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Abstract
The worldwide occurrence of pharmaceuticals and personal care products (PPCPs) in aquatic
ecosystems is reason for concern, since these emerging micro pollutants, includes a large and diverse
group of organic compounds, with continuous input, high environmental persistence and potential threat
to biota and human health. The aim of this study was to evaluate, for the �rst time, the occurrence of
twenty-seven PPCPs of various therapeutic classes (including cocaine and its primary metabolite,
benzoylecgonine), in the coastal waters of Santa Catarina, southern Brazil. Water samples were taken in
November 2020, during the low tide periods, at eight sampling points located along the coast of Santa
Catarina, covering its entire geographical extension. Sampling was carried out in triplicate and at different
depths of the water column. Nine compounds were detected through liquid chromatography coupled with
tandem mass spectrometry (LC-MS/MS): caffeine (12.58-119.80 ng/L), diclofenac (1.398-7.920 ng/L),
losartan (0.432-3.200 ng/L), cocaine (0.0248-0.1686 ng/L) and benzoylecgonine (0.0146-1.094 ng/L)
were quanti�ed in 100% of the samples; carbamazepine (0.0242-0.2720 ng/L) was quanti�ed in 75% of
the samples; acetaminophen (0.212-10.040 ng/L) was quanti�ed in 60% of the samples; and  both
atenolol (1.13-2.50 ng/L) and orphenadrine (0.073-0.0886 ng/L) were quanti�ed in 25% of the samples.
The other PPCPs were below the limit of detection (LOD). The highest occurrence of these compounds
was detected in the northern and central coastal region of Santa Catarina, namely in Penha and Palhoça
cities. The sources of these compounds may be associated with areas with high population density,
awaited by tourism, with consequent production of sanitary sewage and solid waste. The ecological risk
assessment of these substances in the aquatic ecosystems showed that 67% and 77% of the compounds
respectively presented no ecological risk, acute and chronic, but 44% presented low to moderate risks for
acute and chronic effects in the three trophic levels evaluated. The occurrence of these chemical
compounds can imply deleterious effects on the environmental health of Santa Catarina coastal zone,
and therefore deserve more acute and directed attention.

1. Introduction
Pharmaceutical drugs prescribed to diagnose, treat or prevent diseases in humans and animals, are
physiologically metabolized and eliminated through urine and faeces, in the form of the parental
compound or of its metabolites, being later discarded into the aquatic environment through household
sewage (Sirbu et al., 2006; Costa Junior et al., 2014; Ekpeghere et al., 2018). Moreover, consumption
practices such as the self-medication, the excessive and indiscriminate use of drugs, the medicine free-
trade, and the direct disposal of pharmaceuticals explain the worldwide occurrence of these chemical
compounds in the environment (Ortiz de García et al., 2013; Pereira et al., 2017; Freitas and Radis-
Baptista, 2021). Thus, the United Nations (UN) proposed the rational use of medicines, so that these are
administered in doses that meet individual needs and for a suitable period, reducing costs and,
consequently, adverse impacts on the environment and human health (Daughton, 2007; WHO, 2021). The
adverse and harmful effects of PPCPs on the environment range from the spread of antimicrobial
resistance and species survival even interference in the reproduction of aquatic organisms and increased
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incidence of cancer in humans (Overturf et al., 2015; Freitas and Radis-Baptista, 2021; Wang et al., 2021).
There are several routes that lead the PPCPs to the environment and the knowledge of its occurrence,
sources, fate and toxicity provides subsidies to establish minimization and control strategies (Daughton,
2007; Ebele et al., 2017).

