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ABSTRACT

Lahti, Marja

The fate aspects of pharmaceuticals in the environment - Biotransformation,
sedimentation and exposure of fish

Jyvéaskyla: University of Jyvaskyld, 2012, 76 p.

(Jyvéaskyla Studies in Biological and Environmental Science

ISSN 1456-9701; 239)

ISBN 978-951-39-4728-6 (nid.)

ISBN 978-951-39-4729-3 (PDEF)

Yhteenveto: Ladkeaineiden ymparistokohtalo - Biotransformaatio, sedimentaatio
ja kalojen altistuminen

Diss.

Pharmaceuticals are bioactive chemicals that are mostly released to the
environment via municipal wastewater treatment plants. Although they are
widely detected in surface waters, the environmental fate and exposure of biota
are still largely unknown. The results in this thesis show that microbial
transformation was more efficient under aerobic than anaerobic conditions,
however large differences were found between three pharmaceuticals studied
experimentally. Diclofenac was recalcitrant, bisoprolol partially biotransformed
and naproxen readily biodegradable. Many pharmaceuticals were present in
settleable particulate material collected from the vicinity of four wastewater
treatment plants in Finland. Cationic pharmaceuticals were also found in
deeper sediments and citalopram was the most abundant one in particles and
sediments. The sediment profile of citalopram correlated well with its
increasing consumption by human population. Hence, it could be usable also
for sediment dating. The waterborne exposure and efficient metabolism was
found for the five pharmaceuticals studied in the laboratory experiments with
rainbow trout. The concentrations of diclofenac, naproxen and ibuprofen
(parent drug and its metabolites) were two to four orders of magnitude higher
in the rainbow trout bile than in the blood plasma. Same compounds were also
found in field-exposed rainbow trout, supporting the usability of bile in the
exposure assessment. Cationic compounds were not found in the bile or plasma
of field exposed fish. The measurements from particulate material, passive
samplers and fish implied that of the four sites studied here, the wastewater
treatment plant of Riihimaki in River Vantaa caused the highest local impacts of
pharmaceuticals in the environment.

Keywords: Bioavailability; biotransformation; environmental fate; fish;
pharmaceuticals; sediment.

Marja Lahti, University of Jyviskyld, Department of Biological and Environmental
Science, P.O. Box 35, FI-40014 University of Jyviskyli, Finland
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1 INTRODUCTION

1.1 Pharmaceuticals in the environment

1.1.1 Pharmaceuticals as environmental pollutants

Pharmaceuticals as so-called emerging pollutants have recently gained
increasing scientific interest due to several reasons, such as:

¢ Increasing consumption

e Constant release

e Non-traditional sources of pollution

e Physico-chemical properties

e Mixture exposure

e Acute sublethality

e Biological activity (known mode of actions in human)

The use of pharmaceuticals has increased enormously during the last few
decades and for instance the wholesale has doubled in Finland within 10 years
(from 1998 to 2008). Especially the consumptions of anti-inflammatory (i.e. pain
killers), antidepressant and diabetes drugs have increased (FIMEA 2010). There
are over 900 approved drugs on the Finnish market today and the use may vary
from grams to tons per year (Appendix 1). Due to the constant use,
pharmaceuticals are continuously released to the environment.

Traditional xenobiotics are classified according to their similar structure
(e.g. dioxins, polychlorinated biphenyls and polycyclic aromatic hydrocarbons
(PAH)). Due to the similarities in the structures, some generalizations of the
environmental fate and toxicity can be made. The classification of compounds
as a pharmaceutical is based on their demand. Even compounds within the
same therapeutic class may have a totally different structure, properties and
hence environmental fate (Fig. 1, Table 1; Cunningham 2008).
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FIGURE1 Molecular structures of the pharmaceuticals studied in this thesis.



TABLE 1 Selected physico-chemical properties of the pharmaceuticals studied in this thesis.
Water Henry’s law

Compound Mwa pKaa2 log P log D log Kd log Koc solubility Con};tant

(log Kow)? pH 7 (est) i i

mgl1a atm m3 mol-2

Acebutolol 336.43 9.2¢ 1.71 ® -0.64 0.5-1.0¢ 2.35-2.47¢ 259 1.34x10-20
Atenolol 266.34 9.6 0.16 (» -2.09 0.05-0.9¢d 1.85-3.2¢d 13 300 1.37x10-18
Bisoprolol 325.45 9.6¢ 1.87 (exp) -0.54 0.3-0.8¢ 2.17-2.3¢ 2240 2.89x10-15
Metoprolol 267.36 9.7¢ 1.69 (esH -0.81 0.2-0.9¢ 2.22-2.24¢ 4780 1.40x10-13
Propranolol 257.34 9.4 3.48 (exp) 0.45 0.7-2.2¢d 2.43-4.0d 61.7 7.98x10-13
Sotalol 308.83 9.6¢ 0.24 (&P -2.01 0.1-0.6¢ 1.94-2.15¢ 137 000 2.66x10-14
Bezafibrate 361.83 3.6¢ 4.25 (s -0.93 - - 0.355 2.12x1015
Clofibric acid 214.65 2.8 2.57 (exp) -1.06 0.5f 0.4f 583 2.19x10-8
Ciprofloxacin 331.35 5.9, 8.9 0.28 (exp) -0.33 2.68 4.79s 30000 5.09x1019
Ofloxacin 361.38 6.0, 8.38 -0.39 (exp) -0.20 2.58 4.048 28 300 4.98x10-20
Oxytetracycline 460.44  3.3,7.3,9.1s -0.90 () -2.25 2.6-3.08 4.44-497¢ 313 1.70x10-%
Carbamazepine 236.28 13.9i 2.45 (exp) 1.89 -1.1-5.3dh 2.00-3.42dh 17.7 1.08%10-10
Citalopram 324.39 9.6i 3.74 (est) 1.02b, 1.39k (exp) 3.9-4.6k 5.32-6.02k 31.1 2.69x10-1
Fluoxetine 309.33 10.1 4.05 (exp) 1.15b, 1.22k (exp) 2.9-4.1fk 4.09-5.49tk 60.3 8.90x10-®
Sertraline 306.24 9.5 5.29 (est) 2.70b, 1.37k (exp) 2.2-2.9k 3.80-4.85% 3.52 5.10x10®
Venlafaxine 277.41 9.3! 3.28 (s 0.39 - - 267 2.04x10-11
Diclofenac 296.16 42 4.57 (exp) 1.77 4.7h 2.45-3.74h 2.37 4.73x10-12
Ibuprofen 206.29 49 3.97 (exp) 0.19 -1.0-1.7dh 1.3-2.21dh 21 1.50x107
Ketoprofen 254.28 45 3.12 (exp) 0.94 - - 51 2.12x10-11
Naproxen 230.27 4.2 3.18 (exp) 0.73 2.34i - 159 3.39x10-10
Paracetamol 151.17 9.4 0.46 (exp) 0.47 0.4-1.0d 24-4.14 14 000 6.42x10-13

aSRC (2011) PACD/Labs V10.02 <Ramil et al.( 2010) dYamamoto et al. (2009) eNikolaou et al. ( 2007) fLoffler et al. (2005) Tolls (2001) "Scheytt et al.
(2005) Jones et al. (2002)Vasskog et al. (2006) kKwon et al. (2008) !Cherkaoui et al. (2001) (exP) experimental value (9 calculated value
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Most of the pharmaceuticals are ionizable and water soluble. Under pH-range
of surface waters (pH 6-8), they occur as cations, anions or zwitterions. The
proportion of ionized and neutral species of naproxen (acid) and citalopram
(base) are presented in Fig. 2. At the ambient pH 7, both are almost totally in
ionized form (> 99.5 % ionized). Octanol/water distribution (log Kow /log P) is
usually low (Table 1). It is widely used to assess bioconcentration and sorption
of hydrophobic chemicals (Mackay 1982, Spacie & Hamelink 1985, Mackay &
Fraser 2000). For ionizable compounds, octanol/water distribution must be
corrected to account for the neutral and ionized fractions at the environmentally
relevant pH. This corrected parameter is log D (Kah & Brown 2008). Quite often
pH 7 is used for the environmental risk assessments (Cunningham 2008).

A) B)
1 1
0.8 ///—k 0.8 4—‘\\
0.6 0.6
/ = ionized \
0.4 0.4
neutral
0.2 J 0.2 >
0 — 0 T
012 3 456 7 8 91011213 0123456 7 8 910111213
pH pH

FIGURE2 Proportion of ionized and neutral species of A) acid naproxen (pKa 4.15) and
B) base citalopram (pKa 9.6) calculated according to Henderson-Hasselbalch
equation.

1.1.2 Sources and occurrence of pharmaceuticals

The pathways and distribution of pharmaceuticals in the environment are
depicted in Fig. 3, and those covered in this thesis are highlighted with grey.
Unlike industrial chemicals, pharmaceuticals are mostly used in private
households and hospitals, which are also considered as the main route of
entrance to the wastewaters and environment (Daughton & Ternes 1999,
Heberer 2002, Kiimmerer 2008). After administration, drugs are excreted via
urine and feces entering the sewage system as unaltered parent compounds or
as their metabolites (Daughton & Ternes 1999, Heberer 2002, Celiz et al. 2009).
Part of the purchased drugs are not consumed e.g. due to expiration. These
unused drugs may be disposed of via a drain or in household waste ending up
in wastewater and landfill.

Previously, manufacturing of pharmaceuticals was considered as a minor
source of pollution due to controlled production and the high value of the
product (Williams 2005). However, e.g. in some Asian countries, releases from
factories can be very high (Larsson et al. 2007, Fick et al. 2009).
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Pharmaceutical Human use in hospitals Human use in Veterinary use
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Aquaculture
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invertebrates Sediment SI Ground water plants,
\1 IK earthworms

FIGURE3 Sources and distribution of pharmaceuticals in the environment. Those
aspects covered in this work are darkened.

Veterinary pharmaceuticals and their metabolites are excreted in urine and
feces to manure, which is often applied to the field as a fertilizer or the manure
can end up in soils when animals graze outside. In fish medication, drugs are
released directly to the surrounding water and some settle into sediments
(Daughton & Ternes 1999, Heberer 2002, Kiimmerer 2008).

The removal efficiency of pharmaceuticals in wastewater treatment plants
(WWTP) varies considerably, from negligible to total elimination.
Biotransformation (section 1.2.1) and sorption (1.2.2) to sludge are considered
the main removal processes in WWTPs (Fent et al. 2006). Although many
pharmaceuticals are efficiently treated, they are continuously discharged from
WWTP to surface waters. Thus they can be characterized as pseudopersistent.

The concentrations of pharmaceuticals (as original active ingredient)
generally range from 500 to 5000 ng I in influents (Carballa et al. 2004,
Quintana & Reemtsma 2004, Petrovic et al. 2006, Vieno 2007, Gros et al. 2010, da
Silva et al. 2011), from 50 to 3000 ng 1! in effluents (Ternes 1998, Kolpin et al.
2002, Metcalfe et al. 2003b, Quintana & Reemtsma 2004, Petrovic et al. 2006,
Nikolaou et al. 2007, Vieno 2007, Gros et al. 2010, da Silva et al. 2011) and from 1
to 500 ng 171 in surface waters (Ternes 1998, Kolpin et al. 2002, Metcalfe et al.
2003a, Quintana & Reemtsma 2004, Vieno 2007, Gros et al. 2010, da Silva et al.
2011). However, much higher concentrations have been reported from areas
with intense drug manufacturing. For instance, up to 31000 pg 1! of
ciprofloxacin was measured from treated effluents, 25 000 pg 1! from surface
waters 150 m downstream from the WWTP and 14 pg 1! from a nearby
domestic well (Larsson et al. 2007, Fick et al. 2009).
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1.1.3 Effects of pharmaceuticals

Toxic mechanisms can be roughly divided into three classes: non-specific
interactions (e.g. narcosis), specific interactions and chemical reactions (Escher
& Hermens 2002). Pharmaceuticals are biologically active compounds designed
to have a specific mode of action (MoA), which may increase the likelihood of
receptor-mediated interactions (Escher et al. 2005). As many genes are
conserved across animal taxa (Seiler 2002, Fent et al. 2006, Gunnarson et al.
2008), same drug-biomolecule interactions may occur also in non-target
organisms such as in fish. However, the same genes may express differently in
different species (Escher et al. 2005). In addition to therapeutically targeted
effects, drugs cause unwanted side effects in humans and even these side effects
may be the reasons for adverse effects in wildlife. Moreover, drugs can induce
totally different, unknown and unpredictable effects than the therapeutic ones
(Lange & Dietrich 2002, Seiler 2002, Fent et al. 2006).

Low concentrations of pharmaceuticals are continuously released to the
environment causing long-lasting exposure of biota. Hence, chronic effects from
exposure to low concentrations are more likely than acute effects from high
pulsed emissions (like accidents). Many of the standardized toxicity tests
measure short-term toxicity and endpoints are rough e.g. acute fish toxicity,
immobilization of Daphnia magna and algae growth tests. As these endpoints are
often insensitive, the effects of pharmaceuticals are not discovered or appear to
exceed the environmentally relevant concentrations (Fent et al. 2006). Therefore
more specific endpoints are needed to reveal possible effects of pharmaceuticals
in the biota and environment (Henchel et al. 1997, Lange & Dietrich 2002,
Escher et al. 2005, Crane et al. 2006, Clubbs & Brooks 2007). For instance,
diclofenac caused histological changes in the kidney and liver of rainbow trout
(Oncorhynchus mykiss, 28 d experiment) and brown trout (Salmo trutta, 21 d
experiment) at 5 pg 1! (Schwaiger et al. 2004, Hoeger et al. 2005) and cytological
effects in rainbow trout (28 d experiment) and medaka (Oryzias latipes, 4 d
experiment) at 1 pg 1" (Triebskorn et al. 2004, Hong et al. 2007, Triebskorn et al.
2007). In comparison, acute ECso (immobilization of Daphnia magna, 2 d) for
diclofenac is 22 mg 1! (Ferrari et al. 2003), which is four to five orders of
magnitude higher than the chronic lowest observed effect concentration (LOEC)
in fish (Triebskorn et al. 2004, Hong et al. 2007, Triebskorn et al. 2007).

Biota is exposed to undefined and fluctuating combinations of
pharmaceuticals in the environment, which should be taken into account when
the effects of pharmaceuticals are evaluated. Effects caused by a mixture may
deviate from expected impacts due to the concentrations of single compounds
i.e. there can be joint effect (Backhaus et al. 2008). These impacts can be
evaluated and described with two concepts: concentration addition and
independent action. In the concentration addition, the effects of every similarly
acting (same MoA) compounds are summing up. Hence, the effects are
observed even if concentrations of single compounds in a mixture are below
individual no observed effect concentrations (NOEC; Backhaus et al. 2008). In
the independent action, compounds have different MoAs and the whole
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toxicity is based on the toxicity of a single compound. In general, no effects are
observed below individual NOECs (Backhaus et al. 2008). Joint effects have
been found e.g. in a mixtures of anti-inflammatory drugs (Cleuvers 2003, 2004),
beta-blockers (Cleuvers 2005), quinolone antibiotics (Backhaus et al. 2000) and
antidepressants (Christensen et al. 2007).

So far there is only little information about the effects of pharmaceuticals
in sediments as most of the studies have focused on water-column species and
systems. Effects of fluoxetine (an antidepressant) on benthic invertebrates have
been most widely studied. Fluoxetine decreases survival (LCso 15.2 pg g1 dw)
and growth (LOEC 1.3 ng g dw) of Chironomus tentans (Brooks et al. 2003). In
addition, fluoxetine changes sex ratio (more females), decreases emergence
frequency and increases clutch size of Chironomus riparius (Nentwig 2007,
Sanchez-Argtiello et al. 2009). Low concentrations of fluoxetine can stimulate
reproduction (increased egg mass) of Physa acuta snails, whereas inhibition can
occur at higher concentrations (Sanchez-Argtiello et al. 2009). Carbamazepine is
relatively toxic to benthic C. riparius with EC1o and ECsp in the range of 70-140
and 160-210 ng g! dw, respectively (Oetken et al. 2005). In laboratory
experiments, diclofenac causes oxidative stress in Hyaella azteca at sediment
concentration 47 ng g dw (Oviedo-Gomez et al. 2010). The same study showed
LCs0 467 ng gt dw. Unexpectedly, there is no data on tissue exposure of benthic
biota to human pharmaceuticals.

In the 1990s, the populations of Gyps vultures collapsed, revealing over 90
% decline in less than 10 years in Pakistan and India (Prakash et al. 2003). The
cause of the high mortality was the anti-inflammatory drug diclofenac (Oaks et
al. 2004). The exposure of local populations of vultures was due to a common
practice of leaving dead domestic livestock for scavengers. Diclofenac causes
kidney malfunction and accumulation of uric acid in the blood, finally leading
to death (Oaks et al. 2004, Meteyer et al. 2005, Naidoo & Swan 2009). The
sensitivity of Gyps vultures may be due to genetic deficiency in the metabolic
system that causes saturation of uric acid transport (Naidoo et al. 2010). In 2006,
the production and use of diclofenac as veterinary pharmaceutical was banned
in India, Nepal and Pakistan (Taggart et al. 2009). However, ketoprofen causes
same toxicological effects (Naidoo et al. 2010).

1.1.4 Environmental risk assessment of pharmaceuticals

The European Medicines Agency (EMA) has released guidelines on the
environmental risk assessment (ERA) of medicinal products for human (EMEA
2006) and veterinary (EMEA 1997) use. Guideline for veterinary drugs was later
replaced by international guidelines (VICH 2000, 2004) and a supporting
document (EMEA 2008). The ERA has to be performed during registration of a
new drug or reregistration of an old veterinary drug.

Pharmaceuticals for human use are assessed in a two phased ERA
procedure (EMEA 2006). In phase I, exposure is estimated and, in phase II,
environmental fate and effects are analyzed (Fig. 4). Exposure (phase I) is
estimated by calculating predicted environmental concentration (PEC) in
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aquatic compartment based on consumption doses. Several simplifying
assumptions are made such as no metabolism, microbial transformation or
retention in sludge. The action limit is 0.01 pg 1. In the ERA of veterinary
drugs, the terrestrial compartment is also evaluated (VICH 2000).

Phase | | PECyer > 0.01 g I |
Phase Il | PNEC |Adsorption- Desorption | | Bioaccumulation | | Biodegradation ‘
Tier A *Fish
*Daphnia
Algae
Activated sludge
respiration
| v
Y Y Y Not readily
| PEC/PNEC>1 | | K, > 10 000 | | Kw>1000 | | biodegraded
Tier B Refined PEC Fate and toxicity in Bioconcentration Further
and PNEC sediment and soil factor biodegradation
*Parent and relevant +Soil micro-organisms studies
metabolites *Plants
*Earthworms
*Collembola
FIGURE4 Tiered scheme of environmental risk assessment (ERA) of pharmaceuticals

for human use (EMEA 2006).

Phase 1II is divided into two tiers (EMEA 2006). Tier A of human
pharmaceuticals consists of basic toxicity and fate tests, such as adsorption-
desorption, ready biodegradation, activated sludge respiration inhibition, algae
growth inhibition, Daphnia reproduction and fish early life stage toxicity tests.
Predicted no effect concentration (PNEC) is used for the initial prediction of risk
by calculating PEC/PNEC-ratios. Further investigations in Tier B are needed, if
PEC/PNEC is over 1, if partitioning to organisms or sludge is likely, or if a
compound is not readily biodegradable. Otherwise, no further investigations
are demanded.

In Tier B, risk assessment is refined with case by case tests e.g. to study the
fate in sediments and effects on sediment dwelling organisms (EMEA 2006). In
this tier, also the fate and effects of the relevant metabolites may be studied.
PEC may be refined by using modeling. The fate and effects in the terrestrial
environment is studied if notable sorption is likely. End-points in terrestrial
tests can include biotransformation in soil, plant growth, earthworm acute
toxicity and Collembola reproduction. For veterinary pharmaceuticals, there are
multiple routes of entry to the environment (Fig. 3). For this reason, phase II for
veterinary pharmaceuticals may include additional toxicological studies e.g.
with dung or marine organisms.
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If risk-benefit assessment reveals possible risks to the environment,
appropriate risk mitigation measures must be used, e.g. appropriate labeling
and disposal instructions or restrictions on application. The use of veterinary
drugs may be banned on specified target animals or even totally due to
environmental risks (EMEA 2008). However, the benefits of human drugs are
considered so significant that the authorization of a drug cannot be interfered
due to environmental reasons (EMEA 2006).

1.2 Fate of organic chemicals in the environment

1.2.1 Microbial transformation

After its release, several processes may define the fate of a chemical in the
environment. The most important fate processes are biotransformation,
sorption, chemical transformation, phototransformation and evaporation
(Rogers 1996). The importance of each process depends on the compound and
its spatial distribution (Fig. 5). For pharmaceuticals, biotransformation and
sorption are considered the most important ones (Quintana et al. 2005).
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FIGURE5  Fate processes of organic chemicals, such as pharmaceuticals, in the aquatic
environment.
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Structures of organic compounds change due to microbiologically mediated
processes. The rate of transformation may vary considerably, being crucial in
the biogeochemical cycles of e.g. carbon and nitrogen (Leadbetter 1997). Finally
these pathways can lead to the mineralization of the compound through
degradation into simple inorganic constituents. Terminologically, in the context
of the present study, biodegradation is used to refer the mineralization of the
compound, whereas biotransformation recognizes any biologically mediated
change in the structure of the foreign molecule (Walter & Crawford 1997).

Microbes work as aerobes and anaerobes depending on whether they can
use oxygen or not (Leadbetter 1997). The principal end products in aerobic
(oxic) environments are water and carbon dioxide, and in anaerobic (anoxic)
environments carbon dioxide and methane. Often the change from oxic to
anoxic conditions is gradual and the term hypoxic is used for the intermediate
phase.

Biotransformation can be direct or co-metabolic. In the direct
transformation, microbes use a compound as a carbon and energy source,
whereas in the co-metabolic transformation, certain microbes gain energy from
more abundant and easily degradable organic compounds (Walter & Crawford
1997). Hence, the way the microbial community may work is dependent on
presence of other substrates simultaneously in the same habitat, i.e. on trophic
or saprobic set-ups.

Biotransformation is considered to be the main process for removing
pharmaceuticals, both in WWTPs and in the aquatic environments (Quintana et
al. 2005). Microbial transformation of pharmaceuticals varies from recalcitrant,
like clofibric acid and carbamazepine, to readily transformed, like ibuprofen,
ketoprofen and paracetamol (Zwiener & Frimmel 2003, Yu et al. 2006, Joss et al.
2006, Kunkel & Radke 2008, Jelic et al. 2011). The biotransformation is often
slower in anaerobic conditions (Groning et al. 2007, Kunkel & Radke 2008).
Hence, it is important to predict the fate of pharmaceuticals both in aerobic and
anaerobic environments.

1.2.2 Sorption and desorption

Sorption has an important role in determining the fate of chemicals in WWTPs
as well as in the environment. In addition of determining where a compound
will end up, sorption may hinder the biotransformation of pharmaceuticals due
to reduced bioavailability (Alexander 2000).

The estimation of sorption of hydrophobic organic chemicals is traditional,
since they tend to sorb to the organic fraction of the particles and sediment. This
phenomenon can be described e.g. with equilibrium partition theory (Di Toro et
al. 1991, Pignatello & Xing 1996). It assumes that with time the distribution of a
hydrophobic organic chemical is in equilibrium between the pore water,
organic carbon of the sediment and lipids of an animal or other organism. The
equilibrium is directly dependent on the hydrophobicity (Kow) of the chemical
and the amount of organic carbon in the solid matrix (Karickhoff et al. 1979, Di
Toro et al. 1991, Pignatello & Xing 1996). Sorption is often described with
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sorption coefficient (Kq), which is the ratio between the sorbed and free
compound. This can be further normalized to the organic carbon content to
derive K.

