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Passive and composite sampling in combination with in vitro bioassays and identification and quantification
of individual chemicals were applied to characterize pollution by compounds with several specific modes of
action in urban area in the basin of two rivers, with 400,000 inhabitants and a variety of industrial activities.
Two types of passive samplers, semipermeable membrane devices (SPMD) for hydrophobic contaminants
and polar organic chemical integrative samplers (POCIS) for polar compounds such as pesticides and phar-
maceuticals, were used to sample wastewater treatment plant (WWTP) influent and effluent as well as rivers
upstream and downstream of the urban complex and the WWTP. Compounds with endocrine disruptive
potency were detected in river water and WWTP influent and effluent. Year-round, monthly assessment of
waste waters by bioassays documented estrogenic, androgenic and dioxin-like potency as well as cytotoxicity
in influent waters of theWWTP and allowed characterization of seasonal variability of these biological potentials
in waste waters. The WWTP effectively removed cytotoxic compounds, xenoestrogens and xenoandrogens.
There was significant variability in treatment efficiency of dioxin-like potency. The study indicates that the
WWTP, despite its up-to-date technology, can contribute endocrine disrupting compounds to the river. Riverine
samples exhibited dioxin-like, antiestrogenic and antiandrogenic potencies. The study design enabled character-
ization of effects of the urban complex and the WWTP on the river. Concentrations of PAHs and contaminants
and specific biological potencies sampled by POCIS decreased as a function of distance from the city.

© 2013 Elsevier Ltd. All rights reserved.
1. Introduction

There is increasing evidence that environmental contaminants
have the potential to disrupt endocrine processes. This might result
in adverse effects on reproduction, cause certain cancers, and other
toxicities related to (sexual) differentiation, growth, and develop-
ment (Giesy et al., 2000; Miles-Richardson et al., 1999; Sanderson
and van den Berg, 2003; Snyder et al., 2000). A variety of pollutants
that are found in surface and waste waters, such as organochlorine
pesticides (OCPs), polychlorinated biphenyls (PCBs), polychlorinated
dioxins and furans (PCDD/Fs), polycyclic aromatic hydrocarbons
(PAHs), alkylphenols, synthetic steroids, pesticides, pharmaceuticals
and personal care products (PPCPs), but also natural products such
+420 54949 2840.
scherová).

rights reserved.
as phytoestrogens, have been shown to elicit endocrine disruptive
effects.

Sources of endocrine disrupting compounds (EDCs) are associated
with larger urbanized and industrial areas. However, influences of
smaller local sources can also be significant, especially where dilution
is minimal (Jarosova et al., 2012). EDCs are also released to aquatic
environments from bothmunicipal and various industrial wastewaters
(Garcia-Reyero et al., 2004). Relative contributions of EDCs to surface
waters depend on efficacies of sewage treatment systems, which is
dependent on both capacity and technology of the wastewater treat-
ment plant (WWTP). Potential risks of adverse effects of effluents
from WWTPs to aquatic environments are influenced by volume of
effluent, discharge of the receiving river, weather conditions and prob-
ably other factors that affect dissipation through dilution and/or degra-
dation (Sumpter, 1995).Wastewater treatment plants receivemixtures
of molecules from domestic, agricultural, and/or industrial wastes and

http://crossmark.crossref.org/dialog/?doi=10.1016/j.envint.2013.06.024&domain=pdf
http://dx.doi.org/10.1016/j.envint.2013.06.024
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thuswastewaters can containmixtures ofmany of the above listed pol-
lutants and their degradation products (Alvarez et al., 2005). Despite in-
tensive removal of xenobiotics by municipal WWTPs, which can range
from 88 to N99% and 96 to N99% for xenoestrogens and xenoandrogens,
respectively (Korner et al., 2000; Leusch et al., 2010; Murk et al., 2002;
Svenson and Allard, 2004), they often do not remove all chemicals from
the effluent. Moreover, during treatment some contaminants can be
deconjugated to their more biologically active forms (Desbrow et al.,
1998). Thus, most effluents still contain complexmixtures ofmolecules,
including transformation products formed during treatment.

Adverse effects on endocrine function and/or reproductive health
associated with exposure to effluents fromWWTPs, which can persist
several kilometers from the point of effluent entry (Harries et al.,
1996), have been demonstrated in wild fish populations (Jobling et
al., 1998) or fishes caged downstream from WWTPs (Snyder et al.,
2004). Several studies combining the use of chemical analyses and
in vitro assays have revealed steroid estrogens as the most potent
endocrine disruptors in WWTP effluents with thresholds for adverse
effects of a few ng/L (Korner et al., 2000; Matsui et al., 2000; Nakada
et al., 2004; Routledge et al., 1998; Snyder et al., 2000). However,
other EDCs can be effective in various landuse conditions (Sole et al.,
2000) and special consideration should be paid to mixtures of pollut-
ants. Also, more information is needed to assess the potential contribu-
tion from other sources than just the WWTPs.

Selection of an appropriate sampling approach is crucial to deter-
mining the presence of contaminants and assessment of their poten-
tial for effects on aquatic environment. Traditional grab samples
represent the immediate situation, thus only those contaminants
present at the time of sampling are characterized. Episodic events
such as spills or stormwater runoff can be missed since contaminants
can dissipate prior to the next sampling (Alvarez et al., 2005; Huckins
et al., 1990, 1993). A more representative way to sample, that repre-
sents an integrated estimate of the time-averaged exposure is com-
posite samples collected over time. But, even this type of extensive
sampling represents isolated conditions over relatively short dura-
tions. This sort of intensive sampling program is resource-intensive,
requiring sampling staff and/or special equipment, which cannot be
easily employed at many sites, especially at locations where equip-
ment might be at risk to vandalism.

An alternative protocol is passive sampling, which enables estima-
tion of time-weighted concentrations of contaminants and sequesters
residues from episodic events commonly not detected by use of
intermitent grab sampling. Passive sampling requires minimal re-
sources of both personnel and equipment. Passive samplers have no
moving parts to fail and require no electricity to function. They can
be placed out of sight to avoid vandalism. Passive sampling can be
used in situations of variable water conditions and because they con-
centrate residues from water they can enable detection of ultra-trace,
yet toxicologically relevant concentrations of contaminant mixtures
over extended durations (Alvarez et al., 2004). Other advantages in-
clude relatively simple, single deployment as compared to collecting
and processing multiple water samples, greater mass of chemical res-
idues sequestered, and the ability to detect chemicals which dissipate
quickly (Alvarez et al., 2005; Huckins et al., 1990). Passive sampling
also eliminates the need for some tedious and time-consuming clean-
up steps associated with other types of sample collection.

Semipermeable membrane devices (SPMDs) have been developed
as in situ, integrating passive samplers for monitoring of trace-level,
waterborne hydrophobic contaminants (Huckins et al., 1993) and
have been used for effective sampling of multiple classes of chemicals,
including PAHs, PCBs, OCPs, PCDD/Fs, alkylated phenols, moderately
polar organophosphate insecticides, pyrethroid insecticides, neutral
organometallic compounds, and certain heterocyclic aromatic com-
pounds (Petty et al., 2000a). Since SPMDs can mimic accumulation
by aquatic organisms that can bioconcentrate trace amounts of organ-
ic contaminants, SPMDs measure not only the presence, but also the
bioavailability and bioconcentration potential of organic contami-
nants (Huckins et al., 1990; Petty et al., 2000b). Polar Organic Chem-
ical Integrative Samplers (POCIS) sequester waterborne hydrophilic
contaminants, such as polar pesticides, pharmaceuticals, ingredients
from personal care and consumer products, natural and synthetic
hormones (Alvarez et al., 2004, 2005; Petty et al., 2004). Depending
on the sorbent used, POCIS can be modified for sampling of general
hydrophilic contaminants or pharmaceuticals (Alvarez et al., 2005).