The ineffectiveness of most wastewater treatment plants (WWTP) regarding the removal of
pharmaceutical and personal care products (PPCPs) (Del Rosário et al., 2014; Wang and Wang, 2016; Ng
et al., 2021), makes these compounds, partially or fully, discarded into receiving waters, which may cause
deleterious effects to aquatic non-target organisms (e.g., algae crustaceans and �shes) (Baena-Nogueras
et al., 2017; Diamanti et al., 2019; Fontes et al., 2019). Studies carried out in WWTP worldwide, namely in
Finland (Vieno et al., 2007), Faroe Islands, Iceland and Greenland (Huber et al., 2016) and in other regions
(Kim et al., 2012; Kosma et al., 2014; Kumar et al., 2019), demonstrated that some compounds are not
totally eliminated by the conventional treatments, and that drug residues still remain in the treated
e�uent (Vieno et al., 2007; Gurke et al., 2015; Zhou et al., 2019). PPCPs can also return to the
environment if the destination of the WWTP sludge is inappropriate (Alvarez-Ruiz et al., 2015; Sun et al.,
2016; Ebele et al., 2017). Moreover, the use of surface waters that receives sanitary sewage or treated
wastewater for irrigation purposes, as well as the use fertilizers made of WWTP sludge, promotes the
introduction of PPCPs in the soil (Wu et al., 2015; Bartrons and Peñuelas, 2017; Madikizela et al., 2018).
And thus, may cause risks to human health from exposure to contaminated food (Goldstein et al., 2014;
Al-Farsi et al., 2018; Keerthanan et al., 2021), in addition to allowing the transport of PPCPs to water
bodies (Sui et al., 2015; Ebele et al., 2017; Wilkinson et al., 2017). The movement of these pollutants
through runoff to the aquatic environment promotes the accumulation of these substances in inland,
estuarine and coastal waters (Stewart et al., 2014; Roveri et al., 2020a; 2021b). Furthermore, in the
aquatic environment, PPCPs can undergo biotic and abiotic transformations generating other by-
products, besides the potential additive and synergistic effects with other drugs in complex mixtures
(Evgenidou et al., 2014; Yuan et al., 2020; Hamid et al., 2021). As such, even in coastal waters of remote
locations and theoretically pristine, like the Arctic Ocean and Antarctica, the occurrence of PPCPs
associated with domestic sewage discharge and solid waste disposal was already detected (Emnet et al.,
2015; Balakrishna et al., 2018; Kallenborn et al., 2018).

In the Brazil, including Santa Catarina state, most of the existing WWTPs, operate with conventional
treatment processes (ANA, 2021; Heinz et al., 2021; Roveri et al., 2021b), not being, therefore, suitable for
the total removal of the PPCPs (Behera et al., 2011; Wang and Wang, 2016; Kumar et al., 2019) which
needs more advanced systems to achieve this e�ciency (Yang et al., 2017; Tarpani and Azapagic, 2018;
Rigueto et al., 2020). In addition, there is no regulation that sets speci�c limits for these compounds in
e�uents and/or environmental waters (i.e., fresh, salty or brackish waters) (Chiavelli et al., 2019; ANA,
2021; MMA, 2021). In the last decades, the studies dedicated to screen the occurrence of PPCPs in
aquatic ecosystems off the Brazilian coast are scarce, mainly focused in São Paulo and Rio de Janeiro,
limited to a few therapeutic classes and mostly published in national journals and reports (Quadra et al.,
2017). A few examples can be �nd here: one of the �rst published reports was related to the occurrence
of PPCPs in the marine sediments of Todos os Santos Bay, Bahia, Brazil (Beretta et al., 2014). In Santos
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city, São Paulo coastline, cocaine and benzoylecgonine were monitored near the discharge of the
submarine outfall in the Santos Bay (Fontes et al., 2019). Recently, a few works were published
concerning the coastal area of São Paulo, Brazil: 16 PPCPs were detected in the urban drainage channels
�owing into the bathing waters of Guarujá (Roveri et al., 2020a); 10 PPCPs were found near on the
discharge of submarine outfall in the Enseada beach, Guarujá (Roveri et al., 2021a); and 21 PPCPs were
recorded in the urban drainage channels that �ow to Santos city (Roveri et al., 2021b). However, despite
the existence of several agricultural and industrial activities potentially generating PPCPs in the coastal
region of Santa Catarina, there are no studies on the occurrence and ecological risk of PPCPs in this
densely populated coastal area.

The aim of this study was to evaluate, for the �rst time, the presence of twenty-seven PPCPs of various
therapeutic classes (including cocaine and its primary metabolite, benzoylecgonine) along the coast of
the state of Santa Catarina, Brazil, in water samples collected under the in�uence of the major estuaries.
Simultaneously, an ecological risk assessment of the measured maximum concentrations of the different
PPCPs in the aquatic biota was carried out. The information obtained here will allow to construct a
database on the in�uence of emerging pollutants on the aquatic ecosystem of the Santa Catarina coast,
serving as a support for future decisions by public authorities regarding the use, occupation and
management of these coastal areas, particularly for areas with intense human occupation.