Due to the ionization and pH dependence of dissociation (Fig. 2), the
distribution of ionizable compounds between water and solid matrices (such as
water - sediment, water - sludge) is not solely based on hydrophobicity (Kow).
Rather, it is based on ionic interactions and is pH dependent (Tolls 2001,
Schwarzenbach et al. 2003, Pan et al. 2009, Williams et al. 2009). Sorption
mechanisms involve surface related adsorption, ion exchange, complexation
and hydrogen bonding (Tolls 2001, Schwarzenbach et al. 2003, Williams et al.
2009). The normalization of sorption to organic carbon content does not
necessarily decrease the variation in the sorption coefficients of pharmaceuticals
(Tolls 2001). Especially the sorption of cations may be higher than expected
from the Kow, because of the negative surface charges of clay particles, organic
materials and biofilms (Tolls 2001, Schwarzenbach et al. 2003, Pan et al. 2009,
Williams et al. 2009, Yamamoto et al. 2009). Citalopram and fluoxetine sorb
very strongly to sediment and soil (log K4 > 3), although their log Kow-values
are rather low (Table 1, Kwon et al. 2008, Yamamoto et al. 2009).

The variation in the degree of sorption between pharmaceuticals is large
(Williams et al. 2009, Jelic et al. 2011). For instance, the sorption of
hydrochlorthiazide, fenofibrate and diazepam is especially high, whereas the
sorption of metoprolol, chrolamphenicol and salbutamol is negligible (Jelic et al.
2011).

1.2.3 Bioavailability and exposure assessment

Generally it is assumed that only truly dissolved fraction can be taken up by
aquatic organisms (Arnot & Cobas 2006). Thus the measured total
concentrations in water do not necessary correlate with the bioavailable part
and hence are not adequate in exposure assessment. In sediment studies, the
bioavailable fraction is presented by the free concentration in pore water (Di
Toro et al. 1991), but many benthic organisms are exposed to sediments also via
ingested particles (Kaag et al. 1997, Forbes et al. 1998, Leppédnen & Kukkonen
1998, Sormunen et al. 2008). Bioavailability of chemical can be experimentally
assessed by using organisms, such as fishes or mollusks, or with passive
samplers.

Exposure of aquatic animals can be demonstrated and assessed by
measuring internal concentration e.g. in blood, muscle or adipose tissue.
Xenobiotics and their metabolites can be secreted into fish bile resulting in total
concentrations several orders of magnitude higher than those found in the
surrounding water (e.g. Statham et al. 1976, Oikari et al. 1984, Larsson et al.
1999). A prerequisite for this approach is the knowledge of formed metabolites.
To assess exposure of fishes, bile is especially suitable for organic compounds
which are readily metabolized and secreted hepatocellularly to the bile instead
of accumulated in muscle or other organs (Statham et al. 1976).
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Passive sampling is a technology that is based on free flow of analyte from
target to collecting medium until equilibrium or its fraction is reached (Goérecki
& Namiesnik 2002, Stuer-Lauridsen 2005, Seethapathy et al. 2008). In the aquatic
environment, passive samplers can be used instead of several water samples for
the measurement of average water concentrations. Once calibrated with an
organism, it also can be used for the exposure assessment, because commonly
the bioavailable fraction is susceptible for this process (Seethapathy et al. 2008).
Usually passive sampling refers to non-living devices, although living
organisms (with negligible biotransformation) also fulfill the criterion (Goérecki
& Namiesnik 2002). Polar Organic Chemical Integrative Samplers (POCIS) have
been used for the sampling of hydrophilic compounds like pharmaceuticals
(Togola & Budzinski 2007, MacLeod et al. 2007), but also estrogens (Alvarez et
al. 2004, Vermeirssen et al. 2005).

1.2.4 Uptake, metabolism and excretion of chemicals in fish

The bioconcentration of hydrophobic chemicals is due to the lipophilic partition
into the lipids of the animal. At the stage of equilibrium of uptake and
elimination, the bioconcentration factor (BCF) can be calculated by dividing the
amount of chemical in organism with that in the surrounding water (Spacie &
Hamelink 1985, Arnot & Cobas 2006). In addition to experimental
measurements, the BCF of hydrophobic compounds can be estimated from the
Kow of the compound (Mackay 1982, Spacie & Hamelink 1985, Mackay & Fraser
2000, Arnot & Cobas 2006). Methods to calculate the BCF of ionizable
compounds also have been proposed (Meylan et al. 1999, Fu et al. 2009). The
BCF of ionizable compounds is highly dependent on Kow and pKa of the
compound, and hence on the ambient pH (Meylan et al. 1999, Fu et al. 2009).
Pharmaceuticals are usually in ionized form under pH of the ambient water
and fish blood. This generally decreases the uptake, bioconcentration and
eventually the toxicity of these chemicals (Nakamura et al. 2008, Valenti et al.
2009).

The exposure of fish occurs only if compound is passed through biological
membrane (i.e. is absorbed) for instance in the gills, intestine or skin. The
uptake process of a foreign chemical in fish gills includes the transfer onto the
gill membrane surface and diffusion through epithelial cells (Erickson et al.
2006a, 2006b). The uptake can occur also by binding to carrier molecules (Miller
2008). In addition to these, possible pH variations at the gill structures are
important for ionizable compounds, because pH determines the proportions of
neutral and ionized forms. In addition, the flux of neutral molecules across the
epithelia sustains continuous dissociation from ionized to neutral forms and
thus enhances the uptake (Erickson et al. 2006a, 2006b). Dissociation of neutral
molecule to its ionized form inside the cell can prevent the flux out of the cell, a
phenomenon called ion trap (Rendal et al. 2011) Overall, the uptake rate of
ionized compounds is lower than that of neutral ones (Saarikoski & Viluksela
1981, Nakamura et al. 2008, Fu et al. 2009, Valenti et al. 2009, Rendal et al. 2011),
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although ionized molecules may also be absorbed by ion carriers (Miller 2008).
After uptake, a compound reaches the target site via blood circulation.

Xenobiotics can be efficiently metabolized in the vertebrate liver. The main
function of biotransformation is to change the properties of the chemicals so
that they become more water soluble and more excretable Biotransformation
reactions are grouped into two phases. Phase I metabolites are formed by
oxidation, reduction, hydrolysis and some other less frequent reactions. These
reactions introduce a reactive functional group to the molecule. Phase II
reactions are conjugations, the most common products being glucuronide,
sulfate and glutathione conjugates. A conjugating molecule may be added
directly to the parent compound or to the phase I metabolite (Di Guilio 1995,
Parkinson 1996, Celiz 2009).

The predominant metabolites of pharmaceuticals in human are
determined during the drug development, as many of them are mainly
eliminated as metabolites. For instance, only 0 to 15 % of diclofenac, ibuprofen
and naproxen are excreted as unmetabolized parent compound (Goodman
Gilman et al. 1990, Rainsford 2009). In fish, the biotransformation of these three
pharmaceuticals is efficient and several metabolites have been identified. Acyl
glucuronides are predominating in bile, but also sulfate conjugates as well as
hydroxylated metabolites are found (Kallio et al. 2010, Brozinski et al. 2011,
2012a).

After hepatic biotransformation, the formed metabolites are excreted to
small intestine via the bile and perhaps some renally and branchially. However,
enterohepatic cycling may prolong the half-lives of xenobiotics, as a compound
or its metabolite may be reabsorbed in the intestine. Elimination of the ionic
forms of compounds in fish gills is usually rather fast compared to the neutral
forms (Erickson et al. 2006a, 2006D).

1.2.5 Other fate processes

Phototransformation is a process where solar radiation changes the structure of
a chemical directly or indirectly. In direct phototransformation, a chemical
absorbs the energy from the light. Phototransformation can take place in the
atmosphere or in upper aquatic phase, if a compound is absorbing light at
> 290 nm. The transformation is indirect when one molecule (called a
photosensitizer) absorbs the energy from solar light and the energy is
transferred to another chemical that undergoes transformation (Zepp & Cline
1977, Zepp et al. 1981, Mill 1999). Common photosensitizers are dissolved
organic carbon (humus) and nitrate (Zepp et al. 1981, Mill 1999, Andreozzi et al.
2003). Several pharmaceuticals are known to undergo phototransformation
(Boreen et al. 2003), such as diclofenac (Buser et al. 1998, Poiger et al. 2001,
Andreozzi et al. 2003, Packer et al. 2003, Tixier et al. 2003, Eriksson et al. 2010),
naproxen (Packer et al. 2003, Lin & Reinhard 2005, Lin et al. 2006) and clofibric
acid (Andreozzi et al. 2003, Packer et al. 2003). Phototransformation may form
products that are more toxic than the original ones (DellaGreca et al. 2004,
Isidori et al. 2005, Schmitt-Jansen et al. 2007).
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Chemical transformation processes are oxidation, reduction, hydrolysis,
substitution, and elimination reactions, all of which may take place in the dark
(Schwarzenbach et al. 2003). Due to preferred stability in human gut, these have
minor importance in determining the fate of pharmaceuticals (Fent et al. 2006).

Evaporation of chemicals depends on vapor pressure and water solubility
(Henry’s law constant). Compounds with high Henry’s law constant (> 104) can
evaporate to the atmosphere and be transported even long distances in the
environment (Rogers 1996, Schwarzenbach et al. 2003). Pharmaceuticals have
low Henry’s law constants (Table 1), so evaporation is not considered a
significant fate process (Fent et al. 2006).



2 OBJECTIVES

The objective of this thesis was to study the fate of pharmaceuticals in the fresh-
water environment through discharges from WWTP. The measurements of
effluent releases from WWTPs were defined out of the focus of this study. The
research followed the presence of pharmaceuticals in solid compartments and
considered the possibility of internal exposure of aquatic animals to
pharmaceuticals. In more detail, the objectives were:

To improve the knowledge of the microbial transformation of
naproxen, bisoprolol and diclofenac in aerobic and anaerobic conditions
(0

To determine occurrence of pharmaceuticals in settleable particulate
material close to WWTPs as well as in rural and in reference sites (II)

To measure the vertical distribution of pharmaceuticals in sediments at
three locations affected by municipal effluents (III)

To widen the knowledge of the uptake and metabolism of five
pharmaceuticals in rainbow trout in a laboratory experiment (IV)

To define the exposure of fish to pharmaceuticals close to wastewater
treatment plant and to compare the applicability of passive sampling,
fish blood plasma and bile analyses in exposure assessment (V)



3 MATERIALS AND METHODS

3.1 Chemicals

Pharmaceuticals from different therapeutic classes were chosen to experimental
settings based on their consumption, properties and toxicity. The aim was to
choose compounds expected to have different fates in the environment (such as
anions and cations, readily transformed and persistent). Most of the studied
compounds are also frequently detected in surface waters. Between fifteen to
seventeen compounds were analyzed in the field studies (II, III, V), whereas in
the laboratory experiments (I, IV) three to five compounds were analyzed. The
structures of the pharmaceuticals are presented in Fig. 1 and physico-chemical
properties in Table 1.

3.2 Study areas

Field studies were conducted in twelve locations in Finland. These sites were
grouped into three classifications based on human influence: sites affected by
municipal effluents from WWTPs (A-F; Fig. 6), reference sites (G-I) and rural
sites with human settlement but without WWTP (J-L). Samples collected at
each site are presented in Fig. 6. The characteristics of WWTPs are presented in
Table 2 and surface waters in papers 11, IIl and V.

3.3 Passive sampling (V)

In order to evaluate freely dissolved fraction in a water column, POCIS were
kept in the water for 10 days at the time of the fish experiment in the field.
Samplers were put to a stainless steel deployment devices attached to the fish
cage. POCIS were stored in -20 °C until the extraction.
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Site  Watercourse or municipality 8 g g 2
%]
A Lake Paijanne Jyvaskyla WWTP X X X
A Lake Péijanne Jyvaskyla WWTP (=1 km) X
B River Vantaa Riihimaki WWTP X X X
C RiverAura Aura WWTP X X X
D Lake Jamsénvesi Petéjavesi WWTP X
E Lake Haapajéarvi Lappeenranta WWTP X
F  Lake Lievestuoreenjarvi Lievestuore WWTP X
G Lake Palosjarvi Reference Toivakka X X X
H  Lake Konnevesi Reference Konnevesi X X X
| Lake Valkea-Kotinen Reference Hameenlinna X
J  Lake Kakskerta Rural settlement Turku X K H
K Lake Jamséanvesi A Rural settlement Petéjavesi X D E‘,
L Lake Jamsénvesi B Rural settlement Peté&javesi X
_ ml [l
Be - =)
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J
FIGURE 6  Locations of the study sites and specification of the samples taken at each site.
Further details of the locations can be found in the publications (IL, IIL, V).
TABLE 2 Characteristics of wastewater treatment plants on locations A-F. Data was
collected from monitoring reports of respective units.
Site Population Treatment Influent flow EffluentSS  BOD load
serviced process m3 d-1 mg |1 kg d?
A 130 000 Biol + FeSO4 44 700 11 481
B 27 000 Biol + FeSO4 15300 130
C 2390 Biol + FeSO4 868 22 15
D 1600 Biol + FeSO,4 266 12 1
E 64 000 Biol + FeSO4 15 000 12 116
F 2600 Biol + FeSO, 443 12 13

SS = suspended solids, BOD = biological oxygen demand, Biol = biological treatment,
FeSO, = chemical phosphorus precipitation

3.4 Sampling of SPM (II)

In this thesis, the floating material with high enough gravity is defined as
settleable particulate material (SPM). SPM was collected for two months in
summers 2008 and 2009. The funnel-like collectors (area 0.25 m?2, volume 90 1)
were made from stainless steel. The upper edge of a collector was about 35 cm
from the sediment surface. After two months, collectors were lifted up to the
surface and gently moved to shoreline water. The first fraction (2.5 1) was
pumped from the bottom of the collector (called strong sample) and the second
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sample was taken after mixing (4 x 2.5 1, called mixed sample). The SPM
fraction was decanted after two days settling period in 4 °C. Four mixed
samples were pooled. SPM were frozen and dried with freeze-drier.

3.5 Sampling of sediments (III)

Sediment cores in Lakes Pdijinne and Lievestuoreenjirvi were taken with
Kajak-sampler and divided into 2.5 cm thick slices in the laboratory after one
day settling time. In Lake Haapajdrvi, sediment was sliced in the field with
Limnos-corer (2 cm slices). Sediments were frozen and dried with freeze-drier.

3.6 Microbial transformation experiments (I)

The biotransformation of bisoprolol, diclofenac and naproxen were studied in
two sets of experiments: aerobic and anaerobic. The extent of aerobic
transformation was determined by measuring oxygen consumption and the
disappearance of the parent compound. Experiments were conducted by
adding individual pharmaceutical to aquatic solution containing microbial
inoculum from the WWTP of Jyvdskyld and mineral solution according to
OECD 301F guideline (OECD 1992). For half of the bottles, sodium acetate was
added as an additional carbon source. Subsamples for chemical analyses were
taken in the beginning and after 7, 14, 21, 28, 43, 57 and 75 days of incubation in
20 °C. Oxygen consumption was measured with an OxiTop® device that
automatically calculates the consumed oxygen from the pressure drop in a
closed bottle, where formed CO: is bound to solid NaOH. The biological
oxygen consumption (BOD) was compared to the theoretical oxygen demand
(ThOD), which is the calculated amount of oxygen required to oxidize the
compound completely.

Anaerobic transformation was evaluated by determining the methane
production and the depletion of parent compound. Incubations were conducted
in serum bottles. Digested sludge from the WWTP of Jyvidskyld was used as an
inoculum. Aqueous solution containing pharmaceutical, inoculum, sodium
acetate and mineral water according to ISO11734 guideline (ISO 1995) was
added to the serum bottle. The headspace was purged with nitrogen to remove
oxygen. Two bottles for chemical analysis were sacrificed in the beginning and
after 14, 35, 97 and 161 days of incubation in 15 °C. Gaseous methane was
measured from the headspace once a week using GC-FID. Separate bottles were
used for the methane measurements and chemical analyses.
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3.7 Laboratory experiment with rainbow trout (IV)

One year-old juvenile rainbow trout (Oncorhynchus mykiss, in average 169 g and
24 cm) were purchased from a local hatchery (Savon Taimen Inc., Rautalampi,
Finland) and acclimatized to the laboratory conditions for 11 days before the
experiments.

Fish were exposed for 10 days in flow-through system to a mixture of five
pharmaceuticals: diclofenac, ibuprofen, naproxen, carbamazepine and
bisoprolol. Low and high mixture experiments (nominally equimolar, 1-2 pg I
and 25-50 pg 1) as well as control were made. Concentrations in the lower
experiment were relatively close to those common in effluents. Four fish were
studied per treatment. The actual water concentrations were monitored daily
during the experiments.

3.8 Field experiment with rainbow trout (V)

One year-old juvenile rainbow trout (Oncorhynchus mykiss, in average 180 g and
26 cm) were purchased from a local hatchery (Savon Taimen Inc., Rautalampi,
Finland) and acclimatized to the laboratory conditions from 16 to 23 days before
their transport to field sites.

Rainbow trout were held in 240 1 cages for 10 days in early June 2008.
Experiment was done in three sites near WWTP (Lake Piijinne, River Vantaa
and River Aura) and in three reference sites (Lake Palosjdrvi, Lake Konnevesi
and laboratory of the University of Jyvaskyld). Three cages were used in WWTP
sites and two in reference sites with four fish in each (i.e. total number of fish
per site were 8-12). Sampling was done in the field (Oikari 2006).

3.9 Analytical methods

3.9.1 Dry weight, loss on ignition and total organic carbon (II, III)

Dry weight (dw) and loss on ignition (LOI) were determined from fresh SPM or
sediment according to SFS 3008 (SFS 1990). The total organic carbon (TOC) was
analyzed from freeze-dried samples with Flash EA1112 elemental analyzer
(Carlo Erba) connected to a Finnigan DeltaPlus Advantage continuous flow
mass spectrometer (ThermoFisher Scientific Corp., Waltham, USA). Inorganic
carbon was removed with HCI.
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3.9.2 Analysis of pharmaceuticals with LC-MS/MS

Water (I, IV) and blood plasma (IV, V) samples were acidified and extracted
with HLB-cartridges (Oasis, Waters) using methanol as elution solvent. SPM
and sediments (II, III) were first extracted three times with acetonitrile and
phosphate buffer using an ultrasonic bath. The extract was further purified with
a HLB-cartridge (Oasis, Waters). The sorbent in POCIS was extracted with
methanol (V). The extracts were divided into two for the analysis of acidic and
basic pharmaceuticals.

For bile, separate extraction was used for acidic and basic compounds.
Acidics were extracted with HLB-cartridges using 2 % ammonium hydroxide in
80 % methanol as eluent. Basics were extracted with MCX-cartridges (Oasis,
Waters) using methanol and 2 % ammonium hydroxide in methanol as eluents.
Biles were either extracted directly (IV) or deconjugated first with
B-glucuronidase/arylsulfatase from Helix pomatia (V). The deconjugation
hydrolysed phase II metabolites into respective phase I metabolites, simplifying
the chromatographic identification. The identification of diclofenac, naproxen
and ibuprofen metabolites was based on previous works of the group (Kallio et
al. 2010, Brozinski et al. 2011, 2012a).

The analysis was performed with a Waters Alliance® 2795 (I, 11, III, IV) or
Agilent 1100 (V) LC system both coupled with Quattro Micro™ electrospray-
tandem mass spectrometer (LC-ESI-MS/MS). Compounds were separated with
a reversed phase C18 column (Waters XBridge™). In the negative ionization
mode (ESI-), the mobile phase consisted of 0.01 M ammonium acetate and 0.01
M ammonium acetate in 90 % acetonitrile (II, IV) or 0.01 M ammonium
hydroxide and 0.01 M ammonium hydroxide in 90 % acetonitrile (III, V). In the
positive ionization mode (ESI+), acetonitrile and 0.1 % (v/v) formic acid (I, 1I,
IV) or acetonitrile and 0.5 % (v/v) acetic acid (III, V) were used as eluents.

Bioconcentration in blood plasma (BCFplasma) and bile (BCFpie; IV) were
calculated by dividing the measured plasma or bile concentration with the
measured average water concentration. The sum (as molar basis) of all
quantified metabolites was used for the calculation of BCFbit.

3.9.3 Analysis of fecal sterols with GC-MS (III)

Dry sediment was first Soxhlet-extracted with hexane:2-propanol solution (2:1
v/v; Lahdelma & Oikari 2006) and the extract purified with a silica cartridge
(Sep-Pak 1 g). Sterols were eluted with 12 ml of chloroform. After silylation,
cholesterol and coprostanol were analyzed with a HP 6890 gas chromatograph
(Hewlett Packard, Germany) equipped with a HP 5973 mass spectrometer
(Hewlett Packard, USA) using HP-5 column (30 m x 0.25 mm ID, 0.25 pm).
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3.9.4 Biomarkers (V)

Liver activity of ethoxyresorufin-O-deethylase (EROD) was analyzed from the
liver mitochondrial supernatant (S9) according to Hodson et al. (1996). EROD-
activity was measured spectrofluorometrically by following the conversion of
7-ethoxyresorufin to resorufin after the addition of NADPH as energy. As a
positive control, three rainbow trout were intraperitoneally injected with a
known CYP1A-inducer, B-naphtoflavone (31 ug g'! wet weight). The protein
concentration was measured with a Bio-Rad DC Protein Assay kit (CA, USA)
using bovine serum albumin as a standard.

For real-time PCR of vitellogenin (Vtg) mRNA, hepatic samples were
extracted using TRIzol-chloroform method according to Wenger et al. (2011).
After extraction, DNA was removed and cDNA synthetized. Primer and probe
efficiencies were tested by generating a dilution curve representing 10-fold
dilution steps. All measurements were performed on 7500 Real-Time PCR
System (Applied Biosystems, Rotkreutz, Switzerland). Expression levels of
Vtg-mRNA were normalized against the expression level of 18s mRNA. Male
rainbow trout fed with 17B-estradiol (20 mg kg diet) were used as positive
control.



4 RESULTS

4.1 Characterization of field sites

4.1.1 Pollution from municipal wastewater treatment plants (111, V)

Relative contamination by pharmaceuticals at locations A-C, G and H (Fig. 7)
was evaluated with POCIS in 2008. The sum of pharmaceuticals in passive
samplers was highest at River Vantaa (B, 2884 ng), followed by Lake Piijanne
(A, 867 ng) and River Aura (C, 544 ng). Diclofenac was also detected at the
reference Lakes Palosjdrvi (G, 4 ng) and Konnevesi (H, 3 ng). Almost all the 15
pharmaceuticals monitored could be detected and quantified in the passive
samplers deployed in the vicinity of WWTPs. The only exceptions were the
antidepressants fluoxetine, which could not be found at any of the sites, and
sertraline, which could not be detected at River Aura (Fig. 7). At all locations in
the vicinity of WWTP, the concentrations of venlafaxine and carbamazepine
were the highest. The quantity of the other pharmaceuticals varied between
sites.

The overall human population impact from municipal effluents at Lakes
Péijanne, Haapajdrvi and Lievestuoreenjdarvi was evaluated by measuring the
amount of coprostanol and cholesterol from the sediment cores. Based on the
literature, a coprostanol concentration of > 0.5 ug g! in sediment as well as a
coprostanol/cholesterol ratio of > 0.2 indicates wastewater input (Grimalt et al.
1990, Vane et al. 2010).

The concentrations of coprostanol and cholesterol in the surface sediment
at Lake Pdijanne (0-2.5 cm) were 9 and 13 ng g! dw, respectively (Fig. 8A).
After a steep decrease towards the depth of 5 cm, concentrations decreased
more gradually to below 0.1 and 2 pg g dw. The coprostanol/cholesterol ratio
was < 0.2 below the depth of 10 cm, which indicates fecal contamination until at
least that depth.

