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Abstract The aquatic environment is under increased
pressure by pharmaceutically active compounds
(PhACs) due to anthropogenic activities. In spite of
being found at very low concentrations (ng/L to μg/L)
in the environment, PhACs represent a real danger to
aquatic ecosystems due to their bioaccumulation and
long-term effects. In this study, the presence in the
aquatic environment of six non-steroidal anti-inflamma-
tory drugs (ibuprofen, diclofenac, acetaminophen,
naproxen, indomethacin, and ketoprofen), caffeine,
and carbamazepine were monitored. Moreover, their
aquatic risk and ecotoxicity by three biological models
were evaluated. The monitoring studies performed in
Romania showed that all studied PhACs were naturally
present at concentrations >0.01 μg/L, pointing out the
necessity to perform further toxicity tests for environ-
mental risk assessment. The toxicity studies were car-
ried out on aquatic organisms or bacteria and they
indicated, for most of the tested PhACs, an insignificant
or low toxicity effects: lethal concentrations (LC50) on
fish Cyprinus carpio ranged from 42.60 mg/L to more
than 100 mg/L; effective concentrations (EC50) on
planktonic crustacean Daphnia magna ranged from
11.02 mg/L to more than 100 mg/L; inhibitory concen-
trations (IC50)/microbial toxic concentrations (MTC) on
Vibrio fischeri and other bacterial strains ranged from

7.02 mg/L to more than 100 mg/L. The PhAC aquatic
risk was assessed by using the ratio between measured
environmental concentration (MEC) and predicted no
effect concentration (PNEC) calculated for each type of
organism. The average of quotient risks (RQs) revealed
that the presence of these compounds in Romania’s
aquatic environment induced a lower or moderate aquat-
ic risk.
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Introduction

The continuous increase of the human population has
been associated to a tremendous increase of the amount
and structural diversity of the chemical compounds
released into the environment. Awide range of pharma-
ceutically active compounds (PhACs) have been detect-
ed in the surface waters (Christen et al. 2010), raising the
concern about their harmful effects on the biological
systems (Fernández et al. 2014). Unfortunately, PhACs
are continuously introduced into the aquatic environ-
ment by various industrial or domestic wastewater
sources (Kümmerer 2008), such as intensive medical
practices (Bound and Voulvoulis 2006), expired drugs,
intensive farming, and aquaculture (Wollenberger et al.
2000). Moreover, ingested PhACs are not completely
metabolized and they are returned into the environment
via Waste Water Treatment Plant (WWTP) effluents as
parent compounds, metabolites, and/or conjugates
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secreted by bodily functions (urine and feces). For in-
stance, approximately 72 % of the usually administered
carbamazepine is absorbed by the human body, and the
remaining 28 % is eliminated in unchanged chemical
form through feces (Zhang et al. 2008). On the other
hand, numerous studies conducted worldwide reported
an occurrence of over 80 PhACs (concentrations rang-
ing from 0.017 ng/L to 30μg/L) in most rivers and lakes
from Germany, Spain, China, Taiwan, Korea, Kenya,
Finland, Sweden, and Portugal (Wiegel et al. 2004;
Bendz et al. 2005; Kim et al. 2007a, b; Kim and Aga
2007; Vieno et al. 2007; Peng et al. 2008; Chen et al.
2008; Zhao et al. 2009; Madureira et al. 2010; Valcárcel
et al. 2011, 2013; Koreje et al. 2012). In Romania, the
total consumption of the most commonly used PhACs
was estimated at more than 100 t/year. The consumption
for analgesic compounds such as diclofenac, acetamino-
phen, and ibuprofen was estimated to more than 2–3 t/
year per 19 million permanent inhabitants in 2012 (www.
anm.ro, accessed in June 2015). The PhAC consumption
in Romania increased 71 % during the last 10 years, but
still, it is fourfold lower compared to other European
countries (www.antibiotice.ro, accessed in June 2016).

Accordingly, more chemical compounds are
discharged to the environment increasing the prob-
ability to induce harmful effects on living organ-
isms and subsequently affecting the ecosystems
(Bound and Voulvoulis 2006; Tsiaka et al. 2013).
PhAC biodegradation studies reported low removal
efficiencies by activated sludge from WWTPs
(Stuer-Lauridsen et al. 2000; Kosjek 2006; Gartiser
et al. 2007; Homem and Santos 2011; Muhammad
et al. 2013). As a consequence, a large percentage
of PhACs is released and could accumulate into
the aquatic environment posing an ecological risk
for the natural water reservoirs.

In this context, worldwide organizations, such
as the European Medicines Evaluation Agency
(EMEA) and the US Food and Drug Administra-
tion (FDA), have developed and implemented var-
ious environmental risk assessment guidelines
(Fent et al. 2006) for the safety of the ecosystems.
The Drugs Environmental Risk Assessment (ERA)
was stipulated by EU Directive 93/39/EEC
amending Directive 65/65/EEC and by the Guide-
line of Environmental Risk Assessment of medic-
inal products for human use (Straub 2001; EMEA
2006). The EU Commission through European
Centre for the Validation of Alternative Methods

(ECVAM) recommend for acute toxicity detection
of new and existing chemicals, including pesticides
and PhACs, the BStep-down approach^ by
unravelling new strategies based initially on small
testing organisms such as crustacean, algae, or
bacteria. In the second phase, the testing organ-
isms are upgraded to fish only for the upper
threshold concentration (UTC) of the first tested
organisms (ESAC 2005). According to OECD,
EPA, and ISO testing methodologies, current eval-
uation of PhAC toxicity effects on aquatic biota
requires short-term exposure (24–96 h) for serial
PhAC concentrations (Gheorghe et al. 2010; Nita-
Lazar et al. 2016).

