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ARTICLE INFO ABSTRACT

Keywords: Drinking water quality can be compromised by endocrine-disrupting chemicals (EDCs). Three
En.doc.rine-disrupting chemicals (EDCs) phenolic compounds [bisphenol A (BPA), nonylphenol (NP), and 4-octylphenol (OP)] and three
Drinking water hormones [17p-estradiol (E2), estrone (E1), and 17a-ethinylestradiol (EE2)] were analyzed as

Effect-based methods
HPLC/MS-MS
Water treatment efficiency

EDCs potentially occurring in source and drinking water from three full-scale drinking water
treatment plants (DWTPs) in the Romagna area (Italy) by a combined approach of HPLC-MS/MS
target analysis and effect-based tests for estrogenicity and genotoxicity. The EDC removal effi-
ciency was evaluated at different steps along the treatment process in the most advanced DWTP.
NP prevailed in all samples, followed by BPA. Sporadic contamination by OP and E1/E2 appeared
only in the source waters; EE2 was never detected. No estrogenic or genotoxic activity was found,
except for two samples showing estrogenicity well below the effect-based trigger value suggested
for drinking water safety (0.9 ng/L EEQ). BPA and NP levels were largely below the threshold
value; however, increases were observed after the intermediate steps of the treatment chain. The
good quality of the water relied on the last step, i.e. the activated carbon filtration. DWTPs may
represent an extra source of EDCs and monitoring chemical occurrence at all steps of the process
is advisable to improve efficiency.

1. Introduction

Over the last few decades, an increasing variety of new compounds of anthropogenic origin has been reported in water bodies
worldwide. The presence of contaminants of emerging concern (CECs) in drinking water, including endocrine-disrupting chemicals
(EDCs), has drawn attention towards possible risks to human health [1,2]. EDCs are found in a wide range of products used in everyday
life, including natural compounds (e.g. hormones), chemicals used as industrial additives and plastics (e.g. bisphenol A, BPA),
alkylphenols, pesticides, fungicides, and pharmaceutical agents [3]. EDCs typically occur in water at trace concentrations, and their
presence is largely attributable to their continuous release into source water (surface and groundwater) from wastewater systems,
because of their incomplete elimination, and from other sources like untreated wastewaters, agricultural and industrial discharges.
Moreover, materials in contact with water along the treatment plants can represent additional sources of EDC contamination. Several
studies have highlighted the leaching of substances such as alkylphenols and BPA from plastic materials used in drinking water
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treatment plants (DWTPs) and pipelines [4-7].

DWTPs play a key role in supplying high-quality potable water. However, conventional drinking water technologies, including
flocculation, precipitation, adsorption, membrane treatment, and other water treatment methods, are not specifically designed to
remove CECs [8-10]. Treatment processes have demonstrated different removal rates for EDCs, ranging from less than 30% to greater
than 90% [11]. This is because several EDCs are persistent and non-biodegradable, with strong chemical cohesion in the environment
[12], and their removal efficiencies depend on the physical and chemical properties of the substances. Recently, there has been an
increasing focus on assessing CECs in drinking water [13,14]. However, removal of these compounds by drinking water treatment
technologies has proven challenging due to differences in treatment conditions, variability in water characteristics, and variations in
waterworks design.

Human health implications arising from EDCs exposure include adverse reproductive outcomes, developmental disabilities,
endometriosis, and breast and testicular cancers [15-17]. Contamination by synthetic and natural hormones has been linked to chronic
and acute diseases, such as various types of cancer in females and males, disorders of the reproductive system, obesity, and diabetes
[18-20]. Phenolic compounds such as BPA and nonylphenol (NP) have been found in human urine, blood, and reproductive tissues
worldwide [21,22]. Their ability to interfere with physiological hormonal regulation disrupt at very low doses is also widely docu-
mented, as single compounds and in mixture [23-26].

BPA may exert its toxicological effects at the genetic and epigenetic levels, influencing various cell signaling pathways, and altering
the biological behaviors of cancer cells, notably proliferation, invasion, growth, survival, migration, and apoptosis [27-33]. Concerns
about the potential impact of EDCs on humans and the environment have motivated the European Union to update the list of chemical
parameters to be assessed in the Drinking Water Directive [34], adding suspected EDCs for the first time, including Per- and Poly-
Fluorinated Alkylated Substances (PFAS) and BPA. In view of their endocrine-disrupting properties, 17 p-estradiol (E2) and NP are
included in the first Watch List for drinking water [35].

Chemical analysis is the most used approach for monitoring drinking water quality. Analytical technologies include advanced,
precise, and accurate methods for detecting environmental contaminants at sub-trace levels. However, chemical analyses have some
limitations, as they cover a wide but finite number of substances. Moreover, the analytical limit of quantification (LOQ) for some
compounds is above the proposed threshold guideline values (e.g. hormones like E2 and 17a-ethinylestradiol, EE2) [36], thus their
occurrence cannot be determined. Finally, chemical analyses do not account for the biological effects of chemicals or their mixtures. As
such, the choice of combining chemical and bioanalytical tools has become of increasing interest and is recommended for water quality
monitoring [37,38]. The application of effect-based methods is relevant for drinking water, where chemicals are often present at low
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Fig. 1. Targeted EDCs in the present study.
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concentrations, potentially below the analytical LOQs, nevertheless contributing to biological effects [39,40]. Effect-based methods
can also provide valuable information regarding treatment efficiency. To comprehensively assess water quality, a battery of bioassays
is recommended to include different health-relevant biological endpoints, such as those related to xenobiotic metabolism,
hormone-mediated modes of action (e.g. endocrine activity), reactive modes of action (genotoxicity), and oxidative stress response
[41].