The aim of this study was characterization of the influence of the
industrialized urban region of Brno, Czech Republic and its associated
municipal WWTP on contamination of the Svratka and Svitava rivers
by compounds with endocrine disruptive potency by joint use of
bioassays, two types of passive samplers and identification and quan-
tification of selected organic chemicals. One goal was to assess the
year-round variability in endocrine disruptive potency of WWTP in-
fluent and effluent water and thus treatment efficiency for EDCs by
collecting composite samples monthly. The second major goal was
to determine the relative magnitude of contributions of the urban
area and the WWTP on contamination of these two urban rivers by
endocrine disruptive compounds that canmodulate the arylhydrocarbon
(AhR), estrogen (ER) and androgen (AR) receptors. A battery of in vitro
bioassays was used to assess potencies of agonists of these three recep-
tors. Two types of passive samplers, POCIS and SPMD, were used to col-
lect integrated samples of hydrophobic and hydrophilic compounds and
assess their potencies to interfere with the three receptors signalling.

2. Materials and methods

2.1. Sampling design

Samples were collected from the region around Brno, the second
largest metropolitan district of the Czech Republic in Central Europe.
The metropolitan region of Brno with more than 400,000 inhabitants
is spread through the basin formed by the Svratka and Svitava Rivers.
The city has a central wastewater treatment plant and a variety of in-
dustrial activities. The municipal WWTP treats wastewater conveyed
by a system of sanitary sewers from the city of Brno and increasingly also
by a system of pumping stations from its surroundings. The WWTP
was recently reconstructed and enhanced to a capacity of 513,000
population equivalent with permissible volume of dischargedwastewa-
ter of 4222 L/s. Waste water is subjected to primary (mechanical) treat-
ment followed by biological stage of activation with pre-denitrification
and anaerobic phosphorus removal (system of circulatory activation
with change of anaerobic, anoxic and aerated zones). Excess activated
sludge is then anaerobically stabilized (Brněnské vodárny a kanalizace,
2010; Ministry of the Environment, 2010).

The influent and effluent of the WWTP were sampled monthly
from May 2007 until April 2008. In addition, SPMD and POCIS passive
samplers were placed in the influent (site 5) and effluent (site 6)
of the WWTP and at seven sites in the Svratka, Svitava and Bobrava
Rivers at locations upstream and downstream of Brno and downstream
of the WWTP effluent (Fig. 1). Passive samplers were deployed for
23 days and collected during October 2007. Sampling locations in
the Svratka River were: Kninicky (site 1) upstream of the city of Brno
(downstream of the dam of Brno reservoir) and a site downstream of
Brno upstream of the confluence with the Svitava River (Svratka before
confluence, site 2). Locations monitored in the Svitava River included
Bilovice and Svitavou (site 3), a small town upstream of Brno, and anoth-
er site downstreamof Brnoupstreamof the confluencewith the Svratka
River (Svitava before confluence, site 4). Another sampling site was
selected in the Bobrava River (site 9), which is a tributary affectedmostly
by agriculture that flows into the Svratka River downstream of the
WWTP. Downstream of the WWTP and the confluence of the Bobrava
and Svratka rivers samples were collected near a small town Rajhradice
(site 7) and at Zidlochovice (site 8, approximately 20 km downstream
from Brno).



Fig. 1. Map of the Czech Republic showing locations of sampling sites in the vicinity of Brno. Sampling sites: 1—Svratka River, Kninicky, 2—Svratka River before confluence, 3—
Svitava River, Bilovice nad Svitavou, 4—Svitava River before confluence, 5—WWTP Modrice, influent, 6—WWTP Modrice, effluent, 7—Svratka River, Rajhradice, 8—Svratka River,
Zidlochovice, 9—Bobrava River.
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2.2. Passsive water sampling and preparation of extracts

SPMD and POCIS disks were obtained from Exposmeter AB,
Tavelsjo, Sweden. Prior to passive sampling, the sampling protocol
was prepared with QA/QC. One POCIS was used for both chemical
analysis and bioassay testing. Two SPMDs were used in duplicates
for chemical analysis, one SPMD was used for toxicity assessment.
SPMDs for chemical analysis contained performance reference com-
pounds (PRC) used as onsite SPMDs calibration. Four deuterated
PAHs ([2H10]acenaphthene, [2H10]fluorene, [2H10]phenanthrene, and
[2H12]chrysene) and four 13C12-labeled PCBs (PCB 3, 8, 37, and 54)
were used as PRCs. Transport, field and laboratory blanks were used.
A standard sampling arrangement was used as described in Grabic
et al. (2010). It consists of a combination of POCIS and SPMDs mounted
on commercially available stainless steel holders in protective deploy-
ment canistersmade of perforated stainless steel plates. These samplers
were suspended at 0.5–1 m depth of the water column in cryptic loca-
tions tominimize vandalism. After exposure for 23 days, samplers were
recovered, cleaned and sealed in airtight, metal cans and placed on
ice in a cooler for transport to the laboratory. Membranes were stored
in sealed cans in a freezer at −18 °C until analysis. Before analysis
SPMDswere cleaned and dialyzed with hexane in accordancewith pre-
viously published methods (Ellis et al., 1995). Combined dialysates
were adjusted to a volume of 10 mL. Chemical residues sampled by
POCIS were recovered from the sorbent by organic solvent elution with
a combination of methanol:toluene:dichloromethane (1:1:8, v/v/v). Vol-
umes of all extractswere reduced by rotary evaporation and under a gen-
tle stream of nitrogen, then solvent was exchanged tomethanol (Alvarez
et al., 2005). The final equivalent concentrations were 1 sampler/mL.
A portion of each extract was transferred into DMSO for testing in
bioassays.

2.3. Processing of waste water

Samples of influent and effluent were collected from the munici-
pal WWTP on the Svratka River, downstream of Brno, once a month
for 12 months. Water was collected every 2 h and composited over
a 24-h period. Samples of influent were prefiltered through glass
wool and 47 mm diameter glass fiber filter with 2.7 μm pores (Filap,
Czech Republic) and both influent and effluent samples were filtered
through glass fiber filters (1 μmpores, Whatman, Sigma-Aldrich, Czech
Republic) to prevent solid phase extraction (SPE) cartridges from clog-
ging during later extraction. Filters were extracted and tested separate-
ly to ensure that no compounds with significant potency in any of the
assays were removed by filtration. Organic compounds in filtrates
were extracted within 24 h by SPE by use of Oasis HLB cartridges
(Waters, Czech Republic). Cartridges were activated by methanol
and equilibrated by water according to producer instructions. After
samples had passed through cartridges, they were dried by air for
10–15 min and eluted by use of 15 mL methanol. Extracts were rotary
evaporated to reduce the volume to approximately 2 mL and then
evaporated in a gentle stream of nitrogen to final volumes of 1 mL.