At the present, the researches focus on the fate
and effects of PhACs in the aquatic environment
(Tsiaka et al. 2013) and it is based on multichan-
nel approaches such as (i) compound detection and
concentration determination; (ii) identification of
the pollution source as well as the evacuation
routes into environment; and (iii) evaluation of
the toxic effects of PhACs on aquatic organisms
at different trophic levels (microorganisms, inver-
tebrate, vertebrate, and plants).

The scientific community as well as the European
Commission composed a list of priority substances
which is regularly upgraded under Water Framework
Directive (WFD 2000/60/EC). Recently, a Bwatch list^
of 12 new emerging pollutants that could be added to the
priority list was composed. For the first time, the watch
list included three pharmaceutical compounds,
diclofenac (a commonly used generic painkiller which
is suspected for fish mortality) and two hormones (17
alpha-ethinylestradiol and 17 beta-estradiol), which can
disrupt the endocrine system in humans and harm fish
reproduction (EU Directive 2013).

The aim of the present work was to monitor the
input of PhACs from three major WWTP stations
into four Romanian surface water rivers and sub-
sequently to study their toxic effects on these
surface waters. We assessed the toxic effect of
the most eight frequently used PhACs (six analge-
sics, one antiepileptic drug, and one nervous stim-
ulant) on different aquatic organisms (fish, crusta-
cean, and bacteria). Moreover, this study, based on
our experimental monitoring and toxicity data,
intended to correlate the aquatic risk of these
PhACs on three Romanian surface waters with
the International Guidelines for Risk Assessment.
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To our knowledge, this is the first study of PhAC risk
assessment in Romania providing valuable information
for future environmental and human risk studies.

Material and methods

Chemicals and materials

PhACs selected for this study (Table 1) were pur-
chased from Sigma-Aldrich (Seelze, Germany) and
their standards had a purity higher than 98 %.
HPLC-grade methanol, acetonitrile, and sodium
hydroxide were supplied by Sigma-Aldrich
(Steinheim, Germany). EDTA disodium salt (Na2-
EDTA) and hydrochloric acid (HCl) were pur-
chased from Merck (Darmstadt, Germany).
Reagent-grade formic acid (99.9 % purity) was
supplied by Agilent Technologies (CA, USA).
HPLC-grade water was obtained with a Simplicity
UV ultrapure water system from Millipore (Mil-
ford, MA, USA). Individual stock standard solu-
tions of 500–1000 mg/L were prepared in metha-
nol and stored in amber glass vials at −18 °C.
Working solutions (containing a mixture of all
analysts) were freshly prepared in methanol and
stored at 4 °C.

Sampling

Wastewater samples were collected monthly during
2014 from Pitesti, Brasov, and Targu Mures WWTPs
(influents and effluents) as well as from upstream and
downstream WWTP surface waters such as Ghimbasel
Stream (Brasov town area), Mures River (Targu Mures
town area), and Arges River (for Pitesti town area). In
addition, water samples were collected from different
sites on Danube River (Romanian sector) and Danube
Delta (Sf. Gheorghe Branch): Bazias, Giurgiu, Tulcea,
Mahmudia, Uzlina, Murighiol, Sf. Gheorghe, and Black
Sea Confluence.

Analytical procedure

The occurrence of the tested PhACs from environment
samples was detected using the following two analytical
methods.

LC-UVanalysis

The LC-UV method was used to detect diclofenac,
acetaminophen, ketoprofen, indomethacin, naproxen,
and ibuprofen. The chromatographic protocol was mod-
ified and adapted from an analytical method previously
developed and described elsewhere (Santos et al. 2005).
Liquid-chromatographic separation of selected PhACs
was investigated by using an Agilent 1100 (Agilent
Technologies, USA) system equipped with a degasser,
quaternary pump, autosampler, column thermostat, and
multiple wavelength detectors (MWDs). The separa-
tions were performed on a LiChrosphere® 100 RP-18
analytical column (125 mm length, 4 mm i.d; 5 μm
particle size) acquired from Merck (Darmstadt, Germa-
ny) and protected by a LiChrosphere® 100 RP-18
(4mm×4mm i.d., 5 μm) guard column. System control
and data acquisition were controlled by an Agilent
ChemStation program. The mobile phase (1 mL/min)
was a gradient of 50-mM potassium dehydrogenate
phosphate in water (pH 4.6) (solvent A) and acetonitrile
(solvent B). The HPLC separations were carried out at
25 °C and the MWD detection was performed at
254 nm. Sample treatment was based on solid phase
extraction (SPE) using Oasis HLB (60 mg, 3 mL; Wa-
ters, Milford, MA, USA) extraction cartridge. Before
extraction, the surface and wastewater samples were
filtered through 1.6-μm Whatman glass fiber filters to
remove any solid particulates, and then, the samples
were adjusted to pH=2 with hydrochloric acid (2 M)
in order to prevent the analytes from taking their ionic
form. Oasis HLB cartridges were conditioned with 3 mL
of ethyl acetate, 3 mL of methanol, and 3 mL of acidi-
fied water (pH 2) at a flow rate of 5 mL/min. After
loading the sample (1000 mL at 10 mL/min) and sub-
sequent washing with 5 mL of HPLC water at 5 mL/
min, the cartridges were dried under vacuum for 30 min.
The elution of PHCs was performed with 3 mL of ethyl
acetate at a flow rate of about 1 mL/min. The extract was
evaporated to dryness in a nitrogen stream and finally
reconstituted in 1 mL of methanol and injected into the
HPLC system.