In aquatic environments, estrogenic activity has primarily been ascribed to the natural steroids E2, and estrone (E1), and to the
synthetic estrogen EE2 used in contraceptives [42]. However, industrial xenobiotics alone or in mixtures may also contribute to overall
estrogenic activity [43,44]. The present study aimed to evaluate the occurrence of representative EDCs [hormones E2, E1, and EE2;
phenolic compounds BPA, NP, and 4-octylphenol (OP)] (Fig. 1) in the source and treated water of three DWTPs serving the Romagna
area (the southeast part of the Emilia-Romagna region, Italy), and to monitor the potential bioactivity of the drinking water ready to be
distributed. Chemical analysis was combined with cell-based assays to assess potential estrogenic activity (E-SCREEN assay) and
genotoxicity (micronuclei test) to ascertain the overall drinking water quality. The investigation was conducted in summer over three
years (2020-2022). The DWTP applying the most advanced technologies was also selected to perform chemical monitoring throughout
intermediate water treatment steps (i.e., pre-chlorination, flocculation, ultrafiltration) in order to analyze their removal efficiencies.
To this specific purpose, chemical analyses were performed during summer and also winter periods to examine seasonal variations.

2. Materials and methods
2.1. Chemicals

The natural (E2 and E1) and synthetic (EE2) estrogens, the alkylphenols (NP and OP), and BPA were selected as micropollutants for
the present study and were purchased from Merck Life Science (Milan, Italy). E2-d2 and BPA-d6 were used as labeled internal stan-
dards, purchased by CDN Isotopes (Quebec, Canada). Stock solutions and their internal standards were prepared in methanol and
stored at —20 °C. Mix working standards (1 mg/L), containing all EDCs, were also prepared in methanol by spiking each of the dis-
solved individual stock solutions. Thereafter, the mix working standard was diluted using water/methanol (50:50 v/v) to the sub-
sequent concentration needed. Solvent reagents purchased from Merck Life Science were of LC-MS analytical grade. Solid phase
extraction cartridges (Oasis HLB, 6 cc) with a size of 200 mg/6 mL were purchased from Waters S.p.A. (Milan, Italy).

2.2. Drinking water treatment systems and sampling collection

Water samples were collected from the main three DWTPs operating in the Romagna area (Italy) and managed by the company
Romagna Acque Societa delle Fonti. Schematic representation of the geographical position and treatment processes of DWTPs are
shown in Fig. 2.

e DWTP Bassette (NIP), located in an industrial area of Ravenna, has been designed to treat surface water from areas with intense
anthropic activities, mixing water from the Lamone and Reno Rivers, and from the CER (“Canale Emiliano-Romagnolo”, an
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Fig. 2. Geographical position and schematic representation of treatment processes at the three drinking water treatment plants (DWTPs) investi-
gated: NIP; Capaccio, CAP; and Standiana, STN. CER: Canale Emiliano-Romagnolo. The sampling points are indicated with dots and triangles. For
each sampling point chemical or biological analyses further applied are indicated in the boxes at the bottom.
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artificial water transfer system that takes water directly from the Po River). Its instant production potential is 1100 L/s. The DWTP
includes the following treatment processes: pre-chlorination using chlorine dioxide, followed by chemical conditioning and
sedimentation, clariflocculation using aluminum polyhydroxychloride in sludge recirculation basins called “Accelerator”, sand
filtration, granular activated carbon filtration, and final chlorination (using chlorine dioxide) before the water enters the distri-
bution network.

DWTP Standiana (STN), located near Ravenna and active since 2015, applies both conventional and advanced processes to treat
water from CER, that crosses a heavily anthropized area. STN DWTP instant production potential is 1100 L/s. STN DWTP consists of
micro-sieving followed by pre-chlorination treatment using chlorine dioxide, flocculation, ultrafiltration with membranes, bio-
logically activated carbon (BAC) filtration, and lastly dosing with chlorine dioxide for final disinfection.

DWTP Capaccio (CAP), located near Forli, receives surface water from the large artificial lake Ridracoli closed by a dam sited in the
National Park of the Casentinesi Forests (an area with low anthropic impact). The CAP plant has a maximum production of
approximately 3600 L/s. The DWTP currently employs conventional treatment with pre-chlorination (using chlorine dioxide),
clariflocculation using aluminum polyhydroxychloride followed by rapid sand filtration (with filter batteries consisting of 16 units
that can be fed individually), and disinfection with sodium hypochlorite.

