Environmental Science and Pollution Research (2022) 29:89712-89726
https://doi.org/10.1007/5s11356-022-21945-w

RESEARCH ARTICLE q

Check for
updates

Occurrence, ecological risk assessment and prioritization
of pharmaceuticals and abuse drugs in estuarine waters along the Sao
Paulo coast, Brazil

Vinicius Roveri' - Luciana Lopes Guimaraes® - Walber Toma? - Alberto Teodorico Correia®*>

Received: 14 January 2022 / Accepted: 6 July 2022 / Published online: 20 July 2022
© The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2022

Abstract

The pollution of the surface waters by pharmaceuticals and personal care products (PPCPs) has attracted worldwide atten-
tion, but data regarding their occurrence and potential risks for the aquatic biota on tropical coastal rivers of South America
are still scarce. In this context, the occurrence and the preliminary ecological risk assessment of eleven pharmaceuticals
of various therapeutic classes (including cocaine and its primary metabolite, benzoylecgonine) were investigated, for the
first time, in five rivers of Sao Paulo, southeast Brazil, covering a coastline of about 140 km, namely Perequé River, Itinga
River, Mongagua River, Itanhaém River and Guaraud River. Although these five rivers are born in well-preserved areas of the
Atlantic rainforest biome, on its way to sea and when they cross the urban perimeter, they receive untreated sewage discharges
containing a complex mixture of contaminants. In addition, a “persistence, bioaccumulation and toxicity” (PBT) approach
allowed to pre-select the priority PPCPs to be monitored in this coastline. Identification of several PPCPs in the samples
was done using liquid chromatography coupled with tandem mass spectrometry (LC-MS/MS). Ten PPCPs were successfully
quantified in all five rivers, namely caffeine (9.00-560.00 ng/L), acetaminophen (<LOQ-22.24 ng/L), benzoylecgonine
(0.30-14.93 ng/L), atenolol (0.12-13.22 ng/L), losartan (0.10-8.42 ng/L), diclofenac (0.76-3.93 ng/L), cocaine (0.05-3.22
ng/L), furosemide (<LOQ-3.16), carbamazepine (0.04-0.50 ng/L) and orphenadrine (<LOQ-0.14 ng/L). From an ecologi-
cal risk perspective, caffeine, acetaminophen and losartan can be considered as priority PPCPs because they showed low to
moderate risks to algae, crustacean and fishes. However, using the PBT approach, carbamazepine and orphenadrine were
also classified as priority compounds, followed by furosemide, acetaminophen, cocaine and losartan (all in second position)
and caffeine, atenolol, diclofenac and benzoylecgonine (all in third position). This study provides valuable information to
reinforce the importance of continuous monitoring of the coastal rivers of South America (containing PPCPs and illicit
drugs) whose diffuse loads flow continuously into the marine ecosystems. Furthermore, ecotoxicological studies (especially
with tropical marine organisms) to assess the long-term toxicity of these bioactive compounds are urgent.
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Introduction

All over the world, namely in the USA, Europe and Asia,
several studies have been conducted to better understand
the widespread occurrence, behaviour, fate and potential
ecological risks of pharmaceuticals and personal care
products (PPCPs) in the coastal areas (Biel-Maeso et al.
2018; Dafouz et al. 2018; Fernandez-Rubio et al. 2019b).
Although PPCPs are not routinely monitored and under
environmental regulation in many countries (Celi¢ et al.
2019; Maasz et al. 2019), several works have shown that
these environmental stressors may have deleterious effects
on the aquatic biota at vestigial concentrations (i.e. nano-
gram to microgram per litre), such as behavioural changes,
mortality, immobilisation, growth and reproduction inhibi-
tion, endocrine disruption, genotoxicity and carcinogenic-
ity (Adams et al. 2020; Hamid et al. 2021; Reque et al.
2021).

However, compared with the rest of the world, reports
on the occurrence, potential ecotoxicological risks and
prioritization of widely used PPCPs and illicit drugs of
highest environmental concern on the coastal aquatic
ecosystems of South America are still scarce (Maranho
et al. 2021; Mello et al. 2022; Pusceddu et al. 2022). For
instance, the data about the occurrence and the ecological
risk of PPCPs in the State of Sdo Paulo, Brazil, an area
which has about 880 km of coastline, covers 16 munici-
palities (about 2.0 million inhabitants) and has about 600
urban drainage channels whose waters flow into 290 tour-
ist beaches, is very limited and represents a cause for envi-
ronmental concern and a significant research gap (Roveri
et al. 2020a, 2020b, 2021). Two recent works pinpointed
that an important source of PPCPs and illicit drugs to the
aquatic ecosystems of the Sdo Paulo coastline is the urban
channels of Guaruja and Santos cities, where a preliminary
ecological risk assessment revealed that caffeine, aceta-
minophen, diclofenac, losartan and valsartan presented
moderate to severe risks to sensitive aquatic organisms at
maximum measured environmental concentrations (Roveri
et al. 2020a, 2021).

In addition to these 600 artificial urban channels (reg-
istered by the Environmental Agency of Sdo Paulo), the
Sao Paulo coastline has several streams and coastal rivers,
which are under strong anthropic pressure and carry out
the diffuse loads of neighbouring cities directly into the
South Atlantic Ocean, namely the Perequé River (located
on Perequé Beach, Guaruja City), Itinga River (located
on Solemar Beach, Praia Grande City), Mongagua River
(located on Central Beach, Mongagué City), Itanhaém
River (located on Centro Beach, Itanhaém City) and
Guarat River (located on Guarat Beach, Peruibe City)
(SMA/CPLEA 2016; SMA/CPLA 2018; Cetesb 2020).

These rivers are born in well-preserved areas of the Atlan-
tic rainforest, a Brazilian Biome that harbours outstanding
species richness and levels of endemism, representing one
of the most biodiverse regions on Earth (Sao Paulo 2008;
Moreira et al. 2017, 2019). However, on their way to the
sea, these watercourses cross the urban perimeter being
contaminated by different pollution diffuse sources that
include untreated sewage discharge and illegal disposal
of domestic waste (Biudes and Camargo 2006; Ferreira
and Petrere 2009; Moreira et al. 2019). In this context,
although the continental activities strongly influence the
marine environment through river discharges (Dufresne
et al. 2020), as far as it is known, no study has been dedi-
cated to evaluate the occurrence and ecological risks of
these emerging pollutants discharged into the coastal riv-
ers that flow to the Sdo Paulo coastline, an area of socio-
economic importance, ecological relevance and intense
human recreation. Moreover, given the vast number of
PPCPs recently detected in the coast of Sao Paulo by
several authors (Pereira et al. 2016; Cortez et al. 2018;
Roveri et al. 2020a, 2021), efforts are needed to prioritize
the chemicals of highest concern to ensure that resource-
limited monitoring campaigns collect the most important
data regarding the potential threats to the environmental
and public health.