2. Materials And Methods

2.1 Study site description
The present study took place in the coastal area of Santa Catarina (SC) state, south Brazil. SC has an
area of 95,730.684 km² with a population of 6,218.436 (Ibge, 2010), and is composed of 295
municipalities politically divided into eight regions (Ibge, 2020). SC is delimited by two drainage systems,
the Sistema Integrado da Vertente do Interior (SIVI) and the Sistema da Vertente Atlântica (SVA). SVA
covers approximately 36,354 km², which represents 38% of the total area of the state, and also
concentrate a large part of the population of the state, around 41%, since the four biggest cities are
located in or near the coastal area, namely Joinville (515,288 population), Florianópolis, Capital of Santa
Catarina (421,240 population), Blumenau (309,011 population) and Criciúma (192,308 population) (Filho,
2003; SDE, 2020; ANA, 2021). The SVA is composed of �ve hydrographic regions (HR) [North coast (HR6),
Itajaí Valley (HR7), Coast center (HR8), Southern SC (HR9) and Extreme South of SC (HR10)], which drain
their waters to the SC coastline (Figure 1), which is 561 km long (Ibge, 2020). The present sampling
design included the eight major estuaries, distributed from North to South, on the coast of SC, located in
regions that are in�uenced by the main rivers and the largest cities of the state, and with different
anthropogenic contamination pro�les (Table 1). The characterization of the anthropogenic pro�le of each
sampling site was carried out based on the data bases of the State Secretariat for Sustainable
Development (SEBRAE, 2013) and of the Industries Federation Observatory of the State of Santa Catarina
(FIESC) (FIESC, 2021).
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Table 1
Location, geographic coordinates and main anthropogenic contributions for each sampling point.

Sampling
Point

Location Coordinates Predominant
anthropogenic
contribution*

1 North coast

São Francisco do Sul – Enseada /
Costão do Forte Marechal Luz

Lat.:
26°09’49.34”S

Long.:
48°31’58.14”O

Metalworking and metal-
mechanic Industry

Sanitary/Industrial
land�ll

Agriculture: Rice farming

2 North coast

Balneário Barra do Sul – Molhe do Canal
do Linguado

Lat.:
26°27’11.51”S

Long.:
48°35’38.05”O

Furniture and metal-
mechanic industry

Sanitary/industrial
land�ll

Agriculture: Rice farming

3 Central-North coast

Penha – Rua Inácio F. De Souza – Praia
da Armação do Itapocorói

Lat.:
26°47’23.01”S

Long.:
48°36’24.74”O

Textile industry

Sanitary/Industrial
land�ll

Agriculture: Rice farming

4 Central-North coast

Porto Belo – Praia de Zimbros

Lat.:
27°10’59.15”S

Long.:
48°32’33.84”O

Ceramic Industry

Sanitary/Industrial
Land�ll

5 Central coast

Palhoça – Enseada do Brito

Lat.:
27°47’37.78”S

Long.:
48°37’52.88”O

Land�ll/Industrial
Land�ll

Energy and Tourism

6 Central-South coast

Imbituba – Praia de Ibiraquera –
Ribanceira

Lat.:
28°11’34.13”S

Long.:
48°39’34.18”O

Mechanical/Metallurgical
Industry

Sanitary/Industrial
Land�ll

7 Central-South coast

Laguna – Molhe

Lat.:
28°29’39.20”S

Long.:
48°45’0.38”O

Chemical Industry

Sanitary/Industrial
Land�ll

Source: * The authors based this information on data from SEBRAE (2013) and FIESC (2020, 2021).



Page 6/29

Sampling
Point

Location Coordinates Predominant
anthropogenic
contribution*

8 South coast

Içara – Balneário Rincão – Plataforma
da Pesca

Lat.:
28°49’31.10”S

Long.:
49°12’55.68”O

Ceramic industry/Energy/
chemical Industry

Sanitary/Industrial
Land�ll

Source: * The authors based this information on data from SEBRAE (2013) and FIESC (2020, 2021).

2.2 Collection of samples
The study was carried out at eight sampling points (labelled as P), along the coast of SC. The Table 1
and Figure 1 presents (i) the details of the selected locations along SC coastline; (ii) the land use and
occupation characteristics, and (iii) their geographic coordinates. The sampling points of the study area
were chosen taking into consideration the coastal area under the in�uence of the largest rivers of the
different hydrographic regions (labelled as HR) (SDE, 2020). The samples were collected during spring, on
November 9th and 10th, 2020, during the day and at low tide. Water was stored in amber bottles,
previously cleaned with water and detergent, rinsed with plenty of tap water, ending with solvent
application, methanol and, �nal rinse with distilled water to eliminate any trace of possible contaminants.
The water was collected in triplicate, carried out in three different heights, 30 cm, 60 cm and 90 cm from
the surface. Equal volume aliquots (500 mL) were mixed and homogenized. From the �nal mixture an
aliquot of 1 L was used. All samples were kept at 4°C, and target PPCPs were extracted from water
samples within four days of collection (ANA, 2011).