Raw (IN) and treated (OUT) water samples were collected from the three DWTPs investigated in this study. To evaluate the
effectiveness of removal by the intermediate treatments, the most advanced plant STN was investigated more in-depth. Three sampling
points were considered along the treatment processes, after pre-chlorination (PRECL), flocculation (FLOCC), and ultrafiltration
(ULTR). A total of 6 sampling campaigns were carried out in summer (July and September) of 2020, 2021, and 2022. The summer
period was chosen for the above samplings because of the scarce rainfall and high evaporation rates in the area, when EDCs were
expected to be more concentrated in water bodies. In addition, samples from the STN DWTP were collected also in winter (January and
February/March) over the same three years for a total of 5 additional campaigns. During the wet season, contaminants can be diluted
because of the increase in rainfall and river flow rates. The detailed weather and flow rivers’ conditions in the area during the three-
year sampling period are provided in Fig. S-1 (Supplementary material Figure S-1). At each sampling point, three replicate water
samples (1 L each) were collected in PE bottles pre-washed with methanol. Water samples were then transported to the laboratory,
stored in the dark at 4 °C, and processed within 36 h.

2.3. Sample extraction

Before extraction, water samples for chemical analysis were separately spiked with a mixture of labeled internal standards (E2-d2
and BPA-d6) at a concentration of 30 ng/L. Samples were filtered using glass microfiber filters (1.60 pm) and then cellulose acetate
filters (0.45 pm) to remove suspended particulate matter [7]. The samples were subsequently extracted using Oasis HLB cartridges as
previously reported [7,45]. Briefly, cartridges were activated using 6 mL of methanol and 6 mL of deionized water. Then, the water
samples were passed through the preconditioned cartridges at a max flow rate of 14 mL/min. Subsequently, the HLB cartridges were
eluted with 6 mL methanol under gravity, after which the eluents were blown down under a gentle stream of nitrogen. Finally, the
extracts were re-dissolved with 0.5 mL methanol/water (50:50, v/v) for chemical analysis. For biological analysis extracts were
dissolved into the assay medium and transferred into 2 mL vials using 0.22 pm membrane filters for analyses.

2.4. HPLC-MS/MS analysis

Chemical analysis of the selected substances in water samples was performed by high-performance liquid chromatography
equipped with a triple quadrupole mass spectrometer (HPLC-MS/MS), according to our previous study [45]. Briefly, the selected EDCs
and their corresponding internal standards were analyzed using HPLC-MS/MS (Waters, Milford, MA, USA) using a negative electro-
spray ionization source (ESI-) in multiple-reaction monitoring (MRM) mode. Separation of compounds was achieved through an
XBridge C18 3.5 pm 2.1 x 150 mm column (Waters S.p.A.) and the volume injection was 20 pL. Sample extracts concentrated 2000
times were measured along with calibration standards, which corresponded to a range of 0-300 pg/L for phenols and steroids [45].

2.5. Quality control (QC)/quality assurance (QA)

QC and QA measurements were performed for the entire experimental protocol. The apparatus and glassware were pre-washed by
rinsing with methanol. An equal volume (1 L) of deionized water spiked with the same internal standard solution as water samples was
simultaneously extracted and analyzed. It was extracted along with every batch of samples as a procedural blank sample to assess
contamination during sample extraction and analysis. The limit of detection (LOD) and the LOQ were defined as the concentration of a
compound providing a signal-to-noise ratio of three and ten, respectively. Each calibration curve for the target compounds had a high
correlation coefficient (r? > 0.99). Moreover, the standard mixture solution was injected in turn after the injection of every six samples
during instrumental analysis as calibration of the data acquisition. HPLC-MS/MS performance and analyte identification were
monitored throughout the retention time (within +2%) of the compound in the samples relative to those in the authentic standards.
The performance of the method was evaluated by estimating the linearity, extraction recovery, sensitivity (both LOD and LOQ),
precision (repeatability and reproducibility), matrix effects (ionization suppression or enhancement), and relative abundance
(quantifier/qualifier transition ratio).

The removal efficiency of the treatment plant was calculated using the inlet and outlet water concentrations as follows [46]:
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2.6. Cell-based methods

Drinking water samples were assessed for cytotoxicity using the cell viability MTT [3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenylte-
trazolium bromide] assay, for estrogenicity using the cell proliferation assay E-SCREEN, and for genotoxicity using the micronuclei
test. Cells were plated into 12 or 24-well plates at an initial concentration of 10,000 cells/well. After 24 h, the seeding medium was
replaced by the experimental medium containing water extracts or different concentrations of E2. All in vitro assays were performed as
previously described in Valbonesi et al. [45]. The human breast cancer cell line, MCF-7, kindly provided by Prof. M. Marino (University
Roma Tre, Rome, Italy), was used for all bioassays. All water samples were tested for cytotoxicity in a dilution series to ensure that
experiments were carried out under noncytotoxic conditions. Positive controls were analyzed in parallel with the water samples using
an E2 standard curve ranging from 107> M to 10~ M for estrogenicity, and 9 x 108 M of mitomycin C for genotoxicity assessment.
The negative control (ultrapure water extract in the presence of 0.1% methanol) and the internal positive control with 10~° M E2 were
added to each plate.