Against this backdrop, the objectives of this study are (i)
to investigate, for the first time, the occurrence of PPCPs of
various therapeutic classes (including cocaine and its pri-
mary metabolite, benzoylecgonine) in five coastal rivers of
the Sdo Paulo coastline; (ii) to use the maximum measured
environmental concentrations (MECs) of these PPCPs to
estimate the potential risks to aquatic non-target organisms,
such as algae, crustacean and fishes; and (iii) to use the per-
sistence, bioaccumulation and toxicity (PBT) criteria, to cre-
ate a list of priority PPCPs, which may serve as a basis for
focused monitoring of hazardous compounds in Sdo Paulo
coastline. The ultimate goal is that governmental agencies
and policy-makers use this information to monitor and/or to
manage the diffuse loads that flow into the aquatic ecosys-
tems of the Brazilian coastal zone.

Materials and methods
Study site description and sample collection

This study was carried out in the Metropolitan Region of
Baixada Santista (MRBS), an area that occupies about
2800 km? of Sdo Paulo coastline, englobing nine munici-
palities: Bertioga, Cubatdo, Guaruja, Itanhaém, Mongagua,
Peruibe, Praia Grande, Santos and Sdo Vicente (Cavalcanti
et al. 2017; Moreira et al. 2017; Ibge, 2019). In this area, the
Metropolitan Human Development Index (HDI) is 0.777 and
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the gross domestic product (GDP) is R$47.3 billion (Moreira
et al. 2017). Although 67% of the MRBS is environmentally
preserved, it presents a high degree of urbanization (over
97%), with more than 2.0 million inhabitants, which cor-
responds to almost 4% of the total population of the State
of Sdo Paulo (Cavalcanti et al. 2017; Moreira et al. 2017,
Ibge, 2019). MRBS presents a small seasonal variation of
climatic characteristics, i.e. a humid subtropical climate
and mild winters. Two main annual seasons are observed in
the region: a rainy period (November to March) and a dry
period (April to October). The mean annual precipitation
and temperature reach 2183 mm and 22.5 °C, respectively
(SMA/CPLEA 2016; SMA/CPLA 2018). Favoured by these
climate conditions and endowed by an ecosystem diversity,
it is possible to find along this coastline, mangroves, rocky
shorelines, sandbanks and estuaries, besides beaches which
provide good conditions for tourism throughout the year
(Moreira et al. 2017, 2019). Due to the tourism, mainly
during the Brazilian summer, the MRBS coexists with an
expressive floating population, which almost double in the
high season (between December and March) (SMA/CPLEA

(A) Brazil/State of Sao Paulo

2016; SMA/CPLA 2018; Cetesb 2020). In this work, five
coastal rivers of the MRBS were selected, along a coastal
stretch of about 140 km, namely (i) Perequé River (that is
draining into Perequé Beach, Guaruja City; 23° 56’ 05" S;
46° 10" 51" W), (ii) Itinga River (that is draining into Sole-
mar Beach, Praia Grande City; 24° 4’ 52" S; 46° 35' 55" W),
(iii) Mongaguéa River (that is draining into Central Beach,
Mongagua City; 24° 05’ 13" S; 46° 37' 44" W), (iv) Itan-
haém River (that is draining into Centro Beach, Itanhaém
City; 24° 11' 08" S; 46° 47' 15" W) and (v) Guarat River
(that is draining into Guarad Beach, Peruibe City; 24° 26’
29" S;47° 04" 15" W) (SMA/CPLEA 2016; SMA/CPLA
2018; Ibge 2019). For more details of the different charac-
teristics regarding use and land occupation of these beaches,
see Fig. 1 and Table S1.

Water sampling took place during the dry low-tourist sea-
son at the mouth of the rivers. The samples were collected
during the low-tide periods, and no rainfall was recorded
48 h prior to collection. Moreover, weekends were avoided,
to include only the disposal of PPCPs and illicit drugs by
the resident population of these five cities. Thus, for all

(C) Collection points: rivers in the cities of Peruibe-Itanahaém-Mongagua-Praia Grande-Guaruja (Sio Paulo coast)

w0000 00000 310000

-

(B) Metropolitan Region of Baixada Santista/Study area

Legend:
@ Collection point 1: Perequé river (Guaruja)
@ Collection point 2: Itinga river (Praia Grande)
@ Coll a river (M a)
@® con haém)
@ Collection point 5: Guarat river (Peruibe)
Rivers

=== Urban areas
Preserved areas

point 3: M

point 4: Itanhaém river (I

Fig.1 A Map showing the location of Sdo Paulo State (in blue col-
our) in Brazil. B Location of the Metropolitan Region of Baixada
Santista, including the area of the study (black box). C Details of the
five riverine collections points (in yellow colour), along the coast-
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locations, sampling took place on Thursday, 10th of June
2021. Discrete water samples (1 L) were collected manually
(at 30 cm depth in the water column) from each site with
a stainless steel bucket which had been pre-cleaned with
nitric acid, methanol and distilled water, and then rinsed
twice with water from the sampling site before collection.
After collection, water samples were stored in amber bottles,
also previously cleaned with nitric acid and methanol, and
rinsed with distilled water to eliminate any trace of possi-
ble contaminants. All samples were kept at 4 °C, and target
PPCPs were extracted from water samples within 4 days of
collection (USEPA 2007).

Preparation and analysis of pharmaceutical
compounds

Chemical and standards

Selection of PPCPs was based on priority pollutant lists
developed by the United States Environmental Protection
Agency (USEPA), as well as the European Union (EU)
(USEPA 2007, 2017; Zhou et al. 2019). Other selection cri-
teria include reported annual consumption in Brazil (CMED
2019); frequent environmental occurrence in Sdo Paulo
coastal zone, namely in marine sewage discharges and urban
drainage channels (Pereira et al. 2016; Cortez et al. 2018;
Fontes et al. 2019; Fontes et al. 2020; Roveri et al. 2020a,
2020b); known persistence and toxicity to aquatic organ-
isms (Pereira et al. 2016; Roveri et al. 2020a, 2021); and
because analytical standards and valid laboratorial protocols
already exist (Pereira et al. 2016; Roveri et al. 2020a, 2020b,
2021). Chemicals and analytical reagents such as nitric acid
and sulphuric acid were purchased from Merck (Darmstadt,
Germany). Grade solvents used in high-performance liquid
chromatography (HPLC) and liquid chromatography with
tandem mass spectrometry (LC-MS/MS), such as acetoni-
trile, methanol and isopropanol, were acquired from Sigma-
Aldrich (MA, USA). Mobile phase additives, LC-MS grade
formic acid and ammonium acetate, were acquired from
Sigma-Aldrich and Merck, respectively. Analytical standards
(with purity grade >98%) of carbamazepine, caffeine, aceta-
minophen, diclofenac, orphenadrine, atenolol and losartan
were acquired from Sigma-Aldrich. Chlortalidone and furo-
semide were acquired from Higroton® (Novartis, Switzer-
land), and cocaine and benzoylecgonine were acquired from
Cerilliant (TX, USA).