2.3 Preparation and analysis of pharmaceutical compounds

2.3.1 Chemical and standards
Chemicals and analytical reagents such as nitric acid and sulphuric acid were purchased from Merck
(Darmstadt, Germany). Grade solvents used in HPLC and LC-MS, such as acetonitrile, methanol and
isopropanol, were acquired from Sigma-Aldrich (Massachusetts, USA). Mobile phase additives, namely
LC-MS grade formic acid and ammonium acetate, were acquired from Sigma-Aldrich and Merck,
respectively. Analytical standards of acetaminophen, atenolol, bromazepam, caffeine, carbamazepine,
cyproterone, clonazepam, clopidogrel, diclofenac, enalapril, loratadine, losartan, midazolam orphenadrine,
propranolol, sildena�l, atorvastatin, ranitidine, diazepam, chlorpheniramine and valsartan were acquired
from Sigma-Aldrich. Cocaine and benzoylecgonine were acquired from Cerillant (Texas, USA). The other
pharmaceuticals were bought in several suppliers: citalopram (Alcytam®: Torrent, Brazil), chlortalidone
(Higroton®: Novartis, Swiss), rosuvastatin (Crestor®: AstraZeneca, UK) and generic paroxetine
medication (Medley, Brazil).

2.3.2 Sample preparation
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The extraction technique used in the hereby study was modi�ed from Wille et al. (2010), and fully
described by Roveri et al. (2021b). Prior to the 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
�ltered through a cellulose �lter paper (Whatman® GF/C Glass micro�ber �lters, diameter 47 mm, particle
retention 1.2 µm; Merck, Darmstadt, German); (iii) the �lters were washed with 2 mL of methanol (Sigma-
Aldrich, St. Louis, USA); and (iv) at the end, the methanol extract collected wascombined to the �ltered
sample. The solid-phase extraction was performed using SPE Chromabond HR-X cartridges (200 mg, 3
mL; Marcherey-Nagel, Duren, Germany). The cartridges were preconditioned with methanol (5 mL) and
ultrapure water (5 mL) (Milli-Q®-Merck, Darmstadt, Germany). Thereafter, there were loaded with 1L of the
�ltered sample combined with the methanol from �lter 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 �ow (at 50°C) and eluted with
water/acetonitrile (95:5 v/v) prior to mass spectrometry 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 �nal
concentrations, and individual average results were expressed in ng/L (Figures 2 and 3).

2.3.3 LC–MS/MS analysis
The hereby 27 PPCPs screened were selected taking into account the occurrence, reported annual
consumption, expected toxicity and environmental persistence (Cmed, 2021; Roveri et al., 2021b). LC-
MS/MS analytical procedures were validated by Shihomatzu (2015) and fully described by Roveri et al.
(2021b). Brie�y, an aliquot of 10 µL of sample that was subjected to analysis by HPLC Agilent 1260
(Agilent™, Germany) combined with a mass spectrometer hybrid triple quadrupole/LIT instrument
(3200QTRAP®-linear ion trap) (ABSciex, Ontario, Canada). The samples were analysed using an Agilent
Zorbax Eclipse XDB–C18 column (50 × 4.6 mm ID, 1.8 µm column at 25°C). The eluent �ow 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 (solvent B) (J.T. Baker, Philipsburg, NJ, USA). A linear gradient
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 95–5% over 5 min, and this condition was maintained for 1min.
This mixture was then returned to initial conditions over 2 min and the analytes were detected and
quanti�ed using the electrospray ionisation (ESI) and multiple reaction monitoring (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 (ABSciex). The MRM parameters for positive
and negative ion modes, limit of detection (LOD) and limit of quanti�cation (LOQ) are shown in Table S1.

2.4 Ecological risk assessment
The ecological risk assessment followed the work of Roveri et al. (2021b). The risk quotient (RQ) for
aquatic species from three trophic levels (algae, crustaceans and �shes) was calculated from the
equation RQ = MEC/PNEC, in which MEC is the maximum Measured Environmental Concentration, and
PNEC the Predicted No Effect Concentration, both expressed in ng/L. The PNEC values for the acute and
chronic toxicity data were obtained from the Ecotoxicology Database (ECOTOX) (USEPA, 2019), as well
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as in other literature sources using the PubMed database (see Table S2). When ecotoxicity laboratory
experimentally derived data were not available, PNEC was estimated using the Ecological Structure
Activity Relationships Programme (ECOSAR, v 2.0) (USEPA, 2017). An attempt was made to compile
speci�cally 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 consideration
in the present study (Roveri et al., 2021a). The PNEC values for the acute and chronic toxicity data were
thereafter calculated by dividing each toxicological endpoint by an assessment factor (AF). For saltwater
environments, an AF of 10,000 and 100 should be considered in short- and long-term data sets,
respectively. The toxicological endpoints selected for the calculation of the PNECs are shown in Table S2.
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 ecological risk (RQ ≥ 1.0) to aquatic organisms (Hernando et al. 2006).