2.7. Data evaluation

The concentrations of samples were expressed in units of relative enrichment factor (REF), which considers the combination of the
extraction factor from the concentration step and dilution factor in the bioassay as reported by Escher et al. [47]. When incubated with
the cells, extracts were diluted 40-fold with the cell medium to obtain a final concentration of 0.1% methanol. The resulting REF in the
bioassays e.g. 20, means that the samples were 20 times enriched in the cellular medium. Cell-based bioactivities of the water samples
and positive controls were normalized to the negative controls on each plate. For the E-SCREEN assay, estrogenic activity was
expressed as the Proliferative Effect (PE) compared to the negative control set as 1. A dose-dependent cell proliferation curve was
obtained by fitting the data to a four-parameter sigmoidal curve of E2, using a commercial graphical package (SigmaPlot software, ver
13, Systat Software Inc.). The equivalent estradiol concentration (EEQ, ng/L) was calculated by non-linear interpolation from the
dose-response curve of E2 in the respective experiment, by inserting the PE of the water samples in the inversion of the four-parameter
logistic function fitted with the curve parameters obtained from the E2, following the equation below:

(102 (322 1))
logEEQ = logEC50 —
08EEQ=logEC Hillslope

The LOD calculated from the mean effect of the negative control plus three times the standard error was 0.014 ng/L EEQ [47].

The results of the micronuclei test were expressed as the number of micronuclei/1000 binucleated cells scored on each slide and
reported as the mean =+ standard deviation (SD), obtained from three independent experiments. Data groups were compared using one-
way ANOVA and followed by Dunnett post-hoc test; the significance was calculated in comparison to the negative control. A statistical
difference was accepted when p < 0.05 (Sigma Stat, SPSS Science, Chicago IL, USA).

3. Results and discussion

The aim of this study has been to evaluate the occurrence of selected EDCs in surface water at the entrance of three DWTPs and in
the corresponding treated water. Chemical measures were complemented with biological analysis, to ascertain cumulative estrogenic
and/or genotoxic effects of the samples. Particular emphasis was addressed to intermediate water treatments within one of the DWTPs

Table 1
Levels of suspected EDCs (ng/L) measured in water samples from NIP DWTP collected during six sampling campaigns in 2020, 2021 and 2022. IN:
pre-treatment water, OUT: post-treatment water; LOQ: limit of quantification (ng/L). Bold numbers: EDCs detected in OUT water samples.

Sampling NIP BPA NP OP E2 El EE2
July 2020 IN 13.4 9.0 < LOQ < LOQ < LOQ < LOQ
ouT 5.6 12.0 < LOQ < LOQ < LOQ < LOQ
September 2020 IN 7.4 7.5 < LOQ < LOQ < LOQ < LOQ
OouT 6.3 2.4 < LOQ < LOQ < LOQ < LOQ
July 2021 IN 3.8 8.2 < LOQ < LOQ < LOQ < LOQ
ouT 5.2 36.7 < LOQ < LOQ < LOQ < LOQ
September 2021 IN 3.6 99.9 1.9 < LOQ < LOQ < LOQ
ouT <LOQ 4.6 < LOQ < LOQ < LOQ < LOQ
July 2022 IN 3.0 6.3 < LOQ < LOQ < LOQ < LOQ
OouT < LOQ 22.9 < LOQ < LOQ < LOQ < LOQ
September 2022 IN 13.9 6.0 1.5 < LOQ < LOQ < LOQ
ouT < LOQ 14.8 < LOQ < LOQ < LOQ < LOQ
LOQ 1.0 2.0 0.7 0.8 0.9 2.7




M. Profita et al. Heliyon 10 (2024) e26785

studied i.e. Standiana DWTP. By narrowing our focus to critical stages of water treatment we aimed to provide insight into the fate and
behavior of EDCs during the process, offering a deeper understanding of the removal efficiency of the different steps. We also gave
attention to seasonality and explored potential variations in the occurrence of EDCs in winter and summer.

3.1. Chemical analysis

3.1.1. Occurrence of selected micropollutants in the source and treated water of the DWTPs

The present work provides a comprehensive picture of the state of EDCs contamination in drinking water in the Romagna area over
a three-year period. The EDCs detected in the inlet and outlet water of the studied DWTPs are shown in Tables 1-3, for NIP, CAP and
STN, respectively.

Among the selected substances analyzed by HPLC MS/MS, NP was the most prominent compound in all samples (100% detection
frequency) in both raw and finished drinking water samples from all DWTPs. The highest concentration of NP (36.7 ng/L) was reported
in the drinking water of the NIP DWTP in September 2021. It is worth noting that a higher amount of NP was often measured in treated
water, implying that NP persisted after water treatment. NP is widely used for the production of industrial and household products
such as detergents, emulsifiers, wetting agents, additives, and resins [48]. The widespread use of NP leads to its wide occurrence in
water [49]. The NP concentrations detected in this study were similar to those determined in our previous investigation [45] and in
line with further reports. In drinking water samples from other Italian DWTPs, the highest concentrations of NP were 84 ng/L [50] and
90 ng/L [51]. The NP level was 126 ng/L in drinking water from Spain [52], 93 ng/L from United States [53], 72 ng/L from Canada
[54]1, 34 ng/L from France [55], and 16 ng/L from Germany [56].

BPA is primarily used as an additive in the production of polycarbonate plastics and epoxy resins to enhance the transparency,
durability, flexibility, and longevity of plastics [57]. In this study, BPA occurred in all water samples entering NIP DWTP, it was often
detected in STN DWTP, and occasionally found in CAP DWTP. Overall, BPA contamination was moderately to completely removed by
the water treatment processes, with concentrations in the treated water often below the analytical LOQ (NIP DWTP: LOQ - 6.3 ng/L;
STN DWTP: LOQ - 3.5 ng/L; and CAP DWTP: LOQ - 3.4 ng/L). BPA levels reported in this work were in accordance with those reported
previously [45], but lower than those reported by Maggioni et al. [50] (up to 102 ng/L), Riva et al. [58] (BPA median value 23 ng/L),
and Russo et al. [51] (BPA median concentration 46 ng/L).