Sample preparation

The extraction technique used was adopted from Roveri
et al. (2020a, 2021). Prior to extraction, the following
procedures were adopted: (i) the pH of each sample was
adjusted to 7.0 + 0.5 using a hydrochloric acid solution

(1 M), (ii) samples were filtered through a cellulose filter
paper (Whatman® GF/C glass microfiber filters, diameter
47 mm, particle retention 1.2 pm; Merck, Darmstadt, Ger-
many), (iii) the filters were washed with 2 mL of methanol
(Sigma-Aldrich, St. Louis, USA) and (iv) at the end, the
methanol extract collected was then combined to the fil-
tered sample. The solid-phase extraction was performed
using SPE Chromabond HR-X cartridges (200 mg, 3 mL;
Macherey-Nagel, Duren, Germany). The cartridges were
pre-conditioned with methanol (5 mL) and ultrapure water
(5 mL) (Milli-Q®; Merck, Darmstadt, Germany). There-
after, they were loaded with 1 L of the filtered sample
combined with the methanol from filter washings. The
cartridges were then dried under vacuum for 30 min, and
the elution was performed twice using 5 mL of methanol
and 5 mL of acetone. After the extraction, the samples
were dried under a nitrogen flow (at 50 °C) and eluted
with water/acetonitrile (95:5 v/v) prior to mass spectrom-
etry analysis. In the laboratory, each water sample was
analysed in triplicate using LC-MS/MS. A concentration
factor (1/1000) was used to obtain the final concentra-
tions, and individual average results were expressed in
ng/L (Table S2).

LC-MS/MS analysis

LC-MS/MS analytical procedures were validated by
Shihomatzu (2015) and fully described by Roveri et al.
(2021). Briefly, an aliquot of 10 pL of the water sample
was analysed by HPLC Agilent 1260 (Agilent™, Ger-
many) combined with a mass spectrometer hybrid triple
quadrupole/LIT instrument (3200 QTRAP®, linear ion
trap) (AB Sciex, Ontario, Canada). The samples were ana-
lysed using an Agilent Zorbax Eclipse XDB-C18 column
(50 X 4.6 mm ID, 1.8 pm column at 25 °C). The eluent
flow was 0.7 mL/min, and the mobile phase for positive
mode analysis was 0.1% formic acid (Sigma-Aldrich;
LC-MS grade) in water (solvent A) and acetonitrile (sol-
vent B) (J.T. Baker, Philipsburg, NJ, USA). A linear gra-
dient of 0.7 mL/min was used, starting with a mixture of
solvent A (95%) and solvent B (5%). The percentage of
solvent A was decreased linearly from 95 to 5% over 5
min, and this condition was maintained for 1 min. This
mixture was then returned to initial conditions over 2 min,
and the analytes were detected and quantified using the
electrospray ionisation (ESI) and multiple reaction moni-
toring (MRM), with the selection of a precursor ion and
two ion products to quantify and qualify each compound.
The data were recorded and processed using the Analyst
1.5.2 software (AB Sciex). The MRM parameters for posi-
tive and negative ion modes, limit of detection (LOD) and
limit of quantification (LOQ) are shown in Table S2.
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Ecological risk assessment

The ecological risk assessment methodology followed the
works of Roveri et al. (2020a, 2021). The risk quotient (RQ)
for three different aquatic organisms (algae, crustaceans and
fishes) was calculated following the equation RQ = MEC/
PNEC, in which MEC is the maximum measured environ-
mental concentration, and PNEC is the predicted no effect
concentration, both expressed in ng/L. The PNEC values
for the acute and chronic toxicity data were obtained from
peer-reviewed publications by performing searches in the
Ecotoxicology Database (ECOTOX) (USEPA 2019), as well
as in other literature sources using the PubMed database
(see Table S3). Specifically, PNEC values were obtained
from short-term (lethal concentration 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) was used, when available. However, when laboratory
experimentally derived ecotoxicity data were not available,
the short (L(E)C50) and long (chronic values (Chv), geomet-
ric mean of NOEC and LOEC, i.e. ChV=10" ([log (NOEC
x LOEC)]/2)) toxicological endpoints were estimated using
the Ecological Structure Activity Relationships (ECOSAR,
v 2.0) Program, developed by the USEPA (USEPA 2017a).
An attempt was made to compile specifically PNEC data for
marine coastal species. However, due to the strong land-sea
interaction in this study area and the lack of marine toxicity
data, the freshwater species were also taken into considera-
tion in the present study (Roveri et al. 2020a, 2021). The
PNEC values for the acute and chronic toxicity data were
thereafter calculated by dividing each toxicological endpoint
by an assessment factor (AF). According to the European
Chemicals Bureau (ECB 2003) and the European Chemi-
cals Agency (ECHA 2008) guidelines, for saltwater envi-
ronments, an AF of 10,000 and 100 should be considered in
short- and long-term data sets, respectively. The toxicologi-
cal endpoints selected for the calculation of the PNECs are
shown in Table S3. Finally, RQ was categorised into four
levels: no (RQ < 0.01), low (0.01 < RQ < 0.1), moderate
(0.1 £RQ < 1.0) and high (RQ > 1.0) ecological risks to
aquatic organisms (Hernando et al. 2006).

