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ABSTRACT

Emerging contaminants such as 17a-ethynylestradiol (EE2) can be discharged from
sewage systems and contaminate water supplies. Paranoa Lake is a strategic water reservoir in
Brasilia (Brazil) that receives treated sewage from sewage treatment plants (STPs) and has
recently become a water supply. This study monitored EE2 residues in different matrices from
Paranoa Lake watershed using the ELISA method. This monitoring was performed together
with the local environmental agency in two periods. EE2 was detected in all sewage samples
showing that this residue is continually being discharged into the lake. However, EE2 was found
in only one freshwater sample (0.07 ng L-1), which is below the predicted no-effect
concentration considered as a risk for aquatic animals. EE2 was not detected in treated water.
Nevertheless, the increased use of freshwater as a water supply signals the need for continuous
EE2 monitoring in the lake.

Keywords: endocrine disruptor, Paranoa Lake, 17a-ethinylestradiol.

Ocorréncia do 17a-ethinilestradiol na bacia do Lago Paranoéa
(Brasilia, Brasil): esgoto, agua do lago e agua tratada

RESUMO

Contaminantes emergentes como o 17a-etinilestradiol (EE2) podem ser descartados
através dos sistemas de esgotamento sanitario e contaminar as fontes de agua. O Lago Paranoa
é um reservatorio estratégico de Brasilia (Brasil) que recebe efluentes tratados de estacdes de
tratamento de esgotos (ETE) e, recentemente, tem sido usado como fonte de abastecimento
publico. Este estudo monitorou diferentes matrizes da bacia do Lago Paranoa usando o método
de Elisa. Este monitoramento foi realizado junto a agéncia ambiental local em dois periodos. O
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EE2 foi detectado em todas as amostras de esgoto mostrando que este residuo esta
continuamente sendo descartado no lago. No entanto, o EE2 foi encontrado em somente uma
amostra da agua do lago (0,07 ng L), que foi abaixo da concentragio preditiva sem efeito
considerada como de risco para animais aquaticos. O EE2 ndo foi detectado na agua tratada.
Mesmo assim, 0 aumento no uso da &gua do lago para abastecimento publico indica a
necessidade de um monitoramento continuo de EE2 no lago.

Palavras-chave: disruptores enddcrinos, Lago Paranod, 17a-ethinilestradiol.
1. INTRODUCTION

Emerging pollutants are natural or anthropic chemical substances whose monitoring in the
environment is not recommended by legislation in most countries, even though they display the
potential to cause adverse ecological and human health effects (Gavrilescu et al., 2015). Studies
have demonstrated that these substances, even at low concentrations (g L™ and ng L), can
cause different impacts on wild biota (Briciu et al., 2009; Jorgensen and Halling-Sorensen,
2000; Robinson and Hellou, 2009). However, little is known about the long-term effects of
exposure to low concentrations of these pollutants on both the aquatic biota and humans (Huerta
etal., 2012).

Interest in endocrine disruptors is increasing when emerging pollutants are evaluated. They
are exogenous substances that exhibit the potential to alter endocrine system functions. These
substances can mimic natural hormones, binding to receptor sites, activating, blocking and
altering the cell signalling pathways that trigger hormonal function and thus interfering with
the synthesis, secretion, transport, binding, action or elimination of natural hormones (Gaido et
al., 1997).

This group includes, among others, 17a-ethinylestradiol (EE2), a synthetic estrogenic
hormone developed from the addition of an ethinyl group to the 17f-estradiol molecule in
carbon 17. This derivative displays greater estrogenic potential and stability than natural
hormones (Combalbert and Hernandez-Raquet, 2010; IARC, 2007; WHO, 2013). This
characteristic, associated with its high hydrophobicity (log Kow 3.67 — 4.15), shows its potential
regarding environmental persistence and bioaccumulation (Lai et al., 2002; van Vlaardingen,
2007). EE2 is clinically used as a contraceptive in the treatment of perimenopause symptoms,
postpartum breast obstruction, uterine bleeding, hormonal therapy for women with
hypogonadism, and in palliative therapy for malignant prostate and breast carcinomas
(Cogliano et al., 2005; Lucena, 2013).