The natural hormones E2 and E1 were detected only in one raw water sample, whereas the synthetic EE2 has never been reported to
exceed its analytical LOQ. Sporadic OP contamination was found in the inlet water of NIP. OP and hormones were efficiently removed
by water treatment at both DWTPs. BPA levels in drinking water were always below the 2.5 pg/L parametric value set by the regu-
lation. No exceedances of drinking water guidance values proposed by the EU watchlist for NP and E2 (0.3 pg/L and 0.001 pg/L,
respectively) were observed. The results obtained for the analyzed treated waters confirmed the suitability of the water treatment
process applied to the waterworks investigated.

The removal efficiency of each waterwork was calculated as the concentration of finished water compared to the raw water, and the
results are shown in Fig. 3. The median removal efficiency of the different DWTPs during the summer season was as follows: NP -90.6%
and BPA 78.9% in NIP; NP 73.2% and BPA 42.9% in CAP; NP 49.4% and BPA 100% in STN. The results of this study indicate a wide
variability in the effectiveness of each water system among the detected EDCs.

3.1.2. Occurrence of micropollutants and their fate during water treatment processes of STN DWTP

As previously reported [59], no treatment alone can remove all contaminants; some processes significantly reduce the concen-
trations (e.g. advanced treatments), whereas others have little impact on their removal (e.g. conventional treatments). To determine
the fate and removal of micropollutants during water treatment performed by the STN DWTP, samples were collected from raw to
finished drinking water, including intermediate conventional treatments, i.e. pre-chlorination, flocculation, and ultrafiltration. An
overview of the analyzed EDCs occurrence along the water treatments is shown in Table 3 (summer) and Table 4 (winter). Only two
target compounds (BPA and NP) showed detectable levels in the drinking water samples and exhibited variable levels along the

Table 2
Levels of suspected EDCs (ng/L) measured in water samples from Capaccio DWTP (CAP) collected during six sampling campaigns in 2020, 2021 and
2022. IN: pre-treatment water, OUT: post-treatment water; LOQ: limit of quantification (ng/L). Bold numbers: EDCs detected in OUT water samples.

Sampling CAP BPA NP OP E2 El EE2
July 2020 IN 3.4 22.3 < LOQ < LOQ < LOQ < LOQ
ouT 1.9 3.2 < LOQ < LOQ < LOQ < LOQ
September 2020 IN 3.5 9.0 < LOQ < LOQ < LOQ < LOQ
OouT 3.4 2.2 < LOQ < LOQ < LOQ < LOQ
July 2021 IN < LOQ 12.8 < LOQ < LOQ < LOQ < LOQ
ouT < LOQ 3.3 < LOQ < LOQ < LOQ < LOQ
September 2021 IN < LOQ 6.1 < LOQ 5.5 < LOQ < LOQ
ouT <LOQ 3.4 < LOQ < LOQ < LOQ < LOQ
July 2022 IN 1.7 12.0 < LOQ < LOQ < LOQ < LOQ
OouT < LOQ 22.8 < LOQ < LOQ < LOQ < LOQ
September 2022 IN < LOQ 42.6 < LOQ < LOQ < LOQ < LOQ
ouT < LOQ 11.8 < LOQ < LOQ < LOQ < LOQ
LOQ 1.0 2.0 0.7 0.8 0.9 2.7
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Fig. 3. BPA and NP removal efficiency of the three DWTPs investigated (NIP; Capaccio, CAP; and Standiana, STN) during the summer campaigns
(July and September 2020, 2021, and 2022) (n = 6).

treatment process. Increases in BPA and/or NP levels were observed after intermediate treatments. Occasionally the NP level exceeded
100 ng/L. This level was lower than the threshold guideline value of 300 ng/L, but considerably higher than the level measured in the
water entering the DWTPs. It is therefore suggested that the DWTP represents an extra source of EDCs contamination in water. This
could be related to the leaching of organic chemicals from the plastic materials into the water [60]. Various additives such as lu-
bricants, plasticizers, antioxidants and other stabilizers, softeners, and coloring agents are used in pipes, epoxy coating, valves, and
other components of DWTPs to increase the life and stability of the materials [17]. Recent studies have demonstrated that emerging
contaminants such as BPA, NP, PFAS and phthalates, widely used as additives in plastic materials, can be released by polymer pipes
into drinking water [4,5,57,61]. Thus, the migration of contaminants may adversely influence the quality of the produced drinking
water. The leaching of contaminants from pipes and plastic materials into drinking water has poorly been addressed, but it definitively
needs to be evaluated for a better understanding of the risk to human health.

Seasonal variations in the micropollutants measured in the STN DWTP were also investigated. The removal efficiencies of BPA and
NP during selected water treatment processes are shown in Fig. 4. EDC removal efficiencies appear to vary depending on the season,

Table 3

Levels of suspected EDCs (ng/L) measured in water samples from Standiana DWTP (STN) collected during summer campaigns in 2020, 2021 and
2022. IN: pre-treatment water, PRECL: pre-chlorination step, FLOCC: flocculation step, ULTR: ultrafiltration step, OUT: post-treatment water; LOQ:
limit of quantification (ng/L). Bold numbers: EDCs detected in OUT water samples.