3. Results And Discussion
This study detected, for the �rst time, the occurrence of several PPCPs, along the entire coast of SC,
Brazil. The state's economy is characterized by activities related to tourism, agriculture and industries,
with a predominance of textile, ceramic and metal-mechanics industries (SEBRAE, 2013; FIESC, 2021).
Moreover, SC is rich in surface freshwater resources which �ow into the coastal water of the Atlantic
Ocean (ANA, 2021). The occurrence of PPCPs was evaluated in eight sampling points in a coastal marine
latitudinal gradient from North to South in areas under strong in�uence of riverine �ow. These surface
water bodies belong to �ve hydrographic regions, where the main and most densely populated cities are
located, and where the industrial park of the state is concentrated (SEBRAE, 2013; IBGE, 2020). The
screening of the pre-selected twenty-seven PPCPs was based on the annual consumption, reported
toxicity and environmental persistence (Cmed, 2021; Roveri et al. 2021b). These PPCPs, were recently
identi�ed as having the greatest relevance for studies of environmental monitoring in Brazil (Chaves et
al., 2021). The occurrence of these chemical compounds was somewhat expected in the hereby study
area as result of the wastewater discharges from industrial and domestic e�uents (Krogh et al., 2017;
Asfa et al., 2020; Shahriar et al., 2021).

3.1. Overall occurrence of PPCPs on the coastal waters of
Santa Catarina
From the twenty-seven chemical compounds assessed, it was possible to quantitatively (>LOQ) identify
nine compounds. Caffeine (12.58-119.80 ng/L), diclofenac (1.398-7.920 ng/L), losartan (0.432-3.200
ng/L), cocaine (0.0248-0.1686 ng/L) and benzoylecgonine (0.0146-1.094 ng/L) were quanti�ed in all
sampling points. The carbamazepine (0.0242-0.2720 ng/L) quanti�ed in 75% of the samples. The
acetaminophen (0.212-10.040 ng/L) was quanti�ed in 60% of the samples. Both the atenolol (1.13-2.50
ng/L) and orphenadrine (0.073-0.0886 ng/L) were quanti�ed in 25% of the samples. Figure 2 shows the
occurrence of each compound, revealing similar pro�les for cocaine, caffeine, diclofenac and losartan,
with the greatest amounts being consistently reported on the north coast and north-central coast.
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Overall, the MEC of these PPCPs, i.e., 119.8 ng/L (caffeine), 10.040 ng/L (acetaminophen), 7.920 ng/L
(diclofenac), 3.2 ng/L (losartan), 2.5 ng/ L (atenolol), 1.094 ng/L (benzoylecgonine), 0.272 ng/L
(carbamazepine) and 0.169 ng/L (cocaine), were similar or lower to the values reported in other parts of
the world, including Brazil (For more details, see also Table S3). For instance, high concentrations of the
caffeine (MEC: 3000 ng/L) were detected in coastal waters of the Red Sea in Saudi Arabia (Ali et al.,
2017). In China, in Xiamen Bay, acetaminophen concentrations in range of 0.137 ng/L – 5.483 ng/L were
measured (Chen et al., 2021). In Brazil, on the coast of the Guarujá city, São Paulo, was detected the
occurrence of caffeine (33.5 ng/L – 6550.0 ng/L), valsartan (19.8 ng/L – 798 ng/L), losartan (3.6 ng/L –
548 ng/L), acetaminophen (18.3 ng/L – 391.0 ng/L), benzoylecgonine (0.9 ng/L – 278.0 ng/L), atenolol
(0.1 ng/L – 140.0 ng/L), diclofenac (0.9 ng/L – 85.7 ng/L), among others (Roveri et al., 2020a). In the
coastal waters of Santos, Brazil, losartan was found in similar concentrations (<LOD – 3.4 ng/L) (Roveri
et al., 2020b), or slightly higher concentrations (0.2 ng/L – 8.6 ng/L) (Cortez et al., 2018).

In the existent published studies regarding the coastal area of Brazil (Table S3), the most frequently
identi�ed compounds are caffeine, acetaminophen, atenolol, orphenadrine, diclofenac, losartan and
carbamazepine. Moreover, a recent review study showed that acetaminophen, caffeine and diclofenac
represent the greatest threats to the aquatic environment in Brazil (Chaves et al., 2021), con�rming the
hereby �ndings.