At Lake Haapajarvi, the amount of coprostanol was high in the uppermost
12 cm (4-6 pg gt dw), decreasing then to about 0.7 pg g1 dw (Fig. 8B). The
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FIGURE7  Concentrations of pharmaceuticals (ng/POCIS) in Polar Organic Chemical
Integrative Samplers (POCIS) deployed at the sites next to wastewater
treatment plants for 10 days in June 2008. Note the logarithmic scale on

y-axis.
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FIGURE8  Concentrations of cholesterol and coprostanol (ug g! dw) in A) Lake
Péijanne, B) Lake Haapajédrvi and C) Lake Lievestuoreenjarvi sediment cores.
Note different scales on x-axis.

cholesterol concentration was rather steady until 8 cm (8-10 pg g? dw)
decreasing then gradually to 2 pg g1 dw. The coprostanol/cholesterol ratio was
over 0.2 in the whole sediment column. Also sterol concentrations indicated
fecal pollution in the whole sediment column.

High concentrations of cholesterol and coprostanol were found at Lake
Lievestuoreenjdrvi ranging between 7-37 pg g! dw and 3-19 pg g'! dw,
respectively (Fig. 8C). Coprostanol/cholesterol ratio was 0.4-0.5 in the whole
sediment column (0-22.5 cm). The highest concentrations were found at the
depth of 10 to 15 cm, coinciding with the darkest sediment layers (Fig. 9).
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FIGUREY9 Photograph of sediment profiles.
4.1.2 Polyaromatic (CYP1A-inducing) and estrogenic chemicals (V)

The EROD-activity and Vtg-mRNA were measured from field exposed rainbow
trout. There were no differences in the EROD-activity between sites and overall
the activity was low (0.47-1.1 pmol resorufin min' mg™ protein). The unaltered
EROD-activity indicates that effluents did not contain AhR-positive agonists
such as polychlorinated dioxins, polychlorinated biphenyls or certain polycyclic
aromatic hydrocarbons to induce liver CYP1A.

The Vtg-mRNA expression in fish exposed at the reference sites and at
River Vantaa was minor (< 1 Vtg copy numbers/1000 18s copies). At Lake
Pédijanne and River Aura, the induction was measurable (4 and 11 Vtg copy
numbers/1000 18s copies). However, this response was very low compared to
the positive control. The Vtg results indicate that the estrogenicity type of
loading by the investigated wastewater sources was low.

4.1.3 General characteristics of SPM and sediment (II, III)

Characteristics of SPM varied considerably between ten locations (II).
Generally, LOI and TOC were higher in reference sites than in rural or WWTP
sites. Due to the lower amount of mineral material and hence lower settling, dry
weight in reference sites was lower. The total amount of accumulated material
was highest in WWTP sites, especially at Rivers Vantaa and Aura (Table 3),
which were rivers containing high amounts of suspended solids. The
deposition rate varied from < 1 kg dw m2 year! in reference sites to > 50 kg dw
m-2 year! in WWTP sites.
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TABLE 3 Properties of the settleable particulate material (SPM) collected for two
months in summers 2008 and 2009. For locations, see Fig. 6.

Deposition rate strong or dw LOI TOC

Location Year kg dw m2year-! mixeda % % dw % dw
Lake Péijanne 2008 50 strong 13.5 20.2 13.0
(WWTP) ’ mixed 154 19.7 13.8
Lake Péijanne strong 153 22.9 10.2
(WWTP) 2009 532 mixed 7.1 354 14.6
River Vantaa strong 3.7 34.5 8.6
(WWTP) 2008 103 mixed 2.4 40.7 7.3
River Aura strong 14.6 16.9 5.8
(WWTP) 2008 709 mixed 16.8 15.8 5.4
Lake Jamséanvesi strong 7.9 20.0 8.9
(WWTP) 2009 64 mixed 7.9 20.3 9.0
Lake Palosjarvi strong 2.8 43.9 19.7
(Ref) 2008 04 mixed 0.6 45.0 -
Lake Palosjdrvi strong 1.9 39.7 16.2
(Ref) 2009 06 mixed 1.2 38.7 15.5
Lake Konnevesi strong 32 36.5 -
(Ref) 2008 03 mixed 0.3 40.3 -
Lake Konnevesi strong 4.5 31.7 12.7
(Ref) 2009 06 mixed 2.3 38.2 15.3
Lake Valkea-Kotinen 2009 11 strong 2.0 84.2 36.6
(Ref) ' mixed 0.4 81.1 35.6
Lake Kakskerta strong 8.6 15.3 5.7
(Rural) 2009 33 mixed 7.5 16.3 6.2
Lake Jamsédnvesi A strong 41 17.3 7.5
(Rural) 2009 40 mixed 5.7 18.8 8.0
Lake Jamsénvesi B strong 7.4 19.0 8.0
(Rural) 2009 28 mixed 5.5 19.0 7.9

aStrong means the first bottom sample (2.5 1), mixed the homogenized pooled sample

Based on visual evaluation of the Lake Péijanne core, there was a clear change
towards mineral material at the depth of 25 cm (Fig 9). At Lake Haapajdrvi
sediment, bioturbation was evident (visible burrowing channels). Black layers
(10-20 cm) at the Lake Lievestuoreenjirvi sediment indicated strongly
anaerobic conditions.

In the sediment at Lake Péijanne, LOI varied from 4 to 10 % and TOC from
0.9 to 3.3 %, both decreasing with depth (Fig. 10A). At Lake Haapajdrvi, LOI
and TOC varied from 7.3 to 10.9 % and from 2.9 to 4.3 %, respectively (Fig. 10B).
A steep increase in LOI and TOC was observed at Lake Lievestuoreenjdrvi,
where they increased from 11 to 26 % and from 5 to 13 % below 5 cm. Below
12.5 cm, their proportions decreased reaching 13 and 5 % at 20 cm (Fig. 10C).
This trend was similar to that of cholesterol and coprostanol concentrations.
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FIGURE 10 Loss on ignition (LOI, % of dry weight) and total organic carbon (TOC, % of
dry weight) in A) Lake Piijanne, B) Lake Haapajarvi and C) Lake
Lievestuoreenjarvi sediment cores. Note different scales on x-axis.

4.2 Microbial transformation of pharmaceuticals in water (I)

4.2.1 Aerobic conditions

The concentrations of diclofenac remained unchanged in treatments without an
additional carbon source, sodium acetate (Fig. 11). With an additional carbon
source, although the concentrations appeared to vary to some extent, the overall
transformation of diclofenac was negligible over time. In addition, BOD was
nearly equal to that of the corresponding control units (Table 4), supporting the
conclusion of recalcitrance i.e. that diclofenac was not microbially transformed.

B0 @7 014 821 828 @43 @58 m75d
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Diclofenac, no Diclofenac + Bisoprolol, no  Bisoprolol + Naproxen, no  Naproxen +
NaAc NaAc NaAc NaAc NaAc NaAc

FIGURE 11 Changes in normalized concentrations of pharmaceuticals during the 75-day
aerobic experiment. Pharmaceuticals were monitored with and without
addition of sodium acetate (NaAc), an additional carbon source. Two parallel
units were analyzed, thus error bars depict maximum and minimum values.

nd = not detected.
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TABLE 4 Oxygen consumption in the 75-day aerobic biotransformation experiments.
Oxygen consumption of the respective control units has been substracted.
BOD/ThOD describes the ratio (as %) of consumed oxygen compared to the
theoretical amount of oxygen required to completely mineralize the

compound.
Oxygen consumption BOD/ThOD
mg 11 %
Added NaAc no yes no yes
Diclofenac -2 1 -3 1
Naproxen 90 84 81 73
Bisoprolol 38 76 38 75

After 75 days, about 35 % of the bisoprolol had decayed (Fig. 11). The additional
carbon source did not seem to have an influence on the transformation. The
oxygen consumption of bisoprolol was 38 % and 75 % of the ThOD without and
with additional carbon source, respectively (Table 4). Hence, BOD indicated a
more efficient mineralization in the presence of additional carbon.

The transformation of naproxen was efficient. In fact it was not detected
after 14 days of incubations (Fig. 11). A suggested intermediate metabolite
6-O-desmethyl naproxen was not found under aerobic conditions. However, it
was most likely formed, but transformed further very efficiently. Decay in
sterile treatments was < 10 %, so microbial transformation was the principal
removal mechanism. Although there were differences in the kinetics of BOD
with and without additional carbon, at the end (75 d) from 73 to 81 % of the
ThOD was reached (Table 4).

4.2.2 Anaerobic conditions

The methane production in the reference without drugs (14.3 ml) and in the
diclofenac, bisoprolol and naproxen treatments (14.7-15.7 ml) were about equal.
No mineralization was evident.

About 26 % of diclofenac disappeared during 161 days (Fig. 12), but when
compared to the sterile treatments, the removal turned out to be mainly abiotic
(22 %). The total removal of bisoprolol averaged 28 %, from which
approximately half was abiotic and the other half microbiological. In contrast to
nil or low decay of diclofenac and bisoprolol, naproxen was efficiently
transformed. Over 97 % of naproxen decayed during the incubation. A
transformation product 6-O-desmethyl naproxen was detected after 14 days. At
day 97, approximately 28 % (as molar basis) of the originally analyzed naproxen
was detected as 6-O-desmethyl naproxen, which seemed to be relatively
persistent under anaerobic conditions.
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FIGURE 12 Changes in normalized concentrations of pharmaceuticals during 161-day
anaerobic incubations. Results are means of two parallel experimental units
sampled at each sampling point, thus error bars depict maximum and
minimum values.

4.3 Contamination of benthic habitats by pharmaceuticals

4.3.1 Pharmaceuticals in SPM (II)

Of the 17 pharmaceuticals monitored, from 8 to 13 were found in samples
collected downstream from WWTPs. High concentrations, generally over
200 ng g dw, of citalopram, ciprofloxacin and bisoprolol were found (Fig. 13).
Concentrations and detection frequency decreased with decreasing WWTP size.
The highest concentrations were found in the collector at Lake Piijanne.
However, due to the high amount of suspended solids, the largest load of
sedimenting pharmaceuticals was found at River Vantaa. The annual
deposition rates of individual pharmaceuticals ranged considerably, from 17 to
79400 pg m? y1. Ibuprofen and ofloxacin were detected in the rural Lake
Kakskerta (some human settlement but no centralized WWTP).
Pharmaceuticals were not detected in any of the reference sites or in the other
two rural sites.
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FIGURE 13 Concentrations of pharmaceuticals in settleable particulate material
(ng g' dry weight) collected from sites adjacent to wastewater treatment
plants for two months in summers 2008 and 2009. Atenolol, bezafibrate,
diclofenac and sotalol are not presented, since they were not detected in any
of the samples. Note the logarithmic scale on y-axis.

4.3.2 Pharmaceuticals in sediments (III)

Several pharmaceuticals were detected in sediments at Lakes Piijanne and
Haapajdrvi (Fig. 14). The most abundant pharmaceutical found in the sediments
was citalopram (15-290 ng g' dw), but also bisoprolol (7-38 ng g dw),
acebutolol (4-13 ng g! dw), propranolol (9-43 ng g! dw) and sertraline
(4-14 ng g' dw) were found. Pharmaceuticals were not found at Lake
Lievestuoreenjdrvi.

Pharmaceuticals were mainly found in the uppermost 0-12.5 cm at Lake
Péijanne, but there were no common trend in the profiles of different
pharmaceuticals (Fig. 14A). At Lake Haapajdrvi, pharmaceuticals were found in
the whole sediment column (0-30 cm) and the concentrations seemed to vary
randomly (Fig. 14B). The variation of citalopram was especially high. In
general, higher concentrations were found in Lake Haapajdrvi than in Lake
Pdijanne.
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FIGURE 14 Concentrations (ng g! dw) of selected pharmaceuticals in A) Lake Péijanne

and B) Lake Haapajdrvi sediment cores. Note different scales on x-axis. When
no value is given compound was not detected.
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4.4 Exposure of rainbow trout to pharmaceuticals

4.4.1 Water exposure in the laboratory (IV)

After the 10-day flow-through experiment, the concentrations of the five
pharmaceuticals in trout blood plasma varied from compound to compound
(Fig. 15A). The bioconcentration factor in plasma (BCFplsma) was highest for
diclofenac (4.9-7.7) and lowest for bisoprolol (< 0.01-0.02). There were no
statistical (p > 0.05) differences in the plasma bioconcentration between low and
high water concentrations, although bisoprolol was not detected in the low
concentration experiment. The variances in uptake between individuals were
high (RSD up to 86 %).
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FIGURE 15 Mean (+ SE) bioconcentration factors A) in plasma (BCFplasma) and B) in bile
(BCFuike) of juvenile rainbow trout exposed in the laboratory for 10 days to
mixture of pharmaceuticals at low and high water concentrations. BCFplasma
was calculated as ratio of plasma concentration to that in water. BCFpie was
calculated as ratio of bile (free parent compound + metabolites) concentration
to that in water (free parent compound). Note logarithmic scale on BCFui.
BSP = bisoprolol, CBZ = carbamazepine, DCF = diclofenac, NPX = naproxen,
IBF = ibuprofen.

Several metabolites of diclofenac, naproxen and ibuprofen were detected in
rainbow trout bile both in low and high water concentrations. Chromatogram
and structures of the naproxen metabolites are presented in Fig. 16. The identity
of the metabolites was based on Kallio et al. (2010) and Brozinski et al. (2011,
2012a). The most abundant metabolites were acyl glucuronides of either parent
compound (naproxen) or hydroxylated metabolites (diclofenac and ibuprofen)
(Fig. 17). The amount of unmetabolized pharmaceuticals in bile was low (0-14
% of the total). None of the metabolites were detected in the control fish. The
average BCFuile of ibuprofen was four times higher in the low than in the high
concentration experiment (p < 0.05; Fig. 15B). Instead, there were no differences
in BCFpie of diclofenac and naproxen between experiments (p > 0.05).
Compared to the plasma, concentrations of metabolites in bile were 102-10* fold
higher.
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FIGURE 16 Chromatogram and structures of naproxen metabolites in a bile from rainbow
trout exposed to a mixture of pharmaceuticals for 10 days at water
concentration 40 pg 11
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FIGURE 17 Proportions (%) of the metabolites of A) diclofenac, B) naproxen and C)
ibuprofen identified from the rainbow trout bile after 10-day exposure to the
mixture of five pharmaceuticals. Note differences in y-axis scale. DCF =
diclofenac, OH-DCF = hydroxy-diclofenac, NPX = naproxen, DNPX = 6-O-
desmethyl naproxen, IBF = ibuprofen, OH-IBF = hydroxy-ibuprofen.

4.4.2 Exposure in the field (V)

Of the 15 pharmaceuticals monitored, only three pharmaceuticals (diclofenac,
naproxen and ibuprofen) were detected in the blood plasma (Table 5). The
exposure of fish to these compounds was highest at River Vantaa, followed by
Lake Pdijainne and finally River Aura. Pharmaceuticals were not found in
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plasma of fish held at the reference sites (Lake Palosjdrvi, Lake Konnevesi and
laboratory).

TABLE 5 Mean (* SE) concentrations of pharmaceuticals in the plasma of rainbow trout
exposed in the field for 10 days in three sites next to wastewater treatment
plants. The mean is based on only those samples where compound was
quantified. N = number of samples analyzed, n = number of samples where
compound was detected, nd = not detected.

Lake Péijanne River Vantaa River Aura
ng ml-! n/N ng ml! n/N ng ml-! n/N
Diclofenac 18+5 4/11 21+3 8/8 3015 2/11
Ibuprofen nd 0/11 206 4/8 nd 0/11
Naproxen 77+15 4/11 13+1 8/8 nd 0/11

For the analysis, the bile samples of field exposed rainbow trout were
deconjugated in order to increase the concentrations of the parent
pharmaceuticals. After deconjugation, parent drugs as well as previously
identified phase I metabolites of diclofenac, naproxen and ibuprofen were
analyzed from the bile. Only parent compounds of the other 12 pharmaceuticals
were quantified, but not found.

Diclofenac (10-4000 ng ml?), naproxen (40-1900 ng ml'), ibuprofen
(33-450 ng ml?!) and metabolite hydroxy-diclofenac (210-4300 ng ml!) were
found in the fish caged downstream the WWTPs (Table 6). None of the
metabolites of naproxen and ibuprofen could be observed in the bile. Being in
accordance with the plasma results, concentrations were highest in the bile of
fish exposed at River Vantaa and lowest at River Aura. However, the
concentration of naproxen was higher at Lake Péijinne than at River Vantaa.
Pharmaceuticals were not found in the bile of fish held at the reference sites
(Lake Palosjdrvi, Lake Konnevesi and laboratory).

TABLE 6 Mean (+ SE) concentrations of pharmaceuticals in the bile of rainbow trout
exposed in the field for 10 days in three sites next to wastewater treatment
plants. The mean is based on only those samples where compound was
quantified. N = number of samples analyzed, n = number of samples where
compound was detected.

Lake Péijanne River Vantaa River Aura
ng ml-! n/N ng ml-! n/N ng ml-! n/N
Diclofenac 990 £ 200 5/5 4100 = 500 3/3 100 £ 30 5/5
Hydroxy-diclofenac 1400 £ 360 5/5 4300 £ 420 3/3 300 + 64 3/5
Ibuprofen 53+11 2/5 450 + 18 3/3 71 1/5

Naproxen 1900 £ 430 5/5 1200 £ 230 3/3 40+15 5/5




5 DISCUSSION

51 Overall contamination of the studied locations by
pharmaceuticals

A suitable passive sampling device, such as a POCIS, accumulates compounds
that are dissolved in the water phase. Although nearly all the measured
pharmaceuticals were present in the POCIS used in this study, distinct patterns
were present in the SPM, sediment and fish. In general, cationic compounds
were found in the SPM and sediments, and acidic compounds in fish plasma
and bile.

Lake Pdijanne was the most comprehensively studied of the six sites in the
vicinity of WWTPs. Therefore it was possible to compare the patterns of
pharmaceuticals in the POCIS, the SPM, sediment and field exposed fish. The
most abundant pharmaceuticals in the POCIS were venlafaxine, naproxen,
ketoprofen and citalopram. Venlafaxine was not found in the sediment or fish,
although it was the most abundant pharmaceutical in the POCIS. Naproxen
was detected in fish, but it was not found in the SPM or sediment. Finally,
citalopram was abundant in the SPM and sediment, but it was not detected in
the fish plasma or bile. These differences emphasize the diverse fates of
pharmaceuticals.

No sediments were studied from Rivers Vantaa and Aura, because
sediment is not accumulating in these river systems like in more slowly flowing
lakes. Two lakes (Lake Haapajdrvi and Lake Lievestuoreenjarvi) with different
type of sedimentation were chosen for sediment studies in addition to Lake
Pdijanne (III). The SPM was collected to study the contamination by
pharmaceuticals more widely and samples were collected from three types of
areas: sites in the vicinity of WWTPs, rural locations without centralized
wastewater treatment and reference sites (II).

Three approaches POCIS (V), SPM (II) and fish (V) revealed highest
contamination at River Vantaa, followed by Lake Pdijinne and River Aura.
Thus, different evaluation methods seemed to complement each others. Earlier,
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Vieno (2007) measured pharmaceuticals in effluent and river water at these
locations and found the highest concentrations at River Vantaa (Lindqvist et al.
2005, Vieno 2007, Vieno et al. 2007). Although low concentrations of some
compounds were detected in a POCIS and SPM in rural or reference areas, they
seemed to be relatively free of pharmaceutical contamination in Finland.

5.2 Fate of pharmaceuticals in the environment

5.2.1 Can pharmaceuticals be persistent in the aquatic environment?

Some pharmaceuticals can be persistent in the aquatic environment. However,
the microbial transformation begins already at the WWTP and continues in the
receiving waters. Large variation in the microbial transformation of individual
pharmaceuticals has been observed both in the WWTPs as well as in the
environment (Yu et al. 2006, Kunkel & Radke 2008, Jelic et al. 2011). Also the
results presented here (I) revealed markedly different persistency of naproxen,
bisoprolol and diclofenac, the three drugs chosen for detailed examination. The
added amount of readily degradable organic carbon did not contribute to the
biotransformation efficiency of any of the studied drugs. Therefore, the rate of
biotransformation seems to be more dependent on the properties of the
compound than on the content of organic carbon in natural waters.

Biotransformation of naproxen was evident in both aerobic and anaerobic
environmental conditions (I). The efficient biotransformation of naproxen was
observed also in other studies (Urase & Kikuta 2005, Yu et al. 2006, Carballa et
al. 2007, Tran et al. 2009) and it represented well those drugs that are not
expected to persist in the environment.

Compared to naproxen, the transformation rate of bisoprolol was slow
especially in anaerobic experiments (I). Partial removal was observed also in
other studies (Wick et al. 2009, Ramil et al. 2010).

No decay of diclofenac was observed in the aerobic or anaerobic
conditions (I). Diclofenac has been classified as persistent in some studies
(Quintana et al. 2005, Joss et al. 2006), but able to biotransform by others (Yu et
al. 2006, Carballa et al. 2007, Groning et al. 2007, Kosjek et al. 2008). The
incomplete biotransformation and elimination of diclofenac and bisoprolol
suggests that these compounds are detected in the surface waters. Therefore, in
the future, more awareness is needed to pick-out drugs persisting in the
environment.

The transformation rate of naproxen and bisoprolol in the anaerobic
conditions was slower than in the aerobic ones. Therefore the time naproxen
and bisoprolol persists after release depends on the degree of saproby in the
environment they end up. Bisoprolol is likely to remain in the anaerobic zone
for a long time due to its slow decay rate. Studies have shown that
biotransformation of many pharmaceuticals and endocrine-disrupting
chemicals is notably lower in anaerobic than aerobic conditions, if
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biotransformation takes place at all anaerobically (Ying & Kookana 2003,
Groning et al. 2007, Kunkel & Radke 2008, Jiang et al. 2010, Suarez et al. 2010).

5.2.2 Are pharmaceuticals susceptible for sedimentation?

Based on the results presented in this thesis (II), they are. Sorption and
desorption have key roles in the distribution and bioavailability of
pharmaceuticals in the environment. They determine for instance whether
pharmaceuticals are sedimented close to the discharge point, transported with
particulate material or remain fully dissolved. WWTPs are important sources of
suspended solids and SPM originating from them can contain considerable
amounts of xenobiotics (Byrns 2001). Sorption to particles may decrease the
bioavailability by microbes and thus hinder the biotransformation of chemicals
(Alexander 2000, Styrishave et al. 2011). The toxicity may decrease due to lower
exposure, although benthic invertebrates as well as bottom feeding fish may be
exposed also via ingested sediment particles (Kaag et al. 1997, Forbes et al. 1998,
Leppéanen & Kukkonen 1998, Sormunen et al. 2008).

The variation in the sorption between individual pharmaceuticals and
solid matrices (soils and sediments) may be high (Williams et al. 2009, Jelic et al.
2011). Sorption of cations tends to be higher than that of anions due to ionic
interactions with negatively charged minerals and biofilms (Tolls 2001, Pan et
al. 2009, Williams et al. 2009), presumably also SPM. Both organic and inorganic
fractions are important for the sorption of drugs (Pan et al. 2009). Although
lipophilic partition into organic carbon is not considered the main sorption
mechanism, an increasing TOC seems to enhance the sorption of some
pharmaceuticals (Varga et al. 2010, Xu & Li 2010).