Sampling STN BPA NP oP E2 El EE2
July 2020 IN 3.0 18.3 < LOQ < LOQ < LOQ < LOQ
PRECL 1.6 27.5 < LOQ < LOQ < LOQ < LOQ
FLOCC 3.6 16.5 < LOQ < LOQ <LOQ < LOQ
ULTR 5.4 15.0 < LOQ < LOQ < LOQ < LOQ
ouT 3.5 8.7 < LOQ < LOQ < LOQ < LOQ
September 2020 IN 4.2 12.7 < LOQ < LOQ < LOQ < LOQ
PRECL 2.0 16.7 < LOQ < LOQ < LOQ < LOQ
FLOCC 4.4 22.9 < LOQ < LOQ < LOQ < LOQ
ULTR 5.4 1.5 < LOQ < LOQ < LOQ < LOQ
ouT 2.0 6.8 < LOQ < LOQ <LOQ < LOQ
July 2021 IN 3.7 4.6 < LOQ < LOQ < LOQ < LOQ
PRECL < LOQ 2.6 < LOQ < LOQ < LOQ < LOQ
FLOCC < LOQ 5.7 < LOQ < LOQ <LOQ < LOQ
ULTR 2.5 132.6 < LOQ < LOQ < LOQ < LOQ
ouT < LOQ 12.7 < LOQ < LOQ < LOQ < LOQ
September 2021 IN 3.8 83.4 < LOQ < LOQ < LOQ < LOQ
PRECL < LOQ 14.1 < LOQ < LOQ < LOQ < LOQ
FLOCC < LOQ 7.7 < LOQ < LOQ < LOQ < LOQ
ULTR 1.5 5.3 < LOQ < LOQ < LOQ < LOQ
ouT < LOQ 10.1 < LOQ < LOQ < LOQ < LOQ
July 2022 IN 1.6 8.7 < LOQ < LOQ < LOQ < LOQ
PRECL 2.0 53.4 < LOQ < LOQ < LOQ < LOQ
FLOCC 2.0 14.4 < LOQ < LOQ < LOQ < LOQ
ULTR 3.4 14.8 < LOQ < LOQ < LOQ < LOQ
ouT < LOQ 5.0 < LOQ < LOQ < LOQ < LOQ
September 2022 IN <LOQ 30.5 < LOQ < LOQ < LOQ < LOQ
PRECL 1.4 143.3 < LOQ < LOQ < LOQ < LOQ
FLOCC 1.9 15.0 < LOQ < LOQ < LOQ < LOQ
ULTR < LOQ 12.2 < LOQ < LOQ < LOQ < LOQ
ouT < LOQ 6.0 < LOQ < LOQ < LOQ < LOQ
LOQ 1.0 2.0 0.7 0.8 0.9 2.7
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Table 4

Levels of suspected EDCs (ng/L) measured in water samples from Standiana DWTP (STN) collected during winter campaigns in 2020, 2021 and 2022.
IN: pre-treatment water, PRECL: pre-chlorination step, FLOCC: flocculation step, ULTR: ultrafiltration step, OUT: post-treatment water; LOQ: limit of
quantification (ng/L). Bold numbers: EDCs detected in OUT water samples.

Sampling STN BPA NP OoP E2 El EE2
January 2020 IN 6.9 7.2 < LOQ < LOQ < LOQ < LOQ
PRECL 11.2 10.2 <1LOQ <1LOQ <1L0Q <1LOQ
FLOCC 4.4 12.2 <LOQ <1LOQ <LOQ <LOQ
ULTR 6.6 5.0 < LOQ < LOQ < LOQ < LOQ
ouT 4.4 7.0 <1LOQ < 1LOQ < 1LOQ < 1LOQ
February 2020 IN 5.7 16.3 < LOQ < LOQ < LOQ < LOQ
PRECL 3.9 10.9 < LOQ < LOQ < LOQ < LOQ
FLOCC 3.7 12.0 < 1LOQ < 1LOQ < 1LOQ < 1LOQ
ULTR 4.2 10.5 <1LOQ <1LOQ <1LOQ <LOQ
ouT 6.9 1.7 < LOQ < LOQ < LOQ < LOQ
January 2021 IN 2.6 32.0 < 1LOQ < 1LOQ < 1LOQ < 1LOQ
PRECL 1.9 15.5 <1LOQ < 1LOQ <1LOQ <1LOQ
FLOCC 2.8 17.2 <LOQ <LOQ <LOQ <LOQ
ULTR 1.8 17.8 <1LOQ < LOQ < LOQ < LOQ
ouT 3.5 11.6 <1LOQ <1LOQ <1LOQ < 1LOQ
March 2021 IN 2.7 10.2 < LOQ < LOQ < LOQ < LOQ
PRECL 1.4 9.6 <LOQ < LOQ < LOQ < LOQ
FLOCC 3.2 16.5 <1LOQ < 1LOQ <1LOQ < 1LOQ
ULTR 2.7 13.6 <1LOQ <1LOQ <1LOQ <LOQ
ouT 3.1 10.9 <LOQ <LOQ < LOQ <LOQ
March 2022 IN 3.5 10.1 2.2 < LOQ 3.2 < LOQ
PRECL 3.4 12.0 <1LOQ <1LOQ <1LOQ <1LOQ
FLOCC 4.9 12.9 <LOQ <LOQ <LOQ <LOQ
ULTR 3.0 14.9 < LOQ < LOQ < LOQ < LOQ
ouT <LOQ 5.7 <1LOQ <1LOQ <1LOQ <1LOQ
LOQ 1.0 2.0 0.7 0.8 0.9 2.7
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Fig. 4. BPA and NP removal efficiency evaluated after PRECL (pre-chlorination), flocculation (FLOCC), ultrafiltration (ULTR), and after biological
activated carbon (BAC) filtration treatment steps of Standiana (STN) DWTP. [A] Removal efficiency during the summer campaigns (July and
September 2020, 2021, and 2022) (n = 6). [B] Removal efficiency during the winter campaigns (January, February and/or March 2020, 2021, and
2022) (n = 5).
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despite similar concentrations in the raw water during winter and summer samplings. During the summer (Fig. 4A), pre-chlorination
accounted for 50.0% of BPA removal and was ineffective for NP. Flocculation and membrane ultrafiltration showed negative removal
efficiency of —32.4% and —56.8% for BPA, respectively. These intermediate treatments also exhibited less than 45% removal effi-
ciency for NP. It has been reported that conventional treatments by DWTPs are largely ineffective in removing EDCs [8,62], and further
studies [63-65] showed negative removals of BPA during water treatment processes. Despite the incomplete removal during the
conventional treatment processes, present results show that STN DWTP can remove EDCs at the final step. A 100% reduction in the
BPA concentration with respect of the water entering that stage was revealed after the last treatment step before the water leaves the
waterwork, i.e. BAC filtration. Differently, a median removal efficiency lower than 50% was observed for NP at the same stage.