2.4. Instrumental analyses

Organic extracts of SPMD and POCIS samplers were analyzed for
wide range of organic compounds. Samples were analyzed in accor-
dance with standard EN ISO/IEC 17025. Detailed analytical procedures
were described in Grabic et al. (2010). A set of internal standards
was used in the analyses. These included carbon 13C12-labeled PCBs
(3, 15, 31, 52, 118, 153, 180, 194, 206, 209), TCS, PFOC
(perfluorooctanesulfonic acid [PFOS], perfluoro-nonanoic acid [PFNA],
perfluoro-octanoid acid [PFOA]), and native standards purchased from
Wellington Laboratories (Canada). 13C-labeled OCPs (γ-HCH and
DDE), PAH (13C2–6-labeled PAHs U.S. Environmental Protection Agency
[U.S. EPA] 16 PAH cocktail), and polar compounds (simazine, 2,4-D,
sulfamethoxazol, ciprofloxacin) were purchased from Cambridge
Isotope Laboratories (USA). The native ones were purchased from
Dr. Ehrenstorfer, AccuStandards, and Absolute Standards via Labicom
(Czech Republic). All solvents, including hexane, dichloromethane,
acetone, toluene (SupraSolv purity), water, and methanol (hypergrade
for LC/MS) were of the highest quality from Merck (Germany).
Organic extracts of SPMDs were characterized by quantifying 16 US
EPA polycyclic aromatic hydrocarbons (PAH): acenaphthene, acenaph-
thylene, anthracene, benzo[a]anthracene, benzo[a]pyrene, benzo[b]
fluoranthene, benzo[ghi]perylene, benzo[k]fluoranthene, chrysene,
dibenzo[a,h]anthracene, fluoranthene, fluorene, indeno(1,2,3-cd)pyrene,
naphthalene, phenanthrene, and pyrene), polychlorinated biphenyls
(PCBs): tri-, tetra-, penta-, hexa-, hepta-, octa-, nona-, and deca-
congeners, organochlorine pesticides (OCPs): hexachlorbenzene, α-, β-,
γ-, δ-stereoisomers of hexachlorohexane (HCH), two congeners of
dichlorodiphenyltrichloroethane (DDT) and its degradation products,
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dichlorodiphenyldichloroethylene (DDE) and dichlorodiphenyldi-
chloroethane (DDD), triclosan (TCS) and its environmental trans-
formation product methyl triclosan (MeTCS) and polybrominated
diphenyl ethers (PBDEs), expressed as the sum of congeners. POCIS
extracts were analyzed for polar pesticides, pharmaceuticals and
perfluorinated compounds (PFCs), expressed as the sum of per-
fluoroorganic compounds (PFHxS, FHUEA, FOSA, N-MeFOSA, PFOA,
PFOS, PFNA). A complete list of individual pesticides and pharma-
ceuticals analyzed in POCIS is attached in footnotes to Table 1. Gas
chromatography/mass spectrometry (GC/MS) was used for identifi-
cation and quantification of PAHs. PAHs with more rings that could
not be analyzed by use of GC/MS were analyzed by use of high perfor-
mance liquid chromatography with fluorescence detector (HPLC/FLD).
Quantification of PCBs, OCPs, PBDEs, triclosan and its metabolite were
performed by GC/MS-MS. Polar pesticides, pharmaceuticals and PFCs
were identified and quantified by use of HPLC/MS-MS.

Limits of detection for identified groups of chemicals were as
follows: PAHs 3 ng/SPMD, MeTCS/TCS 3 ng/SPMD, OCPs 0.2 ng/SPMD,
PCBs 0.1 ng/SPMD, polar pesticides: 0.5–5 ng/POCIS, antibiotics: 1–
2 ng/POCIS, other pharmaceuticals 5 ng/POCIS. Analytical procedure
involved evaluation of recoveries of internal standards. Recoveries
were within following ranges: PAHs: 80–100 %, MeTCS/TCS: 60–100
%, OCPs, PCBs: 60–100 %, polar pesticides, pharmaceuticals: 55–80 %.
Both trip and analytical blanks were analyzed. Laboratory blanks were
subtracted. Trip blanks contributed 0–5 % of the total exposure, there-
fore no subtraction was performed.

2.5. In vitro bioassays

Four transactivation reporter gene bioassays were used to assess
receptor-mediated potencies of organic extracts of waters from the
WWTP and passive samplers. All assays were conducted in 96 well
microplates and included several dilutions of extracts in triplicate
to provide a dose-response curve for each sample. All media and
Table 1
The results of chemical analysis of passive samplers extracts. Ranges: the sum of detected co
compounds.

POCIS
Sampling site

Pesticidesa Sulfonamidesb

1 376–464 157–172
2 285–388 104–128
3 382–491 824–838
4 463–603 721–733
5 279–394 924–938
6 2726–2836 10,087–10,104
7 474–599 992–1004
8 342–441 889–903
9 613–723 926–938

SPMD
Sampling site

PAHs PCBs OCPs

ng/L pg/L pg/L

1 40.8 408–438 809–82
2 52.9 724–734 831–84
3 38.2 2155–2168 737–74
4 40.8 1370–1373 718–72
5 2160 825–861 831–83
6 31.6 1440–1446 1183–11
7 36.2 1252–1259 775–78
8 28.6 1548–1567 1040–10
9 51.2 507–526 684–70

a Pesticides: clopyralid, bentazone, bromoxynil, 2,4-D, MCPA, dichlorprop, mecoprop
rimsulfuron, metamitron, dimethoat, atrazin_desethyl, metoxuron, phosphamidon, cyanazin,
chlorotoluron, isoproturon,metobromuron, atrazin, desmetryn, dichlobenil, methabenzthiazuron
propyzamide, prometryn,metolachlor, fenhexamid, fenarimol, acetochlor, terbutryn,fipronil, kre
tri-allate, pyridate, alachlor, metalaxyl.

b Sulfonamides: sulfapyridin, sulfamethazin, sulfamethoxypyridazin, sulfachloropyridazin, sul
c Other antibiotics: metronidazol, cefalexin, ofloxacin, norfloxacin, ciprofloxacin, enrofloxacin
d Other pharmaceuticals: diaveridin, carbamazepin, diclofenac.
chemicals were purchased from Sigma-Aldrich (Czech Republic) un-
less otherwise specified.

2.5.1. AhR-mediated potency
AhR-mediated (dioxin-like) potency was determined by use of the

H4IIE-luc bioassay, which is rat hepatoma cell line containing a lucif-
erase reporter gene under control of dioxin-responsive enhancers
(DRE) (Hilscherova et al., 2001; Sanderson et al., 1996; Villeneuve
et al., 2002). H4IIE-luc cells were cultured in Dulbecco's modified
Eagle's medium (DMEM) (BioTech, Czech Republic) supplemented
with 10% fetal calf serum Mycoplex (PAA, Austria). The H4IIE-luc cells
were seeded in the culture medium at density of 15,000 cells/well and
after 24 h exposed to samples, calibration reference or solvent control.
Standard calibration was performed with 2,3,7,8-tetrachlorodibenzo-
p-dioxin (TCDD; Ultra Scientific, USA; dilution series 1–500 pM). After
24 h of exposure, intensity of luciferase luminescence corresponding
to the receptor activation was measured by use of Promega Steady
Glo Kit (Promega, USA).