PBT criteria

The prioritization procedure applied to PPCPs detected
in the aquatic ecosystems of the MRBS was adapted from
Daouk et al. (2015). To each PPCP, a score has attributed,
from 1 to 5, based on 3 criteria: persistence (P), bioaccumu-
lation (B) and toxicity (T). For the persistence criteria, val-
ues of PPCP removal efficiency in sewage treatment plants
(STPs) were estimated by the computational tool “STP
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total removal”, based on the original model developed by
Clark et al. (1995), and it was used to verify the behav-
iour of a compound in an activated sludge sewage treatment
plant (USEPA 2017b; Becker et al. 2021). The results are
expressed in percentage of removal (%) (USEPA, 2017b).
To verify the bioaccumulation potential of a compound,
the “KOWWIN tool” was used to obtain the octanol-water
partition coefficient (log K,,,) (USEPA, 2017b). Both com-
putational tools are predicted through Estimation Programs
Interface Suite of models (EPI Suite program, version 4.11)
developed by USEPA (USEPA, 2017b). Regarding the
chronic toxicity, the PNEC data was obtained from ECO-
SAR, such as described in section “Ecological risk assess-
ment” (USEPA, 2017a). The PBT final ranking was then
obtained by the sum of the scores of the three criteria. For
more details, see Table 3.

Results and discussion

Occurrence profile of the PPCPs in five coastal
tropical rivers of southeast Brazil

To our knowledge, this is the first study to report PPCPs
and illicit drugs in surface waters of coastal rivers of the
MRBS, namely the Perequé River, Itinga River, Mongagua
River, Itanhaém River and Guarad River. The occurrence
of these compounds of different therapeutic classes, includ-
ing illicit drugs, is shown in Table 1. With the exception of
chlortalidone, not detected, the other 10 chemicals were suc-
cessfully quantified (at least once), in one of the five rivers
(Table 1). The MECs of these 10 compounds were mainly
recorded in the Perequé River (Table 1). In the same way,
the total concentrations of these 10 PPCPs ()} PPCPs) were
also higher here (Table 1).

The Brazilian Atlantic rainforest is internationally recog-
nised as one of the most biodiverse and threatened tropical
forests in the world (Sdo Paulo 2008; Moreira et al. 2017,
2019). The hereby selected rivers are born in the well-pre-
served environmental areas of this Biome that also include
the protected areas of the cities of Peruibe, Itanhaém, Mon-
gagud, Praia Grande and Guaruja (Fig. S1) (Sao Paulo 2008;
Moreira et al. 2017, 2019). However, when these five rivers
cross the urban perimeter, domestic sewage is released into
these watercourses, constituting a main source of contami-
nants to these rivers (see more details in Table S1) (Biudes
and Camargo 2006; Ferreira and Petrere 2009; Moreira
et al. 2019). Indeed, in the case of Perequé Beach (where
the higher concentrations of PPCPs were detected), it is esti-
mated that about 10,000 of 25,000 inhabitants live in slums
and/or in precarious housing (Roveri et al. 2020a, 2020b).
Due to a lack of basic sanitation, a significant amount of
the untreated sewage is discharged into the Perequé River,
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Table 1 Results of the occurrence, concentrations and detection fre-
quency (%) of 11 pharmaceuticals of various therapeutic classes
(including cocaine and its primary metabolite, benzoylecgonine)

screened in estuarine waters along the Metropolitan Region of Baix-
ada Santista (MRBS), Sao Paulo, Brazil

Rivers of Metropolitan Region of Baixada Santista

Compound | Perequé River | Itinga River Mongagua River Itanhaém River | Guarai River Detection rate (%)
Antiepileptic
Carbamazepine I 0.52 | 0.10 0.05 I 0.04 | 0.12 | 100.0
Stimulants
Caffeine 560.00 152.80 59.80 24.80 9.00 100.0
Cocaine 3.22 0.88 0.05 0.12 0.06 100.0
Benzoylecgonine 14.93 3.44 0.56 0.80 0.30 100.0
Analgesic/ Anti-inflammatory
Acetaminophen 22.24 0.46 <LOQ 1.06 <LOQ 100.0
Diclofenac 3.93 1.54 1.40 0.84 0.76 100.0
Orphenadrine 0.14 <LOQ <LOQ <LOQ 0.10 100.0
Atenolol 13.22 4.16 0.12 2.36 0.40 100.0
Antihypertensive
Losartan 8.42 3.95 0.94 0.28 0.10 100.0
Diuretic
Chlortalidone <LOD <LOD <LOD <LOD <LOD 0.0
Furosemide 3.16 <LOQ <LOQ <LOQ 0.28 100.0
ZPPCPs 629.78 167.33 62.92 30.03 11.12

YPPCPs

Itinga
Mongagua

Itanhaém

Guarai

Perequé 629.78
167.33

At each river, one water sampling point was collected. For further details, see Fig. 1. Note that (i) concentrations are expressed in ng/L and
represent the average value of analytical triplicate analyses of discrete water samples; (ii) bold values represent the maximum measured environ-
mental concentrations (MECs) for each compound; (iii) <LOD and <LOQ mean below limits of detection and quantification, respectively; (iv)
graphs show the sum of the concentrations of the PPCPs (Y PPCPs) in each river

whose waters flow to the sea, compromising the public
health and the environmental quality of the aquatic eco-
systems (Roveri et al. 2020a, 2020b). On the contrary, the
Guaraa River recorded the lowest concentration of PPCPs,
probably because of the distance to the city downtown (low
rates of urban occupation) and due to its proximity to the
preserved areas of the state park of Juréia-Itatins (Fig. S1)
(Roveri et al. 2012; Moreira et al. 2019). Consequently, as
a result of numerous anthropic activities that take place
along the Itanhaém, Mongagu4, Itinga and Perequé river
hydrographic basins, these water resources have already
been identified as a potential threat to the public health, as
they are responsible for the introduction of allochthonous
pathogenic microorganisms related to disease outbreaks (e.g.
Escherichia coli and Enterococci), in areas of intense human
recreation (see more details in Table S1) (Cetesb 2020).
Additionally, the present study showed that these five coastal
rivers are also responsible for the daily introduction of a
complex mixture of chemical pollutants (containing PPCPs
and illicit drugs) into the South Atlantic Ocean, in areas of

extreme ecological relevance and intense human recreation.
The MEC values recorded hereby are similar to the reported
concentrations in other studies that took place in this region
(e.g. around of discharge of the submarine outfalls and along
of urban surface runoff of Santos and Guaruja cities) and,
therefore, confirm the widespread presence of these PPCPs
in the aquatic ecosystems of the MRBS (Fig. S2) (Pereira
et al. 2016; Roveri et al. 2020a, 2021).