In the winter (Fig. 4B), smaller variations were identified along the treatments, but the overall process exhibited lower removal
efficiency for BPA. The possible reason could be their leaching from plastic materials inside the DWTP, as above mentioned. However,
the seasonal discrepancy was particularly evident for BAC filtration, which was ineffective in removing BPA during the winter, while
showing high efficiency during the summer. Temperature is one of the most important factors that can influence the performance of the
microbial population present in BAC, especially low temperatures [66]. Kim and Zoh [10] suggested that low temperatures could
decrease the adsorption of activated carbon, thus decreasing the removal efficiency of micropollutants. Additionally, it should be noted
that the microporous sizes of ultrafiltration membranes are usually much larger than the size of some EDCs; thus, the sieving
mechanism cannot contribute to their elimination [6,62]. Overall, BPA and NP concentrations in finished drinking water were always
in the very low ng/L range and well below the suggested limits.

3.2. Bioanalytical tools

The complementation of bioassays and chemical analyses is an excellent tool to target the total biological effects and compre-
hensively assess water quality [67]. In environmental matrices various substances coexist establishing potential interactions, and
mixtures are unintentionally formed, on which chemical analysis alone does not provide information [68]. Cumulative exposure to
multiple EDCs may be associated with severe health outcomes demonstrated in animals and humans, even when the concentrations of
single chemicals fall below the regulatory dose [23]. Given the relevance of EDC occurrence in water and the importance of DWTPs in
supplying high-quality water intended for human consumption, the present study investigated relevant biological endpoints for human
health in the finished water. The E-SCREEN assay was applied to determine the total estrogenic potential of drinking water samples
collected in summer over three years at the three DWTPs studied. Furthermore, considering that potentially toxic compounds can be

formed during disinfection [69], in this work the micronuclei test was employed to determine the genotoxic potentials of finished
water samples.

A.
E 1.5 O July
‘:‘:: B September
£ 1.0
w
g
2
= 0.5
8
3
o
0.0-
O N N QO N N Q N A
S S S
NIP DWTP STN DWTP CAP DWTP
B.

Y
2]

a
o

Proliferative Effect (PE)

o
o

) ﬂ I
a d - T
& &

& /\‘g\- 4‘\; /\\¥+
& & &

Fig. 5. [A] Estrogenic activity observed at REF 20 after exposure of MCF-7 cells to drinking water samples from three DWTPs (NIP; Standiana, STN;
Capaccio, CAP) collected during six campaigns in 2020, 2021 and 2022. Data are expressed as the mean of proliferative effect (PE) + SE of different
experiments, each conducted in quadruplicate (n = 4). Activity is normalized to negative control, which was set at 1.0 (dotted line). [B] Estrogenic
activity in drinking water samples from NIP and STN DWTPs in July 2021 (violet bars) compared in the presence of 10~ M Tamoxifen (TMX; red
bars). NC: negative control (1.0 + 0.06). Data are expressed as the mean of PE + SE of different experiments, each conducted in quadruplicate (n =
3). *P < 0.05 vs negative control.
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3.2.1. Cytotoxicity

The MTT assay was performed to determine the highest non-cytotoxic concentrations of the drinking water samples in the MCF-7
cell line. Cytotoxicity was defined as cell viability below 80% compared to the negative control. Initially, the SPE extracts were tested
at different dilution levels ranging from 10 to 80 REFs (Supplementary material Fig. S-2). Due to the decreased cell viability observed
in some samples above REF40, drinking water samples were then tested for their estrogenic/genotoxic potential at the concentration
corresponding to REF20, in order to assess all samples under conditions in which cell viability was not compromised.