HPLC-MS/MS analysis

This analytical procedure for carbamazepine and caf-
feine was developed based on the EPA Method 1694
(USEPA 2007) with some modifications. Before extrac-
tion, water samples were filtered through 1.6-μm glass
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fiber filters (Whatman, Maidstone, UK). In the filtered
aliquots of wastewater (100 mL for influent and 250 mL
for effluent), Na2EDTA chelating agent was added to
achieve a final concentration of 0.1 % in the samples.
The measured volumes were subsequently enriched

onto Oasis HLB cartridges (60 mg, 3 mL; Waters,
Milford, MA, USA) using the protocol described in
the EPA Method 1694 for extraction of acid fractions
of aqueous samples. Briefly, samples were acidified
with 12 N HCl to obtain pH 2±0.5. HLB cartridges

Table 1 Chemical abstract service (CAS) number, chemical structure, water solubility, octanol/water partition coefficient (logKOW),
molecular mass (MM), and medical application of PhACs

PhACs CAS Chemical
Structure a

Water
solubility a

(mg/mL)

Log
Kow a

MM a

(g/mol) Application

Diclofenac 15307-79-6 50 4.51 296.16

Analgesic

Anti-

inflammatory

Acetaminophen 103-90-2
12.78

(20oC)
0.46 151.17

Analgesic

Antipyretic

Ketoprofen 22071-15-4
0.13

(25°C)
3.12 254.28

Analgesic

Antipyretic

Indomethacin 53-86-1 Insoluble 4.27 357.8

Analgesic

Anti-

inflammatory

Naproxen 22204-53-1

>3 (25oC)

0.016

(25°C)

3.18 230.26
Anti-

inflammatory

Ibuprofen 15687-27-1 >2 ( 25oC) 3.97 206.29
Anti-

inflammatory

Carbamazepine 298-46-4 0.017 2.45 236.27 Antiepileptic

Caffeine 58-08-2 21.74 0.01 194.19 Nervous stimulant

a The data are taken fromTakacs-Novak et al. 1992; Nowara et al. 1997; Granberg andRasmuson 1999; Snyder et al. 2003; Hamre 2006; Petrović
2007; Ying et al. 2009; http://www.drugbank.ca/drugs/DB00788, accessed in September 2014; http://toxnet.nlm.nih.gov, accessed in June 2012;
http://www.inspiralis.com, accessed in June 2012; Sigma-Aldrich certificates; Cayman Chemical 2012; Syracuse Science Centre 2002
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were conditioned with 20-mLmethanol and 6-mLwater
at pH 2±0.5. The cartridges were loaded with 100 mL
of influent and 250 mL of effluent, respectively, at a
constant flow rate of 5–6 mL/min. After sample
preconcentration, cartridges were rinsed with 10-mL
HPLC water to remove the EDTA and dried under
vacuum for approximately 5 min to remove excess
water. The target analytes were eluted with 12 mL of
methanol. Using a gentle stream of nitrogen gas, the
extract volumes were reduced to near dryness in a water
bath held at 50±5 °C and reconstituted in 1 mL of
methanol. LC-MS/MS measurements were carried out
with an HPLC system Agilent 1290 Infinity coupled to
an Agilent 6410 triple quadrupole MS equipped with an
electrospray ionization (ESI) source (Agilent Technolo-
gies, Waldbronn, Germany) in multiple reaction moni-
toring mode (MRM). Instrument control and data pro-
cessing were carried out by means of MassHunter soft-
ware (A GL Sciences, Tokio, Japan). The separation of
the analytes was performed at 40 °C on a Zorbax SB-
C18 Rapid Resolution HTcolumn 50 mm×2.1 mm i.d.,
1.8-μm particle size, at a flow rate of 0.3 mL/min. A
gradient program was used with the mobile phase, com-
bining solvent A (with 0.1 % formic acid in ultrapure
water) and solvent B (acetonitrile) as follows: from 2 to
58 % B in 5 min and from 58 to 79 % B in 5 min and
equilibration for 10min. The injection volume was 1 μL
and all the analytes were eluted within 10 min. Nitrogen
gas was used as collision and nebulizing gas (9 L/min,
nebulizer pressure 40 psi).The analyses were done in the
positive ion mode. The source temperature was 300 °C.
The capillary voltage was 4000 V. Quantification was
performed using external calibration and peak area mea-
surements. Enhancement or suppression of analyte re-
sponses by matrix effect encountered in methods based
on electrospray mass spectrometry are corrected auto-
matically with an isotopically labeled internal standard.
Due to the lack of a specific internal standard, all the
analytical results reported in this work are only
qualitative.

Ecotoxicological test methods

Toxicity assays were carried out according to OECD
and ISO methodologies using conventional and alterna-
tive methods based on the following aquatic organisms:
fish (Cyprinus carpio), planktonic crustacean (Daphnia
magna), luminescent bacteria (Vibrio fischeri), and oth-
er bacteria (Gram-negative and Gram-positive bacteria)

(Table 2). The tested fish species are specific for Roma-
nian surface waters, are easy to acclimatize in a
laboratorium, and are sensitive to various contaminants.
The experimental testing was performed considering the
fish number reduction. Also, the tested crustaceans and
bacteria were selected on the recommendation of inter-
national practices for acute toxicity tests.

Sample preparation

Stock solutions were prepared from a known quantity of
PhACs dissolved into a specified volume of dilution
water or growth medium. No added solvents were used
and all concentrations were tested under their solubility
threshold. The solutions were stirred for 24 h in the dark
at 25 °C. The testing solutions were prepared by mixing
the appropriate volumes of stock solutions with dilution
water or growth medium in order to obtain the final
concentrations used for testing. Finally, the pH of tested
solutions was between 6.5 and 8.5 pH units.

Fish toxicity test procedure

The fish acute static toxicity test was performed on C.
carpio and their mortality was measured at 96 h of
PhAC exposure in accordance to OECD 203.

Briefly, one-year-old fish, with health and origin
certificates, were purchased from selected fish lots from
a Romanian authorized fish farm. The fish with similar
lengths were acclimatized in the laboratory for 3 weeks
prior to the testing. The toxicity test was performed in
duplicate on five fish (length 4±2 cm) per 10-L aquar-
iums untreated (control) or treated with different con-
centrations of PhACs ranging from 1 to 500 mg/L. The
mortality and behavior modifications were registered
every 24 h as well as registering after 96 h the lethal
concentration for 50 % of the fish (LC50-96 h) which
allows calculating the no observed effect concentration
(NOEC).