2.5.2. ER-mediated potency
Estrogen receptor mediated potency was evaluated by use of

the MVLN bioassay, a human breast carcinoma cell line transfected
with the luciferase gene under control of estrogen receptor activation
(Demirpence et al., 1993; Freyberger and Schmuck, 2005; Hilscherova
et al., 2002). MVLN cells were cultured in medium DMEM/F12
supplemented with 10% fetal calf serum Mycoplex (PAA, Austria).
MVLN cells were seeded at density of 20,000 cells/well in DMEM/
F12 supplemented with 10% dialyzed fetal calf serum (PAA, Austria),
which was additionally dextran/charcoal treated to further decrease
background concentrations of hormones. Approximately 24 h after
plating, cells were exposed to samples, calibration reference or sol-
vent control in DMEM/F12. Standard calibration was performed with
17β-estradiol (E2; dilution series 1–500 pM). Effects of extracts on
MVLN were assessed either singly or in combination with competing
mpounds—the sum of detected compounds plus limit of detection for the nondetected

Other antibioticsc Other pharmaceuticalsd PFCs

ng/POCIS

12–68 231–239 6–9
2–52 253–261 3–6

54–105 904–911 33–36
32–81 808–814 38–41

290–317 1242–1249 12–15
1534–1551 18,550–18,559 272–274
120–157 1344–1350 29–32
98–138 1147–1154 21–24
51–108 1003–1009 10–12

Triclosan MeTriclosan PBDEs

pg/L pg/L pg/L

5 431 168 16–27
5 190 155 8.8–14
7 360 812 21–28.2
0 247 642 13.7–16.8
9 32,817 84.2 162
94 8747 24,365 136–140
2 1115 3197 27.6–30.2
44 1680 3344 30.3–37.4
1 554 867 10.3–19.2

(MCPP), 2,4,5-T, imazethapyr, thifensulfuron-methyl, methamidophos, nicosulfuron,
metribuzin, simazin, bromacil, carbofuran, hexazinon, thiophanate-methyl, monolinuron,
, diuron, methidathion, ethofumesat, azoxystrobin, linuron, terbuthylazine, chlorbromuron,
soxim-methyl, tebuconazole, diazinon, propiconazole, phorate, phosalone,fluazifop-p-butyl,

famethoxazol.
, erythromycin, trimetoprim.
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endogenous ligand (33 pM 17β-estradiol)—given concentration is near
its EC50 value. Exposure duration and final measurement was the same
as in the case of H4IIE-luc bioassay described above.

2.5.3. AR-mediated potency
(Anti)androgenicity of passive samplers extracts was assessed in

a bioassay with MDA-kb2 cells, a human breast carcinoma cell line
stably transfected with luciferase reporter gene under control of func-
tional endogenous androgen receptor (AR) and glucocorticoid recep-
tor (GR) (Wilson et al., 2002). MDA-kb2 cells were cultured in L-15
Leibovitz medium supplemented with 10% fetal calf serum Mycoplex
(PAA, Austria). MDA-kb2 were seeded at density of 50,000 cells/well
and exposed after 24 h to samples, calibration reference or solvent
control in L-15 Leibovitz medium supplemented with 10% dextran/
charcoal treated dialyzed fetal calf serum. Standard calibration was
performed with dihydrotestosterone (DHT; dilution series 1 pM–

10 μM). In addition to androgenic effects, antiandrogenicity was
assessed in combination with competing endogenous ligand (1 nM
dihydrotestosterone). After 24 h of exposure, intensity of luciferase
luminescence was measured with prepared luciferase reagent (Wilson
et al., 2002).

Organic extracts of influent and effluent waters were assessed in
a bioluminescent yeast assay based on recombinant Saccharomyces
cerevisiae cells modified to express human androgen receptor along
with firefly luciferase under transcriptional control of androgen-
responsive element to detect compounds affecting AR-mediated
hormonal signalling. The assay with the androgen-responsive yeast
model was performed according to Leskinen et al. (2005). Yeast
cells were seeded in 96-well microplates and exposed to reference
testosterone (T; dilution series 1 pM–10 μM), the sample alone or in
combination with testosterone (10 nM) to determine antiandrogenic
effect. Yeast cells were incubated for 2.5 h and then the signal was
detected after addition of D-luciferin substrate.

2.5.4. Cytotoxicity
Non-cytotoxic sample concentrations to be used in each bioassay

with mammalian cell lines were determined by use of the neutral
red uptake assay (Freyberger and Schmuck, 2005). Particular bioas-
says with individual cell lines were processed as previously described.
At the end of the exposure period, neutral red solution (0.5 mg/mL of
media) was added and cells were incubated for 1 h at 37 °C. Medium
was removed and cells washed with PBS and lysed with 1% acetic acid
in 50% ethanol. Absorbance was measured in a microplate spectro-
photometer at 570 nm.

Yeast strain of recombinant S. cerevisiae constitutively express-
ing luciferase, which has shown greater sensitivity compared to
the mammalian cells, was used for detailed cytotoxicity assessment
(Leskinen et al., 2005; Michelini et al., 2005). Complete dose–
responses relationships of cytotoxic effects for all samples were
determined after 2.5 h exposure. The intensity of luciferase lumi-
nescence after addition of D-luciferin corresponded to the number
of surviving cells (Leskinen et al., 2005).

2.6. Data analysis

Sample responses expressed as relative luminescence units were
converted to percentage of maximum response of the standard curves
(% TCDDmax/E2max/DHTmax/Tmax). The response of the solvent
control was substracted from both standard and sample responses
prior to the conversion. EC values were calculated by nonlinear loga-
rithmic regression of dose–response curves of calibration standards
and samples (Graph Pad Prism, GraphPad® Software, San Diego,
California, USA). Relative potencies expressed as TCDD equivalents
(BIOTEQ)/E2 equivalents (EEQ)/androgen equivalents (AEQ) were
calculated by relating the EC50 value of standard calibration with
the concentration of the tested sample inducing the same response
(Villeneuve et al., 2000). Due to cytotoxicity, it was not possible to
obtain complete dose–response curves in testing of waste water sam-
ples in the yeast assay. Thus, their AEQ values were calculated as
point estimates because maximum detected luminescence induction
at noncytotoxic concentrations did not exceed 15%.

Cytotoxicity, antiestrogenicity and antiandrogenicity corresponded
to the decrease in detected luminescence/absorbance signal given by
solvent control in case of cytotoxicity and specified amount of compet-
ing standard ligand for the other effects. IC50 values for antiestrogenicity
and antiandrogenicity or IC20 values in cases that the effects did not
cause 50% response, were calculated from dose–response curves ex-
pressed in percentage of signal of competitive concentration of added
natural ligand (33 pM E2, 1 nM DHT, 10 nM testosterone). For better
clarity of the trends in graphs the values are expressed as an index of
antiestrogenicity (AE) or antiandrogenicity (AA), which corresponds
to reciprocal value of IC20 or IC50. Similarly, the index of cytotoxicity
was derived as the reciprocal value of IC20 or IC50 for the cytotoxic
response.

2.7. Calculation of dissolved water concentrations from passive
sampler data

Concentrations of target analytes in water were calculated from
the mass absorbed by the SPMD, the in situ sampling rate of the com-
pounds and their sampler–water partition coefficients using the
kinetic uptake model by Huckins et al. (2006). Sampling rates of
target compounds were estimated from dissipation of performance
reference compounds (PRCs) from SPMDs during exposure using
nonlinear least squares method by Booij and Smedes (2010), consid-
ering the fraction of individual PRCs that remain in the SPMD after the
exposure as a continuous function of their partition coefficients, with
sampling rate as an adjustable parameter. The necessary sampler–
water partition coefficients values were estimated from the respec-
tive octanol/water partition coefficients according to Huckins et al.
(2006).

For the purpose of comparison of toxic potencies of extracts from
SPMDs from different sampling sites the measured toxic equivalent
concentrations (TEQ) in extracts [ng/SPMD] were translated to water
concentrations CW-TEQ [ng/L or pg/L] at the individual sites. Since phys-
icochemical properties of the compounds that exhibit bioassay response
in the extracts are not known, linear uptake was assumed (Eq. (1)).

Cw−TEQ ¼ TEQ
Rst

ð1Þ

Where: RS is the sampling rate and t is the exposure time. The
necessary RS values were obtained using the PRC model described
above. Since RS is only a weak function of hydrophobicity, values of
RS with a medium molecular mass (MW = 300) were applied in all
calculations.

For POCIS data, no correction for the potential effect of environ-
mental variables was performed and results were simply compared
on the basis of toxic equivalent concentrations (TEQ) in sampler ex-
tracts [ng/POCIS]. It has been demostrated that water flow rate has
a relatively minor influence on the accumulation of a number of pol-
lutants including EDCs into POCIS (Li et al., 2010). Thus, it appears not
necessary to adjust sampling rates for POCIS when they are deployed
in areas where the water flows vary only slightly.

