectively of 0.537
png/L and 0.038 pg/L were reported (Pereira et al. 2016;
Fontes et al. 2019). In San Francisco Bay, USA, which
receives municipal sewage discharge, benzoylecgonine
(0.007 pg/L) was also detected (Klosterhaus et al. 2013).
Cocaine has a strong pharmacological effect, and its pres-
ence in a body of water can produce unpredictable interac-
tions (Zuccato et al. 2008), such as that with chlorine used
in sewage treatment. In this sense, the chlorination process
performed in a WWTP (e.g. Guaruja) (Ortiz et al. 2016)
may interact with cocaine and benzoylecgonine and might
generate unwanted transformation products (TPs) (e.g. co-
caine — TP:C,gH,4NOy4; and benzoylecgonine —
TP:C ¢HgNOs). The toxicity of these TPs is still unknown
(Bijlsma et al. 2013). The RQ for the acute and chronic
exposures to cocaine or benzoylecgonine were < 0.01 for
all three trophic levels tested (Table 3). These data suggest
no environmental risk of these compounds for local aquatic
species. However, some studies have already shown that
environmentally realistic concentrations of cocaine are ca-
pable of producing changes in shellfish metabolism
(Dreissena polymorpha) (Binelli et al. 2013), behavioural
changes in crustaceans (Orconectes rusticus) (Imeh-
Nathaniel et al. 2017), and bioaccumulation in the tissue
of the eel (Anguilla anguilla) (Capaldo et al. 2019).

@ Springer
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Analgesics and anti-inflammatory drugs

Diclofenac was detected during the high season at sampling
points P1-HS-S and P1-HS-B (Table 2). During the low sea-
son, it was detected at all sampling points at higher concen-
trations when compared to the high season (frequency of oc-
currence in 75% of the samples: 6/8) (Table 2). Diclofenac is
an analgesic and anti-inflammatory drug (Almeida and
Cruciol 2013). Due to its high worldwide consumption and
sale (usually without a prescription), it has become one of the
most commonly detected PPCPs in aquatic ecosystems and
therefore has been rated as high management priority (Sotelo
et al. 2014). When submitted to a secondary treatment level
WWTP, the percentage of diclofenac removal rate is in the
range of 60% (Jelic et al. 2011). However, in Guaruja, the
Enseada mixing zone recorded higher concentrations (0.086
pg/L) than those found in other sewage outfalls, namely, in
Spain: Gran Canaria Island (0.048 pg/L) and Jindmar (0.028
png/L) (Afonso-Olivares et al. 2013), Greece: Gulf of
Saronikos (0.016 pg/L) (Alygizakis et al. 2016), and Brazil:
Santos (0.019 pug/L) (Pereira et al. 2016). Diclofenac is a bi-
ologically active compound with a low biodegradation rate
and has a rapid photo transformation into new by-products
after disposal in the aquatic environment, which can cause
deleterious effects in biota at different trophic levels (Lee
et al. 2011; Toufexi et al. 2016; Bonnefille et al. 2018). The
RQ of diclofenac in the sea of Guaruja was 0.11 for fish
acutely exposed (Table 3), indicating a moderate environmen-
tal risk. However, the recorded low concentrations are unlike-
ly to cause damage to aquatic biota. For example, diclofenac
concentrations of 1 pg/L strongly affected the development of
the larvae of this mollusk (after 48-h exposure) (Fabbri et al.
2014) and caused an increase in the DNA breakages of this
species (after 1-h exposure) (Mezzelani et al. 2016). Higher
concentrations of diclofenac have also caused cytotoxic and
genotoxic effects (after exposure to a concentration of 25 ng/L
for 14 days) (Toufexi et al. 2016), molecular effects on spe-
cific targets (inhibition of prostaglandin E2 synthesis) after
exposure to a concentration of 100 pg/L for 3 days (Courant
et al. 2017), and potential effects on osmoregulation and re-
production of the mollusk Mytilus galloprovincialis (after ex-
posure to a concentration of 100 pg/L for 7 days) (Bonnefille
et al. 2018).