Exposure to EE2 can trigger an increase in vitellogenin production in both male and female
fish, increasing the proportion of intersex fish and decreasing the production of eggs and sperm,
with low gamete quality. It may also cause feminization of male fish, reducing fertility and egg
hatching. Behavioural changes in mating have also been associated with EE2 exposure in fish,
amphibians, crustaceans and gastropods (Aris et al., 2014; Birnbaum, 2013; Garmshausen et
al., 2015; Giusti et al., 2014; Luna et al., 2015; Metcalfe et al., 2001; Silva et al., 2013). One
way to evaluate the risk of exposure of aquatic organisms to chemical compounds is by the
predicted-no-effect concentration (PNEC), recently revised by Caldwell et al. (2012), who
suggested a value of 0.1 ng L™%. PNEC is the maximum concentration of a particular chemical
substance in which the organisms are protected and it is usually used by some environmental
agencies such as the USEPA (2009) (Ghekiere et al., 2013; Jin et al., 2012; Lam and Gray,
2001).

The primary source of EE2 in water reservoirs is the discharge of urban sewage, as 40%
of this compound is excreted in urine and 60% in feces (Stanczyk et al., 2013). The estimated
excretion of this hormone by one woman during replacement therapy or when using oral
contraceptives is in the range of 7.15 to 9.10 pg day™ (Johnson et al., 2000). However, most
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sewage treatment processes are not designed to remove some organic micro- or nano-pollutants,
so these contaminants may be released in water supplies, exposing wildlife and humans through
water consumption.

Brasilia is the capital of Brazil and is located in its central plateau region. Due to its
geographical position, safe water sources have become a challenge. Paranoa Lake is an artificial
urban lake strategically constructed in 1959 to guarantee the city's water supply. It is used as
well for other activities such as sports, recreation, and power generation. The lake contains a
dam and receives affluent contributions from small rivers and local drainage networks. Three
sewage treatment plants (STP) discharge treated urban sewage into the lake, namely STP A (the
largest plant), with a flow rate of 1,319 L s, and STPs B and C that operate at flow rates of
450 and 46 L s, respectively. In 2016, a historical long drought hit the city, which hampered
the local water supply for the human population. To solve this problem, a water treatment plant
was quickly installed to capture an average of 700 L s of water from Paranoa Lake to supply
about 200 thousand people.

In this context, the main goal of this study was to monitor EE2 residues from raw sewage
up to potable water in the Paranoa Lake watershed. Different matrices were collected and EE2
residues were determined by the ELISA (Enzyme Linked Immunosorbent Assay) methodology.
To the best of our knowledge, this is the first study carried out at Paranoa Lake using the ELISA
detection methodology to monitor the occurrence of EE2 in the local drainage network.

2. MATERIALS AND METHODS

2.1. Sampling

Two collection campaigns were carried out in the rainy (April) and dry (June) seasons of
2018. Samples were collected at 13 different points in each campaign (Figure 1). These
samplings were performed together with the local environmental agency (Superintendence of
Water Resources, Water and Sanitation Regulatory Agency of the Federal District), and only
one sample (1 liter) per point was collected (single sampling). Raw (P1, P3 and P5) and treated
(P2, P4 and P6) sewage were collected at treatment plants A (P1 and P2), B (P3 and P4) and C
(P5 and P6). Sewage treatment plants (STP) A and B use Phoredox 3-stages (anaerobic-anoxic-
oxic) also called A20 (von Sperling, 2012) followed by a physicochemical precipitation
method, while STP C operates using a sequential batch reactor (SBR) with only an aerobic
phase followed by physicochemical precipitation methods. These plants were initially built for
phosphorus removal. Freshwater samples from Paranoa Lake were collected from the
superficial layer (photic layer), and this depth is the same used by the local environmental
agency in their monitoring program (up to 1 meter). Samples were collected from upstream to
downstream of the sewage discharging points (P7, P8, P9 and P12) close to the dam, where a
new water treatment plant is planned (P11), as well as close to the water treatment catchment
point (P10). Finally, a treated water sample from the water treatment plant (P13) was also
collected. The water treatment plant began operating at the end of 2017 and uses a nanofiltration
system.