High concentrations of citalopram, ciprofloxacin and bisoprolol were
abundant in SPM (II). Because of accumulation in the POCIS (VI), they were
also present at the dissolved phase. The potential of a compound to sedimentate
depends on sorption and biotransformation. Sediment burial is likely, if
compound biotransform slowly enough and sorb to SPM. Citalopram and
ciprofloxacin sorb strongly to the sediments and soils (Toll 2001, Kwon et al.
2008). Styrishave et al. (2011) suspected that strong sorption limits the
biotransformation of citalopram, because of lesser bioavailability. In WWTPs,
biotransformation of citalopram is moderate (40-60 %) being lower in anaerobic
than aerobic conditions (Suarez et al. 2010). Carbamazepine and diclofenac
were abundant in the POCIS, but not in SPM. Their sorption is low (Williams et
al. 2009, Jelic et al. 2011) and they are recalcitrant in the environment (Zwiener
& Frimmel 2003, Joss et al. 2006, Jelic et al. 2011, Suarez et al. 2010). Thus
carbamazepine and diclofenac persist in the water phase and spread long
distances with water flows. Low concentrations of ibuprofen were found in the
SPM, but not in the sediments (II, III). Even the most recent layer, the
uppermost 2 cm, was free of it. Sediment burial of ibuprofen is unlikely due to
the ready biotransformation and low sorption (Zwiener & Frimmel 2003, Yu et
al. 2006, Joss et al. 2006, Suarez et al. 2010).
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5.2.3 Can discharge history of pharmaceuticals be demonstrated from
sediments?

Yes. According to results presented here (III), the most widely detected
compounds in sediments were citalopram, propranolol and bisoprolol, all
positively charged at the ambient lake pH (6.5-7). None of the negatively
charged pharmaceuticals, like rather persistent diclofenac (I), were detected in
the sediment. The maximum concentration of the antidepressant citalopram
was notably high (up to 290 ng g! dw; III). Surprisingly, this far,
pharmaceuticals have been reported only from the surface layer of sediment.
The reported concentrations of pharmaceuticals in surface sediments have been
below 100 ng g dw (Antonic & Heath 2007, Stein et al. 2008, Ramil et al. 2010,
Schultz et al. 2010, Varga et al. 2010, da Silva et al. 2011). For instance, the
concentrations of citalopram and bisoprolol were up to 15 and 86 ng g dw,
respectively (Ramil et al. 2010, Schultz et al. 2010). Also naproxen and
diclofenac have been found in surface sediments (Rice & Mitra 2007, Varga et al.
2010), although they were not detected in the present study (III).

Benthic biota is mostly exposed to uppermost sediments. However,
compounds in deeper sediments are not necessary permanently buried, but
may become bioaccessible with time e.g. due to bioturbation by benthic biota
(Gunnarson et al. 1999). Josefsson et al. (2010, 2011) detected mobilization of
hydrophobic compounds from marine sediments due to bioturbation to a
sediment depth of 10 cm or even lower. This demonstrates that remobilization
may occur from the deeper sediment layers than the immediate subsurface.
Xenobiotics in sediments can be released to the overlaying water during events
that disturb sediment such as flooding or dredging (Eggleton & Thomas 2004).
In addition, sediment dynamics and water flows have effect on the persistency
of pharmaceuticals because of the substantial variation in the vertical profiles of
oxygen (Kunkel & Radke 2008).

Occurrence of pharmaceuticals in deeper sediment layers (III) suggested
that sediments can act as a sink for certain strongly sorbing compounds, such as
citalopram. Increased desorption of pharmaceuticals was observed in the
presence of sediment dwelling Chironomus dilutus. The influence of bioturbation
on desorption was higher for less hydrophobic carbamazepine than for EE2
(Gilroy et al. 2012). Desorption of carbamazepine demonstrates that sediments
can act as a long term source of pharmaceuticals.

Exposure via sediments can be important especially for benthic
invertebrates but also for benthic fishes. The accumulation of EE2 in Chironomus
tentans was greater in an experiment with sediment than water only (Dussault
et al. 2009). The bioaccumulation of pharmaceuticals from sediments to benthic
invertebrates is currently unknown. A strong bioconcentration of fluoxetine
(BCF 185900) and lesser degree of carbamazepine (BCF 7.1) from water to
aquatic invertebrate Gammarus pulex was recently reported (Meredith-Williams
et al. 2012). Bioconcentration to Notonecta glauca was substantially lower (BCF
fluoxetine 1.4, carbamazepine 0.2; Meredith-Williams et al. 2012). The evident
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contamination of benthic habitats (III) highlights that there is need for
invertebrate bioaccumulation and exposure studies.

Sediment profiles have been successfully used in tracking of historical
contamination by industry e.g. that of pulp mill operations (Leppanen & Oikari
2001, Hynynen at al. 2004, Lahdelma & Oikari 2006). Although the total
consumption of pharmaceuticals has been increasing, there are some drugs
which have a decreased usage or have even ceased being used. With
citalopram, a clear correlation (12 = 0.97) between annual sales (FIMEA 2011)
and concentration in Lake Piijanne sediment was found (III). Furthermore,
acebutolol and bisoprolol corresponded well with their introduction to the
markets, even though the sediment varving was not ideal in Lake Piijanne
(Merildinen & Hamina 1993). Because consumption records of pharmaceuticals
are well documented in many countries, some of them, like citalopram in the
present study (III), could be used in dating of sediments with varving tendency.
The age of sediment depth can be evaluated from the first occurrence of a
pharmaceutical and the year it came to markets. Based on the present study,
citalopram is one candidate for this kind of further study.

5.2.4 Are pharmaceuticals bioconcentrated and metabolized by fish?

The uptake and metabolism of pharmaceuticals was evident in fish (IV).
Neutral compounds are taken up via lipophilic partition through epithelial
membranes (Mackay & Fraser 2000). With ionizable compounds, the degree of
ionization generally modifies the uptake, because ionized form is poorly
absorbed (Erickson et al. 2006a, 2006b, Fu et al. 2009). The higher the proportion
of the compound is in neutral form the higher is the uptake rate and hence
toxicity (Saarikoski & Viluksela 1981, Nakamura et al. 2008, Fu et al. 2009,
Valenti et al. 2009, Rendal et al. 2011). This means that increasing pH decreases
the toxicity of acidic pharmaceuticals and increases that of basic
pharmaceuticals (see example of ionization on Fig. 2). For ionic compounds, the
uptake via active transporters is possible (Miller 2008, Fu et al. 2009), although
better knowledge on their kinetics and regulation is warranted.

At the stage approaching equilibrium (10 d), the bioconcentration factors
of pharmaceuticals in plasma were low (BCFplasma 0.02-6; 1V) compared to the
hydrophobic chemicals such as PAHs (BCFplasma 43-76; Kennedy & Law 1990).
The bioconcentration of acidic pharmaceuticals (diclofenac, naproxen and
ibuprofen) was slightly higher than that of bisoprolol and carbamazepine (IV).
Basically no bioaccumulation in blood plasma was observed for bisoprolol,
which was most likely readily eliminated due to fast cation transport.

The overall conclusion for slight accumulation of pharmaceuticals in blood
is conclusive. The published bioconcentration factors of those pharmaceuticals
studied during this thesis are presented in Table 7. The pH of the test water was
not reported in all studies, although the accumulation of pharmaceuticals is
highly dependent on water pH. According to laboratory studies, fluoxetine and
its metabolite norfluoxetine have rather high potential for bioaccumulation
(Nakamura et al. 2007, Paterson & Metcalfe 2008, Zhang et al. 2010). Actually
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higher accumulation of the metabolite than the parent fluoxetine was detected
(Nakamura et al. 2007, Paterson & Metcalfe 2008). Overall, it appears that
pharmaceuticals are not accumulative in blood plasma, muscle or liver (Table
7), because of their high ionization and quick elimination (Erickson et al. 2006a,
2006b, Fu et al. 2009).

In fish bile, hydroxides as well as glucuronide and sulfate conjugates are
common biotransformation products of PAHs, resin acids and pharmaceuticals
(Oikari et al. 1984, Law et al. 1994, Kallio et al. 2010, Brozinski et al. 2011, 2012a).
In the results reported here (IV) only trace amounts of the unmetabolized
parent drugs were detected in bile. Diclofenac was mainly found as
glucuronide and sulphate conjugates of hydroxy-diclofenac. Naproxen was
mainly present as glucuronide. Microbial transformation product
6-O-desmethyl naproxen (I) was also formed by fish (IV). Ibuprofen was mainly
metabolized into hydroxy-ibuprofen and glucuronides. Further studies by
Brozinski et al. (2012a) revealed that ibuprofen is metabolized into several
rather unusual products such as taurine-conjugates.

The metabolization of pharmaceuticals is obvious in fishes. To compare
the bioconcentration in bile, all the quantified metabolites were summed up on
a molar basis (IV). The bioconcentration of naproxen in the bile was
approximately equal to diclofenac (~10%), while the amount of ibuprofen
metabolites in the bile was higher (~10%). Mehinto et al. (2010) have reported
similar bioconcentration of diclofenac (~10% Table 7).

Large differences in plasma and bile concentrations were found between
individual rainbow trout (IV, V). Accordingly, large differences were found in
organ distribution of diclofenac in brown trout (Salmo trutta f. fario; Hoeger et
al. 2008). About 50 % of diclofenac was excreted within 36 h. Six hours after
dosing 34-66, 2-4 and < 1 % of it was found in bile, muscle and blood,
respectively. In addition, diclofenac undergoes enterohepatic recycling, i.e.
reuptake from the intestine to the blood (Hoeger et al. 2008).

Higher lipid content of an organ can increase the accumulation of most
hydrophobic pharmaceuticals. Zhang et al. (2010) measured higher
concentrations of fluoxetine, carbamazepine and ibuprofen in adipose fin than
in muscle (Table 7). In addition, the concentrations of fluoxetine and sertraline
were ten times higher in the brain and liver than in the muscle tissue (Table 7;
Brooks et al. 2005, Ramirez et al. 2009, Lajeunesse et al. 2011).

The plasma and the bile concentrations of rainbow trout had an inverse
correlation suggesting individual differences in the efficiency of hepatic uptake,
rate of biotransformation, or excretion to the bile (IV). The capacities of
transporters may be limited, as secretion of ionic compounds is largely
mediated by them (Miller 2008).



TABLE7 Bioconcentration factors (BCF) of the studied pharmaceuticals in laboratory experiments.
Pharmaceutical Exposure duration Species ! Tissue pH BCF mean * sd 2 Reference
Fluoxetine 30d Japanese medaka body 7 8.8+£5.2 Nakamura et al. (2007)
Fluoxetine 30d Japanese medaka body 9 260 + 150 Nakamura et al. (2007)
Fluoxetine 30d Japanese medaka liver 7 33090 Nakamura et al. (2007)
Fluoxetine 30d Japanese medaka liver 9 3100 + 400 Nakamura et al. (2007)
Fluoxetine 7d Japanese medaka whole fish 74 74 (mean) Paterson & Metcalfe (2008)
Fluoxetine 8d Rainbow trout muscle 7.8 58.98 +16.81 Zhang et al. (2010)
Fluoxetine 8d Rainbow trout adipose fin 7.8 143.36 £ 21.50 Zhang et al. (2010)
Norfluoxetine 3 30d Japanese medaka body 7 84+8 Nakamura et al. (2007)
Norfluoxetine 3 30d Japanese medaka body 9 650 180 Nakamura et al. (2007)
Norfluoxetine 3 30d Japanese medaka liver 7 1500 * 200 Nakamura et al. (2007)
Norfluoxetine 3 30d Japanese medaka liver 9 3700 £ 2300 Nakamura et al. (2007)
Norfluoxetine 3 7d Japanese medaka whole fish 74 117 (mean) Paterson & Metcalfe (2008)
Citalopram 1d Rainbow trout plasma 7.5 <0.008 Holmberg et al. (2011)
Propranolol 21d Fathead minnow plasma nr4 0.4-15 (mean) Giltrow et al. (2009)
Bisoprolol 10d Rainbow trout plasma 7.7 <0.01-0.02 (mean)  Publication IV
Carbamazepine 8d Rainbow trout muscle 7.8 0.52+0.11 Zhang et al. (2010)
Carbamazepine 8d Rainbow trout adipose fin 7.8 416 +0.87 Zhang et al. (2010)
Carbamazepine 10d Rainbow trout plasma 7.7 0.3-0.4 (mean) Publication IV
Diclofenac 14d Rainbow trout plasma 7.4 4.02+0.75 Cuklev et al. (2011)
Diclofenac 14d Rainbow trout liver 7.4 2.54+£0.36 Cuklev et al. (2011)
Diclofenac 21d Rainbow trout bile nr4 509-657 (min-max)  Mehinto et al. (2010)
Diclofenac 2d Rainbow trout plasma nr4 7 (mean) Brown et al. (2007)
Diclofenac 10d Rainbow trout plasma 7.7. 4.9-5.7 (mean) Publication IV




Diclofenac 10d Rainbow trout bile 7.7 476-797 (mean) Publication IV

Naproxen 2d Rainbow trout plasma nr4 4 (mean) Brown et al. (2007)
Naproxen 10d Rainbow trout plasma 7.7 1.4-1.6 (mean) Publication IV
Naproxen 10d Rainbow trout bile 7.7 703-829 (mean) Publication IV
Ketoprofen 2d Rainbow trout plasma nr4 0.1 (mean) Brown et al. (2007)
Ibuprofen 2d Rainbow trout plasma nr4 9 (mean) Brown et al. (2007)
Ibuprofen 8d Rainbow trout muscle 7.8 1.50£0.25 Zhang et al. (2010)
Ibuprofen 8d Rainbow trout adipose fin 7.8 23.69 £2.23 Zhang et al. (2010)
Ibuprofen 28d Fathead minnow muscle 7.8 0.69 (mean) Nallani et al. (2011)
Ibuprofen 28d Fathead minnow liver nr4 0.69 (mean) Nallani et al. (2011)
Ibuprofen 28d Fathead minnow gill nr4 1.09 (mean) Nallani et al. (2011)
Ibuprofen 7d Channel catfish muscle nr4 0.08 (mean) Nallani et al. (2011)
Ibuprofen 7d Channel catfish liver nr4 0.51 (mean) Nallani et al. (2011)
Ibuprofen 7d Channel catfish gill nr4 0.44 (mean) Nallani et al. (2011)
Ibuprofen 7d Channel catfish kidney nr4 0.63 (mean) Nallani et al. (2011)
Ibuprofen 7d Channel catfish plasma nr4 1.4 (mean) Nallani et al. (2011)
Ibuprofen 10d Rainbow trout plasma 7.7 3.3-4.3 (mean) Publication IV
Ibuprofen 10d Rainbow trout bile 7.7 8170-31000 (mean)  Publication IV

1 Japanese medaka (Oryzias latipes), Rainbow trout (Oncorhynchus mykiss), Fathead minnow (Pimephales promelas), Channel catfish (Ictalurus
punctatus)

2mean * standard deviation if not stated otherwise, mean = mean or range of means, min-max = minimum and maximum values
3 Metabolite of fluoxetine, the given value is a pseudo-BCF (concentration of norfluoxetine in fish divided with fluoxetine in water)
4 nr = not reported
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5.2.5 Are fish exposed to pharmaceuticals discharged from wastewater
treatment plants?

The exposure of fish to widely used acidic anti-inflammatory drugs diclofenac,
naproxen and ibuprofen in the vicinity of WWTPs was evident (V). The
published concentrations of pharmaceuticals in wild and field exposed fish are
presented in Appendix 2. Atenolol, bezafibrate, bisoprolol, metoprolol,
paracetamol and propranolol were not found in fish (Ramirez et al. 2007,
Ramirez et al. 2009, Fick et al. 2011). Acebutolol and sotalol have not been
measured from fish before this study (V).

None of the studied antidepressants were detected in the bile or plasma
(V), although those drugs are among the most widely found pharmaceuticals in
wild and field exposed fish (Brooks et al. 2005, Chu & Metcalfe 2007, Kwon et
al. 2009, Ramirez et al. 2009, Zhang et al. 2010, Metcalfe et al. 2010, Schultz et al.
2010, Lajeunesse et al. 2011). The uptake and accumulation of sertraline was
higher than that of the other antidepressants (Brooks et al. 2005, Metcalfe et al.
2010, Schultz et al. 2010). However, for better understanding of the mechanisms
of internal exposure, laboratory experiments reporting the BCF of sertraline
should be conducted.

Exposure itself is not an adverse effect. The effect is evoked in a target
organ or receptor and will occur when certain internal concentration is
exceeded. Huggett et al. (2003, 2004) have proposed that the Fish Plasma Model
could be used to evaluate the possibility of effect. The model is based on
assumption that the same internal concentration will cause the effect in humans
and fish. Thus human data could be used in ERA of pharmaceuticals, but many
uncertainties related to fish toxicokinetics exist.

5.3 Fish bile as evidence of exposure of fish to pseudopersistent
xenobiotics

Our knowledge of functional time-courses of hepato-biliary excretion in fishes
is rather sporadic. In vertebrates, the cycle of bile formation and release to the
intestine is dependent on nutritional status (Talbot & Higgins 1982, Forlin &
Wachtmeister 1989). Bile tends to be stored in the gall bladder during fasting,
being periodically emptied post-fed to enhance digestion in the intestine. To a
certain extent, the longer the fasting time is the larger and darker the bile inside
gall bladder is (Talbot & Higgins 1982). It is also evident that water is
reabsorbed from the bile during long fasting ie. over several days.
Reabsorption reduces bile volume in the gall bladder and concentrates the
xenobiotics and their metabolites that have been secreted from the liver (Talbot
& Higgins 1982, Forlin & Wachtmeister 1989, Brumley et al. 1998). It is not
known whether there is some modifications of bile composition under its
storage e.g. due to hydrolases from liver. Due to practical reasons to avoid
small bile volumes, rainbow trout were not fed during the experiments (IV, V).
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In nature, boreal fishes seem to have periods when they do not eat (Oikari
2006).

In 1976, Statham et al. suggested that fish bile could be used for the
assessment of exposure to readily metabolized xenobiotics (Statham et al. 1976).
Since then several compounds have been measured from the bile, such as
estrogens, polyaromatic hydrocarbons, resin acids, and chlorophenolics
(Statham et al. 1976, Oikari 1986, Forlin & Wachtmeister 1989, Wachtmeister et
al. 1991, Law et al. 1994, Larsson et al. 1999, Oikari et al. 1999, Gibson et al. 2005,
Vermeirssen et al. 2005, Merildinen et al. 2007). Bile has been especially suitable
for compounds which are readily metabolized and excreted via the bile instead
of accumulation in muscle or other organs (Statham et al. 1976, Forlin &
Wachtmeister 1989).

There are many advantages in using bile. First of all, xenobiotics that are
taken up by fish and secreted from the liver can accumulate in bile. In this
study, laboratory experiment with diclofenac, naproxen and ibuprofen showed
102-10° fold accumulation from water to bile (IV). Earlier, Larsson et al. (1999)
measured a 104-10¢ fold accumulation of estrogenic compounds (e.g. EE2,
nonylphenol and bisphenol-A) in the bile of field-exposed rainbow trout
compared to the surrounding water. The metabolic accumulation of resin acids
and chlorophenols in bile is about 105 and 10°¢ fold, respectively (Oikari et al.
1984, Oikari & Kunnamo-Ojala 1987, Merildinen et al. 2007). Emissions of resin
acids and chlorophenolics from the pulp industry have been very successfully
monitored by measuring their concentrations in the fish bile (Merildinen &
Oikari 2008).

In the laboratory experiment (IV), the total concentrations (parent and
metabolites) of diclofenac, naproxen and ibuprofen were 80 to 7000 times
higher in the bile than in the plasma. In the field experiment (V), the differences
varied from 10 to 400 fold. These results suggest that the exposure to
pharmaceuticals can be detected in the bile at lower ambient water
concentrations than from the plasma. In humans, the secretion of diclofenac
glucuronides into bile is via an active ATP-dependent pump, which enables a
several fold higher concentration in the bile than in the blood (Boelsterli 2003).

Secondly, bile can be used for comparative analysis of biotransformation
(Oikari et al. 1984, Merildinen & Oikari 2008). The metabolism may vary among
species, which leads either to different structures of the metabolites or to
variation in the relative abundances of them. With modern chromatographic
techniques, metabolites can be identified and metabolite profiles of species
compared. In previous studies, the metabolites of three pharmaceuticals
diclofenac, naproxen and ibuprofen were identified in the bile of rainbow trout
(Kallio et al. 2010, Brozinski et al. 2011, 2012a). Most of them were known as
human metabolites. Thus human data can be used for predicting the
metabolites in other vertebrates. For instance, fluoxetine is -efficiently
desmethylated to norfluoxetine in humans (Hiemke & Hirtter 2000) and
medaka (Oryzias latipes; Nakamura et al. 2008, Paterson & Metcalfe 2008).
Apparently, more comparative data is needed among fishes, but also from
those invertebrates inhabiting benthic environments.
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However, identification can be demanding and lack of numerous
surrogate standards may prevent quantification of the analytes. These obstacles
can be overcome by hydrolyzing conjugates into respective parent compounds
or phase I metabolites. Due to the more simple structure, the identification of
phase I metabolites is easier than that of phase II conjugates. Importantly,
where ambient concentrations in waters are low, deconjugation increases
sensitivity, because one compound (parent or phase I metabolite) can form
several conjugates. Compounds that undergo efficient phase I metabolism are
not detected as parent compounds even after deconjugation and identification
of the primary metabolite(s) is needed. Deconjugation of metabolites can be
done with specific hydrolases or with alkaline and acidic solutions (Oikari et al.
1984, Oikari & Anis 1985, Legler et al. 2002, Gibson et al. 2005). Enzymes
B-glucuronidase and arylsulfatase hydrolyse glucuronide and sulfate
conjugates, respectively. In the field experiments (V), the bile samples were
enzymatically deconjugated with B-glucuronidase/arylsulfatase solution. As a
method validation, the bile of an unexposed rainbow trout was spiked with the
1-B-O-acyl glucuronides of diclofenac, naproxen and ibuprofen and
subsequently the liquid was treated with the enzyme. LC-MS/MS analyses of
the hydrolysate revealed that peaks due to the acyl glucuronides were absent,
whereas peaks due to the diclofenac, naproxen and ibuprofen had emerged.
Thus the deconjugation was efficient and quantitative.

In conclusion, for regulatory purposes, bile analyses are a useful tool for
monitoring the exposure of fish to pharmaceuticals, while tissue residues may
not trace low levels of exposure. Due to the strong bioconcentration, xenobiotics
can be detected in the bile although chemical concentrations in ambient waters
are very low and fluctuating.

5.4 Future directions

This thesis expands the knowledge of the different fates of pharmaceuticals in
the environment. However, it also highlights several important research topics
that should be studied in the near future. Among others these include:

Firstly, understanding the chronic effects of single substance and mixtures
of pharmaceuticals on fish should be improved. This includes comparative
studies with different species and drugs. Secondly, bile metabolites of
numerous drugs (5-10 more) should be identified. Pharmaceuticals could be
chosen based on their chemical characteristics, persistency, toxicity and
consumption. Metabolism should also be compared between different species.
To further improve the interpretation of bile analyses, excretory and secretory
system time-courses, e.g. gall bladder dynamics, needs to be explored. Thirdly,
the results revealed clear contamination of benthic habitats by pharmaceuticals.
However, there is basically no knowledge of the exposure of benthic biota via
sediments. Furthermore, the possible long-term effects on benthic invertebrates
are still largely unknown.



6 CONCLUSIONS

The aim of this thesis was to determine several aspects of the environmental
fate of pharmaceuticals after their release from WWTPs. In addition to
pharmaceuticals in true soluble form next to discharge, this thesis studied the
sedimentation, exposure of fish, and biotransformation by microbes and fish.
These approaches were chosen in order to study the alternative fate possibilities
of pharmaceuticals in the aquatic environment.

The presence of pharmaceuticals in water was evident and nearly all
target compounds were found in passive samplers in the vicinity of WWTPs. In
addition, some of the pharmaceuticals accumulated in SPM indicating that
sediment burial is possible. The presence in SPM also highlighted that the true
loading from the WWTP can be revealed only by measuring pharmaceuticals
from both dissolved and suspended fractions.