3. Results

3.1. Concentrations of individual residues

Greatest concentrations of polar pesticides, pharmaceuticals and
perfluoroorganic compounds in POCIS were detected at site 6
(WWTP effluent) (Table 1). Concentrations of contaminants found in
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POCIS from WWTP influent (site 5) were less than in POCIS at WWTP
effluent and comparable or greater than in those from the other sites.
The explanations of greater detected levels of some contaminants and
biological potencies in passive samplers from WWTP effluent are elab-
orated in detail in the Discussion section. Concentrations of some phar-
maceuticals in POCIS from the sites upstream of Brno were slightly
greater than downstream, but concentrations in the Svratka River
were generally approximately 4-fold less than in the Svitava River. Sim-
ilarly, concentrations of PFCs were approximately 6-fold greater in
Svitava than in Svratka, while concentrations of pesticideswere compa-
rable in both rivers. Greater concentrations of pesticides were found at
site 9 on the tributary of the Svratka River. Concentrations of pharma-
ceuticalswere greater bellow theWWTP effluent. Therewas a slight de-
crease of concentrations of contaminants in POCIS as a function of
distance from the city and WWTP.

The greatest concentrations of most pollutants sampled by SPMD
were observed in samples from the WWTP, with concentrations
of PAHs and triclosan greatest in the influent (site 5), while concen-
trations of methyl triclosan were greatest in the effluent (site 6)
(Table 1). Greater concentrations of PCBs and methyl triclosan were
detected already upstream of Brno in the Svitava River (sites 3, 4).
Concentrations of most pollutants did not increase much directly
downstream of Brno on both rivers (sites 2, 4), except for PCBs in
the Svratka River. Concentrations of PAHs were slightly lesser down-
stream of the WWTP (site 7) and further decreased at the longer dis-
tance from the city (site 8), while no such trend was observed for
concentrations of PCBs and OCPs. Concentrations of PBDEs, triclosan
and methyl triclosan were significantly greater downstream of the
WWTP.

3.2. Cytotoxicity

Some samples of WWTP influent water caused 20% cytotoxicity
even at 25-fold dilution, but effluent water samples caused cytotoxic-
ity only at 100% water equivalents or were not cytotoxic (Fig. 2A).
Removal efficiency for cytotoxicity in waste water was 83 to 98%
throughout the year, except of one time point when toxicity of the
influent was small and thus efficiency of removal was lower (46%).
All POCIS extracts elicited cytotoxic effects, with the greatest cytotox-
icity observed for samples from the WWTP effluent (site 6, Fig. 2B),
which was about 50% greater than the effect of the WWTP influent
sample (site 5). Cytotoxicity of POCIS exposed to river water was 4
to 10-fold lower, with greater toxicity in water from the Svitava
River. It slightly increased downstream of theWWTP (site 7). A great-
er than 93% decrease in cytotoxicity after treatment of wastewater
was observed in SPMD samples (Fig. 2C), where the WWTP influent
sample (site 5) exhibited the greatest cytotoxicity. Cytotoxicity of
compounds sampled by SPMD from upstream of Brno was greater
in Svratka river, and it increased in river Svitava after flowing through
the city and also downstream of WWTP (Fig. 2C).

3.3. AhR-mediated potency

Significant AhR-mediated (dioxin-like) potency expressed as
bioassay-derived 2,3,7,8-TCDD equivalents (BIOTEQ) was detected
in most samples. Samples of influent water from the WWTP generally
elicited greater dioxin-like potency than did effluent water (Fig. 3A).
Concentrations of BIOTEQ were between 0.1 and 3.4 ng TCDD/L for
influent and 0.1 to 0.7 ng TCDD/L for effluent. Efficiency of treatment
of the WWTP for compounds with dioxin-like potency varied during
the year from 13 to 90%, except for two cases when the removal effi-
ciency was even negative. In February and April effluent samples
contained 8 and 27% greater levels of BIOTEQ than corresponding in-
fluent samples, respectively. Significant dioxin-like potency in POCIS
samples was detected only for samples from the WWTP (sites 5, 6)
and site 7 (sampling site directly downstream of the WWTP) (Fig. 3B,
insert). Concentrations of BIOTEQs were between 0.3 and 2 ng TCDD/
POCIS. Potency detected in theWWTP effluent (site 6)was 5-fold great-
er than that in the influent (site 5). All extracts of SPMD contained
detectable AhR-mediated potency with the greatest response in the
WWTP influent sample (site 5) and also in the Bobrava River which
was affected by agriculture (site 9, Fig. 3B). Concentrations of BIOTEQ
determined from SPMD ranged from 8.2 to 14.6 pg TCDD/L.

3.4. ER-mediated potency

Potency of ER agonists was detected in water from theWWTP dur-
ing all samplings throughout the year (Fig. 4). Values of 17β-estradiol
(E2) equivalents (EEQ) varied from 5.4 to 124 ng E2/L in influent and
from 0.1 to 5.1 ng E2/L in effluent. Efficiency of treatment to remove
EEQ ranged from 80 to greater than 99 %. POCIS sample from the
WWTP influent (site 5) had a concentration of EEQ of 7.3 ng E2/
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sampler. The concentration of EEQ in the extract of POCIS exposed to
effluent (site 6) was less than 0.6 ng E2/sampler, which was the limit
of detection. There were no EEQ detectable in POCIS from the rivers or
in any SPMD samples.

Influent and effluent water samples from the WWTP showed no
significant antiestrogenic potency when tested in the presence of E2.
Alternatively, antiestrogenic potency was detected in extracts of
SPMD and POCIS from all sites. Data from SPMDs indicate greater
antiestrogenicity in sites from river Svratka compared to Svitava
already upstream of Brno. Greatest antiestrogenicity was observed
in POCIS exposed to WWTP effluent while all samples from rivers
and WWTP influent showed comparable potency (Fig. 5).
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3.5. AR-mediated potency

Significant androgenic potencies were found mostly at the greatest
non-cytotoxic concentrations of influent water samples and concentra-
tions of androgen equivalents (AEQ) ranged from b23 to 193 ng testos-
terone/L (Table 2). Concentrations of AEQ determined for non-cytotoxic
concentrations of effluent extracts were less than the limit of detection,
which was 1–4 ng testosterone/L. Efficiency of treatment to remove
androgenic compounds was greater than 96–99%. POCIS from WWTP
influent and effluent were the only other samples to exhibit detectable
AEQ with concentrations of 32.6 and 6.9 ng DHT/sampler, respectively.
No antiandrogenic potency was observed in non-cytotoxic concentra-
tions of samples from influent or effluent water from the WWTP.
Antiandrogenic potency in competition with the added endogenous
ligand DHT was detected in most extracts of SPMD and POCIS. The
greatest antiandrogenic potency in extracts of POCIS was observed at
site 4 in the Svitava River, directly downstream of Brno (Fig. 6A). The
antiandrogenic potency of the extract of the POCIS exposed to WWTP
influent (site 5) was comparable with the potency observed in samples
frommost sites on the rivers. There was no antiandrogenic potency ob-
served in POCIS exposed toWWTP effluent (site 6). Therewas generally
no antiandrogenic potency in extracts of SPMD exposed upstream of
the WWTP, while there was antiandrogenic potency in samples from
the WWTP (sites 5, 6) and from sites downstream of the WWTP. The
antiandrogenic potency of compounds sampled by SPMDwas approxi-
mately 60% greater in WWTP influent than that in effluent (Fig. 6B).