The Paranoa Lake samples were characterized as follows: dissolved oxygen (DO)
concentration, conductivity, pH, turbidity and temperature, using a multiparametric EXO 1
probe (YSI — Xylem Inc. Ohio, USA). Total coliforms and E. coli were determined by the
multiple-tube technique. All analyses were performed as recommended by Standard Methods
(APHA et al., 2017). The physicochemical characterization of the raw and treated sewage and
treated water samples were conducted by the local Sewage and Water Company, while the
microbiological tests were performed by our staff in the Microbial Quality Control facility of
the Natural Products Laboratory at the University of Brasilia (LaProNat — UnB). Regarding the
EE2 evaluation, the collected samples were preserved in amber glass bottles containing
methanol (0.1%) and stored at 4°C in a cold chamber until their analysis, all performed on the
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Figure 1. Image of Paranod Lake, displaying its contributors and different sampling
points (freshwater, raw and treated sewage and treated water).

2.2. ELISA analysis

Samples were analyzed in analytical duplicate using the ELISA (Enzyme Linked
Immunosorbent Assay) enzyme assay (Abraxis Ecologiena, Tokiwa Chemical Industries,
Tokyo/Japan Kit). This competitive and direct test has been validated in the literature (Huang
and Sedlak, 2001; Silva et al., 2013) and is recommended by the United States Environmental
Protection Agency (USEPA, 2009).

First, freshwater samples from Paranoa Lake were directly analyzed, with no pre-
treatment, since this method is adequate for samples in complex matrices such as water,
freshwater and sewage (Silva et al., 2013). However, the low concentrations of EE2 usually
detected in this kind of matrix led to the need for a pre-treatment, where the samples were
filtered and then concentrated up to 1,000 times using solid-phase extraction (SPE) C18
cartridges (Figure 2).

The pre-treatment is a common analytical procedure used to increase the sensitivity of the
method as well as the limit of quantification and detection of EE2 (0.05 ng L™, range 0.05 - 3.0
ng L) being recommended by the assay manufacturer. This method is highly reproducible and
sensitive, with a maximum coefficient of variation of 10% through samples. All EE2 analyses
were performed in duplicates, and the result was accepted if the values did not differ more than
5% one from each other. In this assay, the intensity of color is higher as the concentration in
the sample lowers. The maximum color possible to be developed is achieved in the blank
control (absence of EE2). Quantification and detection limits are, in this method, defined by the
lowest concentration available as standard (0.05 ng L™). The upper limit of quantification is
characterized by the least intense color development possible to be detected within the linear
range (3.0 ng L) (Ecologiena, 2017).

Furthermore, this method had been recommended in monitoring programs by USEPA
(2009) because it is comparable with traditional methods such as chromatography. After pre-

treatment, the analysis methodology was conducted according to the manufacturer's
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recommendations.

Briefly, the method is based on a competitive ELISA procedure. After resuspension,
samples are quantitatively (1:1) mixed to an EE2 conjugate (with HRP — Horse Radish
Peroxidase) and then incubated in a microplate coated with monoclonal EE2 antibodies. After
rinsing, color is developed through the oxidation of 3,3',5,5'-tetramethylbenzidine (TMB) to
3,3',5,5'-tetramethylbenzidine diamine, a blue pigment (Ecologiena, 2017). After stopping the
reaction using a citric acid solution, the color changes to yellow, and the maximum absorbance
of the diamine product moves to 450nm (Bally and Gribnau, 1989), the wavelength used to read
samples on an Enspire® 2300 plate reader (Perkin Elmer — PerkinElemer Inc. Waltham, USA).

Filter 1,000 mL of the samples ¢
through membranes
(1and 0.45 um) Elute the EE2 from the C18
SPE cartridges with
Wash membranes dichloromethane
with methanol
\l/ Wash the C18
Add methanol to the SPE cartridges
¢ filtered samples with n-hexane
Adjust the pH of the filtrate
Vi
(between 5 and 8) Sy v
I Collect the eluted in flasks
Pr(-:w-condltlion the C18 SPE Evaporate with
cartridges using methanol and .
A nitrogen
purified water v

\ 4

Elute the filtrate through pre-
conditioned C18 SPE cartridges

Ressuspend the EE2 residues
with methanol (50 pL)

Add 450 pL of
= - >
purified water
Wash the C18 SPE ¢
cartridges with >
purified water Transfer to 96-well plate and
perform the ELISA test

Figure 2. Sample flowchart pre-treatment for analysis by the ELISA method.