The microbial transformation of pharmaceuticals in aquatic systems is
variable and only partially understood today. Some are readily biotransformed
whereas others even recalcitrant. Importantly, pharmaceuticals that
biotransform quickly are detected in the environment due to their constant
emissions. Drugs that have a slow rate of biotransformation or that are
persistent are prone to accumulation in the environment.

Analyses of the sediments revealed high concentrations of few
pharmaceuticals even at the deeper layers (citalopram, bisoprolol, propranolol
and acebutolol). This gave the novel possibility to date the sediment and
especially citalopram was found applicable for dating. Although the sorption of
ionizable molecules is dependent on water and sediment characteristics, the
same drugs occurred at the sediment cores in Lake Pdijanne and Lake
Haapajdrvi. Their presence in deeper sediments showed that pharmaceuticals
can persist therein and can cause delayed exposure of the benthic invertebrates.

Due to the ionization, pharmaceuticals may not be readily taken up from
water. However, the ingestion of sediment may increase the exposure through
the absorption during digestion, because one important property of an effective
pharmaceutical is its efficient absorption in the human gut.
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Demonstrating the existence and identification of the compound in the
environment is the first step in the environmental risk assessment. There were
clearly some compounds that should be studied further. Hazard identification
revealed that citalopram occurs in water phase, accumulates in sediments and is
persistent. Thus, the exposure and effects should be determined. Finally, the
bioavailability and toxicity to water organisms determines the possible risks of
pharmaceuticals to the aquatic life. However, citalopram was not detected in
the rainbow trout. Either it was not absorbed due to low bioavailability or it
was metabolized and eliminated very quickly. The exposure and the toxicity of
citalopram to benthic invertebrates is currently not known, but should be
studied in the future.

Regarding to the fate from water to fish, diclofenac, naproxen and
ibuprofen were studied by plasma and bile analysis. Diclofenac was taken up
by fish and accumulated in blood plasma. Exposure was demonstrated both in
the laboratory and field study. Its persistency in the environment prolongs the
time when exposure and effects are possible. Diclofenac is known to cause
severe toxic effects on terrestrial and aquatic biota at the environmentally
relevant concentrations. Thus hazard identification, exposure and effect
assessments indicate that diclofenac may pose environmental risks more widely
than currently realized.

As an overall conclusion, the fate of each pharmaceutical can be unique
and must be known individually. Due to the variable properties, some
compounds may be readily biotransformed, others sedimented or taken up by
biota. Fate processes are overlapping and the relative importance of
biotransformation, sedimentation and uptake by biota vary considerably from
one site to another.
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YHTEENVETO (RESUME IN FINNISH)

Lidkeaineiden ympairistokohtalo - Biotransformaatio, sedimentaatio ja kalo-
jen altistuminen

Huolimatta vuosikymmenid jatkuneesta ja alati kasvavasta lddkkeiden kulutuk-
sesta, niiden ymparistovaikutukset ovat saaneet huomiota vasta viime vuosina.
Ladkeannoksen ottamisen jalkeen sen vaikuttavat aineet imeytyvit elimistoon
ja aiheuttavat terapeuttisen vaikutuksen. Ladkemolekyyli ei kuitenkaan havia
vaan suurin osa siitd eritetddn pois elimistostd virtsan ja ulosteiden mukana.
Siten lddkkeet pddtyvit jatevedenpuhdistamoiden kautta ymparistoon, erityi-
sesti pintavesiin. Tamén tutkimuksen tarkoituksena oli selvittdd ladkkeiden
ympadristokohtaloa ja kertymistd kaloihin. Tutkimuksessa madritettiin lddkkei-
den mikrobiologista hajoamista ja mitattiin kertymistd vesien partikkeliainek-
seen sekd jarvien sedimenttiin (eli vesiston pohjaan). Kirjolohien (Oncorhynchus
mykiss) altistumista lddkkeille selvitettiin sekd laboratoriossa ettd jatevedenpuh-
distamoiden ldheisyydessa.

Ladkkeiden muuntuminen mikrobiologisesti osoittautui hyvin vaihtele-
vaksi. Sarkylddke naprokseeni hajosi hyvin sekd hapellisissa ettd hapettomissa
olosuhteissa, joskin hajoamisnopeus oli suurempi hapellisissa oloissa. Sitd vas-
toin toisella sdrkylddkkeelld, diklofenaakilla, ei muuntumista havaittu, ja bee-
tasalpaaja bisoprololi hajosi vain osittain. Lidkkeen pysyvyys ympéristossa
madraytyykin sekd sen rakenteen ettd ymparistoolosuhteiden mukaan.

Téssd tutkimuksessa keréttiin laskeutuvaa partikkeliainesta eli ainesta, jos-
ta my6hemmin muodostuu sedimenttid, yhteensd kymmenestd eri vesistosta.
Jatevedenpuhdistamon ldheisyydessa sijaitsevilla ndytteenottopaikoilla partik-
keliaines sisdlsi useita eri lddkkeitd, erityisesti masennuslddke sitalopraamia,
beetasalpaaja bisoprololia sekd antibiootti siprofloksasiinia. Eniten lddkkeitd
mitattiin Vantaanjoesta Rithiméden puhdistamon alapuolelta sekd Pdijanteeltd
Jyvéaskylédn jatevedenpuhdistamon ldheisyydestd. Haja-asutusalueilta ladkkeitd
loydettiin vain vdhdn ja eristdytyneiltd puhtailta alueilta ei lainkaan. Tutkimus
osoitti, ettd jotkin ldadkkeet voivat kertyd voimakkaasti partikkeliainekseen ja
my6hemmin my6s sedimenttiin.

Tutkimuksia jatkettiin mittaamalla lddkkeitd sedimenteistd. Sedimentin
syvyysprofiilit kolmelta eri jarveltd paljastuivat hyvin erilaisiksi. Lappeenran-
nan Haapajdrvessd ladkkeitd 16ytyi koko sedimenttipatsaasta, jopa 30 cm sy-
vyydeltd. Jarvi on matala ja sedimentit eivat kerrostu vuosittaisesti vaan sekoit-
tuvat pohjaeldinten, kalojen ja veden virtausten vuoksi. Péijinteelld Jyvaskylan
jatevedenpuhdistamon ldheisyydessd lddkkeitd 16ytyi vain ylimméstd 12,5
cmustd ja erityisesti sitalopraamin pitoisuudet kasvoivat sedimentin pintaa kohti.
Sedimentti oli siis Pdijanteelld verrattain sekoittumatonta. Lievestuoreenjirven
sedimenttindytteestd ei 1oytynyt lddkkeitd luultavasti pienen jdtevesimadran
vuoksi. Pitoisuudet Haapajdrvessé olivat suurempia kuin Paijanteelld.

Kirjolohen laboratorioaltistus viiden lddkkeen seokselle paljasti lddkkeiden
erilaisen potentiaalin kertyd kaloihin. Kalojen veriplasmassa diklofenaakin pi-



57

toisuudet olivat suurimmat ja bisoprololin pienimmait. Kirjolohen aineenvaih-
dunta muunsi lddkkeitd tehokkaasti ja sapesta mitattiin useita metaboliitteja.
Pitoisuudet sapessa olivat moninkertaisia vesi- ja veriplasmapitoisuuksiin ngh-
den ja sappi osoittautuikin hyvéksi ndytteeksi ladkeainealtistumista mitattaessa.

Kun lddkeainealtistuminen oli osoitettu laboratoriossa, voitiin tutkimuksia
jatkaa kenttdolosuhteissa. Kirjolohia altistettiin sumpuissa kolmen jdteveden-
puhdistamon ldheisyydessa. Yhteensa 15 mitatusta lddkkeesta kolmea pystyttiin
havaitsemaan kirjolohen plasmassa ja sapessa (sdrkylddkkeet diklofenaakki,
naprokseeni ja ibuprofeeni). Pitoisuudet olivat jdlleen suurempia sapessa kuin
plasmassa. Kalojen altistuminen ldédkkeille oli suurempaa Vantaanjoessa Riihi-
méen jatevedenpuhdistamon alapuolella kuin Pdijanteelld Jyvaskyldn jateve-
denpuhdistamon ldheisyydessd, vaikka Jyvédskyldn puhdistamolla késitellddn
huomattavasti enemmain jatevettd. Puhdistettu jdtevesi sekoittuu jarvessd nope-
asti suureen vesitilavuuteen alentaen siten lddkepitoisuuksia. Alhaisinta altis-
tuminen oli Auran jatevedenpuhdistamon alapuolella Aurajoessa.

Mittaukset partikkeleista, sedimentistd ja kaloista osoittivat, ettd eri lagk-
keet kertyvat ymparistossa eri paikkoihin. Positiivisesti varautuneet masennus-
lddke sitalopraami sekd beetasalpaaja bisoprololi kertyivit sedimenttiin ja nega-
tiivisesti varautuneet sarkylddkkeet diklofenaakki, naprokseeni ja ibuprofeeni
kaloihin. Ladkkeiden ymparistokohtalo voi siis vaihdella huomattavasti ladk-
keestd toiseen ja ympaéristoriskit tulisi arvioida jokaiselle lddkkeelle tai lddke-
ryhmaille erikseen.
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APPENDICES
APPENDIX 1 Consumption of pharmaceuticals

Table 1 Consumption of pharmaceuticals in Finland in 2007-2010 (FIMEA 2011).
Defined Consumption  Consumption = Consumption Consumption
Compound Therapeutic class CAS number daily dose in 2007 in 2008 in 2009 in 2010
g kg year! kg year-! kg year- kg year-!
Acebutolol Betablocker 37517-30-9 0.4 735 663 715 539
Atenolol Betablocker 29122-68-7 0.075 663 613 557 519
Bisoprolol Betablocker 66722-44-9 0.01 517 564 595 635
Metoprolol Betablocker 56392-17-7 0.15 5200 5070 4 850 4710
Propranolol Betablocker 525-66-6 0.16 600 627 613 613
Sotalol Betablocker 3930-20-9 0.16 359 318 287 253
Bezafibrate Lipid regulator 41859-67-0 0.6 174 152 128 117
Clofibrate Lipid regulator 637-07-0 2.0 - - - -
Ciprofloxacin Antibiotic 85721-33-1 0.75 900 892 919 952
Ofloxacin Antibiotic 82419-36-1 0.4 54 47 39 31
Oxytetracycline Antibiotic, veterinary 79-57-2
Carbamazepine Anti-epileptic 298-46-4 1.0 4180 4 040 3810 3730
Citalopram Anti-depressant 59729-33-8 0.02 827 859 889 913
Fluoxetine Anti-depressant 54910-89-3 0.02 205 204 196 186
Sertraline Anti-depressant 79617-96-2 0.05 537 563 587 653
Venlafaxine Anti-depressant 93413-69-5 0.1 1050 1180 1370 1510
Diclofenac Anti-inflammatory 15307-86-5 0.1 1040 1080 1020 1070
Ibuprofen Anti-inflammatory 15687-27-1 1.2 93 200 113 000 113 000 114 000
Ketoprofen Anti-inflammatory 22071-15-4 0.15 856 792 671 600
Naproxen Anti-inflammatory 22204-53-1 0.5 6330 6400 6350 6200

Paracetamol Anti-inflammatory 103-90-2 3.0 106 000 123 000 138 000 151 000




APPENDIX 2 Pharmaceuticals in fish.

Table 1 Concentrations of pharmaceuticals in tissues of feral or field exposed (caged) fish.
Pharmaceutical Experiment Species? Tissue Concentration mean + SDP Unit Reference
Fluoxetine Wild Variouse brain 1.58 £0.74 ng gl  Brooks etal. (2005)
Fluoxetine Wild Various® liver 1.34 £0.65 ng gl  Brooks etal. (2005)
Fluoxetine Wild Various® muscle 0.11+0.03 ng gl  Brooks etal. (2005)
Fluoxetine Wild Gizzard shad whole fish 0.16-1.02 (min-max) ngg!  Chu & Metcalfe (2007)
Fluoxetine Wild Brown bullhead whole fish 0.20-0.31 (min-max) ngg!  Chu & Metcalfe (2007)
Fluoxetine Wild Variousd liver 80 (max) ngg!  Ramirez et al. (2009)
Fluoxetine Wild White sucker brain 0.02-1.65 (min-max) ngg!  Schultz et al. (2010)
Fluoxetine Mesocosm Brook trout liver 0.20 £ 0.06 ngg!  Lajeunesse et al. (2011)
Fluoxetine Mesocosm Brook trout brain 0.08 +0.0.2 ngg!  Lajeunesse et al. (2011)
Fluoxetine Mesocosm Brook trout muscle 0.09 £0.01 ngg!  Lajeunesse etal. (2011)
Fluoxetine Wild Perch muscle 6.7 (pool) ngg!  Ficketal. (2011)
Sertraline Wild Various® brain 427+14 ngg!  Brooks etal. (2005)
Sertraline Wild Various® liver 3.59 £1.67 ngg!  Brooks etal. (2005)
Sertraline Wild Variouse muscle 0.34 £0.09 ng gl  Brooks etal. (2005)
Sertraline Wild Variousd muscle 19 (max) ngg!  Ramirez et al. (2009)
Sertraline Wwild Variousd liver 545 (max) ng gl  Ramirez et al. (2009)
Sertraline Wild White sucker brain 0.17-4.24 (min-max) ngg!  Schultz et al. (2010)
Sertraline Caged Fathead minnow whole fish 3.83£1.81 ngg!  Metcalfe et al. (2010)
Sertraline Caged Rainbow trout plasma 1.1-1.2 (mean) ngml!  Fick et al. (2010)
Sertraline Mesocosm Brook trout liver 0.29 £0.05 ngg!  Lajeunesse et al.(2011)
Sertraline Mesocosm Brook trout brain 0.21 £0.08 ngg!  Lajeunesse etal. (2011)
Sertraline Mesocosm Brook trout muscle 0.12+0.03 ng gl  Lajeunesse et al. (2011)




Sertraline
Citalopram
Citalopram
Citalopram
Citalopram
Citalopram
Venlafaxine
Venlafaxine
Venlafaxine
Venlafaxine
Venlafaxine
Carbamazepine
Carbamazepine
Carbamazepine
Carbamazepine
Diclofenac
Diclofenac
Diclofenac
Diclofenac
Diclofenac
Naproxen
Naproxen
Naproxen
Naproxen
Naproxen
Ibuprofen

Wild
Wild
Caged
Mesocosm
Mesocosm
Mesocosm
Wild
Caged
Mesocosm
Mesocosm
Mesocosm
Wild
Wild
Wild
Caged
Caged
Caged
Caged
Caged
Wild
Caged
Caged
Caged
Caged
Wild
Caged

Perch
White sucker
Fathead minnow
Brook trout
Brook trout
Brook trout
White sucker
Fathead minnow
Brook trout
Brook trout
Brook trout
Sunfish
Variousd
Variousd
Rainbow trout
Rainbow trout
Rainbow trout
Rainbow trout
Rainbow trout
Roach, bream
Rainbow trout
Rainbow trout
Rainbow trout
Rainbow trout
Roach, Bream
Rainbow trout

muscle
brain
whole fish
liver
brain
muscle
brain
whole fish
liver
brain
muscle
muscle
muscle
liver
plasma
plasma
plasma
plasma
bile
bile
plasma
plasma
plasma
bile
bile

plasma

14 (pool)
0.02-0.21 (min-max)
2.90+1.31
0.41+0.19
0.18 +0.11
nd
1.12 (max)
1.20 +£0.36
0.69+0.14
043 +0.10
0.08 +£0.03
0.83-1.44 (min-max)
3.1 (max)

8 (max)
0.3-1.0 (mean)
12+14
2.2-20 (mean)
18-30 (mean)
101-4081 (mean)
50-88 (mean)
14+9
33-46 (mean)
8-15 (mean)
40-1882 (mean)
21-38 (mean)
84 + 62

ng g
ng gt
ng g
ng g
ng gt
ng gt
ng g
ng g
ng g
ng g’
ng g
ng g
ng g
ng gt
ng ml-!
ng ml-!
ng ml-!
ng ml!
ng ml!
ng ml?
ng ml!
ng ml!
ng ml-!
ng ml-!
ng ml-!
ng ml-!

Fick et al. (2011)
Schultz et al. (2010)
Metcalfe et al. (2010)
Lajeunesse et al. (2011)
Lajeunesse et al. (2011)
Lajeunesse et al. (2011)
Schultz et al. (2010)
Metcalfe et al. (2010)
Lajeunesse et al. (2011)
Lajeunesse et al. (2011)
Lajeunesse et al. (2011)
Ramirez et al. (2007)
Ramirez et al. (2009)
Ramirez et al. (2009)
Fick et al. (2010)
Brown et al. (2007)
Fick et al. (2010)
Publication V
Publication V
Brozinski et al. (2012b)
Brown et al. (2007)
Fick et al. (2010)
Publication V
Publication V
Brozinski et al. (2012b)
Brown et al. (2007)




Ibuprofen Caged Rainbow trout plasma 5.5-102 (mean) ngml!  Fick et al. (2010)

Ibuprofen Caged Rainbow trout plasma 20 (mean) ngml!  Publication V
Ibuprofen Caged Rainbow trout bile 71-451 (mean) ngml!  Publication V
Ibuprofen Wild Roach, Bream bile 21-25 (mean) ngml!  Brozinski et al. (2012b)
Ketoprofen Caged Rainbow trout plasma 15-107 (mean) ngml!  Ficketal. (2010)

aGizzard shad (Dorosoma cepedianum), Brown bullhead (Ameiurus nebulosus), White suckers (Catostomus commersoni), Perch (Perca fluvialitis), Brook
trout (Salvelinus fontinalis), Fathead minnow (Pimeaphales promelas), Rainbow trout (Oncorhynchus mykiss), Sunfish (Lepomis sp), Common roach
(Rutilus rutilus), Common bream (Abramis brama)

bmean + standard deviation if not stated otherwise, min-max = minimum and maximum values, pool = value of pooled sample consisting of
several individuals, mean = mean or range of means

<Several species, Bluegill (Lepomix macrochirus), Channel catfish (Ictalurus punctatus), Black crappie (Pomoxis nigromaculatus)

dSpecies depending on location, Sonora sucker (Catostomus insignis), Largemouth bass (Micropterus salmoides), Common carp (Cyprinus carpio),
Bowfin (Amia calva), White sucker, Smallmouth buffalo (Ictiobus bubalus)



II

PHARMACEUTICALS IN SETTLEABLE PARTICULATE
MATERIAL IN URBAN AND NON-URBAN WATERS

by

Marja Lahti & Aimo Oikari 2011

Chemosphere 85: 826-831.

Reprinted with kind permission of
Elsevier



Chemosphere 85 (2011) 826-831

Contents lists available at ScienceDirect

Chemosphere

journal homepage: www.elsevier.com/locate/chemosphere

Pharmaceuticals in settleable particulate material in urban and non-urban waters

Marja Lahti*, Aimo Oikari

Division of Environmental Science and Technology, Department of Biological and Environmental Science, University of Jyvéiskyld, P.. Box 35, FI-40014 Jyviiskyld, Finland

ARTICLE INFO ABSTRACT

Article history:

Received 24 March 2011

Received in revised form 21 June 2011
Accepted 22 June 2011

Available online 19 July 2011

Keywords:

Pharmaceuticals

Settleable particulate material
Wastewater treatment plant
Sediment

Wastewater treatment plants (WWTP) are important sources of settleable particulate material (SPM),
heading to i with natural solids. To date, there is little information about the fate
of pharmaceuticals in sediment systems. In this study, the objective was to determine if pharmaceuticals
are detected in SPM at locations near WWTPs or even in rural areas, thus being susceptible for sedimen-
tation.

SPM samples were collected from 10 sites in Finland, grouped as reference, rural and wastewater efflu-
ent sites. SPM collectors were placed about 35 cm above bottom for about 2 months during summer.
After extraction, a set of 17 pharmaceuticals was analyzed.

Several pharmaceuticals were detected in SPM accumulated at sites next to WWTPs. The concentration
of citalopram was notably high (300-1350 ng g ' dw). Also bisoprolol and ciprofloxacin were detected at
high concentrations (6-325 and 9-390 ng g~ dw, respectively). In contrast, none of the pharmaceuticals
were detected from reference sites and only two were found from a single rural site.

There is no previous information about the presence of pharmaceuticals in SPM. The results showed
that pharmaceuticals are sorbed to particles in WWTP and nearby, eventually ending up in sediments.
These results also indicate that pharmaceuticals are not markedly contaminating sediments of rural areas

in Finland.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Pharmaceuticals are a diverse group of chemicals, continuously
being released into the environment, mainly via municipal efflu-
ents. They are frequently detected in surface waters in a range
from ngL™' to pgL~' (Calisto and Esteves, 2009; Kiimmerer,
2009a,b), so concern has risen about their environmental effects.
All pharmaceuticals are bioactive chemicals with specific mode-
of-actions in humans. Instead of structural similarities, they are
classified according to their uses. Due to this, compounds within
the same class may have remarkably different structures and prop-
erties from each other (Kiimmerer, 2009a) and hence different
environmental fates.

According to equilibrium partition theory, hydrophobic chem-
icals distribute between pore water, lipids of the organism and
organic carbon of the sediment, pore water concentration being
the key determinant of the bioavailable fraction (Di Toro et al.,
1991). Due to the polar and often ionic nature of pharmaceuticals,
sorption to solid materials such as soil and sediment is not solely
based on this hydrophobic partition. Rather, it is based on ionic
interactions and is pH dependent (Tolls, 2001; Schwarzenbach
et al., 2003). Thus sorption cannot be evaluated from the single

* Corresponding author. Tel.: +358 14 260 2280; fax: +358 14 260 2321.
E-mail address: marja.s.Jahti@jyu.fi (M. Lahti).

0045-6535/S - see front matter © 2011 Elsevier Ltd. Al rights reserved.
doi:10.1016/j.chemosphere.2011.06.084

value of log Kow. To avoid underestimation of the sorption of
polar ionic compounds, surface related adsorption, ion exchange,
complexation and hydrogen bonding must also be considered
(Tolls, 2001; Schwarzenbach et al., 2003). Normalization to organ-
ic carbon content does not necessarily decrease the variation in
the sorption coefficients of veterinary pharmaceuticals (Tolls,
2001). At present, the sorption and desorption of pharmaceuticals
have been understudied; despite the fact that sorption has a key
role in distribution of pharmaceuticals between the phases and
compartments in the environment, e.g. being sedimented or
transported with particulate material. Sediments are often con-
sidered as a sink for xenobiotics, but compounds may be released
from sediments during events of sediment disturbance such as in
human activities or bioturbation (Eggleton and Thomas, 2004;
Josefsson et al., 2010). In addition to contact with pore water,
many benthic organisms are exposed to sediment-sorbed com-
pounds via ingested particles (Sormunen et al., 2008). Sorption
may hinder the microbial transformation of pharmaceuticals
due to reduced bioavailability (Alexander, 2000). To date, there
is only little information about the occurrence, distribution, and
effects of pharmaceuticals in sediments.

In surface waters, particulates originating from a catchment area
due to natural or anthropogenic reasons will eventually form sedi-
ment. This still floating material is defined here as settleable partic-
ulate material (SPM). Wastewater treatment plants (WWTP) are
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important sources of SPM and suspended solids originating from
them may contain remarkable amounts of xenobiotics (Byrns,
2001).

The objective of this study was to determine to what extent
pharmaceuticals are detected from SPM next to WWTPs, hence
being susceptible for sedimentation. Possible ubiquitous distribu-
tion of pharmaceuticals in rural areas of Finland with wastewater
treatment in private households was also monitored. The field
study was conducted in 10 locations. These sites were further di-
vided into three groups based on the magnitude of effluent load:
municipal WWTP, rural and reference sites. Target pharmaceuti-
cals, altogether 17, were selected based on their consumption,
and occurrence or effects in the environment. Pharmaceuticals
were chosen from different classes so that wider range of proper-
ties and use were covered.