Acetaminophen was not detected at any sampling point
during the high season, whereas during the low season, it
was detected only at sampling points P2-LS-S and P2-LS-B
(frequency of occurrence in 25% of the samples: 2/8)
(Table 2). Acetaminophen is a drug with antipyretic and anal-
gesic action (Almeida and Cruciol 2013). Because of its high
worldwide consumption (generally without medical prescrip-
tion), environmental persistence, and significant toxicity to
aquatic species, acetaminophen is included in the class II pri-
ority pollutants list, requiring future monitoring and the

@ Springer

development of specific ecotoxicological studies to address
their toxic effects, and therefore must be given priority man-
agement (Antunes et al. 2013). When submitted to a second-
ary treatment level WWTP, the percentage of acetaminophen
removal rate is around 90% (Sun et al. 2014). Guaruja con-
centrations (0.0012—0.0014 pg/L) are well below those detect-
ed in the sewage outfall of the island of Gran Canaria, Spain
(0.297 ng/L) (Afonso-Olivares et al. 2013), in the Gulf of
Saronikos, Greece (0.040 pg/L) (Alygizakis et al. 2016), and
in Santos Bay, Brazil (0.035 pg/L) (Pereira et al. 2016). The
RQ for acetaminophen was in general < 0.01 (Table 3), with
exception of fish chronically exposed showing a low environ-
mental risk. Studies have already demonstrated the ability of
environmentally realistic concentrations of acetaminophen
(e.g. Guaruja) to bioaccumulate in blue mussels (Mytilus
edulis) (Wille et al. 2011) and cause oxidative stress in three
species of bivalves, namely, Corbicula fluminea (Brandao
et al. 2011), Venerupis decussata, and Venerupis
philippinarum (Antunes et al. 2013), and in two species of
fish, namely Oncorhynchus mykiss (Ramos et al. 2014) and
Anguilla anguilla (Nunes et al. 2015).

Orphenadrine was not quantified at any sampling point
during the high season. During the low season, it was detected
at all sampling points (frequency of occurrence in 75% of the
samples: 4/8) (Table 2). Orphenadrine is a psychoactive drug
used as a muscle relaxant anticholinergic drug with low anti-
histamine activity and is also prescribed to treat Parkinson’s
disease (Almeida and Cruciol 2013). Taking into consider-
ation recent reviews (Fabbri and Franzellitti 2015; Quadra
et al. 2016; Godoy and Kummrow 2017; Starling et al.
2018), this study seems be the first to report the occurrence
of this PPCP in a Latin American submarine sewage outfall.
Orphenadrine was reported in Psyttalia Island, Athens,
Greece, a country where the drug was widely consumed in
2018 (1.7 mg/day/1000 people) (Diamanti et al. 2019). It was
also reported in the Tiber River, Perugia, Italy, but concentra-
tions were not detailed (Milione et al. 2016). The RQ of
orphenadrine in Guaruja was < 0.01 for all exposures times
and trophic levels (Table 3), thus indicating no risk for aquatic
species. Studies have shown that concentrations of 0.014 pg/L
orphenadrine (higher than those detected in Guaruja, up to
0.003 pg/L) are capable of bioconcentrating in the blood plas-
ma of rainbow trout (Oncorhynchus mykiss) (Fick et al. 2010).
A reduced growth of Lemna minor (duckweed) after exposure
to orphenadrine “non-relevant” environmental concentrations
of 12.0 mg/L was also found (Kaza et al. 2007).

Antihypertensives

Atenolol was not quantified at any sampling point during the
high season. During the low season, it was detected at all
sampling points (frequency of occurrence in 50% of the sam-
ples: 4/8) (Table 2). The 3-blocker atenolol has several
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therapeutic indications, but it is particularly indicated as an
antiarrhythmic and antihypertensive drug in cardiac protection
after myocardial infarction (Almeida and Cruciol 2013). In
secondary treatment level WWTPs, the atenolol removal rate
was reported to be approximately 40% (Papageorgiou et al.
2016). Atenolol is one of the most frequently detected antihy-
pertensives in fresh surface waters in the world (Godoy et al.
2015a, b). In Brazil, there are only a few reports of its presence
in fresh surface water (e.g. Billings Reservoir, Sao Paulo:
0.016 pg/L and Sao Domingos Stream, Rio de Janeiro:
0.821 pg/L) (Quadra et al. 2016). In the Guaruja sewage out-
fall, concentrations were very low (up to 0.0003 pg/L). For
other similar studies conducted in marine waters, for example,
sewage outfalls in Gran Canaria, Spain (Afonso-Olivares et al.
2013), in the Adriatic Sea, Italy (Loos et al. 2013), in Santos,
Brazil (Pereira et al. 2016), and on the west coast of the
Mediterranean Sea (Brumovsky et al. 2017), atenolol was be-
low the detection limit in all samples. The RQ of atenolol in
Guaruja was < 0.01 for all trophic levels and both exposure
tests (Table 3), thus indicating absence of risk for the aquatic
species. However, it has shown that atenolol has an effect on
prokaryotic and eukaryotic cells at environmentally relevant
exposure levels (ng/L to pg/L) (Pomati et al. 2007). Other
studies have also demonstrated that atenolol causes toxic ef-
fects in “non-relevant” environmental concentrations. In this
context, atenolol concentrations of 2.5, 10.0, and 33.4 mg/L
caused larval mortality (LC50-96h) of the fish Danio rerio
(Kiister et al. 2007) and growth inhibition in the fish larvae
of Pimephales promelas (after a 28-day exposure to atenolol)
(Winter et al. 2008) and of the crustacean Ceriodaphnia dubia
(EC50-48 h) (Fraysse and Garric 2005), respectively.
However, Massarsky et al. (2011) argue that new (long-
term) experiments are needed with aquatic species (e.g. fish
and crustaceans), specifically to test the hypothesis that aten-
olol is an endocrine disruptor.