3.2 Spatial distribution of PPCPs on the coastal waters of
Santa Catarina
The spatial distribution of the screened PPCPs in the coastal waters of SC is shown in Figures 2 and 3,
which highlight the sampling points with the highest and lowest occurrences, as well as the MEC of the
reported compounds. The largest number of PPCPs was detected at points P3 and P5, belonging to the
central-north and central coast, respectively. At these points, the highest concentrations of PPCPs were
also found (67% of the reported values). Moreover, atenolol and orphenadrine were only recorded here.
Caffeine, diclofenac, losartan and cocaine were detected at all sampling points along the coast of SC.
The ubiquous presence of caffeine can be a strong indicator of water contamination by inadequately
treated sewage (Li et al., 2020). High levels of caffeine associated with the presence of sanitary e�uent
have been found in inland and coastal waters in Brazil and in other parts of the world, suggesting that it
can be used as a tracer of anthropogenic activity (Li et al., 2020; Rigueto et al., 2020; Roveri et al., 2020a).
According to the National Water Agency (ANA), SC has a low sewage treatment coverage rate, with only
24% of the population served (ANA, 2021). The occurrence of caffeine in signi�cant amounts in the
aquatic ecosystem may be associated with the consumption of coffee and tea, drinks that are widely
appreciated by the Brazilian people (Souza et al., 2013). Although the concentrations detected in this
study were low compared to other reports (Table S3) probably because of the estuarine dispersion to the
coastal area, in the absence of additional information to safely assess the real in�uence of this
compound in the aquatic environment, precaution is recommended regarding its effects of the aquatic
biota (Korekar et al., 2020). The concentrations of acetaminophen (0.212 ng/L–10.040 ng/L) and
diclofenac (1.398 ng/L–7.920 ng/L) found in this study were similar to the levels found in other areas
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[e.g., Roveri et al. 2020b (0.0014 ng/L to 1.4000 ng/L); Ojemaye and Petrick, 2021 (3.7 ng/L to 4.18
ng/L)].

The other identi�ed drugs, such as losartan, atenolol, orphenadrine, carbamazepine, valsartan and
propranolol, were found in low concentrations compared to other studies (Table S3: Cortez et al., 2018;
Roveri et al., 2020a; Yang et al., 2020). However, the fact that they have been positively quanti�ed
demonstrates that they have signi�cance in environmental analysis. These low values may re�ect
seawater dilution or environmental degradation processes, which need to be taken into account in the
ecological assessment (Biel-Maeso et al., 2018). Furthermore, other factors such as bioaccumulation and
the mixture of compounds in the aquatic environment, generating other metabolites, can magnify the
effects of these pollutants on the environment, and therefore these PPCPs should be a matter of concern
and frequent monitoring (Cizmas et al., 2015; Yin et al., al. 2017; Brew et al., 2020). Recently, a hospital
wastewater was investigated in south of Brazil, being detected 43 PPCPs and 31 metabolic products;
thereafter a quantitative structure-activity relationship modelation, predicted the effect of both parental
compounds and metabolites, based on their degradability and bioaccumulative proprieties, revealing that
they could be toxic to the environment and human health (Wielens Becker et al., 2020). In almost all
sampling points, the compounds detected more frequently and in greater quantity were caffeine,
diclofenac and losartan, with the maximum values detected in the sampling points located on the north
coast (P1: losartan and diclofenac) and centre-north (P3: caffeine and losartan). These sampling points
are in�uenced by large rivers and the largest watershed in the SVA, Itajaí Hydrographic Basin, and nearby
two of the largest cities in the state, namely Blumenau (309,011 inhabitants) and Joinville (515.288
inhabitants) (Ibge, 2010). The reported values, associated with a greater concentration of people in these
regions, allow us to suggest that the presence of PPCPs in coastal waters of SC is mainly due to the
contribution of domestic sewage discharged to the ocean through outfalls or due to the freshwater runoff
(Dafouz et al., 2018), which are the main routes for contamination of the aquatic environment by these
pollutants (Biel-Maeso et al., 2018; Li et al., 2020; Rigueto et al., 2020).

3.3. Ecological risk assessment
Table 2 presents the summary data regarding the four chemical compounds that indicated ecological
potential risks. The complete data for the nine detected and quanti�ed PPCPs is showed in Table S2. The
results show the following trend: (i) in relation to acute toxicity, six of the compounds (acetaminophen,
atenolol, benzoylecgonine, carbamazepine, cocaine and orphenadrine) showed no ecotoxicity to algae,
crustaceans and �sh, while three of them (caffeine, diclofenac, and losartan) showed low to moderate
ecotoxicity: caffeine and diclofenac had low ecotoxicity to crustacean and �sh, respectively; losartan
showed moderate toxicity to crustaceans; (ii) regarding the chronic toxicity, seven of the compounds
showed no toxicity to algae, crustaceans, and �sh (diclofenac, losartan, atenolol, benzoylecgonine,
carbamazepine, cocaine and orphenadrine), while two of them (caffeine and acetaminophen) showed
low and moderate toxicity to algae and �sh: caffeine had low toxicity to algae, while acetaminophen had
moderate toxicity to �sh. The hereby reported compounds with potential, acute or chronic, ecotoxicity can
cause deleterious effects in the aquatic environment.
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Table 2: Ecological risk assessment results regarding the pharmaceuticals and illicit drug detected in
coastal waters along of the Santa Catarina State, southern Brazil. This summary table presents the name
of each compound; measured environmental concentration (MEC, ng/L); acute and chronic toxicity data:
[(trophic level; organism’s test, toxicological endpoint, and concentration (ng/L)]; Assessment Factor (AF);
and Predicted No-Effect Concentration (PNEC, ng /L). Data from the toxicological endpoints was
obtained from several published works (References) available from the Ecotoxicology Database
(ECOTOX), or, in the absence of derived experimentally data, estimated from the ECOSAR program. Note:
Freshwater (1); Seawater (2); EC10: 10% Effective Concentration; EC50: 50% Effective Concentration;
LC50: 50% Lethal Concentration; NOEC: No Observed Effect. Concentration; LOEC: Lowest Observed
Effect Concentration. For further details, see M&M and Table S3. 