2. Materials and methods
2.1. Chemicals

Table S1 (Supplementary material) provides therapeutic classes,
consumptions in Finland, and physicochemical properties of phar-
maceuticals studied in this research. Analytical standards of acebu-
tolol, atenolol, bezafibrate, carbamazepine, citalopram, diclofenac,
fluoxetine, ibuprofen, ketoprofen, metoprolol, naproxen, ofloxacin,
oxytetracycline, paracetamol, sotalol and internal standards of
alprenolol, demeclocycline, 10,11-dihydrocarbamazepine and D5-
fluoxetine were purchased from Sigma Aldrich Inc. (St. Louis,
USA). Bisoprolol hemifumarate was obtained from Heuman Phar-
ma GmbH (Niirnberg, Germany). Ciprofloxacin and internal stan-
dards enrofloxacin and D3-ibuprofen were purchased from Fluka
(Seelze, Germany). All the standards were of purity >98%. Stock
solutions (1 mg mL~") of the standards were prepared in methanol,
except antibiotics in 1:1 (v/v) methanol:0.01 M HCI, and stored at
—20 °C. Ultrapure water was obtained by Ultra Clear UV plus (SG,
Barsbiittel, Germany). The solvents methanol (Rathburn Chemicals
Ltd., Walkerburn, Scotland, UK) and acetonitrile (Merck, Darms-
tadt, Germany) were HPLC grade.

2.2. Sampling and sample pretreatment of settleable particulate
material (SPM)

Campaigns were conducted during two consecutive summers
(2008 and 2009). SPM collectors made of stainless steel (area:
50 x 50 cm, volume 90L, funnel-like shape with 5 x 5cm grid,
Fig. 1) were placed in the lake or river bottom for about 2 months.
The upper edge of a collector was about 35 cm from the sediment
surface.

SPM was collected from 10 sites (Fig. 1). Sites were divided into
three groups. In sites next to WWTP (A-D), the distance from the
effluent pipe was about three meters and water depth 0.5-7 m.
At site A, collectors were placed at the proper distance with the
help of a diver. Rural sites (E-G) were lakes with permanent settle-
ments but without municipal WWTP, and reference sites (H-])
were lakes having no or little human influence (no permanent set-
tlements). At reference and rural settlement sites, water depth ran-
ged from two to six meters. Some characteristics of the surface
waters and WWTPs therein are presented in Tables S2 and S3 (Sup-
plementary material). Two collectors were situated at sites A-C in
summer 2008. As the deviation between two collectors was low,
only one collector per site was used in summer 2009.

After 2 months, collectors were slowly lifted above the water
surface and transferred to the shore. Samples were pumped into
brown glass bottles with the aid of well-cleaned manual bilge
pump. The first sample (2.5 L) was taken without mixing of the

(A) (B) 55 cm
55 CV, / ~
26 cm
50 cm

A Jyvaskyld WWTP
B Riihimaki WWTP

C Aura WWTP

D Petéjavesi WWTP

E Petajavesi upstream 5.5 km
F Petajavesi upstream 4.8 km
G Kakskerta

H Valkeakotinen Ref

| Konnevesi Ref

J Palosjarvi Ref

Fig. 1. (A) Sampling sites of settleable particulate material collected for 2 months in
summers 2008 and 2009. @ next to wastewater treatment plant (WWTP) W
reference site # rural site (B) Scheme of the sample collector.

contents from the bottom of a collector. This was supposed to be
the most densely settled and oldest sample (identified here as
strong sample). After the strong sample, the steel-grid was brushed
thoroughly and removed. The remaining sample was mixed well
and four 2.5 L samples were taken (identified as mixed sample).

To prevent contamination of reference samples and thus false
positives, assured qualities of the sampling and determinations
were conducted throughout. Collectors were brushed with tap
water and detergent (Deconex), soaked in water (5 d) and rinsed
with water, ethanol and finally with water from the collection site.
Separate devices (e.g. bilge pumps) were used for reference and
WWTP sites during collection of the accumulated sample to avoid
chemical contamination.

Samples were left to settle in the dark at 4 °C for 2 d, after which
time the overlay water was decanted. The four mixed samples
were pooled. Solid SPM samples were stored frozen at —20 °C until
freeze drying.

The dry weight (dw, 105 °C/16 h) of the wet SPM was analyzed
after decanting and the loss on ignition (LOI, 550 °C/2 h) after dry-
ing (SFS, 1990). LOI was calculated as percentage of mass lost dur-
ing ignition and it describes the amount of organic material in the
sample. Frozen samples were dried (30-60h) in a freeze-dryer
(Christ Alpha 2-4, Martin Christ, Osterode, Germany), each sam-
pling location done separately. After drying, samples were homog-
enized by grounding in a mortar. The content of total organic
carbon (TOC) was analyzed from the dried sample with Flash
EA1112 elemental analyzer (Carlo Erba) connected to a Finnigan
Delta"s Advantage continuous flow mass spectrometer (CF-IRMS)
(ThermoFisher Scientific Corp., Waltham, USA). Inorganic carbon
was removed from the sample by treating it with HCI vapor for 16 h.

The sedimentation rates of SPM and pharmaceuticals were cal-
culated by dividing the amount of SPM in the collector with surface
area (m?) of the collector and collection time (in years).

2.3. Extraction and LC-MS/MS analysis of pharmaceuticals

Dried SPM sample was extracted with modified EPA
method 1694 (EPA, 2007). Internal standards (D3-ibuprofen,
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D5-fluoxetine, enrofloxacin, alprenolol, dihydrocarbamazepine
and demeclocycline, 200 ng), phosphate buffer (pH 2, 15 mL)
and acetonitrile (20 mL) were added to about 0.6 g of dry sample,
mixed for 5 min, kept in ultrasonic bath for 30 min and centri-
fuged for 5 min (3000 rpm). The extraction cycle was repeated
for total of three times. However, at the last cycle, only acetoni-
trile was used. Extract was evaporated by rotary evaporator to
about 15mL and 200 mL of water was added. EDTA (500 mg)
was used to prevent chelation of tetracyclines. Before solid phase
extraction, sample was filtered through prewashed filter (VWR
glass microfiber 691). Cartridges (Oasis HLB, 6 cc, 200 mg) were
conditioned with 8 mL methanol and 8 mL ultrapure water (pH
2 by HCl) and after sample loading washed with 10 mL water.
APIs were eluted with 4 mL methanol. The well mixed sample
was then divided into two, and both evaporated to dryness in a
water bath (50 °C) with gaseous nitrogen. The first fraction was
dissolved to 0.5 mL of 20% acetonitrile in 0.01 M ammonium ace-
tate (ESI-) and the second one to 0.5 mL of 20% acetonitrile in
0.1% formic acid (ESI+).

Separation was performed with Waters Alliance 2795 (MA,
USA) liquid chromatography (LC) consisting of tertiary pump, vac-
uum degasser, autosampler and column oven. A reversed phase
C18 column (Waters XBridge 3.5 um, 2.1 x 100 mm with 3.5 um,
2.1 x 10 mm guard column) was used. The column temperature
was set to 30 °C and that of autosampler to 20 °C. The injection vol-
ume was 30 pL.

In negative ionization mode (ESI-), the mobile phase con-
sisted of 0.01 M ammonium acetate in 90% acetonitrile (A) and
0.01 M ammonium acetate (B) with a flow of 0.30 mLmin .
The percentage of A was raised from 5% to 90% during
15.5 min, held in this percentage of A for 1.5 min (15.5-17 min)
and lowered back to 5% of A during 1 min (17-18 min). At the
end, the column was equilibrated for 8 min before the next injec-
tion (19-26 min).

In positive ionization mode (ESI+), acetonitrile (C) and 0.1% (v/v)
formic acid (D) were used as eluents with a flow of 0.25 mL min~".
The percentage of C was raised from 20% to 55% during 17 min and
to 100% C during 3 min (17-20 min), held at this percentage of C
for 1 min (21-22 min), and lowered back to 20% of C during
1 min (22-23 min). At the end, the column was equilibrated for
8 min before next injection (23-30 min).

A Quattro Micro triple-quadrupole mass spectrometer (MS/MS)
(Waters, MA, USA) with electrospray interface was used as detec-
tor. Nitrogen was used as desolvation gas (ESI- 640Lh',
ESI+500Lh™") and as cone gas (50 Lh™'). Desolvation tempera-
tures for ESI- and ESI+ were 250 °C and 200 °C and source temper-
atures 130 °C and 100 °C, respectively. Collision gas (argon) was
used at collision cell pressure 2.8 x 10 mBar. Data acquisition
was performed with multiple reaction monitoring (MRM) mode.
Precursor and product ions, collision energies and cone voltages
were optimized for each compound separately and are presented
in Table S4 (Supplementary material).

Calibration of the compounds was done from 0.1 to
5000 ng mL~'. Recovery of the extraction method was deter-
mined by spiking the surrogate standards into pure sediment,
and extracting as described above. Recoveries varied from 50%
to 105%. Limit of detection (LOD) and limit of quantification
(LOQ) were set to signal to noise ratio 3 and 10, thus ranging
from 0.1 to 0.5ngg ! and from 0.3 to 1.6ngg !, respectively.
Relative standard deviation of repeated standard injections was
less than 6% for all the pharmaceuticals. Detailed method perfor-
mance parameters are described in Table S5 (Supplementary
material). To detect possible contamination of the samples dur-
ing extraction, a blank sample was extracted at each batch. Phar-
maceuticals were not detected from any of these extraction
blanks.

3. Results
3.1. Characteristics of SPM

The annual deposition of SPM (kg dw m 2y ), calculated from
the amount of material in the collectors, was clearly higher in sites
adjacent to WWTP (Table 1). However, it must be noted that sites B
and C were rivers containing a high amount of suspended solids
compared to the lake sites (Table S2 Supplementary material).
There was also a 10-fold difference in site A (Jyvaskylda WWTP) be-
tween sampling years. This was probably either due to the slightly
different location of the collector or due to a difference in the sus-
pended solids load from the WWTP. Based on monitoring informa-
tion from WWTP, there was no deviation in operational measures
in 2008 and 2009. Also rural sites had a higher amount of SPM
compared to the reference sites with basically no permanent,
long-lasting human influence. SPM in these rural sites originated
mainly from agriculture and peat production in the catchment area
or from a river outlet near the collection site.

In this study, the dry weight was measured after decanting the
excess water from the top of well-settled material. Probably due to
the lower amount of mineral matter, the solid material at limnic
reference sites did not settle as well as at rural and WWTP sites.
This was evident from the low dry weight after decanting (mainly
<2%, Table 1).

The proportion of material from organic sources varied consid-
erably between sites (Table 1). No correlation was found between
TOC and LOI (1% = 0.365). Generally, TOC and LOI were higher at ref-
erence sites (>13% and >30%, respectively) than in rural or WWTP
sites (<15% and <25%, respectively). However some exceptions
were found as, for instance, in 2008, site B (Riihimdki WWTP in riv-
er) had high LOI amounts (35-40%) but low TOC (7.3-8.6%). The
proportion of organic material at reference site H was remarkably
high, TOC being over 80% and LOI over 35%. By visible evaluation,
this sample was enriched by plant detritus. This site is a small
headwater lake practically without any human influenced erosion
(ICP 1M, 2011). There was a small increase in the TOC and LOI at
site D near WWTP compared to the sites E and F locating in the
same lake upstream from the sewer outflow.

3.2. Concentrations of pharmaceuticals in SPM

Pharmaceuticals were not detected from any of the reference or
rural sites, except ibuprofen and ofloxacin, which were detected
from rural site G (Lake Kakskerta) (Table S6 Supplementary mate-
rial). From eight to 13 pharmaceuticals out of the 17 monitored by
LC-MS/MS were found from samples collected downstream from
WWTPs (A-D) (Fig. 2). There was an apparent correlation between
size of WWTP and the occurrence of pharmaceuticals. It was ex-
pected that the total load of pharmaceuticals depends on the pop-
ulation serviced as well as volume and distribution of the influent.
The site adjacent to the largest WWTP (130 000 inhabitants; site A)
had the highest frequency of detected pharmaceuticals with the
highest concentrations. Concentrations and detection frequency
decreased with decreasing WWTP size. However, the properties
of the SPM may also have a large effect on the sorption of the
compound.

The antidepressant citalopram was detected with highest con-
centrations (max 1350 ng g~' dw) from each site. Also concentra-
tions of ciprofloxacin and bisoprolol were generally over
200 ng g~ dw. However, ciprofloxacin was not detected from site
D (Petdjavesi WWTP), whereas oxytetracycline and naproxen were
detected only from site A (Jyvdskyld WWTP). Atenolol, bezafibrate,
diclofenac, and sotalol were not detected from any of the
samples. By comparing the sorption coefficients of the measured
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Table 1

Properties of the settleable particulate material (SPM) collected for 2 months in summers 2008 and 2009. Sites A-D situated next to wastewater treatment discharge pipe, E-G in
rural areas without municipal wastewater treatment, and H-] in reference areas without permanent settlement. For detailed location, please refer to map on Fig. 1. Strong sample
was taken from the bottom of the collector, and mixed sample after stirring. LOI loss on ignition, TOC total organic carbon, dw dry weight, WWTP wastewater treatment plant, Ref

reference area.

Site code Location Year sample dw (%) LOI (% dw) TOC (% dw) Deposition rate (kg dwm 2y ")

A Jyviskylds WWTP 2008 Strong 135 202 13.0 5.0
Mixed 154 197 138

A Jyviskylds WWTP 2009 Strong 153 229 102 53.2
Mixed 7.1 354 146

B Riihimaki WWTP 2008 Strong 37 345 86 103
Mixed 24 407 73

c Aura WWTP 2008 Strong 146 16.9 58 70.9
Mixed 168 158 5.4

D Petijavesi WWTP 2009 Strong 79 200 89 6.4
Mixed 79 203 9.0

E Petijivesi upstream 5.5 km 2009 Strong 41 17.3 75 40
Mixed 5.7 188 8.0

F Petijdvesi upstream 4.8 km 2009 Strong 74 19.0 8.0 28
Mixed 55 19.0 79

G Kakskerta 2009 Strong 86 153 57 33
Mixed 75 163 62

H Valkea-Kotinen Ref. 2009 Strong 20 842 36.6 11
Mixed 04 81.1 356

1 Konnevesi Ref. 2008 Strong 32 365 - 03
Mixed 03 403 -

1 Konnevesi Ref. 2009 Strong 45 317 127 06
Mixed 23 382 153

] Palosjirvi Ref. 2008 Strong 28 439 19.7 04
Mixed 06 450 -

] Palosjirvi Ref. 2009 Strong 19 39.7 16.2 06
Mixed 12 38.7 155

10000 OJyviiskyli WWTP 2008 citalopram, 892 kg of ciprofloxacin and 564 kg of bisoprolol were

OJyviiskyli WWTP 2009

= BRiihimiki WWTP
7, 1000 B Aura WWTP
@ u Petijiivesi WWTP
=
£ 100
£
1
5
]
£ 10
o

1

B

‘D"@

Fig. 2. Concentrations of pharmaceuticals in settleable particulate material
(ng g~" dw) collected from sites adjacent to wastewater treatment plants (WWTP)
in Finland for 2 months in summers 2008 and 2009. Atenolol, bezafibrate,
diclofenac, and sotalol are not presented, since they were not detected from any
of the samples. Note logarithmic scale on y-axis.

pharmaceuticals, it can be generalized that those with higher
sorption capacity were also detected at higher concentration from
SPM (Fig. 2, Table S1 Supplementary material). The dry weight
based concentrations in strong and mixed samples were rather
equal and no general trend was observed (strong/mixed-ratio
1.02 £ 0.34 mean + standard deviation, data not shown). Thus, both
fractions seemed to be representative of the whole accumulated
sample.

The detection profile in SPM did not follow the consumption
pattern of pharmaceuticals in Finland (Fig. 2, Table S1 Supplemen-
tary material). In 2008, the most consumed pharmaceuticals were
paracetamol, ibuprofen, naproxen, metoprolol and carbamazepine
(122000, 111 000, 6 400, 5 070 and 4 040 kg, respectively). How-
ever, relatively low concentrations of these compounds were de-
tected from SPM (<200 ng g ' dw). In contrast, although widely
detected from SPM (generally >200ngg ' dw), only 660 kg of

consumed in 2008 in Finland.

The annual deposition rates of individual pharmaceuticals ran-
ged considerably, from 17 to 79 400 pg m~2y~' (Table S7 Supple-
mentary material). The largest load of sedimenting
pharmaceuticals was found from site B (Riihimdki WWTP),
although concentrations in SPM were higher in site A (Jyvaskylda
WWTP). This was due to the higher amount of SPM in site B than
site A (Table 1).

4. Discussion
4.1. Pharmaceuticals in rural areas

The sources of pharmaceuticals within SPM in 10 water bodies
in Finland were evaluated by grouping the sampling sites into
three categories in relation to population density. Finland is a spar-
sely populated country with over 900 000 inhabitants (about 15%
of the population) living in rural areas without centralized treat-
ment of municipal wastewater. Based on the results presented
here, pharmaceuticals today are not markedly contaminating the
sediments in rural areas of Finland. Such areas are therefore similar
to areas without permanent human habitation. The detection of
pharmaceuticals in SPM samples collected from these areas would
have indicated that these households are underestimated sources
of pharmaceutical pollution that may need special attention.

4.2. Occurrence of pharmaceuticals adjacent to WWTPs

Compared to the previously measured surface water concentra-
tions near sites B(WWTP Riihimdki) and C(WWTP Aura), the detec-
tion profiles in this study were rather different. While in surface
waters near WWTPs, metoprolol and naproxen were detected with
the highest concentrations of the 13 drugs monitored during 2003-
2006 (data combined in Vieno, 2007), whereas in SPM, some meto-
prolol was detected but naproxen was not. Earlier, ciprofloxacin
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was not detected in any of the surface water samples (Vieno, 2007)
but, in SPM samples, the concentrations of ciprofloxacin were up to
392 ng g ! dw. Anti-depressants citalopram and fluoxetine, and the
betablocker bisoprolol have not been monitored in Finland’s surface
waters. In SPM, the concentrations of these compounds were up to
1350, 81, and 325 ng g~ ' dw, respectively.

There are large differences in the removal efficiencies in WWTPs
between pharmaceuticals due to variation in biodegradability by a
microbial community and sorption of the compounds in particles.
Importantly, the removal in WWTPs has been mainly studied by
comparing the disappearance of pharmaceuticals from the dis-
solved phase, without specifying the removal mechanism such as
biotransformation or sorption (Miége et al., 2009). Some of the
pharmaceuticals, like naproxen and ketoprofen, were found to be
readily biodegradable but did not sorb to sludge, whereas hydro-
chlorthiazide (not monitored in this study) sorbed extremely effi-
ciently (Jelic et al., 2011). For many pharmaceuticals, the removal
efficiency and importance of sorption depends on the wastewater
treatment plant as observed in the study of Jelic et al. (2011).

The sorption of pharmaceuticals in SPM and sediments depends
on both the properties of the pharmaceuticals and SPM. In this
study, citalopram was measured at highest concentrations in
SPM. Supporting this finding, Kwon and Armbrust (2008) reported
that citalopram and fluoxetine sorb very strongly to sediment and
soil, although their log K,-values are rather low (citalopram 1.39,
fluoxetine 1.22). These compounds are cationic in the environmen-
tally relevant pH-range. In addition to hydrophobic interactions,
the strong sorption includes several other mechanisms such as cat-
ion exchange, complexation and hydrogen bonding (Tolls, 2001;
Schwarzenbach et al., 2003; Kwon and Armbrust, 2008). Although
lipophilic sorption in organic carbon is not considered a main
mechanism, the sample TOC seems to enhance the sorption of
some pharmaceuticals (Varga et al, 2010; Xu and Li, 2010).
Accordingly, Maoz and Chefetz (2010) concluded that the sorption
of pharmaceuticals to (dissolved) organic material depends on the
pH and hydrophilicity of organic material.

This study is the first one to report concentrations of pharma-
ceuticals in SPM, the material forming the sediment. Many pharma-
ceuticals were detected in several fold higher concentration from
SPM than previously found in the receiving sediments (generally
<100 ng g~ ' dw) (Antoni¢ and Heath, 2007; Stein et al., 2008; Ramil
et al., 2010; Schultz et al., 2010; Varga et al., 2010). However, Rice
and Mitra (2007) measured naproxen, ibuprofen and ketoprofen
concentrations in sediment to vary from 50 to 10000 ngg ' dw.
Ternes et al. (2005) studied the occurrence of several pharmaceuti-
cals in sludge at WWTP and found only diclofenac, with concentra-
tion up to 450 ng g ' dw. On the other hand, Jelic et al. (2011) also
detected several other pharmaceuticals (<100ngg 'dw) from
sludge. In all, it might be more predictable to compare the concen-
trations of pharmaceuticals in natural SPM to those measured from
the sludge of WWTP, since these chemicals sorb in particles already
at WWTP or nearby, thus entering the waterway in SPM.

As they were collected during the warm season, the SPM sam-
ples in this study were annual catches heading to surface sedi-
ments. Thus, biotransformation of the compounds has not
proceeded as long time as it is apparent in surface sediments in
nature. Furthermore, the bottom layers in the SPM collectors were
probably more hypoxic, or even anaerobic, than the pooled sub-
sample from the rest accumulated inside the collector. Anaerobic
conditions usually tend to slow down the rate of biotransforma-
tion. For instance, biotransformation of selected pharmaceuticals
and endocrine-disrupting chemicals were notably lower in anaero-
bic than aerobic conditions (Ying and Kookana, 2003; Jiang et al.,
2010; Lahti and Oikari, in press; Lin and Gan, 2011). Hence, anaer-
obic conditions may enable sediment deposition of those pharma-
ceuticals that are readily biotransformed in aerobic conditions.

In the water bodies investigated here during warm season, the
estimated annual deposition rates of pharmaceuticals are probably
within their lower range. Regarding to the influx into waters, the
consumption of pharmaceuticals by a given human population
can be assumed to be relatively stable within a timeframe of 1y.
However, their transformation varies circannually, as besides ther-
mal differences, there is less phototransformation in the boreal
winter due to ice cover and darkness. In fact, Vieno et al. (2005) ob-
served seasonal variation in the concentrations of pharmaceuticals
in effluents and river waters on one of the current research areas,
site C.

Due to unavailable knowledge on the long-term toxicity of
pharmaceuticals to benthic invertebrates, risk assessment of sedi-
ment habitats contaminated by those chemicals is not possible.
Some studies of effects of fluoxetine, carbamazepine and diclofe-
nac on benthic invertebrates have been published (Brooks et al.,
2003; Oetken et al, 2005; Nentwig, 2007; Sanchez-Argiiello
et al.,, 2009; Oviedo-Gémez et al., 2010). Based on the scant data
available, the concentrations of fluoxetine and carbamazepine in
SPM were in the range of NOEC and lethal concentrations in
sediment (Brooks et al, 2003; Oetken et al, 2005; Nentwig,
2007; Sanchez-Argiiello et al., 2009). So these compounds may
pose long-term risks to the benthic biota and more studies are
needed to assess their bioavailability from sediments.

5. Conclusions

This is the first study measuring pharmaceuticals in settleable
particulate material (SPM). Wastewater treatment plants (WWTP)
being sources of particle bound pharmaceuticals, thus supply the
benthic environment with several compounds. The most widely
detected pharmaceuticals were citalopram, ciprofloxacin and biso-
prolol with concentrations exceeding 200 ng g~ ' dw. Compared to
the benthic habitats near WWTPs that presumably are contami-
nated by pharmaceuticals, rural and pristine reference areas were
free of them in Finland. These results highlight the fact that mea-
suring only the dissolved fraction of pharmaceuticals in the WWTP
effluent may underestimate the loading and risks to the aquatic
environment.