3.2.2. Estrogenic activity

The E-SCREEN assay using MCF-7 cell line is a sensitive and stable tool for quantitatively analyzing the estrogenic activity of
environmental water samples [42]. The overall estrogenicity of the drinking water extracts is shown in Fig. 5A. Notably, samples from
CAP DWTP outlet waters often induced a slight reduction in cell viability, which was significant in September 2020. This tendency may
have resulted from variations in the contaminant mixtures after the water treatment. Disinfectants used during water treatment may
react with micropollutants to form transformation products (e.g. disinfection by-products), which may be more or less toxic than their
parent compounds. However, it is unclear which chemicals induce the slight cytotoxic response presently observed. Nevertheless, the
cytotoxicity did not interfere with the measurement of estrogenic activity because cell viability did not drop below 80%.

A significant increase in cell proliferation was observed in two drinking water samples (NIP and STN DWTPs) collected in July
2021, compared to the negative control. For these samples, the EEQ was 0.004 and 0.003 ng/L, respectively. The estrogenic activity
was suppressed in the presence of the estrogen receptor antagonist tamoxifen, confirming that the two water samples possessed
agonistic activity through estrogen receptors (Fig. 5B). The measured levels were similar to other samplings, but the biological effects
were observed only in NIP and STN DWTPs in July 2021. It becomes challenging to directly attribute observed effects to BPA and NP.
We could speculate the temporary occurrence of a potential mixture containing BPA, NP and further not assessed chemicals that could
induce additive/synergistic effects. Such observation supports the importance of coupling effect-based tests with chemical analysis to
enable risk assessment of real exposure to EDC mixtures. Generally, the observed estrogenic activities of the samples were low, and
within the similar range previously measured in our laboratory (0.009 ng/L EEQ) [45]. This observation is also in accordance with
results from previous studies (estrogenic activity in the range of 0.002-0.014 ng EEQ/L) [50,70], but lower than that reported by other
authors (0.012-5.30 ng/L EEQ) [69,71-75].

Overall, the detection of an effect does not necessarily indicate poor water quality [76,77]. The effect-based trigger (EBT) value for
drinking water derived by Escher and coworkers [78], recommended a safety levels of 0.9 ng/L EEQ to establish that the effects are at
an acceptable level. In this study, drinking water samples showing estrogenic effect had activities considerably lower than the pro-
posed EBT value, suggesting that they do not pose a risk by interfering with the estrogenic pathway. Compared with the acceptable
daily intake (ADI) of 50 ng/kg/day (E2 equivalent) for humans, assuming complete absorption, a person would have to consume
approximately 1,000,000 L of treated water to reach the ADI.

3.2.3. Genotoxicity

The quality of the drinking water is generally different from that of the DWTPs inlet water, since micropollutants and microor-
ganisms present in source water can be removed by water treatment processes. However, various disinfection by-products can be
generated after chlorination, as a result of the combination of disinfectants and naturally occurring inorganic and organic materials
[79-81]. Such disinfection by-products may exert toxic and genotoxic/mutagenic effects on living organisms, including humans [82,
83]. Moreover, corrosion products, pipeline material leaching, and residual contaminants can pose a threat to the safety of water
quality and to human health [84]. In water quality assessment, genotoxicity tests provide a strong basis for assessing the reactive
toxicity of such complex mixtures [47,85]. In this study, the micronuclei test was applied to analyze damage as chromosome aber-
rations and disturbances in the mitotic cycle in water extracts after water treatment. None of the water samples induced a statistically
significant increase in micronuclei frequency compared to the negative control (Fig. 6), suggesting the absence of critical issues
relating the drinking water quality.

4. Conclusions

This study investigated the efficiency of treatment processes by assessing EDC removal, and comprehensively evaluated the quality
of the finished drinking water ready to be distributed across the Romagna area (Italy) by integrated chemical and biological screening
approaches.

The EDC removal rates by conventional and advanced treatment processes was highly variable, also between seasons, and BPA and
NP were not always efficiently eliminated. However, the final concentrations of target EDCs in drinking water were considerably lower
than the guideline parameters proposed by the Drinking Water Directive [34], thus indicating the good quality of the water. Data
showed that the quality of drinking water is not entirely dependent on the contamination level of the source water, because of potential
leaching of chemicals along the plants. These results highlight that DWTPs may represent an extra source of EDCs contamination and
emphasize the need for assessing chemical occurrence at all steps of the treatment chain aiming to improve the implants materials.
Drinking water samples showed no genotoxic potential after treatment, whereas estrogenic activity was detected in two of the
collected water samples, that was however well below the established EBT value. Although the analyzed samples did not show any
critical issues, the use of integrated chemical and effect-based approaches for the assessment of drinking water quality is recom-
mended, to counteract the risk associated with unknown chemicals and chemical mixtures, which are poorly examined and
non-regulated.
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Fig. 6. Genotoxic response of drinking water samples from three DWTPs (NIP; Standiana, STN; and Capaccio, CAP) collected during summer
campaigns in 2020, 2021, and 2022. Data are expressed as the mean of micronuclei (n°/1000 binucleated cells) &+ SD (n = 3). Genotoxicity is
compared to negative control (0.1 % methanol), which was set at 11.4 + 2.8 (dotted line). Positive control using Mitomycin C showed a MN
frequency of 29.4 + 3.3.
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