Crustacean toxicity test procedure

The test determined the PhAC concentration that immo-
bilizes or kills 50 % (EC50) of crustacean D. magna,
after 24 or 48 h of chemical exposure at 20±2 °C in the
dark. The test procedure was performed according to
OECD 202 and ISO 6341 using the Daphoxkit F Magna
microbiotest provided by MicroBioTests Inc., Belgium.
In short, the test was performed in three replicates in a
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multiwell test plates using 20 organisms for each con-
centration (at least 5 different concentrations for each
PhACs) and control (untreated standard freshwater).
The mortality/immobilization percentages of organisms
were registered after 24 and 48 h. The NOEC values
were determined as well.

Luminescent bacteria toxicity test procedure

Acute toxicity tests with luminescent bacteria V. fischeri
were performed according to DIN EN ISO 11348–3
method using lyophilized bacteria (Multi-Shot kit) pur-
chased from Macherey–Nagel GMbH and Co. KG,
Germany. The pH of the samples was adjusted in the
interval 6–8.5 units. The samples were enriched with
20 % NaCl to adjust the osmolality. The tests were
performed at 15±1 °C in three replicates using a bacte-
ria inoculum of 108 cells/mL per each concentration (at
least five different concentrations for each PhAC) and
control (untreated media). The light intensity produced
by the bacteria was measured using the BBioFix Lumi^
system, before and after 15 min of incubation, in the
presence of PhACs compared to the control (untreated
bacteria). The intensity of luminescence is inversely
proportional with the toxic effect of PhACs on microor-
ganisms. The test endpoints, EC50, and NOEC values
were calculated.

Microbial toxicity test procedure

Microbial assay for risk assessment (MARA) test, pur-
chased from NCIMB Ltd., Scotland, is a multispecies
toxicity test based on responses of 11 microorganisms
(10 bacteria and 1 yeast strain) to toxic compounds. This
toxicity test was performed on caffeine and carbamaze-
pine. The microbial growth rates were determined by a
redox dye (2, 3, 5-triphenyl tetrazolium salt) reduction
which induces insoluble reaction products (red) that
precipitate and form pellets. The pellet size was propor-
tional with the rate of microbial growth. The microplates
were scanned with a scanner HP Scajet XPA and the
image was analyzed by MARA software for microbial
toxic concentration (MTC) value determination. All the
tests were performed in duplicates.

Data processing and statistics

The acute median effects of PhAC concentrations in fish
(LC50) and crustacean (EC50) were calculated using theT
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probity analysis method which is based on exponential
regression relationship between cumulative percentages
of mortality (expressed as probity units) for each expo-
sure period of time and logarithmic concentrations of
test substance. In the case of luminescent bacteria, the
concentration-effect relationship was calculated using
standard linear regression analysis. All the calculations
were performed using Microsoft Excel—RegTox. The
MTC values in MARA tests were calculated by com-
paring the area under and above the growth curve using
the MARA software (provided by NCIMB Ltd, Scot-
land). Standard deviations (STDEVs) were calculated
for every assay (chemical detection or toxicity assay).

Aquatic risk assessment

Risk characterization is required for all chemicals, in-
cluding the PhACs, as an estimation of their exposure
and adverse effects on the environmental compartment.
Generally, this is based on predicted environmental
concentration (PEC) and predicted no effect concentra-
tion (PNEC) calculation, in terms of exposure and as-
sessment of effects. The aquatic risk assessment of the
studied PhACs was conducted according to the environ-
mental risk assessment (ERA) (EMEA 2006). The gen-
eral principle of ERA procedures for conventional
chemicals in Europe was also used (TDG 2003).

The evaluation of human PhAC risks generally en-
compasses three phases: phase I—a Bprescreening^ that
requires the data collection in order to estimate the
exposure restricted to aquatic PEC calculation using
Eq. 1; phase II Tier A—Bscreening^ that entails the
aquatic toxicology and fate assessment for an initial risk
prediction; phase II Tier B—an Bextended^ phase that
allows a refinement of risk assessment using detailed
data:

PECEMEA waterð Þ μg=Lð Þ ¼ DOSEai� Fpen

WASTEWinhab � D� 100
� 103 ð1Þ

where PECEMEA (water) is predicted environmental
concentration for surface water and DOSEai is the max-
imum daily dose taken per inhabitant (in mg). These
values were found in Romanian Pharmacopoeia (2015)
and Romanian National Medicament Agency databases.
Fpen (%) is a market penetration factor of active ingredi-
ents and has a recommended value of 1 % by the EMEA
guideline or other values according to a wide range of
individual market penetration factor (Hamre 2006);

WASTEWinhab represents the total volume of wastewater
generated per inhabitant and for Romania, it was estimat-
ed at 200 L/day/inhabitant (Grung et al. 2008); D is a
dilution factor set to 10 for environmental extrapolation
(Grung et al. 2008); 100 is the correction factor for per-
centages; 103 is the unit conversion factor from milligram
in micrograms.

In order to estimate the current contamination of
surface water with PhACs, three other PEC calculation
models were applied (Eqs. 2, 3, and 4).

PECeffluents μg=Lð Þ ¼ averageof PhACsconcentrations inwastewater effluents

10

ð2Þ

PECsurface water μg=Lð Þ
¼ averageof measured environmental concentrations MECð Þ

ð3Þ

PECPharma surface waterð Þ μg=Lð Þ ¼ A� 100−Rð Þ
365� P � V � D� 100

� 1012

ð4Þ
where: PECPharma (surface water) was calculated using sta-
tistical data of the predicted PhAC amount used per year
in tons (A) estimated for 1 t/year/PhAC, removal rate in
WWTPs (R) using our data, number of inhabitants in
Romania (P) set at 19 million in 2012, volume of
wastewater per inhabitant (V), a dilution factor set to
10 (D); a unit conversion factor from ton to micrograms
(1012), and a conversion factor for percentages (100).