3. RESULTS AND DISCUSSION

3.1. EE2 residues in sewage samples

EE2 residues were detected in all sewage samples (Table 1). The EE2 values in raw sewage
(P1, P3 and P5) ranged between 1.31 and 2.08 ng L™, close to values reported in the literature
in raw sewage from other countries, but lower than those reported in other studies in Brazil
(Pessoa et al., 2014; Queiroz et al., 2012). For example, Auriol et al. (2006) reported a range
between 3 and 7.1 ng L of EE2 in raw sewage from some European countries, and Luo et al.
(2014) reported EE2 concentrations in raw sewage between 1 and 3 ng Lt in different European
countries, Asia and the United States. Cunha et al. (2017) reported a range between 12.4 and
3,180 ng L for EE2 in raw sewage in different areas in Brazil. These variations in EE2
concentrations in raw sewage may occur due to differences in birth control and public health
policies (Jafari et al., 2009). In this case, regions that adopt contraceptive pills as birth control
will probably exhibit higher EE2 concentrations.

AR Rev. Ambient. Agua vol. 16 n. 4, €2686 - Taubaté 2021
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Table 1. Characterization and EE2 concentrations of raw and treated sewage samples from Sewage Treatment Plants (STP).

Sewage from STP

April June
Parameter P1 P2 P3 P4 P5 P6 P1 P2 P3 P4 PS5 P6
STP A STPB STPC STP A STPB STPC

Biochemical oxygen

demand (mgL?') 2845 10.0 317.8 25 4648 85 3770 58 5220 43 626.7 8.8

Chemical oxygen demand (mgL™) 576.6 46.5 612.3 38.3 850.7 535 5349 333 838.6 39.8 890.9 64.9

Total phosphorus (mgLY) 79 07 73 03 88 04 85 03 90 02 96 0.7
Suspended solids (mgL?1) 2562 18.6 2727 9.4 2922 497 2683 59 3820 83 2149 66.6
EE2 (ngLl) 143 083 134 085 185 023 155 140 131 091 2.08 1.50

Efficiency of EE2 removal (%) 42 37 88 10 30 28

Notes: the values are average; flow rates of raw sewage at STP A, B and C average 1319, 450 and 46 L s, respectively.
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The EE2 concentrations detected in the treated (P2, P4 and P6) sewage ranged from 0.23
up to 1.50 ng L%, lower than that reported by Silva (2015), of about 500 ng L™ in treated sewage
from the same plants evaluated in 2015. The differences observed between these two years
(2015 and 2017) may be due to planning that may have forced changes in the plant operating
systems. Between 2016 and 2018, Brasilia was marked by water scarcity, and the solution was
to use freshwater from Paranoa Lake as a water source for the local human population. This
fact has probably provoked changes in the city's sewage system, which can justify these
different results. It is also noteworthy that these values can fluctuate throughout the day, and this
can make it difficult to assess the removal of EE2 in full-scale treatment plants, especially in a
limited set of grab samples.

All sewage treatment processes are capable of removing organic matter and phosphorus,
which is required by local environment agencies when the sewage is discharged into freshwater
lakes. These processes must be able to remove phosphorus because this element stimulates the
growth of microalgae and water plants (eutrophication). The efficiency of phosphorus removal
at STP C was slightly lower than at Plants A and B (Table 1), but displayed higher efficacy in
removing EE2. While the A20 systems, followed by a physicochemical precipitation method,
removed between 10 and 42% of EE2, the SBR system resulted in a removal rate ranging from
28 to 88%. The difference of EE2 removal observed in STP C may have occurred due to
operational conditions that may modify EE2 removal mechanisms such as hydraulic detention
time (HDT) (Koh et al., 2008). According to the Sewage and Water Company, the STP C may
have a variable HDT due to the affluent characteristics.