Acknowledgements

This study was supported by Grants from the Academy of Fin-
land (No. 109823) and the Finnish Graduate School in Environmen-
tal Science and Technology. The authors wish to acknowledge the
following individuals for their assistance in the field or with sam-
ple processing: Lasse Alanko, Jenny-Maria Brozinski, Antti Jylhd,
Viljami Kinnunen, Silja Kujala, Siiri Latvala, Risto Retkin, Jesper
Svanfelt and Erkki Vesterinen.

Appendix A. Supplementary materials

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.chemosphere.2011.06.084.

References

Alexander, M., 2000. Aging, bioavailability, and overestimation of risk from
environmental pollutants. Environ. Sci. Technol. 34, 4259-4265.

Antoni¢, J., Heath, E., 2007. Determination of NSAIDs in river sediment samples.
Anal. Bioanal. Chem. 387, 1337-1342.

Brooks, BW., Turner, PK., Stanley, J.K. Weston, JJ., Glidewell, EA., Foran, C.M.,
Slattery, M., La Point, T.W., Huggett, D.B., 2003. Waterborne and sediments
toxicity of ine to selected organisms. Cl 52,135-142.

Byrns, G., 2001. The fate of organic ¢ in treatment
plants. Water Res. 35, 2523-2533.

Calisto, V., Esteves, V., 2009. Psychiatric pharmaceuticals in the environment.
Chemosphere 77, 1254-1257.




M. Lahti, A. Oikari/Chemosphere 85 (2011) 826-831 831

Di Toro, D.M., Zarb, S.C., Hansen, D.J,, Swartz, R.C,, Cowan, CE,, Pavlou, S.P., Allen,
H.E., Thomas, N.A,, Paquin, P.R., 1991. Technical basis for establishing sediment-
quality criteria for nonionic organic chemicals using equilibrium partitioning.
Environ. Toxicol. Chem. 10, 1541-1583.

Eggleton, J., Thomas, K.V., 2004. A review of factors affecting the release and

of ¢ during disturbance events. Environ.
Int. 30, 973-980.

EPA, 2007. Environmental Protection Agency. Method 1694: Pharmaceuticals and
Personal Care Products in Water, Soil, Sediment, and Biosolids by HPLC/MS/MS.

ICP IM, 2011. International Cooperative Program on Integrated Monitoring on Air
Pollution Effects on Ecosystems. http://www.environment.fi/syke/im (accessed
15.2.2011).

Jelic, A, Gros, M., Ginebreda, A., Cespedes-Sanchez, R., Ventura, F., Petrovic, M.,
Barcelo, D., 2011. Occurrence, partition and removal of pharmaceuticals in
sewage water and sludge during wastewater treatment. Water Res. 45, 1165—
1176.

Jiang, MX., Wang, LH. Ji, R, 2010. Biotic and abiotic degradation of four
cephalosporin antibiotics in lake surface water and sediment. Chemosphere
80, 1399-1405.

Josefsson, S., Leonardsson, K., Gunnarsson, J.S., Wiberg, K., 2010. Bioturbation-
driven release of buried PCBs and PBDEs from different depths in contaminated
sediments. Environ. Sci. Technol. 44, 7456-7464.

Kiimmerer, K., 2009a. The presence of pharmaceuticals in the environments due to
human use - present knowledge and future challenges. J. Environ. Manage. 90,
2354-2366.

Kiimmerer, K., 2009b. Antibiotics in the aquatic environment - a review. Part I.
Chemosphere 75, 417-434.

Kwon, J.-W., Armbrust, K.L, 2008. Aqueous solubility, n-octanol-water partition
coefficient, and sorption of five selective serotonin reuptake inhibitors to
sediments and soils. B. Environ. Contam. Toxicol. 81, 128-135.

Lahti, M., Oikari, A., in press. Microbial transformation of pharmaceuticals
naproxen, bisoprolol, and diclofenac in aerobic and anaerobic conditions.
Arch. Environ. Contam. Toxicol., doi: 10.1007/s00244-010-9622-2.

Lin, K., Gan, J., 2011. Sorption and degradation of wastewater-associated non-
steroidal anti-inflammatory drugs and antibiotics in soils. Chemosphere 83,
240-246.

Maoz, A., Chefetz, B., 2010. Sorption of the pharmaceuticals carbamazepine and
naproxen to dissolved organic matter: role of structural fractions. Water Res.
44, 981-989.

Miége, C. Choubert, ]M., Ribeiro, L., Eusébe, M., Coquery, M., 2009. Fate of
pharmaceuticals and personal care products in waste water treatment
plants - conception of a database and first results. Environ. Pollut. 157,
1721-1726.

Nentwig, G., 2007. Effects of pharmaceuticals on aquatic invertebrates. Part Il
The antidepressant drug fluoxetine. Arch. Environ. Contam. Toxicol. 52, 163~
170.

Oetken, M., Nentwig, G., Loffler, D., Ternes, T, Oehlman, J., 2005. Effects of
pharmaceuticals on aquatic invertebrates. Part I The antiepileptic drug
carbamazepine. Arch. Environ. Contam. Toxicol. 49, 353-361.

Oviedo-Gémez, D.G.C., Galar-Martinez, M., Garcia-Medina, S., Razo-Estrada, C.,
Goémez-Olivan, LM., 2010. Diclofenac-enriched artificial sediment induces
oxidative stress in Hyaella azteca. Environ. Toxicol. Pharm. 29, 39-43.

Ramil, M., El Aref, T., Fink, G., Scheurer, M., Ternes, T.A., 2010. Fate of beta blockers
in aquatic-sediment systems: sorption and biotransformation. Environ. Sci.
Technol. 44, 962-970.

Rice, S.L., Mitra, S., 2007. Microwave-assisted solvent extraction of solid matrices
and subsequent detection of pharmaceuticals and personal care products
(PPCPs) using gas chromatography-mass spectrometry. Anal. Chim. Acta 589,
125-132.

Sénchez-Argiiello, P., Fernandez, C., larazuna JV., 2009. Assessing the effects of
fluoxetine on physa scuta (Gast ) and Cl riparius
(Insecta, Diptera) using a two-species water -sediment test. Sci. Total. Environ.
407, 1937-1946.

Schultz, M.M,, Furlong, E.T., Kolpin, D.W., Werner, S.L., Schoenfuss, H.L., Barber, L.B.,
Blazer, V.S., Norris, D.0., Vajda, AM., 2010. Antidepressant pharmaceuticals in
two US effluent-impacted streams: occurrence and fate in water and sediment,
and selective uptake in fish neural tissue. Environ. Sci. Technol 44, 1918-1925.

Schwarzenbach, R.P., Gschwend, P.M., Imboden, D.M., 2003. Environmental Organic
Chemistry, second ed. Wiley, New Jersey.

SFS, 1990. Finnish Standards Association 3008. Determination of Total Residue and
Total Fixes Residue in Water, Sludge and Sediment.

Sormunen, AJ., Leppinen, M.T. Kukkonen, J.V.K. 2008. Influence of sed|menl
ingestion and exposure ¢ ion on the bi fraction of
associated tetrachlorobiphenyl in oligochaetes. Environ. Toxicol. Chem. 27.
854-863.

Stein, K., Ramil, M., Fink, G., Sander, M., Ternes, T., 2008. Analysis and sorption of
psychoactive drugs onto sediment. Environ. Sci. Technol. 42, 6415-6523.

Ternes, T., Bonerz, M., Herrmann, N., Loffler, D., Keller, E., Lacida, B., Alder, A., 2005.
Determination of pharmaceuticals, iodinated contrast media and musk
fragrances in sludge by LC/tandem MS and GC/MS. J. Chromatogr. A 1067,
213-223.

Tolls, J., 2001. Sorption of veterinary pharmaceuticals in soils: a review. Environ. Sci.
Technol. 35, 3397-3406.

Varga, M., Dobor, J., Helenkar, A., Jurecska, L., Yao, J., Zaray, G., 2010. Investigation of
acidic pharmaceuticals in river water and sediment by microwave-assisted
extraction and gas chromatgraphy-mass spectrometry. Microchem. J. 95, 353—
358

Vieno, N., Tuhkanen, T., Kronberg, L., 2005. Seasonal variation in the occurrence of
pharmaceuticals in effluents from a sewage treatment plant and in the recipient
water. Environ. Sci. Technol. 39, 8220-8226.

Vieno, N., 2007. Occurrence of Pharmaceuticals in Finnish Sewage Treatment Plants,
Surface Waters, and Their Elimination in Drinking Water Treatment Processes.
PhD Thesis, Tampere University of Technology, 98 p.

Xu, X-R, Li, X-Y., 2010. Sorption and desorption of antibiotic tetracycline on
marine sediments. Chemosphere 78, 430-436.

Ying, G.-G., Kookana, R., 2003. Degradation of five selected endocrine-disrupting
chemicals in seawater and marine sediment. Environ. Sci. Technol. 37, 1256~
1260.




SUPPLEMENTARY MATERIAL

Pharmaceuticals in settleable particulate material in urban and non-urban

waters

Marja Lahti** and Aimo Oikari®

“Division of Environmental Science and Technology, Department of Biological and

Environmental Science, University of Jyviskyld, P.O.Box 35, FI-40014 Jyviskyld, Finland

*Corresponding author, marja.s.lahti@jyu.fi, Tel. +358 14 2602280, Fax. +358 14 2602321



Table S1. Selected physico-chemical properties of the studied pharmaceuticals.

. Water solubility Copsumption

Compound Therapeutic class MW pKa  logKew  log Ko log Kd ) in 2008
mg L kg year'?

Acebutolol ™ Betablocker 336.43 9.2 1.71 2.35-247  0.5-1.0 259 663
Atenolol " Betablocker 266.34 9.6 0.16 1.85-2.05  0.05-0.5 13 300 613
Bezafibrate ™ Lipid regulator 361.83 3.6 4.25 1.41 -0.5 0.355 152
Bisoprolol be Betablocker 325.45 9.5 1.87 2.17-2.3 0.3-0.8 2240 564
Carbamazepine be Anti-epileptic 236.28 13.9 245 2.00-3.42  0.2-23 17.7 4040
Ciprofloxacin *f Antibiotic 33135 59,89 040 4.79 2.6 30 000 892
Citalopram be Anti-depressant 324.39 9.6 1.39 5.32-6.02  3.9-4.6 31.1 661
Diclofenac ** Anti-inflammatory ~ 296.16 42 451 2.45-3.74 4.7 2.37 1080
Fluoxetine ¢ Anti-depressant 309.33 10.1 1.22 4.09-549 2941 60.3 204
Ibuprofen be Anti-inflammatory ~ 206.29 4.9 3.97 2.14-2.21 1.7 21 111 000
Ketoprofen b Anti-inflammatory ~ 254.28 4.5 3.12 51 792
Metoprolol Betablocker 267.36 9.7 1.69 222224 0.2-09 4780 5070
Naproxen b Anti-inflammatory ~ 230.27 4.2 3.18 15.9 6400
Ofloxacin ™ Antibiotic 36138 6.0,83 035 4.64 25 28 300 47
Oxytetracycline ™ Antibiotic 46044 2'39’ | -l22 444497 2630 313
Paracetamol ° Anti-inflammatory  151.17 9.4 0.46 14 000 122 000
Sotalol ™© Betablocker 308.83 9.6 0.24 1.94-2.15  0.1-0.6 137 000 318

* Finnish Medicines Agency, 2009 ” SRC PhyspProp Database, 2011 ¢ Ramil, 2010 ¥ Loffler et al., 2005 ¢ Scheytt et al., 2005 " Tolls,
2001 & Kwon et al., 2008



Characteristics of waters and their catchments

Lake Piijinne is the second largest lake in Finland with area of 1 118 km” and total catchment
area of 26 480 km®. The sampling location (A), next to the Jyviskyli WWTP, was in the
Poronselki basin.

River Vantaa is a 101 km long river in Southern Finland. The catchment area is 1685 km® and it
is most densely populated area in Finland. River water is turbid due to clay particles. Nutrients
and suspended solids originate mainly from scattered loading. Collector was placed next to
Riihimdki WWTP (B).

River Aura is a 70 km long river in the SW Finland. Water in the river is turbid due to clay
particles and it is eutrophicated due to intense farming in the catchment area (874 km?). Collector
was placed next to small Aura WWTP (C).

Lake Jamsénvesi is a small lake in central Finland. The area of the northern part is about 3.8 km?
and the southern part about 4.5 km?. Water is strongly humic and the lake is classified as
eutrophic. Wastewaters from Petéjivesi WWTP are discharged to southern part of the lake. Two
collectors (E, F) were positioned to the northern part of the lake about 5 km upstream from the
WWTP and one to the southern part of the lake next to the WWTP discharge pipe (D).
Catchment area in the region of WWTP is about 460 k.

Lake Kakskerta (G) (area 1.6 kmz) is inside a small isle of Kakskerta. The island is located SW
Finland and it belongs to Finnish Archipelago. It is classified as eutrophic and most of the
nutrient load comes from agriculture in the catchment area (7.1 km?). There is no municipal
wastewater treatment in the area so effluent load originates from scattered private households
treatment plants.

Lake Valkea-Kotinen (H) is a small (0.02 kmz) humic headwater lake in the Southern Finland
belonging to International Cooperative Program on Integrated Monitoring on Air Pollution
Effects on Ecosystems (ICP IM, www.environment.fi/syke/im). Lake is especially suitable as a
reference area since there is no significant local pollution, such as settlement, agriculture or
industry, in the catchment area (0.3 kmz).

Lake Konnevesi (I) is a clear oligotrophic lake in central Finland with area of 189 km?. The
collector was placed to the southern part of the lake. There is no loading industry in the water
system.

Lake Palosjérvi (J) is a medium-size clear headwater lake in central Finland. Lake is rather
pristine since there are only few inhabitants (mainly summer house settlement) and no industry
in the catchment area.



Table S2. Characteristics of surface waters near the sampling locations. Data collected from

annual monitoring reports. SS = suspended solids.

S Turbidity ~ Color SS  Conductivity Total-P
Code Water system pH ENU Ptmg L mg L’ mS m'! g L
Lake Piijénne
A Poronselk basin 7.0 15 40-50 58 12
p  RiverVamaa, Cityof 5, 55,5 559200 25 31 117
Riihiméki
¢ Riverfuma Townof 74 556 15 1326 130
Aura
D Southern Lake 63 180-350 39 62
Jamsidnvesi
EgF  orthem Lake 64 170-240 33 28
Jamsdnvesi
G Lake Kakskerta 72  4.2-14 20-80 35 12 30
H Lake Valkea-Kotinen 5.3 100-160 11 3 18
I Southern Lake 70 04 2535 <1 46 7
Konnevesi
J Lake Palosjirvi 7.0 0.5 15-20 3.1 5

* Value upstream from the sampling location

Table S3. Characteristics of wastewater treatment plants on sampling locations A-D. Data
collected from monitoring reports of respective units. SS = suspended solids, BOD = biological

oxygen demand.

. Influen BOD
Code Recipient water Town P;)g‘]/]ii:gn ﬂ;\il t Ef?nze?} ISS l(fz)ld]
m d kgd
A Lake Piijénne Jyviskyld 130 000 44700 11 481
B River Vantaa Riihimiki 27 000 15300 130
C River Aura Aura 2390 868 22 15
D Lake Jimsinvesi  Petijivesi 1600 266 12 1




Table S4. Parameters used in the LC-MS/MS analysis of the monitored pharmaceuticals. ISTD =

internal standard.

Compound ITonization ISTD Retention Precursor Product Cone Collision
P mode time min ionm/z ionm/z V eV
Bezafibrate ESI- D3-IBF 8.0 360.1 274.0 21 17
Diclofenac ESI- D3-IBF 9.4 294.0 250.2 22 14
Tbuprofen ESI- D3-IBF 10.0 205.3 161.1 17 10
Ibuprofen-d3 (D3-IBF) ESI- 10.0 208.0 164.0 17 8
Ketoprofen ESI- D3-IBF 7.7 253.1 209.3 12 8
Naproxen ESI- D3-IBF 7.7 229.0 170.2 11 17
Acebutolol ESI+ APR 32 337.2 116.0 33 30
Alprenolol (APR) ESI+ 8.2 250.3 173.2 30 17
Atenolol ESI+ APR 1.6 267.2 145.1 33 27
Bisoprolol ESI+ APR 6.3 326.4 116.2 33 17
Carbamazepine ESI+ HCBZ 8.9 237.2 194.0 28 19
Ciprofloxacin ESI+ EFX 2.3 332.1 %ﬁi 1)’ 35 20
Citalopram ESI+ DS5-FLX 9.6 325.1 109.1 33 35
Demeclocycline
(DMC) ESI+ 3.8 465.0 448.0 29 20
Dihydrocarbamazepine
(HCBZ) ESI+ 9.2 239.0 194.0 35 25
Enrofloxacin (EFX) ESI+ 2.7 359.9 316.0 30 23
Fluoxetine ESI+ DS-FLX 137 310.2 148.1 22 9
Fluoxetine-d5
(D5-FLX) ESI+ 13.7 315.2 153.1 18 9
116.1,
Metoprolol ESI+ APR 3.7 268.4 1912 31 19
Ofloxacin ESI+ EFX 22 362.1 318.0 31 21
Oxytetracycline ESI+ DMC 2.3 461.1 426.2 25 20
Paracetamol ESI+ APR 1.8 152.1 110.1 23 15

Sotalol ESI+ APR 1.7 255.2 133.1 36 27




Table S5. Validation of the extraction method for the monitored pharmaceuticals. LOD = limit of

detection, LOQ = limit of quantification.

Compound Repeatability Recovery LOD LOQ
RSD % % ng/g dw ng/g dw
Bezafibrate 5.4 100 0.21 0.69
Diclofenac 59 95 0.14 0.47
Ibuprofen 3.0 102 0.14 0.47
Ketoprofen 4.5 105 0.17 0.56
Naproxen 3.7 104 0.18 0.60
Acebutolol 1.7 73 0.28 0.92
Atenolol 59 90 0.47 1.58
Bisoprolol 2.4 75 0.19 0.64
Carbamazepine 2.3 91 0.10 0.32
Ciprofloxacin 1.3 52 0.47 1.58
Citalopram 1.8 76 0.10 0.34
Fluoxetine 5.3 67 0.27 0.89
Metoprolol 1.4 72 0.45 1.49
Ofloxacin 2.3 50 0.14 0.47
Oxytetracycline 35 78 0.48 1.60
Paracetamol 4.1 93 0.33 1.10

Sotalol 34 82 0.22 0.74




Table S6. Concentrations of pharmaceuticals (ng g'1 dry weight) in settleable particulate material, dw = dry weight, nd = not detected.

A A B C D E F G H 1 J

ggot;cle gglatlon J }(:Iil;l}}ga J }(X‘;z\l)fllfl“}ga Riihimiki Aura Petijivesi l:;tfgi\;?: ie;gi‘:;l Kakskerta I\(Igg(ne:r; Konnevesi  Palosjirvi

2008 2009 WWTP WWTP WWTP 5.5 km 4.8 km Ref Ref Ref
Acebutolol 53.8 34.1 10.7 5.0 22.5 nd nd nd nd nd nd
Atenolol nd nd nd nd nd nd nd nd nd nd nd
Bezafibrate nd nd nd nd nd nd nd nd nd nd nd
Bisoprolol 257 325 39.7 6.2 28.4 nd nd nd nd nd nd
Carbamazepine  18.0 19.1 9.6 43 32 nd nd nd nd nd nd
Citalopram 587 1350 787 302 353 nd nd nd nd nd nd
Ciprofloxacin 299 392 194 9.5 nd nd nd nd nd nd nd
Diclofenac nd nd nd nd nd nd nd nd nd nd nd
Fluoxetine 27.3 81.1 333 1.8 5.6 nd nd nd nd nd nd
Ibuprofen 152 1.4 8.4 7.6 6.7 nd nd 5.0 nd nd nd
Ketoprofen 209 181 178 119 85.3 nd nd nd nd nd nd
Metoprolol 104 68.3 53.8 8.9 14.5 nd nd nd nd nd nd
Naproxen 49.2 nd nd nd nd nd nd nd nd nd nd
Ofloxacin 23.0 33.7 79.2 nd 239 nd nd 13.4 nd nd nd
Oxytetracycline ~ 31.4 nd nd nd nd nd nd nd nd nd nd
Paracetamol 69.6 325 nd 23 nd nd nd nd nd nd nd
Sotalol nd nd nd nd nd nd nd nd nd nd nd




Table S7. Sedimenting deposition rates of pharmaceuticals (ug m? y'l) and solid material (kg dw m? y'l), nc = not calculated.

A A B C D E F G H I J
Pharmaceutical

deposition rate Jyviskyld Jyviskyli Riihimiki  Aura  Petijiivesi Petijdvesi Petdjivesi Valkea-

Konnevesi Palosjirvi

pem?y’! V‘%’gp V‘;‘O’gp WWTP  WWTP WWTP “g.sgrifnm ugfgr]‘zfnm Kakskerta K‘;;Lnfen Ref Ref
Acebutolol 342 1820 1280 409 144 nc nc nc nc nc nc
Atenolol nc nc nc nc nc nc nc nc nc nc nc
Bezafibrate nc nc nc nc nc nc nc nc nc nc nc
Bisoprolol 1630 17300 4600 444 182 nc nc nc ne nc nc
arbamazepine 115 1020 1000 295 20.6 nc nc nc nc nc nc
Citalopram 3730 71900 79400 21600 2270 nc nc nc nc nc nc
Ciprofloxacin 1900 20900 19500 659 ne nc nc nc nc nc nc
Diclofenac nc nc nc nc nc nc nc nc nc nc nc
Fluoxetine 174 4310 3190 95.3 359 nc nc nc nc nc nc
Ibuprofen 966 76.7 837 523 42.8 nc nc 16.6 nc nc nc
Ketoprofen 1330 9650 20800 8780 548 nc nc nc nc nc nc
Metoprolol 659 3640 7080 612 93.4 nc nc nc nc nc nc
Naproxen 313 nc nc nc nc nc nc nc nc nc nc
Ofloxacin 146 1790 9480 nc 153 nc nc 444 nc nc nc
Oxytetracycline 199 nc nc ne nc nc nc nc nc nc nc
Paracetamol 443 1730 nc 239 nc nc nc nc nc nc nc
Sotalol nc nc nc nc nc nc nc nc nc nc nc

Total sediment
deposition rate 5.0 53.2 103 70.9 6.4 4.0 2.8 33 1.1 0.3-0.6  0.4-0.6
kg dw m’? y!
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Abstract— An urgent need exists to assess the exposure of fish to pharmaceuticals. The aim of the present study was to assess the uptake
and metabolism of waterborne pharmaceuticals in rainbow trout (Oncorhynchus mykiss). A further objective was to determine the
possibility of monitoring exposure to low levels of pharmaceuticals by bile assays. Rainbow trout were exposed for 10 d under flow-
through conditions to mixtures of five pharmaceuticals (diclofenac, naproxen, ibuprofen, bisoprolol, and carbamazepine) at high and low
concentrations. The low concentration was used to mimic the conditions prevailing in the vicinity of the discharge points of wastewater
treatment plants. The uptake and the bioconcentration were determined by blood plasma and bile analyses. The average bioconcentration
factor in plasma ranged from below 0.1 for bisoprolol to 4.9 for diclofenac, the values being approximately similar at low and high
ambient concentrations. The biotransformation of diclofenac, naproxen, and ibuprofen was considered efficient, because several
metabolites could be detected in concentrations clearly exceeding those of the unmetabolized compounds. The glucuronides were the
dominant metabolites for all three pharmaceuticals. The total bioconcentration in the bile was two to four orders of magnitude higher
than in the plasma. The results of this work show that the exposure of fish to pharmaceuticals in environmentally relevant concentrations
may be monitored by blood plasma and bile analyses, the latter allowing detection at markedly lower ambient concentration.