The phase II Tier A of the ERAwas applied when the
PEC of the PhACs exceeded the value of 0.01 μg/L in
surface water. This phase involved the PNEC calcula-
tion using an assessment factor (AF) of 1000 applied for
L(E)C50 or 10 applied for NOEC, which expresses the
degree of uncertainty in the actual environmental ex-
trapolation. In the end of phase II, the quotient risks
(RQs) between PEC (or MEC) and PNEC were calcu-
lated: RQ <0.1, the substance has negligible risk; RQ
between 0.1 and 1 has a low risk; RQ values between 1
and 10 show a moderate risk; and at an RQ value greater
than 10, the substance is considered to have a high
environmental risk.

This work presented the results obtained in phases I
and II Tier A of the aquatic risk assessment for studied
PhACs using our wastewater and surface water analyt-
ical data as well as the toxicity data.
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Results and discussions

Occurrence of PhACs in WWTPs and surface waters

Detection and quantity monitoring of chemical com-
pounds by physicochemical techniques are essential
steps in assessing their potential toxic effect on the
environment. The presence of PhACs in influents as
well as in effluents fromWWTPs seemed to be constant
regardless of the location and collection period of time
(data not shown). The same pattern of PhAC presence
was observed for the surface waters (data not shown).

In WWTPs influents, ibuprofen and caffeine were
found at the highest concentration, around 22 μg/L, then
acetaminophen (12.42 μg/L) as well as diclofenac and
ketoprofen (7 μg/L) (Fig. 1). Very small amounts of
indomethacin, naproxen, and carbamazepine (<2 μg/L)
(Fig. 1) were detected. In spite of the fact that based on
DOSEai, the caffeine consumption (300 mg/patient) is
four times less compared to ibuprofen (1200 mg/pa-
tient), their concentration in influents was almost iden-
tical. The extra caffeine input could come from other
non-therapeutic sources such as coffee, tea, chocolate,
or refreshments. Moreover, according to DOSEai based
in Romanian Pharmacopoeia (2015) and National
Agency Medicines and Medical Devices databases, the
acetaminophen consumption was around of 3000 mg/
patient, which was by far the highest among the tested
PhACs. In spite of this fact, acetaminophen presence, as
a contaminant, in the wastewaters (influent of 12.42 μg/
L) was almost 50 % lower than caffeine and ibuprofen.

Generally, this discrepancy could be explained by the
short half-life of this compound (<5 % is excreted
unchanged from the human body after a therapeutic
dose) (Bessem and Vermeulen 2001) as well as by
strong biodegradability and biosorption (Tsung et al.
2011).

The highest concentrations in WWTP effluents were
found for caffeine (8.16 μg/L) and ibuprofen (7.60 μg/
L). In addition, our previous results from 2009 to 2013
(Gheorghe et al. 2014) corroborated with our present
results regarding the mean concentrations of diclofenac
(3.45 μg/L), naproxen (0.18 μg/L), and carbamazepine
(0.54 μg/L) in effluents showed higher concentrations
compared to other international reports (Lin et al. 2005;
Roberts and Thomas 2006).

The mean of PhAC removal rates (Fig. 2) in the
monitored WWTPs was ≥60 % for all tested PhACs
except for naproxen (57 %), which corroborate with
another report mentioning that even advanced WWTP
(using ultrafiltration, activated charcoal, and reverse
osmosis after the primary biological treatment) were
not efficient in naproxen removal (Mohannad et al.
2013). A particular case was at Targu Mures WWTP,
where the removal rates of ketoprofen (<40 %) and
carbamazepine (1–20 %) were lower compared to the
other WWTPs (Pitesti and Brasov) that indicate a poor
wastewater treatment system for those two compounds
(data not shown).

In general, the concentration of the tested PhACs in
the surface waters was lower compared to the effluents
(Fig. 1). This observation could be explained by the

Fig. 1 The average values of PhAC concentrations detected in three WWTPs (Pitesti, Targu Mures, and Brasov) and in four Romanian
surface waters (Ghimbasel Stream, Mures River, Arges River, and Danube River—Danube Delta)
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dilution factor when effluents reached the main water
surface. The only exceptions were for ibuprofen
(10.25 μg/L) and naproxen (0.44 μg/L) found at higher
concentrations compared to wastewater effluents, and
this could be explained by an addition from other pol-
lution sources (industrial wastewater or livestock
farms). In general, the wastewater release was the main
PhAC source for Ghimbasel Stream (a natural receptor
of Brasov WWTP effluents, with a flow of about 2 m3/
s), Mures River (mean flow of 33.6 m3/s), Arges River
(mean flow of 40 m3/s), Danube River (mean flow of
6500 m3/s), and Danube Delta (Sf. Gheorghe Branch—
mean flow of 1500 m3/s). In the surface waters, the
concentrations of diclofenac (2.21 μg/L), ketoprofen
(0.82 μg/L), and caffeine (4.82 μg/L) decreased up to
twofold compared toWWTPs, due to the dilution factor.
Moreover, concentrations of acetaminophen (1.58 μg/
L), indomethacin (0.26 μg/L), and carbamazepine
(0.08 μg/L) from surface water were 1/3 at the same
level to effluent concentrations, perhaps due to a high
degradability and/or high absorption. Higher PhAC con-
centrations (diclofenac 4.91 μg/L, acetaminophen
4.55 μg/L, ketoprofen 2.45 μg/L, ibuprofen 30.71 μg/
L, and caffeine 17.4 μg/L) were observed in the
Ghimbasel Stream as a result of poor water dilution. In
addition, this brook is receiving the WWTP effluents
from Brasov which harbors a big drug manufacturing
company. The PhAC concentrations from Arges River,
Mures River, Danube River, and Danube Delta—Sf.
Gheorghe Branch were lower than 1 μg/L, excepting
the caffeine and ibuprofen.