Table 2
Androgenic activity of influent and effluent water extracts from the WWTP detected in
the yeast assay. (LOD ranged from 1.3 to 70 ng testosterone/L because of variable cyto-
toxicity of samples).

Sampling date AEQ (ng testosterone/L)

Influent Effluent

May 07 155 b3.7
June 07 97 b2.2
July 07 b70 b2.2
August 07 b70 b2.6
September 07 b23 b1.3
October 07 80 b1.3
November 07 193 b1.3
December 07 96 b1.3
January 08 107 b1.3
February 08 140 b1.3
March 08 47 b1.3
April 08 35 b1.3
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4. Discussion

Rivers can be contaminated by many chemicals, some of which
have the potential to affect normal reproduction, development and
behavior of wildlife species and potentially also human health.
Some of these compounds can be released to rivers from large city ag-
glomerations via WWTP and other point-discharge or diffuse sources
(Cargouet et al., 2004; Jobling et al., 1998; Sabaliunas et al., 2000;
Snyder et al., 2000). In recent years, WWTP have been studied as
potential sources of endocrine disruptive compounds to the aquatic
environment (Harries et al., 1996; Murk et al., 2002; Tan et al.,
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2007). There are several studies that have investigated WWTPs by
use of various approaches including passive sampling combined with
instrumental analysis and/or bioassays (Tan et al., 2007; Vermeirssen
et al., 2005). However, there has been less information on other possible
sources. Moreover, the studies using bioassays were focused mainly on
estrogenic potency and there is limited data on other specific biological
potencies in mixtures extracted from surface or waste waters. In addi-
tion, mostly known endocrine disruptive compounds, such as estro-
gens, androgens, phthalates or alkylphenols are analyzed, but more
data is needed for other pollutants, such as widely used compounds
from the group of pharmaceuticals and personal care products.

In this study potencies for ligands in mixtures to interact with spe-
cific receptors as well as concentrations of several classes of pollut-
ants were measured in waste waters and surface waters of two
rivers in an urban metropolitan area in Central Europe with a variety
of industries and modern recently renovated WWTP with advanced
treatment capacity and efficiency. The sampling design and a complex
approach using passive sampling along with chemical analysis and
bioassays enabled to characterize the distribution and sources of pol-
lutants in the model part of river basin. Based on measured residues,
water of the Svitava River upstream of Brno seems to be more pollut-
ed than the Svratka River. Specifically, concentrations of pharmaceu-
ticals, PFCs, PCBs and methyl triclosan were lower in the Svratka
River. Furthermore, greater potencies for cytotoxicity of the hydro-
philic fraction were observed in the Svitava River upstream of Brno.
These data point to some pollution sources on river Svitava upstream
of Brno agglomeration. There was no obvious influence of the city it-
self or WWTP on the concentrations of PAHs and organohalogenated
compounds except of somewhat increased PCBs in Svratka down-
stream of Brno. Thus, neither runoff from the metropolitan region
of Brno nor the effluent of the WWTP contributed significantly to
the pollution with these compounds. Alternatively, concentrations
of pharmaceuticals, antibiotics, triclosan and PBDEs were not affected
by the city, but increased downstream of the WWTP, despite its
up-to-date treatment technology. The data from passive samples doc-
ument highly efficient removal of hydrophilic antiandrogenic and
about 60% removal of hydrophobic antiandrogenic pollutants during
WW treatment. Despite this removal, the concentrations of hydro-
phobic antiandrogenic pollutants in the river increased downstream
of the WWTP similarly to the cytotoxic potency. Concentrations of
triclosan and methyl triclosan were increased by the WWTP. For
polar pesticides there was no influence of the city itself or WWTP.
Concentrations of most of the polar compounds sampled by POCIS
and associated biological potencies went down at the last study site
about 20 km downstream of the city. There was no such decrease in
levels of hydrophobic pollutants sampled by SPMD and their biologi-
cal potencies, except of PAHs. The decrease of PAHs concentrations
downstream of WWTP was not due to particle adsorption and sedi-
mentation after flow out from WWTPs, since there was no increase
of PAHs levels in river sediments (data not shown).

For all pollutants sampled by POCIS as well as some pollutants
sampled by SPMD, the greatest concentrations were detected in
WWTP effluent. Similarly, in the POCIS exposed to effluent there
was also the greatest cytotoxicity, dioxin-like and antiestrogenic
potency. All these concentrations and potencies were greater than
for the WWTP influent. There are at least two explanations of the
observed elevated concentrations and toxic potencies of compounds
accumulated in passive samplers in theWWTP effluent in comparison
to influent. Passive sampling methods measure the concentration of
freely dissolved contaminants, which is directly related to the con-
taminants' chemical activity (Mayer et al., 2003). This also indicates
the bioavailability or pressure (fugacity) of contaminants on organ-
isms and consequently represents the exposure level for organisms.
In the WWTP influent hydrophobic compounds are largely sorbed
to the suspended particulate material so that their freely dissolved
concentration is small (Lohmann et al., 2012). In the wastewater



380 V. Jálová et al. / Environment International 59 (2013) 372–383
treatment process the content of suspended material is efficiently re-
duced, which in turn results in a strong decrease of sorption capacity
for hydrophobic compounds in WWTP effluent. However, some per-
sistent compounds are not eliminated by the treatment process. As
a result of the reduced uptake capacity of the particulate matter,
free dissolved concentrations (chemical activity) in the effluent are
higher than in the influent, which is in turn reflected in their levels
found in passive samplers, especially in SPMDs.

Differences in uptake might be affected by different passive sam-
pler exposure conditions in WWTP influent and effluent, respectively.
Among potential factors that affect uptake kinetics into passive sam-
plers, hydrodynamics and fouling are the most important ones. The
visual observation of channels in WWTP influent and effluent indi-
cates a similar turbulent water flow character in both cases. Thus,
influent/effluent differences in hydrodynamics can hardly explain
the observed up to ten-fold increase in accumulated amounts of
some compounds in passive samplers (e.g. compounds in POCIS;
Table 1). We hypothesize that fouling of samplers is the more impor-
tant factor that affects the uptake of both hydrophobic as well as
hydrophilic compounds into passive samplers. The raw waste water
is a very complex mixture which contains debris, mud, various parti-
cles and even dispersed emulsions of liquids that are non-miscible
with water (such as fats). Fouling and layers of dirt can reduce up-
take of compounds into passive samplers (Stuer-Lauridsen, 2005)
and lead to lower sampling rates by a) physical blockage of active
surface of samplers by debris; b) thickening the diffusion barriers;
c) reduction of the driving force for sampler uptake by shifting the
partitioning equilibria between sampler and the surrounding envi-
ronment. Our study indicates that passive sampling (especially for
POCIS samples) may not be a reliable method in raw sewage water
and could lead to significant underestimation of actual concentra-
tions of dissolved pollutants. This problem is really specific to the
raw sewage water and does not concern passive samples from any
other site.

Most studies using in vitro assays include cytotoxicity tests, which
determine the greatest possible sample concentration that is not
cytotoxic for the cells to be used as the maximal tested concentration
for the specific effects. In this study, dose–response curves and IC50
of extracts on yeast cells were determined. The efficient decrease of
cytotoxicity in SPMD and waste water after waste water treatment
might be due to activated sludge processes as well as flocculation,
which have been shown to have the greatest efficiency of removal
of cytotoxic compounds (Ma et al., 2005). Cytotoxicity of waste
waters did not correlate with estrogenic or androgenic potencies of
these waste waters. This observation is consistent with the results
reported by Vega-Lopez et al. (2007), who found no correlation be-
tween estrogenic disruption and toxicity determined in MCF-7 cells
for samples of water from twoMexican lakes, which receive domestic
and industrial wastewaters after secondary treatment. These results
support the theory that estrogenic potency in waste waters is caused
primarily by steroidal estrogens, which are potent at ng/L concentra-
tions and therefore does not correlate with the overall cytotoxicity.
Cytotoxicity of extracts of all POCIS in the yeast assay can be related
to sesquestered pollutants, especially antibiotics and other pharma-
ceuticals determined by chemical analysis.