Moreover, the overall concentration of the stimulants
(namely caffeine, cocaine and benzoylecgonine) in the
coastal rivers of the MRBS was higher than the values
reported in the surface waters in South America, Europa,
Asia and Oceania (Table S2). However, this finding is not
surprising. Caffeine is consumed daily by Brazilians in a
wide range of products, such as coffee, tea, chocolate and
cola. Moreover, caffeine is also used as an active ingredient
of a variety of PPCPs (e.g. acetaminophen and orphenadrine)
(Quadra et al. 2019). After consumed, about 10% of caf-
feine is excreted through human urine and faeces (Machado
et al. 2016). Indeed, caffeine may enter aquatic ecosystems
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through irregular wastewater disposal, directly into house-
hold sinks, toilets and/or urban trash (Dafouz et al. 2018;
Quadra et al. 2019; Korekar et al. 2019). Consequently,
caffeine is being quantified worldwide in different aquatic
environmental matrices (including the ecosystems of the
MRBS), suggesting its use as a potential domestic sewage
tracer, due to its widespread occurrence, environmental per-
sistence and high concentration (Fig. S2) (Zhou et al. 2019;
Roveri et al. 2020a, 2021). Regarding the abusive consump-
tion of cocaine (a serious worldwide problem), recent data
indicate that Brazil is the second world largest consumer
of this psychoactive stimulant, and therefore, it is a seri-
ous social and public health problem (UNODC 2020). The
MEC profile of cocaine (COC) and its primary metabolite,
benzoylecgonine (BE) obtained hereby, is similar to those
obtained by other studies performed in surface waters world-
wide (i.e. concentrations of BE > COC: Table S4). This is
because BE is the metabolite most excreted in human urine
(around 45% of the consumed dose), and only about 9% of
the administered dose of COC is excreted through urine in
the original form (Gonzalez-Marifio et al. 2019; Maasz et al.
2019; Maranho et al. 2021). Moreover, ecotoxicity and envi-
ronmental persistence of this metabolite is equal or higher
than that of the parent compound (Fernandez-Rubio et al.
2019a; Maasz et al. 2019; Maranho et al. 2021). Therefore,
as noted for caffeine, the relationship between COC and BE
also is a reliable marker for domestic sewage contamination
of the aquatic compartment (Roveri et al. 2020a, 2021).
Although the concentrations recorded for acetaminophen,
diclofenac and orphenadrine in the five rivers of the MRBS
were lower than those found in other international studies,
the detection frequency of these compounds is consistent
with the high non-prescribed sale of these drugs worldwide
(Table 1 and S4) (Deen and Von Seidlein 2019; De Andrade
Aragio et al. 2020; de Freitas and Radis-Baptista 2021). In
Brazil, the pharmacies and drugstores commonly sell aceta-
minophen, diclofenac and orphenadrine without medical
prescription, which means that the consumption of these
drugs is not controlled (Abrafarma 2017; CMED 2019; de
Freitas and Radis-Baptista 2021). In the case of the MRBS
(region with approximately 2.0 million inhabitants), the
high consumption of these analgesic and anti-inflammatory
drugs can be enhanced, since there are around 6500 pharma-
cies and drugstores in this region (Abrafarma 2017; CMED
2019; Ibge 2019). Furthermore, self-medication of these
PPCPs is a common practice among the Brazilian popula-
tion (Arrais et al. 2016; Mello et al. 2022). For instance,
acetaminophen was reported as the third most consumed
drug in the Metropolitan Region of Sao Paulo, region bor-
dering of the MRBS and with the highest gross domestic
product in Brazil; this drugs is widely recommended for
treatment against the fevers caused for dengue, Chikungunya
and Zika (diseases still uncontrolled in Brazil), besides the
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fever caused by COVID-19 (disease that has already affected
more than 20 million Brazilians) (Deen and Von Seidlein
2019; Scavone et al. 2020; de Freitas and Radis-Baptista
2021). Moreover, acetaminophen and diclofenac (an anti-
inflammatory broad-spectrum drugs) can be used to reduce
the pain and inflammation caused for osteoarthritis and rheu-
matoid arthritis (disease that affects about 2 million Brazil-
ians) (Abrafarma 2017; CMED 2019). On the other hand,
orphenadrine is recommended for the treatment of migraine,
a disabling neurologic condition that affects a population of
about 30 million Brazilians (Abrafarma 2017; CMED 2019).
This high consumption of acetaminophen, diclofenac and
orphenadrine raises environmental concerns. Indeed, dur-
ing the oral administration of acetaminophen and diclofenac
(through tablets), about 60% and 15% of the doses, respec-
tively, are not absorbed by the human body, and therefore,
they are released into the aquatic ecosystems through urine
and/or faeces (Bouissou-Schurtz et al. 2014; USEPA 2017a).

The high consumption of antihypertensive and diuretic
drugs, namely losartan and furosemide (including the
B-blocker atenolol), is also a subject of great concern in
Brazil, where about 70 million inhabitants are hyperten-
sive (Ribeiro et al. 2016; Hanlon et al. 2017; McNally et al.
2019). For instance, the prescription of losartan to treat high
blood pressure and heart failure became a usual practice in
Brazil, being the sixth best-selling drug at the Metropolitan
Region of Sdo Paulo (region with approximately 21.5 mil-
lion inhabitants) (CMED 2019; De Andrade Aragao et al.
2020). Furthermore, the age profile of the population of the
MRBS may reflect the higher consumption rate of these
PPCPs, because the consumption of multiple pharmaceuti-
cals (polytherapy) is usually associated with an elderly popu-
lation (Secoli et al. 2010; Lacorte et al. 2017; O’Flynn et al.
2021). In the MRBS, the people aged more than 60 years old
represent approximately 16.2% of the population (slightly
higher than the State of Sdo Paulo: 15%) (Ibge 2019). There-
fore, since the polytherapy for the treatment of hypertension
(mainly for elderly people), it is a well-established practice
in the country (e.g. losartan + furosemide and atenolol +
furosemide) (Dos Santos et al. 2012; Ribeiro et al. 2016;
Ibge, 2019), this may explain the high frequency of detection
of antihypertensives, diuretic drugs and p-blocker in the five
rivers of the MRBS (Table 1). Furthermore, pharmacies and
drugstores have not adopted the unit-dose systems (UDSs)
and policies of the reverse logistics (Pereira et al. 2017; De
Andrade Aragdo et al. 2020; de Freitas and Radis-Baptista
2021). This means that the population of Brazilians acquire
more pills than prescribed because packages are sold sealed,
which impedes fractioning (Abrafarma 2017; CMED, 2019;
De Andrade Aragao et al. 2020). Moreover, although phar-
macies and drugstores in the USA, Canada and Europe have
adopted UDSs and roughly 50-90% of used PPCPs are col-
lected via take-back schemes in these establishments, Brazil
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does not have yet taken-back schemes (Pereira et al. 2017,
De Andrade Aragao et al. 2020; O’Flynn et al. 2021). Conse-
quently, the lack of Brazilian public knowledge surrounding
the appropriate disposal of unused or expired PPCPs can
result in the intentional and direct release of these waste
medicines in the sinks and/or toilets, which will end up in
the aquatic ecosystems (Ribeiro et al. 2016; Hanlon et al.
2017; McNally et al. 2019).