A recent study on Somes River from Romania re-
vealed analgesic, nervous stimulants, antirheumatic, and
antiepileptic drug exposure concentrations ranging from

0.01 to 10 μg/L, which showed a decrease compared to
previous years. This fact could be explained by a recent
improvement of the municipal wastewater treatment
processes in the city of Cluj Napoca (Moldovan et al.
2009). Moreover, 15 pharmaceuticals and personal care
products (concentrations ranging from the 30 ng/L to
10 μg/L) were reported in the surface water of Somes
River (Moldovan 2006; Moldovan et al. 2007).

Our results highlighted that PhAC concentrations
detected in Romanian surface waters were higher than
in other countries such as Germany, Slovenia, USA, or
France (Jux et al. 2002; Kosjek 2006; Thaker 2005;
Feitosa-Felizzola and Chiron 2009), and this fact could
be explained by an excessive and unchecked PhAC
consumption (Pop 2010) corroborated with a less effi-
cient wastewater treatment process for PhACs.

The mean concentrations found in Romanian surface
waters (MEC) (Fig. 1) were used as PEC in order to
estimate the aquatic risks.

All the PhAC concentrations from surface waters,
analyzed in this study, ranged between 0.01 to 1 μg/L
and these values were used to calculate the risk assess-
ment by the phase II Tier A—toxicity assessment using
aquatic organisms.

Toxicity screening

The PhACs have been designed to induce specific bio-
logical effects, generally without negative effects on
humans and animals. Unfortunately, once PhACs are
released into the environment, no additional information
of their biodegradability, toxic effects, and bioaccumu-
lation in aquatic organisms from the contaminated area
were found(Moldovan et al. 2009; Fernández et al.
2014).

Toxicity data, both acute and chronic toxicity, are
very important to estimate the type and the degree of
toxic effect of the emerging drugs on tested organisms
(Li and Randak 2009). Two serious consequences of
PhAC environmental contamination have been (i) the
adaptation of bacteria and viruses to active compounds
from PhACs by increasing their expression of resistance
genes (Goni-Urriza et al. 2000; Edge and Hill 2005;
Kim et al. 2007a; Peak et al. 2007; Kümmerer 2009a;
Martinez 2009; Banciu et al. 2016), gene mutation
(Kimiko et al. 2000), and/or acquiring of resistance
genes by lateral transfer (Agnese et al. 2012) and (ii)
the endocrine disruption in humans, terrestrial, and
aquatic organisms (Roepke et al. 2005; Christen et al.

Fig. 2 Average of removal rates of studied PhACs
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2010). For example, the anti-inflammatory drug
diclofenac, frequently detected in wastewaters and sur-
face waters, had been reported to have a harmful effect
on rainbow trout. It accumulates in the trout’s liver and
causes histological alterations in its early stages of life
(Enick and Moore 2007; Triebskorn et al. 2007).

Table 3 shows acute toxicity data L(E,I)C50

(Gheorghe et al. 2013) and NOEC obtained in our
laboratory. These data were used for PNEC calculation
in order to estimate the level of aquatic risks on each
target organism.

It seems that the tested compounds did not have an
acute toxicity effects on fish for the majority of PhACs,
and the LC50 values ranged between 42.60 mg/L for
carbamazepine (low toxicity for fish) and 269.15 mg/L
for naproxen (non-toxic for fish), similar values being
reported in literature (EaSI-Pro(R) View Data base
2005). The non-effect concentrations of PhACs (deter-
mined in the acute toxicity tests) were in the range from
0.8 mg/L for carbamazepine to 25 mg/L for naproxen.
Behavioral disturbances, but no mortality effects, in-
duced by carbamazepine were observed in acute toxicity
tests at low concentrations (<10 mg/L).

The PhAC concentrations used in vitro (mg/L) with
an acute toxic impact on different biological models
were much higher than in field concentrations (μg/L),
suggesting no acute toxic effect on the aquatic organ-
isms from the natural environment. In spite of no acute
effects, on the long term, due to bioaccumulation, it
could appear to have strong toxicity on fish embryos
even at very low concentrations (i.e., 0.09–0.48 mg/L

for diclofenac) highlighted by Ferrari et al. 2003 and
EaSI-Pro(R) View Data base 2005.

Toxicity tests on D. magna crustaceans showed tox-
icity values ranging from 11.02 mg/L for acetamino-
phen to 162.18 mg/L for caffeine, similar with literature
values that range from 9.2 mg/L for acetaminophen to
182 mg/L for caffeine (EaSI-Pro(R) View Data base
2005; Ferrari et al. 2003). The daphnia NOEC values
of PhACs were in the range of 0.43 mg/L for indometh-
acin and 10 mg/l for caffeine.

Luminescent bacteria and other bacteria showed the
highest sensitivity to the toxic effects of PhACs, with the
exception of caffeine. The acetaminophen and indo-
methacin induced a toxic bacterial effect at concentra-
tions smaller than 10 mg/L. Diclofenac, ketoprofen,
naproxen, ibuprofen and carbamazepine showed harm-
ful effects in the range of 16.21 to 54.21 mg/L, respec-
tively. The PhAC NOEC values obtained for bacteria
were in the range of 0.4 mg/L for carbamazepine and
10 mg/l for caffeine.