Caffeine in environmentally relevant concentrations can cause oxidative stress, lipid peroxidation and
even mortality to aquatic organisms (Li et al., 2020). However, the caffeine concentrations found in this
study, in general, do not acutely affect the aquatic environment (Gray et al., 2021). However, the fact that
it was detected frequently and in all sampling points, and its direct connection with human activity,
suggests the use of caffeine as a potential indicator of the presence of contamination from sanitary
e�uent discharges (Henderson, 2020; Rigueto et al., 2020; Li et al., 2020). Moreover, investigations carried
out in recent years have evaluated the presence of caffeine in tissues of organisms such as �sh,
molluscs and suggesting bioaccumulation (Li et al. 2020; de Sousa et al. 2021). The presence of caffeine
in high concentrations in the environment, results in a high-risk quotient for chronic exposure of biota
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(Dafouz et al., 2018), suggesting a high probability of adverse effects in the aquatic compartment (Pires
et al., 2016; Santos- Silva et al., 2018; Godoi et al., 2020).

The occurrence of acetaminophen in the hereby reported concentration suggests a ecological risk
considered moderate to �sh. The toxicity caused by acetaminophen is generally mediated by reactive
oxygen species and can result in multiple effects, ranging from protein denaturation to lipid peroxidation
and DNA damage (Antunes et al., 2013), mainly as results of oxidative stress mechanisms (Nunes et al.,
2014). Recently, it was show that relatively low levels of this compound can exert adaptive changes with
unpredictable consequences in the gastropod Phorcus lineatus (Almeida and Nunes, 2019).

Diclofenac presented a low risk to �sh. However, existent studies suggest that the presence of this drug
and its metabolites may represent a high risk to aquatic biota due to its synergistic interactions with other
contaminants (Sathishkumar et al., 2019). Ecotoxicological effects tested through the food chain, using
�sh (Solea senegalensis) fed with worms (Hediste diversicolor) exposed to environmentally realistic
concentrations of diclofenac, showed a signi�cant decrease in the activities of the enzymes catalase and
acetylcholinesterase, suggesting that exposure to diclofenac can cause signi�cant physiological and
neurotoxic disorders in aquatic organisms (Nunes et al., 2020). Exposure of �sh (Danio rerio) embryos
and larvae to diclofenac resulted also in oxidative stress problems (Bio and Nunes, 2020). Diclofenac
tested on mussel embryos (Mitylus galloprivincialis) affected enzymatic processes of gene transcription
and promoted malformation of the physical structure of the shell (Balbi et al., 2018). Moreover, the study
of the biotransformation processes occurring in aquatic organisms, namely in amphipod crustacean (e.g.,
Gammarus pulex and Hyalella azteca) exposed to diclofenac, showed that it produces methylated
metabolites, more bioaccumulative and toxic than the parental compound, which should be considered
for a comprehensive risk assessment (Fu et al., 2020).

Losartan showed moderate acute toxicity risk to crustaceans. Biological effects of losartan have been
already reported in mussels Perna perna exposed to concentrations of losartan up to 3000 ng/L resulting
in cytotoxic effects on gills and hemocytes (Cortez et al., 2018). But, the hereby reported values were
much lower (0.432 ng/L to 3.200 ng/L). However, studies carried out in the city of Guarujá, São Paulo,
Brazil, detected a signi�cant amounts of losartan (3.6 ng/L – 548.0 ng/L) showing that the compound
may present moderate to severe risks for algae, crustaceans and �sh (Roveri et al., 2020a). Losartan
effects were evaluated through inhibition tests with aquatic plants (Lemna minor) (Godoy et al., 2015)
and bacteria (Aliivibrio �scheri) (Turek et al., 2020), but no signi�cant toxic effects were observed.
Losartan is present in urine in signi�cant concentrations, around 35% (Guateque-Londoño et al., 2020),
not being completely removed in WWTPs (Gurke et al., 2015). Regions with high population density and
intense agricultural activities, represent a potential risk to the local ecosystem (Osório et al., 2016), since
it causes cytotoxic effects on aquatic organisms (Cortez et al., 2018).