However, except for atenolol, the MECs of losartan
and furosemide quantified in the rivers of the MRBS were
lower than the concentrations reported in worldwide sur-
face waters (e.g. Europe, USA, Asia, Oceania and South
America) (Table S4). Anyway, some physicochemical prop-
erties and/or degradation behaviours of these PPCPs deserve
ecological attention (EMA 2006; EC 2015; USEPA 2017b).
Furthermore, it is necessary to understand the ecological
risks of these PPCPs to the non-target aquatic organisms,
because the MECs of caffeine > acetaminophen > benzo-
ylecgonine > diclofenac and atenolol were higher than 10.0

ng/L (Table 1), which is considered the threshold for the risk
evaluation of pharmaceuticals in surface waters according to
the European Medicines Agency (EMA 2006).

Ecological risk of the detected PPCPs

Using the PNEC from data available in the scientific peer-
reviewed literature or estimated by the ECOSAR pro-
gramme, the RQs in Perequé, Itinga, Mongagu4, Itanhaém
and Guarau rivers were calculated using the maximum MEC
to evaluate the worst case of ecological risk for the aquatic
biota (ECB 2003; EMA, 2006). For further details, see
Table S3 that shows the complete data for the ten detected
and quantified PPCPs in these five rivers. Figure 2 and
Table 2 only show the summary data for the three com-
pounds (namely caffeine, acetaminophen and losartan) that
represent ecological potential risks in the MRBS.

Caffeine is highly soluble in water (> 10,000 mg/L),
shows low hydrophobicity (log K, = 0.07) and has an

. Ecological risk of Peregué river .
o PPCPS MEC Acute toxicity Chronic toxicity ECOIOglcal
(ug/L) Algae | Crustacea| Fish Algae Crustacea Fish RiSk
Caffeine 560.00 0.02 0.11 0.07 0.11
Acetaminophen | 22.24 0.01 0.44 +
Losartan 8.42 0.25
e PPCPs MEC Acute toxicity Chronic toxicity
(ng/L) Algae Crustacea | Fish Algae Crustacea Fish
Caffeine 152.80 0.03 0.02 0.03
Acetaminophen | 0.46 0.01
Losartan 3.95 0.12
MEC Ecological risk of Mongagua river
o PPCPs - Acute toxicity Chronic toxicity
(ng/L) Algae Crustacea | Fish Algae Crustacea Fish
Caffeine 59.80 0.01 0.01 0.01
Acetaminophen | <LOQ
Losartan 0.94 0.03
. Ecological risk of Itanhaém river
o PPCPs MEC Acute toxicity Chronic toxicity
(ng/L) Algae | Crustacea| Fish Algae Crustacea Fish
Caffeine 24.80
Acetaminophen | 1.06 0.02
Losartan 0.28 0.01
. Ecological risk of Guarai river
o PPCPs MEC Acute toxicity Chronic toxicity
(ug/L) Algae Crustacea | Fish Algae Crustacea Fish
Caffeine 9.00
Acetaminophen | <LOQ —
Losartan 0.10

I:I No risk

Fig.2 Risk assessment data regarding the three compounds (i.e. caf-
feine, acetaminophen and losartan) that indicated the potential eco-
logical threat for the aquatic biota in the five rivers of the Metropoli-
tan Region of Baixada Santista, Sdo Paulo, Brazil, namely Perequé
River (point 1), Itinga River (point 2), Mongagui River (point 3),
Itanhaém River (point 4) and Guarat River (point 5). Note that (i) all
the risk quotients (RQs) were calculated, taking into consideration
the maximum measured environmental concentrations (MECs) (in

I: Low risk

I:l Moderate risk

ng/L); (ii) the rivers were ordered (from top to bottom) according to
the degree of risk, i.e. the plus symbol (+) indicates greater ecologi-
cal risk, and the minus symbol indicates lower ecological risk; (iii)
<LOQ limit of quantification. For further details, see Table 1, Table 2
and Table S3 that show the complete data for the ten detected and
quantified pharmaceuticals and personal care products (PPCPs) in the
study area

@ Springer
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estimated half-life in aquatic environment of about 1.5 day
(USEPA 2017b). However, due to its widespread occur-
rence and high concentrations in surface waters (e.g. in the
ecosystems of the MRBS; Fig. S1), it entered on the list of
priority PPCPs in Europe (Zhou et al. 2019). In the MRBS,
the MEC of the caffeine detected in the Perequé River (560
ng/L) deserves attention, because it indicated low to moder-
ate risks for different trophic levels (Fig. 2 and Table 2). For
instance, the MEC equal to that in the Perequé River sug-
gested moderate risks for different trophic levels, namely in
the rivers of Henarese Jaramae-Tajo and Guadalquivir (both
in Spain) (Fernandez et al. 2010; Robles-Molina et al. 2014)
and in the urban channel of Santos (located on the MRBS)
(Roveri et al. 2021). Moreover, previous studies shown that
(i) chronic exposure to 500 ng/L of caffeine could alter the
regenerative capacity of the annelid Diopatra neapolitana
(Pires et al. 2016), and (ii) the molluscs Mytilus gallopro-
vincialis have suffered lysosomal membrane destabilisation
after exposure to caffeine concentrations of 500 ng/L (Capo-
lupo et al. 2016).

Acetaminophen has been categorised as readily biode-
gradable (log K, = 0.46), highly soluble (solubility 14,000
mg/L) and with a reported half-life of 20 days (Moermond
et al. 2012). However, in Mongagua, Itinga and Perequé riv-
ers, the RQ of acetaminophen suggests low risk for crusta-
cean and low to moderate risks for fish Danio rerio (Fig. 2
and Table 2). In this context, some ecotoxicological stud-
ies have also indicated potential risks of acetaminophen for
fishes, namely an increase of mortality and developmental
abnormalities in Danio rerio (Galus et al. 2013), but also
oxidative stress problems in Oncorhynchus mykiss and
Anguilla anguilla fishes (Ramos et al. 2014; Nunes et al.
2015). In the case of potential risks for crustaceans, previ-
ous studies in surface waters of Valencia, Spain (Vazquez-
Roig et al. 2012), Lahore, Pakistan (Ashfaq et al. 2019),
and Santos, Brazil (Roveri et al. 2021), indicated moderate
risks of acetaminophen for Daphnia magna (RQ between
0.3 and 0.4).