Risk characterization

In spite of the fact that many studies on PhACs toxicity
are found in literature, there is still a lack of data neces-
sary for supporting a valid risk assessment. Due to
application of a conservative assessment factor
(AF=1000, 100 or 50) to the available ecotoxicological
data, a great variation of PNECs has been observed
(Chen et al. 2014). On the other hand, the absence of

Table 3 Acute toxicity data on aquatic biota (fish, crustaceans, and bacteria)

PhACs Effect concentrations (mg/L) ± STDEV

Cyprinus carpio Daphnia magna Vibrio fischeri and other bacteria

LC50 NOEC EC50 NOEC IC50 / MTC NOEC

Diclofenac 109.64 ± 2.12 10.84 ± 0.4 53.70 ± 1.5 0.45 ± 0.02 17.37 ± 1.01 1 ± 0.1

Acetaminophen 245.47 ± 3.7 25 ± 0.9 11.02 ± 0.8 1 ± 0.01 7.02± 0.5 0.5 ± 0.01

Ketoprofen 64.56 ± 1.6 0.92 ± 0.03 43.65 ± 1.02 0.56 ± 0.01 16.21 ± 1 1 ± 0.1

Indomethacin 79.43 ± 1.5 0.85 ± 0.02 22.38 ± 1 0.43 ± 0.01 7.94± 0.5 0.5 ± 0.01

Naproxen 269.15 ± 3.2 25 ± 0.1 46.72 ± 1.3 1 ± 0.02 19.95 ± 1.2 2 ± 0.1

Ibuprofen 158.48 ± 2.3 10 ± 0.5 104.71 ± 2.3 5 ± 0.05 39.89 ± 1.2 1.5 ± 0.6

Carbamazepine 42.60 ± 1.3 0.8 ± 0.04 21.87 ± 1.02 1.2 ± 0.1 54.21 ± 1.5 0.4 ± 0.02

Caffeine 229.08 ± 2.9 20 ± 0.5 162.18 ± 1.6 10 ± 0.09 88.6 ± 1.7 10± 1
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clear PhAC consumption data has been a major problem
in ensuring a relevant risk assessment.

In order to estimate the environmental risk of the
pharmaceuticals compounds, we used four different
scenarios: PECEMEA(water) according to EMEA guide-
line; PECeffluents from PhAC concentrations measured in
the wastewater effluents, adding a dilution factor; PECs
(herein represented by MEC) from PhAC concentra-
tions detected in surface water; and PECPharma integrat-
ing the PhAC removal rate in WWTPs, the predicted
PhAC amounts used per year reported to number of
inhabitants and wastewater volume per inhabitant.

All PEC values obtained in our study (Table 4)
showed that PhACs fromRomanian surface waters have
the same level as from other EU countries. The range of
PECs of diclofenac (0.04 to 5.2 μg/L), acetaminophen
(0.06 to 39μg/L), ketoprofen (0.03 to 1 μg/L), naproxen
(0.01 to 2.5 μg/L), and carbamazepine (0.01 to 6 μg/L)
identified in our studies were smaller than those speci-
fied in literature. For example, other literature data
showed the following PECs: 0.048–18.05 μg/L for
diclofenac, 15–65.4 μg/L for acetaminophen, 0.063–
9.5 μg/L for ketoprofen, 0.19–2.1 μg/L for naproxen,
and 0.19–19.25 μg/L for carbamazepine (Stuer-
Lauridsen et al. 2000; Ferrari et al. 2003; Carlsson
et al. 2006; Hamre 2006; Ying et al. 2009).

Our PEC values detected for ibuprofen (0.017 to
21.6 μg/L) and caffeine (0.07 to 1.5 μg/L) were higher
compared to literature-reported data (ibuprofen 0.012–
10 μg/L and caffeine 0.17 μg/L) (Stuer-Lauridsen et al.
2000; Carlsson et al. 2006; Hamre 2006; Ying et al.
2009), and this fact could be explained by an uncon-
trolled market consumption (Fpen =3.6 % specified by
Hamre 2006) of ibuprofen and of non-therapeutic uses
of caffeine.

Data from Table 4 showed significant differences
between PECEMEA(water) (Eq. 1), PECeffluent (Eq. 2), and
PECPharma (Eq. 4) values compared to PECs, based on
field monitoring (MEC from surface waters). This dis-
crepancy was due to the lack of relevant Romanian
databases regarding (i) maximum daily dose consumed
per inhabitant, (ii) market penetration factor of active
ingredient, (iii) effluent dilution factor in the receiving
waters, (iv) predicted amount used per year, (v) medicine
prescription and non-prescription, and (vi) direct dis-
charge of untreated wastewater into the surface water.
For this reason, the quotient risks were calculated by
taking into consideration only the PECsurface water (as
MEC) values obtained using the average of measured
concentrations in surface water (Eq. 3). The data showed
MEC values higher than 0.01 μg/L and it was followed
by PNEC calculation on aquatic organisms for all inves-
tigated PhACs. The ketoprofen, indomethacin, naproxen,
and carbamazepine concentrations were lower than 1 μg/
L, but diclofenac, acetaminophen, ibuprofen, and caf-
feine concentrations from surface water were higher
(similar results were obtained by Chen et al. 2014).

The estimated PNECs and RQs were summarized in
Table 5. All EC50 and NOEC values (obtained in our
laboratories on fish, crustaceans, and bacteria) as well as
the extrapolation factor (1000 for EC50 values and 10 for
NOEC values) were used for PNEC calculation.

The estimated PNEC values varied being dependent
on the PhAC type and target organism. The laboratory
results may not reflect the actual environmental situation
because biodegradation, persistence, and adsorption
were not analyzed during the laboratory toxicity tests.
These factors could reduce the PhAC exposure concen-
tration subsequently decreasing the risk level
(Kümmerer 2009b).