There are few studies that have focused on effects of urban pollu-
tion on the overall toxicity of waters in municipal rivers. Toxicity de-
termined by the Microtox assay was directly proportional to urban
land cover in streams around six metropolitan areas in the USA
(Bryant and Goodbred, 2009). Toxicity of river water sampled by
SPMD in Microtox and Daphnia pulex test has been observed in
the Neris River after flowing through the capital city of Lithuanina
(Sabaliunas et al., 2000). This finding is consistent with the observa-
tion of greater toxicity of compounds sampled by SPMD from the
Svitava River downstream of the metropolitan area compared to up-
stream of Brno observed in this study.
Detected AhR-mediated potency in both SPMD and POCIS indicat-
ed contribution of both hydrophobic and polar compounds to the
overall dioxin-like potential of samples. Similarly in river sediments,
mass-balance calculations based on fractionation with subsequent
quantification have suggested that PAHs can account for a consider-
able portion of the dioxin-like potency together with unidentified
more polar AhR-active compounds (Hilscherova et al., 2001).
Dioxin-like potency found in all extracts of SPMDs was probably
linked with the presence of known hydrophobic AhR ligands, such
as PAHs or PCBs. Although dioxin-like compounds are usually investi-
gated in less polar matrices such as SPMD or sediments, some recent
studies (Dagnino et al., 2010; Reungoat et al., 2010) confirmed AhR
potency in water phase. Results of another study (Jarosova et al.,
2012) reported dioxin-like potency of 0.05 to 0.39 ng BIOTEQ/POCIS
in headwaters with small local sources of pollution. In the current
study, POCIS samples exhibited dioxin-like potency only at three
sites, inside and downstream of the WWTP, which suggests that
waste waters contain some hydrophilic dioxin-like compounds that
are not completely removed during treatment. This result is in agree-
ment with the dioxin-like potencies detected WWTPs influent and
effluent waters. The data for waste water samples show dioxin-
like potency specifically for the polar methanolic extracts and thus
might not include influence of some hydrophobic pollutants. Efficien-
cy of treatment by the WWTP determined from BIOTEQs of the waste
water samples was not as great for chemicals with dioxin-like poten-
cy as in the case of elimination of cytotoxicity or hormone-like poten-
cies. Efficiencies of treatment varied substantially throughout the
year. Release of some particle-bound compounds during treatment
and lesser efficiency of treatment related to greater persistence of
some AhR-active compounds might have contributed to this differ-
ence. However, the absolute concentrations of BIOTEQ were less
than those observed in other studies eventhough only a limited num-
ber of papers report dioxin-like potency in the dissolved phase. For
example, Dagnino et al. (2010) detected AhR potency (by the same
method as we used) in influent and effluent of French municipal
WWTPs with an activated sludge system supplemented with biofilter
to be as great as 37 to 112 ng TCDD/L, and 2.8 to 11.6 ng TCDD/L,
respectively. Efficiency of removal was approximately 90% and the
authors concluded that removal of AhR potency in this type of WWTPs
depends primarily on removal of suspended solids with which they are
associated. Alternatively, Ma et al. (2005) did not find concentrations
of BIOTEQ that were greater than 14 pg TCDD/L in either influents or
effluents from a pilot plant in a Beijing WWTP, China.

The observation that xenoestrogens and xenoandrogens were
detected in waste water and POCIS samples from the WWTP, but
not in SPMDs, implies that polar compounds accounted for the estro-
genic and androgenic potencies. Since feminization of fish down-
stream fromWWTPs has been observed in rivers worldwide, estrogenic
potential of different types of waters has been evaluated inmultiple stud-
ies. Examples of estrogenic potencies detected by various in vitro assays
documenting the comparability of our findings to the situation in other
parts of the world are compiled in Table 3.

Relatively great efficiency of removal of estrogenic potency in var-
ious WWTPs has been documented both by composite water sam-
pling as well as POCIS sampling. The majority of municipal or
domestic WWTPs have implemented at least physical and biological
treatment techniques. Activated sludge processes, similar to those of
WWTP investigated in this study, are the most widely used types of
biological treatment processes worldwide. Most studies that have fo-
cused on WWTP of similar types to that studied here found the treat-
ment efficiencies for estrogens ranging from N88 to N99% (Leusch et
al., 2005; Murk et al., 2002), 90–95% (Korner et al., 2000; Murk et
al., 2002) or greater than 95% (Tan et al., 2007), but other studies
have reported lesser efficiencies (Cargouet et al., 2004). Efficiency of
removal of estrogenic potency, as determined by the MVLN assay, in
four mechanical–biological municipal or domestic WWTPs in Paris



Table 3
Examples of estrogenic activities in waste waters and surface waters as detected by various in vitro assays.

Matrix EEQ ng/L Country In vitro assaya Reference

Wastewater influent 51–70 Germany E-Screen Korner et al. (2000)
17–23 Queensland, Australia E-Screen Leusch et al. (2005)
1.1–120 The Netherlands ER-CALUX, YES Murk et al. (2002)
35–72 Japan YES Onda et al. (2002)
1–30 Sweden YES Svenson et al. (2003)
108–356 Queensland, Australia E-Screen Tan et al. (2007)
5.4–124 Czech Republic MVLN This study

Wastewater effluent 6 Germany E-Screen Korner et al. (2000)
b0.75 Queensland, Australia E-Screen Leusch et al. (2005)
0.03–16 The Netherlands ER-CALUX, YES Murk et al. (2002)
4–25 Japan YES Onda et al. (2002)
b0.1–15 Sweden YES Svenson et al. (2003)
0.6–6.2 Japan YES Nakada et al. (2004)
1.9–15 USA MVLN Snyder et al. (2001)
b1–67.8 Queensland, Australia E-Screen Tan et al. (2007)
0.1–5.1 Czech Republic MVLN This study

Surface water 0.07–0.5 The Netherlands ER-CALUX Murk et al. (2002)
0.01–1.4 Belgium E-Screen Nadzialek et al. (2010)
b0.18 Portugal YES Sousa et al. (2010)
0.86–11 USA MVLN Snyder et al. (2001)
b0.006–4.96 Sweden YES Svenson et al. (2003)
0.025–0.68 Korea E-Screen Oh et al. (2009)

a E-Screen—cell proliferation assay, ER-CALUX—estrogen receptor chemical activated luciferase gene expression assay, YES—yeast estrogen screen, MVLN—luciferase reporter
gene-based assay using the MVLN cell line.
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ranged from 62 to 97% (Cargouet et al., 2004), which was similar
to those reported for five WWTPs in the United Kingdom, which
had reported efficiencies of 70 to 100% (Kirk et al., 2002). Efficiency
of removal observed in this study was 80 to N99%, but in most tested
samples it was greater than 96%.

In previous studies, concentrations of estrogen equivalents (EEQ)
of river water upstream and downstream of several WWTPs, quanti-
fied by use of the yeast estrogen screen (YES), was significantly corre-
lated with EEQ based on chemical analysis of steroidal estrogens for
grab samples and POCIS (Vermeirssen et al., 2005). Also chemical
and biological (E-Screen assay) analyses used to determine the con-
centrations of 15 endocrine disrupting compounds and estrogenicity
in grab and passive samples from five municipal WWTPs showed
good agreement (Tan et al., 2007). Alternatively, assessment of con-
tamination of headwater streams from livestock farms documented
that measured waterborne steroids accounted for some of the detect-
ed estrogenicity, but a considerable portion of estrogenicity could not
be attributed to concentrations of identified estrogens (Matthiessen
et al., 2006).