The log K, for losartan is greater than 4, and thus, this
compound can persist in the aquatic environment, potentially
bioaccumulate and/or can cause ecotoxicity (EMA 2006;
EC 2015; USEPA 2017b). In the MRBS, the recorded lev-
els of losartan raise environmental concern for Itanhaém,
Mongagua, Itinga and Perequé rivers, because the RQ indi-
cate low to moderate risks for Daphnia magna (Fig. 2 and
Table 2). Likewise, in the urban channels of Guaruja and
Santos, the RQ obtained for losartan also suggested a moder-
ate risk (for both acute and chronic exposures) for Daphnia
(Roveri et al. 2020a, 2021). However, ecotoxicological stud-
ies with losartan, in non-target aquatic organisms, are still
insufficient (Reque et al. 2021). Anyway, previous studies
have reported toxic effects of losartan, but in “non-relevant”
environmental concentrations (in the order of mg/L), in

Desmodesmus subspicatus algae (Adams et al. 2020; Reque
et al. 2021) and in three crustacean species, namely Daphnia
similis, Ceriodaphnia dubia (Yamamoto et al. 2012) and
Daphnia magna (Adams et al. 2020). Moreover, although
information about the toxicity of losartan for marine tropi-
cal species is still poorly documented, two recent studies
detected risks of losartan to important seafood species in
the coastal regions of Brazil: (i) cytotoxic effects for mussel
Perna perna exposed to environmental realistic concentra-
tions of losartan (up to 3000 ng/L) were observed (Cortez
et al. 2018), and (ii) a study showed that sediment spiked
with an environmental concentration of losartan (LOEC = 3
ng/g) affected the lysosomal stability of Mytella guyanensis
adult bivalves (Pusceddu et al. 2022).

List of priority PPCPs in the MRBS (PBT criteria)

Although the hereby ecological risks for the other PPCPs,
namely carbamazepine, cocaine, benzoylecgonine, atenolol,
orphenadrine, diclofenac and furosemide, were non-exist-
ent (RQ < 0.01) (Table S3) for the reported concentrations,
some degradation behaviours and/or physicochemical prop-
erties of these compounds deserve attention (EMA 2006;
EC 2015; USEPA 2017b). For instance, based on kinetic
reaction rate (k biol), mechanism of action (MoA), enzyme
modulation, adverse effects and log K, carbamazepine,
atenolol, diclofenac and furosemide were considered barely
degradable and poorly adsorbable (refractory to sewage
secondary treatment) and, thus, were classified as priority
substances for the monitoring in European surface waters
(Besse and Garric 2008; EC 2015; Mathon et al. 2016;
Arola et al. 2017; Biel-Maeso et al. 2018). In this context,
considering the widespread presence of these compounds
in the aquatic ecosystems of the MRBS (Fig. S2) (Pereira
et al. 2016; Roveri et al. 2020a, 2021), a prioritization pro-
cedure, through PBT criteria, was applied (Table 3) (Daouk
et al. 2015). Therefore, after the application of the endpoints
“STP total removal” (persistence), “log K,,,”” (bioaccumula-
tion) and “PNEC” (chronic toxicity) (USEPA 2017a, 2017b;
Becker et al. 2021), results showed that (i) seven among
the ten compounds detected in the MRBS have removal
expectancy in STPs lower than 3%, namely caffeine, ateno-
lol, furosemide, acetaminophen, cocaine, benzoylecgonine
and carbamazepine (Table 4) (USEPA 2017b). This condi-
tion can be even more aggravated in the MRBS, because
the municipalities of Santos and Guaruja only have a pre-
liminary level of treatment; i.e. these STPs only perform a
mechanical treatment (railing and screening for the removal
of solids), followed by a chlorination step. The destination of
these preconditioned sewages is submarine outfalls that daily
dispose sewage into the Atlantic Ocean (Fig. S2) (Pereira
et al. 2016; Roveri et al. 2020a, 2021); (ii) cocaine, car-
bamazepine and furosemide have moderate hydrophobicity
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Table 3 Criterion thresholds for the ranking of persistence (P), bioac-
cumulation (B) and toxicity (T), applied to pharmaceuticals of vari-
ous therapeutic classes (including cocaine and its primary metabolite,
benzoylecgonine) inventoried in estuarine waters along the Metropol-
itan Region of Baixada Santista (MRBS), Sao Paulo, Brazil

Rank Persistence (P) Bioaccumula- Toxicity (T)
(criteria) tion (B)
STP removal (%) Log K, PNEC chronic
toxicity (pg/L)
1 >80 <1 > 100
2 >60 >1 <100
3 >40 >2 <10
4 >20 >3 <1
5 <20 >4.5 <0.1

Note the (i) estimated persistence using the endpoint “STP total
removal (expressed in %)” (sewage treatment plant total removal),
(ii) bioaccumulation estimated using the endpoint “log K ,,”” (octanol-
water partition coefficient) (both computational tools were obtained
from the EPI Suite program), (iii) data from the chronic toxicity (i.e.
predicted no-effect concentration (PNEC); expressed in pg/L) esti-
mated from the ECOSAR program and (vi) the final ranking of pri-
ority compounds in the MRBS which corresponds to the sum of the
PBT criteria. For further details, see M&M and Table 4

(log K, > 2.3), and orphenadrine and diclofenac have high
hydrophobicity (log K, > 3.0) (Table 4). Therefore, all
these compounds can potentially bioaccumulate and/or can
cause ecotoxicity (Table S2) (EMA 2006; EC 2015; USEPA
2017b). In this context, recently, carbamazepine, diclofenac