The PhAC quotient risks were calculated as the ratio
betweenMEC values estimated in the monitored Roma-
nian waters and PNEC values calculated for each tested
organism. The level of risk was estimated by the average
of all RQs (total risk level) initially determined on every

Table 4 Estimated PECs (μg/L) according to four different
scenarios

PhACs PECEMEA(water) PECPharma PECeffluent PECsurface

water

(MEC)

Diclofenac 5.2 b 0.16b 0.34 2.21
2 a 0.04a

Acetaminophen 39 c 0.15c 0.46 1.58
15 a 0.06a

Ketoprofen 1 a 0.03a 0.2 0.82

Indomethacin 1 a 0.06a 0.04 0.26

Naproxen 2.5 a 0.05a 0.01 0.44

Ibuprofen 21.6 b 0.06b 0.76 10.25
6 a 0.017a

Carbamazepine 6 a 0.01a 0.05 0.08

Caffeine 1.5 a 0.07a 0.82 4.82

a Calculated for a Fpen (market penetration factor) = 1 % (Hamre
2006)
b Calculated for a Fpen = 3.6 % (Hamre 2006)
c Calculated for a Fpen = 2.6 % (Hamre 2006)
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single target organism (based on EC50 or NOEC values).
Results presented in Table 5 (risk level, last column)
showed that sometimes, the higher risk for a particular
organism was different than the average risk from all
tested organisms. The results highlighted an overall
insignificant risk for carbamazepine (0.03), but a low
risk in fish (0.10) and bacteria (0.20). Acetaminophen
had an overall low risk level (0.86), but a specific
moderate risk to daphnia and bacteria. In addition,
ketoprofen had an overall low risk level (0.54), but a
specific moderate risk only to daphnia. Indomethacin
(0.25), naproxen (0.12), and caffeine (0.22) induced a
low risk for all target organisms. An overall moderate
risk level was induced by diclofenac (1.25) and ibupro-
fen (1.75), but hazardous effects were induced only on
daphnia and bacteria.

Literature shows different values of PEC (or MEC)
and PEC/PNEC ratios (0.01 for caffeine to 1 for ibupro-
fen) estimated in studies concerning the predicted con-
centrations in surface waters and the risk coefficients.
The risk data were influenced by the specific areas,
consumptions, and number of inhabitants. In general,
the PhAC compounds studied here were hazardous for
the aquatic environment, especially when the studies
were performed for hospitals and noncompliance
WWTP discharge areas (Ferrari et al. 2003; Carlsson
et al. 2006; Ying et al. 2009). Literature data on carba-
mazepine reported that it was a high risk coefficient in
the range of 4.69–47 (Ferrari et al. 2003; Ying et al.
2009) in France and Germany, compared to Romania
(0.03—insignificant risk).

In case of C. carpio, an important fish species with
economic importance for Romania, negligible or low
risk was observed for the majority of investigated
PhACs, except for ibuprofen with an RQ of 1.03 (mod-
erate risk level). Considering the RQs based on LC50

data, no risk was identified.
D. magna showed RQ (base on NOECs) values

assigned to moderate risk (for diclofenac4.91; acetamin-
ophen 1.58; ketoprofen 1.46; and ibuprofen 2.05) and
low risk (for indomethacin 0.60; naproxen 0.44; and
caffeine 0.48). If the EC50 values were used for PNEC
calculation, the estimated RQs were ≤0.1 (insignificant
risk) for all investigated PhACs.

The RQ (base on IC50) values for V. fischery
and other bacteria showed low risk for diclofenac,
acetaminophen, and ibuprofen. Moderate risks for
bacteria (base on NOECs) were identified for the
same PhACs.T
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The PhACs which induced aquatic risk conditions
were ibuprofen, diclofenac, acetaminophen, and
ketoprofen, especially because of their effects on crus-
tacean and luminescent bacteria, as well as on the fish in
case of Ibuprofen.

Further evaluations of the fate and effects of all
studied PhACs is necessary not only at a global level
(Romania) but also in regional areas, especially on a
special site such as Ghimbasel Stream area where the
aquatic risk of detected PhACs could be much higher.

In order to estimate the admissible limits of these
contaminants in the natural waters and complete the
national norms concerning the surface water quality,
PNEC calculation based on chronic test data are needed.
The risk level expressed, taking into account acute tox-
icity data, is not enough for a complete estimation of
long-term impacts of PhACs on aquatic life. In addition,
the environmental risk should be evaluated under toxic-
ity endpoints due to various sensitivities of different
aquatic species and testing procedures.

Conclusions

Due to larger amounts of PhACs as a result of popula-
tion health issues, the PhACs have started to be found in
the Romanian rivers. In this study, we analyzed for the
first time the presence of eight PhACs commonly used
in Romania (diclofenac, acetaminophen, ketoprofen,
naproxen, ibuprofen, indomethacin, carbamazepine,
and caffeine) in the wastewaters from three WWTPs
and in the surface water from four rivers, including the
Danube Delta, and we estimated their aquatic environ-
mental risk.

Our studies revealed the occurrence of studied
PhACs in all analyzed wastewater samples (influ-
ents—0.3 μg/L for naproxen to 21.48 μg/L for ibupro-
fen; effluents—0.18 μg/L for naproxen and 8.16 μg/L
for caffeine) and their removal rates which were at least
50 % during WWTP treatment processes.

The monitoring studies in Romanian surface waters
showed PhACs at low concentrations, but more than
0.01 μg/L indicating the need of risk assessment using
ecotoxicological data. The surface water from
Ghimbasel Stream have had high concentrations for
the majority of PhACs (as a result of a poor water
dilution and due to the nearby presence of pharmaceu-
tical companies), but lower concentrations (up to 1μg/L)
in Arges River, Mures River, and Danube River.

The ecotoxicological laboratory tests revealed no
acute toxicity effects on fish for the majority of PhACs,
although low acute toxicity effects of PhACs were ob-
served on planktonic crustaceans and bacteria, which
showed the highest sensitivities.

This study pointed out that the PhACs detected in the
Romanian surface water induced a total risk (obtained as
average of all RQs of target organisms) classified as:
insignificant risk for carbamazepine; low risk level for
acetaminophen, ketoprofen, indomethacin, naproxen,
and caffeine; and moderate risk for diclofenac and ibu-
profen. The PhACs that create aquatic risk conditions
were ibuprofen, diclofenac, acetaminophen, and
ketoprofen, especially because of their effects on crus-
taceans and bacteria. Ibuprofen showed a specific mod-
erate risk for fish considering acute no observable effect
concentration for RQ calculation.

For a more realistic risk estimation concerning the
fate and effects of PhACs in Romanian surface waters,
sezonal distribution of pharmaceutical pollutants, long-
term toxicological data, and studies of synergistic risks
are needed.
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