Phosphorus removal requires a metabolic sequence of anaerobic steps followed by aerobic
phases, with sludge release occurring during the process. To this end, these processes adopt a
low sludge retention time (SRT). Hashimoto and Murakami (2009) suggested that EE2 can be
adsorbed and released with the sludge during sewage treatment processes. Therefore, lower
SRT may result in higher EE2 removal rates. However, studies on systems that apply higher
SRT indicate that this can lead to EE2 biodegradation, facilitating the development of
microorganisms capable of degrading this compound (Koh et al., 2008).

Recently, Chen et al. (2018) obtained lower hormone removal in a process with higher
phosphorus removal and observed that ammonium oxidation during nitrogen removal aided to
promote higher hormone removal rates. The STP C that uses the SBR system with only an
aerobic stage promotes nitrification and, consequently, ammonium oxidation. This fact can
explain further EE2 removal by this plant. Other studies have associated hormone removals
with the nitrification process (Andersen et al., 2003; Chen et al., 2018; Joss et al., 2004; Li et
al., 2020; Vader et al., 2000), but little is known about the correlation between the simultaneous
removal of phosphorus and hormones. It is important to note that all STP use physicochemical
precipitation processes, but coagulant chemicals do not improve hormone removal (Svenson et
al., 2003).

The flow rates of the assessed plants were different. Organic loading at STP A was higher
than STP B and much greater than STP C (Table 1). Previous studies have attempted to
associate increased organic loading (or flow) with decreased estrogen removal efficiency (Koh
et al., 2008). Thus, the highest flow rate applied at STP A may be the cause for lower EE2
removal rates when compared to STP C.

Finally, a small amount of EE2 present in treated sewage (about 1.0 ng L) may be released
daily into Paranoa Lake. This concentration represents a risk to the aquatic environment since
it can cause vitellogenin induction in male fish (Cunha et al., 2017). Therefore, further studies
in real scale sewage treatment plants applying different methods (processes) are required to
better elucidate this phenomenon, mainly under higher phosphorus removal rates.

3.2. EE2 residues in water from Paranoa Lake
Figure 3 displays the georeferencing of the EE2 sampling locations in different seasons.

AR Rev. Ambient. Agua vol. 16 n. 4, e2686 - Taubaté 2021
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Among surface water samples, EE2 residues were detected only at P7 in June (Table 2). The
quantification of EE2 at this point during the dry season corroborates Sodré et al. (2018), who
identified significantly higher concentrations for other emerging contaminants analyzed during
the same season in Brazil. Sodré and Sampaio (2020) found EE2 in drinking water from Paranoa
Lake using liquid chromatography coupled to a mass spectrometry detector, with a limit of
detection between 1.12 and 1.46 ng L. Methods such as liquid or gas chromatography are
excellent for multi-residues analysis, while the ELISA method consist of a link between an
antibody and specific antigens, is not usually influenced by the matrix effect, and displays good
sensitivity (Huang and Sedlak, 2001; Silva et al., 2013).
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Figure 3. Image of Paranoé Lake indicating the sampling points where EE2 residues were detected.

The EE2 quantification noted at P7 is probably due to sewage discharge, as this point is
located downstream of STP A. In June, the EE2 concentration in the treated sewage from this
plant was higher (Table 1). Furthermore, P7 is located near the exit of the city's drainage system,
which can release EE2 residues in the case of untreated sewage disposal (clandestine discharge).
While P9 is situated close to the treated sewage disposal point (downstream of STP B), EE2
was not detected at this point. Similar to P7, P8 and P12 also exhibited higher E. coli
concentrations (Table 2), suggesting possible sewage input, although EE2 residues were not
detected at these points. Even if all locations may receive EE2 residues alongside raw or treated
sewage release, these residues were not detected in the superficial freshwater layer.

The EE2 concentration of 0.07 ng L™ detected in P7 was slightly below the value that
represents a risk of exposure to aquatic organisms as recommended by Caldwell et al. (2012).
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Table 2. Characterization and EE2 concentrations of freshwater samples from Paranoa Lake.