Losartan was not quantified at any sampling point during
the high season. During the low season, it was quantified only
at sampling points P1-LS-S and P1-LS-B (frequency of oc-
currence in 25% of the samples: 2/8) (Table 2). Valsartan was
detected, during the high season, only at sampling points P2-
HS-S and P2-HS-B. During the low season, it was detected at
all sampling points (frequency of occurrence in 75% of the
samples: 6/8) (Table 2). Losartan and valsartan are prescribed
drugs to treat hypertension and are generally consumed by the
elderly population (Almeida and Cruciol 2013). Guaruja has
an estimated population of 316,000 (about 27,000 elderly)
(Ibge 2018). When submitted to a WWTP (activated sludge
system), the percentage of losartan and valsartan removed is
as high as 90% (Oosterhuis et al. 2013). Losartan concentra-
tions (up to 0.0034 ng/L) were lower than those found in the
Mediterranean Sea, Spain (0.004 ug/L) (Gros etal. 2012), and
in Santos Bay, Brazil (0.032 pg/L) (Pereira et al. 2016). RQ <
0.01 was recorded for losartan (Table 3). Valsartan

concentrations detected in Guaruja (up to 0.0143 pg/L) were
higher than those found in the Lesser Sea lagoon, Spain (0.004
pg/L) (Moreno-Gonzalez et al. 2015), and in the Saronikos
Gulf, Greece (0.003 ng/L) (Alygizakis et al. 2016) but lower
than those reported in Santos Bay, Brazil (0.075 pg/L)
(Pereira et al. 2016). For valsartan, the RQ was < 0.01 for all
trophic levels and exposures times (Table 3). These results
indicate that losartan and valsartan does not represent any risk
for the aquatic species in the hereby reported seawater con-
centrations. However, these antihypertensives deserve atten-
tion, as their consumption has increased in many parts of the
world, and because studies on the toxicity of these substances
are still poorly documented (Godoy et al. 2015a, b; Pereira
et al. 2016; Desbiolles et al. 2018). Bayer et al. (2014) did not
observe inhibition of Desmodesmus subspicatus algae growth
after 72-h exposure at 120.0 mg/L of valsartan; Yamamoto
et al. (2014) found embryo/larval alteration of the sea urchin
Lytechinus variegatus exposed to concentrations of valsartan
25.0 mg/L; and Cortez et al. (2018) detected cytotoxic effects
on gills and haemocytes of Pernaperna mussel, exposed at
environmental realistic concentrations of up to 0.3 pg/L of
losartan. However, the previous tested concentrations of both
antihypertensives were much higher than the concentrations
found in Guaruja.

Conclusion

The detection of emerging pollutants such as carbamazepine,
caffeine, cocaine, benzoylecgonine, diclofenac, acetamino-
phen, orphenadrine, atenolol, losartan, and valsartan in the
Guaruja outfall reinforces the worldwide concern about the
disposal of pharmaceuticals and illicit drugs via primary-
level treatment sewage outlets in the marine coastal areas.
More rigorous standards for oceanic sewage disposal in
Brazil need to be imposed. There is also evidence for the need
to resize sewage treatment along the Brazilian coastal zone
(total of 20 outfalls), including a level of treatment capable
of removing, at least partially, PPCPs and illicit drugs. In order
to understand what happens to these PPCPs after ocean dis-
posal, a long-term monitoring programme would be necessary
because Guaruja Island has strong hydrodynamic conditions,
and therefore, these contaminants are likely to be dispersed
along the coastal zone. Although most of the screened drugs
do not present environmental risks in the hereby reported con-
centrations, the present study reinforces the need for further
ecotoxicological studies (especially with tropical marine or-
ganisms) to assess the long-term toxicity of these bioactive
compounds.
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