Table 4 Results of the persistence (P), bioaccumulation (B) and tox-
icity (T) (PBT criteria) and respective levels of concern of the 10
pharmaceuticals of various therapeutic classes (including cocaine and

and furosemide were detected in fish and bivalve species
widely consumed by Brazilian population (namely white
mullet, snook, mullet, carib pointed venus and blue mussel)
(Mello et al. 2022). Finally, the PBT approach showed that
carbamazepine and orphenadrine are classified as priority
substances for the monitoring in MRBS surface waters, fol-
lowed by furosemide, acetaminophen, cocaine and losartan
(all in second position) and caffeine, atenolol, diclofenac and
benzoylecgonine (all in third position) (Table 4).
Ultimately, it is also important to note that PPCPs do not
usually occur as a single and isolated chemical compound in
the environment, but as complex mixtures (Lawrence et al.
2012; Bouissou-Schurtz et al. 2014). Consequently, once
in the aquatic ecosystems, PPCP interactions may result
in unpredicted deleterious effects in non-target organisms
(Lawrence et al. 2012; Bouissou-Schurtz et al. 2014). In this
context, the adverse effects posed by PPCP mixtures towards
non-target organisms are an area of increasing scientific
interest (Galus et al. 2013; Di Nica et al. 2016; Hamid et al.
2021). For instance, a study conducted in sewage waters
from Ontario, Canada, showed significantly decreased
Danio rerio embryo production after a 6-week exposure to
a pharmaceutical mixture of acetaminophen, carbamazepine
and other PPCPs (Galus et al. 2013). Another study accom-
plished in aquatic environments from Milan, Italy, showed
that a combined effect of the carbamazepine, caffeine and
diclofenac could be more severe to the metabolism of marine
bacteria Aliivibrio fischeri than each drug individually (Di

its primary metabolite, benzoylecgonine) detected in estuarine waters
along the Metropolitan Region of Baixada Santista (MRBS), Sdo
Paulo, Brazil

Compound Persistence (P) Bioaccumulation Toxicity (T) Final ranking of prior-
B) ity compounds
STP removal (%) Level LogkK,, Level  PNEC: chronic toxicity (pg/L) Level  Sum of Final
PBT levels ranking
Algae Crustacean Fish ©)
Carbamazepine 2.96 5 2.45 3 5.00E+02 2.50E+01 2.50E+03 2 10 1
Caffeine 1.85 5 -0.07 1 5.00E+02 2.00E+04 3.00E+04 1 7 3
Cocaine 2.64 5 2.30 3 1.46E+03 2.29E+06 7.18E+03 1 9 2
Benzoylecgonine 1.85 5 -1.31 1 3.03E+06 2.00E+10 4.92E+06 1 7 3
Acetaminophen 1.86 5 0.46 1 7.21E+04 4.03E+02 5.00E+00 3 9 2
Diclofenac 56.55 3 4.02 4 3.75E+03 1.00E+03 4.00E+03 1 8 3
Orphenadrine 20.77 4 3.65 4 1.32E+02 6.10E+01 1.37E4+02 2 10 1
Atenolol 1.85 5 —-0.03 1 3.30E+03 1.48E+03 1.00E+03 1 7 3
Losartan 30.52 4 4.01 4 1.64E+03 5.55E+02 2.94E+02 1 9 2
Furosemide 2.27 5 2.31 3 5.24E+04 3.08E+03 7.86E+03 1 2

The table also shows the (i) estimated persistence using the endpoint “STP total removal (expressed in %)” (sewage treatment plant total
removal) and its respective score, (ii) bioaccumulation estimated using the endpoint “log K_,” (octanol-water partition coefficient) and its
respective score (both computational tools were obtained from the EPI Suite program), (iii) data from the chronic toxicity (i.e. predicted no-
effect concentration (PNEC); expressed in pg/L) estimated from the ECOSAR program (the lowest values among the three trophic levels were
assumed for the calculation (signalled in bold)) and (vi) the final ranking of priority compounds in the MRBS which corresponds to the sum of

the PBT levels. For further details, see M&M and Tables 3 and S3
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Nica et al. 2016). A recent study showed that environmen-
tally relevant concentrations of a PPCP mixture (including
carbamazepine, diclofenac and other compounds) found in
Chongging, China, induced developmental effects and meta-
bolic dysfunction in both male and female of Danio rerio
(Hamid et al. 2021). Therefore, in a real scenario, we cannot
exclude a possible synergistic interaction between the sev-
eral PPCPs quantified in this study (EMA 2006; Bouissou-
Schurtz et al. 2014; USEPA 2017a).

Conclusion

In the Metropolitan Region of Baixada Santista, Sao Paulo
coastline, Brazil, for the first time, ten PPCPs were positively
detected in coastal five rivers, covering a coastal stretch of
about 140 km, namely Perequé River, Itinga River, Mon-
gagua River, Itanhaém River and Guarau River. Although
these five rivers are born in pristine environments, when
across the urban perimeter, they suffer anthropogenic con-
tamination on their urban path to the sea. Consequently, the
screening showed the widespread presence of several PPCPs,
namely caffeine, acetaminophen, benzoylecgonine, atenolol,
losartan, diclofenac, cocaine, furosemide, carbamazepine
and orphenadrine, which were found in all the five sites.
The highest concentrations of these PPCPs were detected in
Perequé Beach, where, historically, sewage discharge stow-
aways usually occur, which lead to diffuse loads flowing
directly into the marine ecosystem in areas of intense recrea-
tion. Given the widespread detection of these PPCPs in the
Perequé River, the preliminary ecological risk assessment
signalled great environmental concern, because the results
suggest low to moderate ecotoxicological risks of caffeine,
acetaminophen and losartan to algae, crustacean and fishes.
This study recommends that the collection and treatment
of the domestic sewage has to be more efficient, being nec-
essary to eliminate the existing illegal connections in this
beach. Itinga, Mongagua and Itanhaém rivers had intermedi-
ate environmental risk, probably because of better levels of
environmental sanitation. Finally, the Guarat River did not
show any environmental risk, probably because it is located
nearby the preserved areas of the State Park of Juréia-Itatins
and also shows the low rates of urban occupation.
Although the studies on the occurrence and ecological
risk assessment of PPCPs in the coastline of South America
are limited compared to the rest of the world, this study pro-
vided valuable insights about the current situation of these
coastal tropical rivers of southeast Brazil, whose waters flow
daily to the South Atlantic Ocean. Therefore, the results
obtained in the present study complement already published
data relating to the presence of PPCPs in Brazilian coastline
and reinforce the need for (i) cooperation between stake-
holders (namely manufacturers, pharmacists and consumers)

to adopt the UDSs and policies of the reverse logistics for
used PPCPs; (ii) inclusion of PPCPs and illicit drugs in the
Brazilian environmental legislation as priority pollutants;
(iii) further ecotoxicological studies (especially with tropical
marine organisms) to assess the long-term toxicity of these
bioactive compounds; (iv) resize the sewage treatment along
the Brazilian coastline, including a level of treatment capa-
ble of removing, at least partially, PPCPs and illicit drugs;
and (v) ultimately, a continuous environmental monitor-
ing program is recommended, taking into account the pre-
cautionary and polluter pays principles, prioritizing those
PPCPs more persistent, bioaccumulative and toxic, and has
the greatest likelihood of harming the aquatic ecosystems of
the Brazilian coastal zones.
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