Sampling of Paranoa Lake

April June
Parameter

P7 P8 P9 P10 P11 P12 P7 P8 P9 P10 P11 P12
pH 8.3 8.8 8.9 8.7 8.7 8.5 7.8 7.5 7.5 7.4 7.1 8.7
Temperature (°C) 251 251 253 250 247 214 240 236 223 232 227 203
Dissolved oxygen (mg L) 5.7 6.3 6.2 6.1 6.7 7.7 7.2 7.3 7.2 7.3 6.6 7.4
Conductivity (uS cm?) 123 120 111 97 102 99 169 151 141 131 133 113
Turbidity (NTU) 25.4 11 0.7 5.0 1.0 35.2 4.8 2.4 14 14 0.8 7.6

Total coliforms ~ (MPN 100mL?Y) 6.10* 2.10* 1.10° 1.10% 1.10*> 4.10* 1.10° 5.10% 1.10%> 3.10' 3.10' 5.10%

E. coli (MPN 100mL1) 1.10* 1.10* 2.10' 1.10% 4.10' 1.10* 2.10*> 4.10' 1.10% 3.10' 3.10' 9.10°

EE2 (ng LY ND ND ND ND ND ND 0.07 ND ND ND ND ND

Notes: the values are average; ND — not detected; no EE2 residues were detected in P13.
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The disparity between the EE2 concentrations detected in the treated sewage discharge and
in the samples collected directly from the lake may be related to natural EE2 attenuation
processes, such as dilution and/or eventual sorption in suspended solids and sediments. EE2 is
a hydrophobic molecule (log Kow 3.67 — 4.15) that tends to sorb to sediments, suspended
particles and organic matter present in water (Auriol et al., 2006; Cunha et al., 2017; Tiedeken
et al., 2017; Zhang and Zhou, 2008). Samplings from the deepest parts of Paranoa Lake may
demonstrate higher concentrations of this micropollutant, since EE2 is consistently being
discharged in wastewater treatment plants, and the possibility of EE2 suspension in the water
column should be taken into account, resulting in bioavailability.

P11 is located near a dam where a new water treatment plant will be built, while P10
comprises the lake's water intake point. Both points exhibited low sewage contamination (low
E. coli concentrations) and no EE2 residues were detected. While P10 is the upstream point of
the north side of the Paranoa Lake and receives water from a drainage system more preserved
(Gama and Torto Streams System), P11 point is downstream Paranoa Lake and receives all
drainage systems of the city (Liporoni, 2012). Therefore, the use of P11 as a future catchment
point for water treatment can be a problem.

EE2 was also not detected in the treated water from the water treatment plant (P13), in
contrast with Sodré and Sampaio (2020), who reported EE?2 residues in treated water from this
plant in 2017 (one year before the present study). In 2017, this plant was about to begin
operations, and some installation adjustments were still being finalized. It is possible that these
adjustments led to the suspension of particulate material from the bottom of the lake, leading
to these discrepant results. The nanofiltration process has the capacity to remove EE2
(Boussahel et al., 2000; Kasner, 2011), although this may vary depending on input
concentrations. The suspension of particulate material from the bottom of the lake can harm
this process, resulting in higher EE2 concentrations in treated water.

Considering the local population growth, the concentrations of emerging pollutants at
Paranoa Lake could increase. In order to minimize the negative impacts on aquatic biota and
ensure water quality, continuous monitoring of EE2 residues in freshwater is recommended.
Some international laws already recommended the analysis of EE2 residues in water reservoirs
and/or treated water (Cunha et al., 2016). The ELISA method may be employed as the standard
method to this end, since it is a more practical approach and generates fewer residues than
traditional chromatography methods.

4. CONCLUSIONS

The EE2 concentrations determined in raw and treated sewage discharged in Paranoa Lake
were lower than other reports elsewhere in Brazil, but within the normal range described by
other studies worldwide.

The biological processes used to treat urban sewage remove only a small amount of EE2
residues. The sequential batch reactor assessed herein displays higher EE2 removal
performance than the Phoredox (A20) system. Despite EE2 removal rate efficiency (ranging
10 to 88%), the treated sewage evaluated in this study contained an average concentration of
1.0 ng L * for this hormone, which may represent an environmental risk to the biota of Paranoa
Lake, according to the adverse effects for this compound reported in other studies.

The EE2 concentrations in the surface water samples (photic layer) from Paranoa Lake and
treated water were below 0.05 ng L. Only one lake sampling point contained EE2 residues,
possibly due to sewage discharge.

The ELISA method has proved to be a very sensitive and practical approach for monitoring
EE2 residues in different matrices.
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