Carbamazepine, cocaine, benzoylecgonine, orphenadrine and atenolol did not present any risk (RQ < 0.01)
for all trophic levels tested, which does not raise immediate concern regarding their toxic effects in the
aquatic environment. However, these PPCPs are not alone in in the aquatic compartment; they are present



Page 13/29

in complex mixtures of chemical compounds, where additive or synergistic effects are expected to occur,
causing deleterious effects sometime greater than those caused by the individual drug (Fernandéz et al.,
2013; Di Nica et al., 2016). Chronic exposure to a mixture of PPCPs in zebra�sh (Danio rerio) altered their
metabolism, causing a signi�cant reduction in the hepatosomatic index and histological changes in the
liver and intestinal tissues, in addition to other observed effects (Hamid et al., 2021). Similarly, a mixture
of PPCPs was tested on freshwater algae (Chlorella vulgaris) observing that the toxic effects of the
mixture were greater than the effects of each individual substance (Geiger et al., 2016). Several
ecotoxicological tests performed on different aquatic organisms exposed to 10 PPCPs in ecologically
relevant concentrations, independently and in mixture, showed that the toxicity was 6.5 times, 100 times
and 15,000 times greater than the concentrations of the individual compounds for algae
(Pseudokirchneriella subcapitata), daphnia (Ceriodaphia dubia) and �sh (Danio rerio), respectively
(Watanabe et al., 2016). Other effects of mixtures of PPCPs in water were also observed, such as the
increase in antibiotic-resistant bacteria (Cizmas et al., 2015). Moreover, PPCPs present in natural waters,
like acetaminophen, which act as drinking water sources, during the chlorination step in conventional
water plants could results in the formation of more toxic byproducts, such as trihalomethanes (Ding et al.,
2018).

4. Conclusion
This work intended to evaluate, for the �rst time, the presence and ecological risk of PPCPs in the marine
coastal environment of Santa Catarina, Brazil. Seawater sampling was carried out in November 2020 in
eight estuarine points along the entire coast of SC, and the presence of 27 PPCPs was screened. The
investigation detected the presence of nine compounds, namely caffeine, acetaminophen, diclofenac,
losartan, atenolol, benzoylecgonine, carbamazepine, cocaine and orphenadrine. The spatial distribution,
detection frequency and measured concentrations for six of them, e.g. caffeine, diclofenac, losartan,
benzoylecgonine, carbamazepine and cocaine, suggested that these compounds are constantly present
on the coast of SC. The ecological risk assessment showed that caffeine, diclofenac, losartan, and
acetaminophen presented low to moderate risks for aquatic organisms acutely and chronically exposed
to them. SC is a state whose tourism is constant, especially in the coastal region. The low rate of sewage
collection and treatment in the state, associated with traditional WWTP, explain why such PPCPs are
continuously discharged into receiving water bodies, contaminating the inshore environment. Thus, it is
recommended to expand and improve the basic sanitation infrastructures, opting for advanced
technologies for the removal of PPCPs in the WWTP. The establishment of periodic monitoring for PPCPs
compounds, jointly with other parameters of quality of bathing waters, is also highly recommended. In
addition, public awareness actions about the proper use, control and disposal of medicines and hygiene
products are extremely important to minimize the discharge of these compounds into the aquatic
environment, namely in areas of intense human recreation.
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Figure 1

Map of Brazil with the Santa Catarina State in grey colour (A). Magni�cation of Santa Catarina showing
the neighbour states, Paraná and Rio Grande do Sul (B). Santa Catarina coastal area, showing the
hydrographic regions (HR) that belong to the Sistema da Vertente Atlântica (SVA), and identi�cation of
the study sampling points: São Francisco do Sul (P1), Balneário Barra do Sul (P2), Penha (P3), Enseada
do Brito, Palhoça (P4), Baia de Zimbros, Porto Belo, (P5), Imbituba (P6), Laguna (P7) and Balneário
Rincão (P8). For more details, see M&M.
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Figure 2

Environmental measured concentration of the various PPCPs (ng/L) at each sampling point. Empty cells
represent values below the detection limit (<LOD).
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Figure 3

Environmental measured concentrations of the various PPCPs (ng/L) at each sampling point located in
the coastal marine waters of Santa Catarina, Brazil. 
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