Androgenic potency of waste water in bioassays was shown to
decrease during progression through the WWTP (Michelini et al.,
2005). Concentrations of AEQ and efficiencies of removal observed
in our study are similar to those reported for three Swedish municipal
WWTPs that used activated sludge systems, and had androgenic
potencies in yeast androgen screen (YAS) in influents ranging from
30 to 75 AEQ ng/L (and 0.8–3 AEQ ng/L in effluents) with efficiencies
of removal of 96–98% (Svenson and Allard, 2004). However, some
studies detected androgenic potencies in waste water influents that
were greater than those observed in our study (Kirk et al., 2002;
Leusch et al., 2006). Androgenic potencies in effluents of some
WWTPs were as great as hundreds of ng AEQ/L, but in other WWTPs
effluents they were less than the limits of quantification (Blankvoort
et al., 2005; Kirk et al., 2002; Leusch et al., 2006; Sousa et al., 2010).
Efficiencies of removal of androgens ranged from 82 to more than 99%
when activated sludge was included in treatment processes, but signif-
icantly less when only primary treatment or for example biological
trickling filters were employed (Kirk et al., 2002; Leusch et al., 2006).
This observation is consistent with efficiencies of removal determined
in this study which were greater than 96% in all cases. Also results
obtained with POCIS samples confirmed significant removal of com-
pounds with estrogenic and androgenic potency. Our results document
that the efficiency of removal of both estrogenic and androgenic poten-
cy of the BrnoWWTP can be ranked among the most efficient clarifica-
tion WWTPs that do not implement advanced treatment. However,
the results reported here also show that the efficiency of treatment
can vary especially for dioxin-like and cytotoxic compounds, and thus
one timepoint sampling might not be sufficient for its determination.

Results of this study provide unique information on the variability
of cytotoxicity and specific potencies in waste waters during the
whole year. Estrogenic potency seemed to be greater in the dryer
summer season when there is less dilution than during winter
when more precipitation results in greater runoff, but also greater
dilution (Fig. 4). However, there was no clear trend for androgenic
potencies. Lower temperatures in winter did not negatively influence
removal of estrogenic potency by theWWTP, but it might have affect-
ed the breakdown of more persistent compounds causing the dioxin-
like potency. The greatest cytotoxicity was observed during summer,
which might be correlated with lesser dilution (Fig. 2), but with an-
other peak in winter, when probably some other types of pollutants
associated with more typical winter sources (such as combustion)
might play more significant role. However, the dioxin-like potency
did not vary as much as estrogenicity throughout the year, except
for August when it was approximately 3-fold greater than during
the rest of the year. This observation is probably due to less dilution
in summer and possibly also some immediate pollution situation
that can affect the samples collected during a single day. There is lim-
ited information on seasonal variability of specific potencies of con-
taminants in waste waters. A study conducted in the UK (Kirk et al.,
2002) found that estrogenic and also androgenic potencies in influ-
ents and effluents were less in samples collected in months of rainy
weather. The recombinant yeast assay was used to assess variability
of estrogenic potencies in influent and effluent of Canadian municipal
WWTP implementing an additional cleaning step of UV disinfection
(Fernandez et al., 2008). Estrogenic potencies of composite samples
of influent taken every week from September to December were not
dependent on sampling season, while EEQ levels in final effluents
were very high, exceeding 100 ng EEQ/L in September and ranging
from about 50 to 80 ng EEQ/L from the end of October till the end of
the campaign. Lower EEQ concentrations in effluent in autumn and
winter compared to summerwere seen also in our study, but the ranges
of EEQ values were much lower than those reported by Fernandez et al.
(2008).
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Similar to the results of this study, small estrogenic potencies
and/or concentrations of industrial estrogen mimics and natural
estrogens were frequently detected in WWTP discharges, due to their
incomplete removal byWWTPs (Table 3). However, even these concen-
trations have been shown to be effective in causing some biological
effects. It has been demonstrated in a 7-year whole-lake experiment
that long termexposure to estrogens (5-6 ng/L ethinyl estradiol) can af-
fect sustainability of wild fish populations (Kidd et al., 2007). Moreover,
a multigeneration study of Chinese rare minnows (Gobiocypris rarus)
demonstrated that reproduction of the F1 minnows was completely
inhibited at the ethinyl estradiol concentration as low as 0.2 ng/L
(Zha et al., 2008). These results suggest that even when efficiencies of
removal of estrogen are as great as those observed in this study, risks
to aquatic organisms can still occur due to the concentrations of estro-
gens that are constantly released from waste water effluents. The risk
seems to be greatest in cases when the volume of effluentwaters repre-
sents a greater proportion in relation to the receiving waters.

Next to the estrogenic and androgenic potencies detected in POCIS
and water from WWTP, there were also some antiestrogenic and
antiandrogenic pollutants in passive samples from WWTP, which
however were not detected in the influent and effluent water sam-
ples. This difference indicates that antiestrogenic and antiandrogenic
potency is related probably to less polar compounds, which were not
in sufficient concentrations included in the methanolic extract of
waste water. Moreover, the antiestrogenic/antiandrogenic potencies
in waste waters could be masked by relatively great cytotoxicity of
the methanolic extracts. Furthermore, passive samples enable higher
preconcentration of the compounds compared to the composite water
samples and thus the antiestrogenic/antiandrogenic activity detected
in passive samples might have been bellow the limit of detection for
the water samples. The passive samples from rivers exhibited neither
estrogenic nor androgenic potency, but rather antiestrogenic and anti-
androgenic potential. The antiestrogenic potency was detected in
extracts from passive samplers exposed upstream of the city. In the
study by Garcia-Reyero et al. (2001) (anti)estrogenicity was detected
by recombinant yeast assay in waste waters and all samples of river
water. The lack of estrogenic potency in POCIS and SPMD from river
water in the study reported here could be caused by the presence of
sufficient concentrations of chemicals that have been shown to have
antiestrogenic potency, including pesticides, such as linuron or atrazine
(Orton et al., 2009). Antiandrogenic potency was detected at most
sampling sites. Hydrophilic antiandrogenic compounds were found in
POCIS at sampling sites upstream of the city, whereas antiandrogenic
potency in SPMD associated with the more hydrophobic pollutants
was detected namely in the WWTP and downstream of the WWTP.
Multiple contaminants are known to be associatedwith antiandrogenic
potency (Orton et al., 2009; Sohoni and Sumpter, 1998), including some
pesticides, which were detected by chemical analysis (e.g. p,p′-DDE,
diuron).

5. Conclusion

This study revealed the presence of compounds with endocrine
disruptive potency in both river water and WWTP influent and efflu-
ent. The results of year-round waste water assessment confirmed
high treatment efficiency of the WWTP for cytotoxic compounds,
xenoestrogens and xenoandrogens. There was significant seasonal
variability of efficiency of treatment, especially of dioxin-like poten-
cies. Despite its high efficiency WWTP had impact on the pollution
with endocrine disruptive compounds. The approach employed en-
abled determination of contributions of the metropolitan urban area
and the WWTP to contamination of the rivers. Concentrations of
PAHs and most pollutants sampled by POCIS decreased as a function
of distance downstream of the city. Passive sampling, along with
in vitro bioassays and chemical analysis allowed determination of a
broad spectrum of contaminants and specific biological potencies
and revealed the pollution situation in this model region. More
research should be performed in the future to better characterize
passive sampler performance under complex exposure conditions
in raw wastewaters.
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