Environ. Toxicol. Chem. 2011;30:1403-1411. © 2011 SETAC

Keywords—Pharmaceuticals Rainbow trout

INTRODUCTION

The consumption of pharmaceuticals has increased substan-
tially over the past few decades. In Finland, for example, the use
of ibuprofen (IBF) has doubled within 10 years (National
Agency for Medicines, 2010; Finnish drug consumption sta-
tistics: www.nam.fi). Pharmaceuticals used in human commun-
ities are eliminated into wastewaters intact or as metabolites.
However, because of incomplete removal in wastewater treat-
ment plants, the pharmaceuticals are found in recipient waters
[1].

For environmental assessment of any chemical, it is neces-
sary to have direct evidence of whether animals living in
recipient waters are actually exposed to the chemical. Presently,
perhaps the most urgent need in research of pharmaceuticals in
the environment is the ability to assess exposure of local biota to
these compounds. Assessment of uptake and the body burden of
chemicals readily metabolized is as important as assessment of
persistent ones. Thus far, research on pharmaceuticals in the
aquatic environment has focused largely on their occurrence in
water. This is due mainly to the fact that technical knowledge is
lacking regarding the ways in which animals biotransform and
excrete pharmaceuticals. Some studies on the bioaccumulation
of pharmaceutical in tissues, mainly in the blood plasma, have
been conducted [2-9]. Because of the continuous discharge of
pharmaceuticals from wastewater treatment plants to surface
waters, the compounds can be characterized as pseudopersis-

All Supplemental Data may be found in the online version of this article.
* To whom correspondence may be addressed
(marja.s.lahti@jyu.fi).
Published online 19 February 2011 in Wiley Online Library
(wileyonlinelibrary.com).
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tent, and, consequently, the aquatic organisms are chronically
exposed.

The bioconcentration of nonpolar chemicals is due to the
lipophilic partition process into the lipids of the animal [10],
whereas the bioconcentration of ionic compounds depends on
the water pH and dissociation constant of a chemical. Ionization
usually decreases the uptake, bioconcentration, and toxicity of
acidic and basic chemicals because of the loss of pure lipophilic
characteristics [11-13].

Pharmaceuticals are a heterogeneous group of compounds
[1], obeying no simple generalizations for their toxicokinetic
properties related to their environmental fate. Despite being
regularly ionic and water-soluble, they tend to sorb to environ-
mental matrices [1], potentially leading to delayed uptake by
aquatic animals. When fish are exposed to waterborne xeno-
biotics, they absorb them via their gills and skin [10,14].

The biotransformation reactions occur mainly in the liver,
although other organs may also be important in certain reactions
[15]. After biotransformation in the liver, the metabolites
formed are excreted to the small intestine via bile. However,
enterohepatic cycling may prolong the half-life of xenobiotics,
because the compound or its metabolites may be reabsorbed in
the intestine. Before excretion, xenobiotics either are directly
conjugated (phase II) or are conjugated after phase I function-
alization. Both phases (I and IT) of metabolism are found in fish
[14-16]. In humans, the main metabolites of pharmaceuticals
have been determined during drug development [16]. The
differences in biotransformation routes between humans and
fish may lead to qualitative and quantitative differences in
metabolite occurrence.

Xenobiotics and their metabolites can be secreted into fish
bile, resulting in concentrations of several orders of magnitude
higher than those found in the surrounding water [17]. Larsson
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et al. [2] were the first to report pharmaceuticals (ethinylestra-
diol) in the bile of field-exposed fish. Resin acids, for example,
are present at low concentrations in effluent discharges from the
pulp and paper industry. Oikari [18] measured 100,000-fold
total accumulation of resin acids, including metabolites, in fish
bile. Hence, exposure to resin acids at less than 1 pug/L has been
assessed with the aid of bile metabolites in feral and laboratory-
exposed fish [18,19].

The aim of the present study was to determine the uptake and
metabolism in rainbow trout (Oncorhynchus mykiss) of the anti-
inflammatory drugs diclofenac (DCF), naproxen (NPX), and
IBF; the B-blocker bisoprolol (BSP); and the antiepileptic
carbamazepine (CBZ). Exposure to these pharmaceuticals
was evaluated by measuring the parent compounds in blood
plasma and their metabolites secreted into the bile.

MATERIALS AND METHODS
Chemicals

Hexane, acetone, methanol (Rathburn Chemicals), and ace-
tonitrile (Merck) were all of high-performance liquid chroma-
tography (HPLC) grade. Ultrapure water was obtained by Ultra
Clear™ ultraviolet plus (SG). Analytical standards of DCF
(purity >99%), NPX (98%), IBF (>98%), CBZ (>99%),
10,11-dihydro-CBZ (99%), and alprenolol-HCl (>99%) as
well as ammonium hydroxide (> 25%) and ammonium acetate
(99.99%) were purchased from Sigma Aldrich. Bisoprolol
hemifumarate (>99%) was obtained from Heuman Pharma.
4'-Hydroxy-DCF (98%), 5-hydroxy-DCF (98%), 1-B-O-acyl
glucuronide of DCF (98%), 1-B-O-acyl glucuronide of NPX
(98%), carboxy-IBF (98%), 2-hydroxy-IBF (98%), 1-hydroxy-
IBF (98%), and 1-B-O-acyl glucuronide of IBF (98%) were
purchased from Toronto Research Chemicals. Internal standard
IBF-d3 (> 98%, 99 atom% D) was manufactured by Fluka and
formic acid as well as internal standard fenoprop (99%) by
Riedel-de Haén"™. Phosphoric acid was purchased from Merck.
6-0-desmethylnaproxen (DNPX) was synthesized according to
Brozinski et al. [20].

Fish maintenance and exposure setting

One-year-old juvenile rainbow trout (Oncorhynchus mykiss,
weight 169 + standard deviation [SD] 33 ¢ and total length
24.3 + SD 1.0 cm) were purchased from a local hatchery (Savon
Taimen) and acclimatized to the laboratory conditions for 11 d
before the experiments. During laboratory acclimatization, fish
were kept in a steel tank (volume 2,160 L) with a water flow of
approximately 1,000 ml/min, with photoperiod 16:8h light:
dark. The quality of unchlorinated artesian well water was
monitored daily following the transfer of the fish. Water temper-
ature was 13.6°C +0.4°C (SD) and pH 7.7 +£0.2 (SD). Dis-
solved oxygen concentration remained above 9 mg/L before and
during the experimental period. Fish were fed every other day
(0.5% of fish biomass, Vital Plus 3.5mm) ad libitum, but no
food was given during the 3 d before the start of the experi-
ments. Feces and uneaten food were removed from the aquar-
ium daily. Maintenance and experiments were performed in
accordance with the valid laws on animal testing and were
licensed (ESLH-2007-06053/Ym-23) by the Finnish authority.

Fish were exposed to pharmaceuticals with three exposure
regimes: control, low, and high. Concentrations in the low
exposure were close to those found in effluents (nominally
6 nM, 1-2 pg/L) and in the high approximately 25 times those
of the low exposure (nominally 150 nM, 25-50 pg/L). Two
ambient concentrations at relatively wide range were used to
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study the possible concentration dependence of bioconcentra-
tion. This information is crucial when the exposure in the
environment is evaluated. The mixture was prepared in an
adjacent aquarium and pumped into the experimental aquarium
(water volume 490 L) with an average flow of 152 £ SD 14 ml/
min. The mixture was prepared fresh daily, and it was shielded
from light. Four randomly chosen rainbow trout were trans-
ferred into each aquarium, yielding an average biomass load of
0.4 L/g/d (1.4g fish/L). Fish were not fed during the 10-d
exposure at 13.6°C to balance the volume of bile. Aquaria
waters were collected every day during the experiment to
confirm nominal exposure concentrations. The studied pharma-
ceuticals are presented in Table 1 and the measured exposure
concentrations in Table 2.

At the end of exposure, fish were netted individually and
immobilized with a blow to the head. Blood samples were taken
by heart puncture using a prewashed and heparinized syringe
and needle (2ml and 22 G, respectively) and centrifuged
immediately (3min, 9,000g, 10°C). Separated plasma was
transferred into a new tube. After blood sampling, the fish were
killed with a nurchal break. Bile was taken with a 25-G needle
and I-ml syringe (both prewashed with methanol). All the
samples were snap frozen with liquid nitrogen and transferred
to a —80°C freezer.

Extraction of water, blood plasma, and bile samples

After the addition of internal standards (fenoprop, alpreno-
lol, and dihydro-CBZ), water samples (30 ml) were extracted
according to Kallio et al. [21]. The centrifuged plasma sample
(300 1) was diluted to 1,000 pl with 50 l of internal standard
solution (containing fenoprop, alprenolol, and dihydro-CBZ 53,
56, and 49 ng, respectively), 630 .l ultrapure water, and 20 pl
phosphoric acid (85%). Solid-phase cartridges (Oasis™ HLB, 1
cc, 30 mg; Waters) were conditioned with 1 ml methanol and
1 ml water. After sample addition, the cartridges were washed
with 1 ml 5% methanol in water, and the pharmaceuticals were
eluted with 2 x 0.5 ml methanol.

Water and plasma extracts were divided in two, both dried
with a gentle stream of nitrogen. The first fraction, analyzed by
liquid chromatography—mass spectrometry (LC-MS) with neg-
ative ionization mode, was reconstituted to 0.01 M ammonium
acetate in 30% acetonitrile. The second fraction was reconsti-
tuted to 0.1% formic acid:acetonitrile (8:2 v/v) and analyzed by
LC-MS in positive ionization mode. Water and plasma samples
were dissolved into volumes of 1,000 pl and 200 pl, respec-
tively.

The workup procedure for bile samples has been reported
elsewhere [21]. Briefly, after internal standard addition (IBF-
d3) and extraction, samples were reconstituted to 200 ul of
0.01 M ammonium acetate in 5% acetonitrile. The metabolism
of DCF, NPX, and IBF is presented in Figure 1 and the
structures of the metabolites in Figure 2 and Supplemental
Data, Figure S1.

LC-MS/MS method

The chromatographic separation of the analytes was per-
formed with a Waters Alliance™ 2795 HPLC system consisting
of tertiary pump, vacuum degasser, autosampler (set to 20°C),
and column oven (set to 30°C). A reversed-phase C18 column
(Waters XBridge™, 3.5 pum, 2.1 x 100mm with 3.5 um,
2.1 x 10mm guard column) was used with a flow rate of
0.25 ml/min (water and plasma samples) or 0.30 ml/min (bile
samples). Injection volume was 10wl for water and plasma
samples and 30 ul for bile samples.
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Table 1. Structures and physicochemical properties of the pharmaceuticals studied

Compound Molecular weight Structure Pk, Log P* Log D* Water solubility (mg/L)
Gl OH
Diclofenac (DCF) 296.2 I\HJ 4.2 4.51 1.28 2.4
cl
A__OH
Naproxen (NPX) 2303 OO 42 3.18 0.85 15.9
¢}
o
OH
Ibuprofen (IBF) 206.3 4.9 3.97 1.16 21.0
]
Carbamazepine (CBZ) 236.3 O N O 13.9 2.45 1.89 17.7
OJ\NHZ
OH
Bisoprolol (BSP) 3255 >’ \OAQ,O/_Q_H 95 187 0.03 2,240

* Log P octanol-water partition coefficient of neutral form, Log D octanol-water partition coefficient of neutral and ionized form at pH 7 (calculated with ACD/

Labs V10.02, Advanced Chemistry Development).

In negative ionization mode (ESI—), the mobile phase
consisted of 0.01 M ammonium acetate and 0.01 M ammonium
acetate in 90% acetonitrile [21]. Plasma samples were analyzed
with the same method as for water. In positive ionization mode
(EST+), 0.1% formic acid (A) and acetonitrile (B) were used as
eluents. The percentage of B was raised from 20 to 55% during
17 min, held there for 1 min (minute 17-18), and lowered back
to 20% of B during 1 min (minute 18-19). The column was
equilibrated for 6 min before the next injection.

A Quattro Micro™ triple-quadrupole mass spectrometer
(Waters) with electrospray interface was used as detector.
Nitrogen was used as desolvation gas (ESI— 640 L/h, ESI+
500 L/h) and as cone gas (50 L/h). Desolvation temperatures for
ESI- and ESI+ were 325°C and 150°C and the source temper-
atures 130°C and 100°C, respectively. Collision gas (argon) was
used at collision cell pressure 4.7 x 107> mBar. Data were
acquired with multiple reaction monitoring (MRM) mode.
Precursor and product ions, collision energies, and cone vol-
tages were optimized for those compounds for which surrogate
standards were available and are presented in Supplemental
Data Tables S1 and S2. Cone voltages and collision energies of

DCF, NPX, and IBF were used for the respective bile metab-
olites for which surrogate standards were not available.

Calibration of the compounds in water, plasma, and bile
matrix was made from 0.1 to 5,000 pg/L, from 0.1 to 5,000 ng/
ml, and from 10 to 5,000 ng/ml, respectively. Available surro-
gate standards were spiked into ultrapure water or diluted blood
plasma or bile and extracted as described above. Relative
recoveries in water and plasma ranged from 83 to 104% and
from 92 to 105%, respectively. Relative standard deviation
(RSD) of repeated standard injections was less than 5% for
all the pharmaceuticals. The limit of quantification (LOQ)
ranged from 0.01 to 0.15 pg/L, from 0.86 to 20ng/ml, and
from 20 to 100ng/ml for water, plasma, and bile samples,
respectively. Low sample volumes increased the LOQs of water
and bile samples. The LOQ was determined only for those bile
metabolites for which surrogate standard was available. Recov-
eries and repeatabilities were not determined for bile metabo-
lites.

The bioconcentration of a drug into the blood plasma
(BCFplasma) Was calculated as the ratio of concentrations
(free parent compound) in blood plasma and water. The total

Table 2. Mean (+tstandard deviation) concentrations in water (at pH 7.7, n=11 determinations) and plasma (n =4 fish) with bioconcentration factors
(BCFyj4sma) in juvenile rainbow trout exposed for 10 d at low and high levels of pharmaceuticals as a mixture®

Water (pg/L) Plasma (ng/ml) BCFylasma
Low High Low High Low High
Carbamazepine 1.6+0.2 43+5 0.62+0.37 2542 0.40+0.24 0.30+0.03
Bisoprolol 1.94+0.2 49+7 <LOD 1.0+0.4 <0.01° 0.02+0.01
Diclofenac 1.84+0.2 43+3 107 210120 57+38 49+28
Naproxen 1.6+£0.1 40+£3 27+1.1 55+39 1.6£0.7 14£1.0
Ibuprofen 1.040.1 25+2 42+08 82+71 43+0.8 33+29

N BCFpjasma Was calculated as ratio of plasma concentration to that in water. LOD = limit of detection.
" Maximum estimated BCF. Calculated by setting plasma concentration to the LOD.
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Fig. 1. The conceptual pathways for diclofenac, naproxen, and ibuprofen metabolism in rainbow trout [20-22].

bioconcentration of a pharmaceutical and its metabolites into
the bile (BCFy bile) Was calculated as the ratio of total
concentration (free parent compound + metabolites) in bile
and concentration (free parent compound) in water.

Statistical analysis

Statistical analyses were made with SPSS 15.0 software. The
significance of difference was set to p <0.05. Normal distri-
bution and equality of variances were tested with Shapiro—Wilk
and Levene’s tests, respectively. The comparisons between low
and high exposures were made with the ¢ test.

RESULTS

During the 10-d flow-through experiment, water samples
were withdrawn daily for determination of the concentration of
the pharmaceuticals. The results of the analysis showed almost
no day-to-day variations in the concentrations (RSD 5.2—
16.0%; Table 2). In the control exposures, CBZ was detected
in mean concentrations of 0.13 pg/L (£ SD 0.02). The source of
the contamination originated from the extraction, but could not
be traced. The other studied pharmaceuticals were not detected
from the control exposure.

Bioconcentration in plasma

No statistical (p>0.05) differences in bioconcentration
(BCFpjasma) Were noted between low and high exposures of
the pharmaceuticals studied. Bisoprolol was not detected in the
low-exposure experiments, so the maximum BCFjysm, of the
compound was calculated from the limit of detection and was
found to be 0.01. Because some CBZ was detected in plasma of
control fish, the background contamination was taken into
account (subtracted) when the BCF of the compound was
calculated. Overall, bioconcentration in blood plasma was
highest for DCF (4.9-7.7) and lowest for BSP (< 0.01-0.02,
Table 2). The variances in uptake between individuals were
high (RSD up to 86%).

Metabolism and bioconcentration in bile

Several metabolites of DCF, NPX, and IBF were detected at
both low and high exposures (Table 3, Fig. 2, and Supplemental
Data, Fig. S2). None of the metabolites was detected in the
control fish. The identity of the metabolites was based on the
previous studies of the research group [20-22]. The variation in
the metabolite abundances was high between individuals (RSD
37-150%, n =4 fish). Because of a large variation and several

229.3 > 169.7

100, : 1418 3.45e3
- OO ‘ o Naproxen
=] . I
o R R S S eSS,
100, 8.21 - 215 > 171
6-O-desmethylnaproxen OO o “3e3
=1 o
HO
(o]
100, . oH Acyl glucuronides 4 1481 405 =172
[} .
=1 DH\M'%H of naproxen 14,27 15.18
~o o
o
100 11.81 M . 391> 175
Acyl glucuronides of . IOLGT S 1.39e3
se | 6-O-desmethylnaproxen o OO o
- Time
7.00 800 9.00 10.00 11.00 1200 13.00 1400 15.00 16.00 17.00

Fig. 2. Liquid chromatography—mass spectrometry chromatogram (multiple reaction monitoring) of naproxen metabolites in a bile sample from rainbow trout
exposed to a mixture of pharmaceuticals for 10 d in aquaria with 40 pg/L of naproxen. Acyl migration caused several glucuronide peaks and peak broadening.
However, only the structures of 1-B-O-acyl glucuronide isomers are shown (for further details see Kallio et al. [21]).
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Table 3. Bile metabolites of diclofenac, naproxen, and ibuprofen (minimum and maximum, nM) of juvenile rainbow trout exposed for 10 d in mixtures of five
pharmaceuticals (see Table 2)*

Low exposure

High exposure

Min nM Max nM Min nM Max nM
DCF <LOD 552 <LOD 5810
4'-OH-DCF 75 344 2,000 27,400
5-OH-DCF <LOD 208 135 4,650
Acyl glucuronide of DCF <LOD 671 1,560 17,200
Sulfate conjugate of 4-OH-DCE” <LOD <LOD 47 691
Sulfate conjugate of 5-OH-DCF® 67 213 1900 12,000
Acyl glucuronide of 4-OH-DCF” 845 1,810 19,300 70,300
Acyl glucuronide of 5-OH-DCF® 276 1,160 14,500 74,000
Acyl glucuronide of 3'-OH-DCF” <LOD 362 1,290 24,800
Ether glucuronide of 4'-OH-DCF® <LOD 124 590 2,000
Total nM (mean =+ SD) 2,840+ 1,750 116,000 + 82,600
‘Water nM (mean + SD) 5.97+0.70 145+11
BCF ol bile (mean +SD) 476 +294 797 £569
NPX <LOD 1,130 6,060 31,300
DNPX <LOD 129 676 12,700
Acyl glucuronide of NPX 1,600 8,070 63,300 181,000
Acyl glucuronide of DNPX" 151 863 492 3,080
Total nM (mean =+ SD) 4,870 £ 3,250 144,000 £ 61,700
‘Water nM (mean + SD) 6.93+0.36 174 £ 11
BCF ol bile (mean +SD) 703 £468 829 +355
IBF <LOD 667 1,650 9,790
Carboxy-IBF <LOD 105 237 2,330
2-OH-IBF 283 1,090 7,120 36,100
OH-IBF® 24 144 216 3,750
Acyl glucuronide of IBF 5,920 26,300 10,900 53,200
Acyl glucuronides of OH-IBFs” 50,200 250,000 350,000 176,0000
Total nM (mean =+ SD) 148,000 + 93,500 974,000 = 620,000
‘Water nM (mean + SD) 4.77+£0.39 119+9
BCF ol bile (mean +SD) 31,000 + 19,600 8,170 +5,200

# Mean = standard deviation (SD) total bile (n =4 fish) and water concentrations (nM; n= 11) and bioconcentration factors (BCF a1 bite): BCFiotal bite Was
calculated as ratio of bile (free parent compound + metabolites) concentration to that in water (free parent compound). LOD = limit of detection (estimated
nM), DCF = diclofenac, OH-DCF = hydroxylated diclofenac, NPX = naproxen, DNPX = 6-O-desmethylnaproxen, IBF = ibuprofen, OH-IBF = hydroxylated

ibuprofen.

" No surrogate standard was available.

nondetectable metabolites, concentrations of individual metab-
olites are presented as minimum and maximum values
(Table 3). No surrogate standards were available for acyl and
ether glucuronides of hydroxy-DCFs (OH-DCF), sulfate con-
jugates of OH-DCFs, acyl glucuronide of DNPX, or acyl
glucuronides of OH-IBFs, so concentrations of these metabo-
lites must be considered as semiquantitative. Abbreviations of
the metabolites can be found in Table 3 and the structures in
Figure 2 and Supplemental Data, Figure S1.

Two phase I and seven phase II metabolites of DCF were
detected from the bile of every trout in the high-exposure group
(Table 3). At low exposure, all metabolites but sulfate conjugate
of 4-OH-DCF were detected in the bile of at least one trout.
However, many of the metabolites were not detected in some
trout, so variation existed between individuals. The most
abundant metabolites were the acyl glucuronides of 4'-OH-
DCF (30-62% of the total) and of 5-OH-DCF (16-32%). The
acyl glucuronide of 4-OH-DCF was more dominant with low
exposure than with high. Only a small portion (0-11%) of
unmetabolized DCF was found in the bile. No statistically
significant difference in BCF o bile Was observed between
low- and high-exposure groups (p > 0.05; Fig. 3).

6-0-Desmethylnaproxen (phase I) and acyl glucuronides of
NPX and DNPX were tentatively observed. The metabolites
were found in the bile of trout from the high-exposure group
(Fig. 2), but, in the low-exposure group, only some of them were
detected (Table 3). Acyl glucuronide of NPX was the most
dominant metabolite in low- and high-exposure groups,
accounting for 63 to 90% of the total NPX metabolites. Acyl

glucuronide of DNPX predominated more in the low- than in
the high-exposure group. However, unmetabolized NPX was
slightly more abundant in high- than in low-exposure groups (14
and 11%, respectively). As can be seen in Figure 3, similarly to
DCF, BCF g1 bile Was equal (p > 0.05) in trout exposed to low
and high concentrations of NPX.

IBF was biotransformed into phase I metabolites (OH-IBFs
and carboxy-IBF) and several acyl glucuronides representing
phase II metabolites. Unmetabolized IBF and carboxy-IBF
were not detected in the bile of some of the trout at low
exposure, but could however be observed in trout subjected

1000000 *

10000

BCF total bile
-
o
(=]

Diclofenac Naproxen |buprofen

Fig. 3. Total bioconcentration of pharmaceuticals in the bile of rainbow trout
exposed for 10 d at low (solid bars) and high (open bars) concentrations in
water. Bioconcentration factor (BCF ) vite) Was calculated as ratio between
bile (free parent compound + metabolites) and water concentrations (free
parent compound). Means with standard deviations of four individuals are
depicted. Asterisk denotes statistically significant difference between low
and high exposures (p < 0.05).
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to high concentration of pharmaceuticals (IBF max 2%;
Table 3). Acyl glucuronides of OH-IBF were the most dominant
metabolites, forming from 83 to 96% of the total IBF metab-
olites. The acyl glucuronide of IBF was more abundant in the
bile of trout in low- versus high-exposure groups. Variation in
the relative proportions of the IBF metabolites was quite small,
but the average BCF o1 vite Was four times higher at low than at
high exposures (p <0.05; Fig. 3).

The concentrations of NPX and DCF in bile were two orders
of magnitude and of IBF three to four orders of magnitude
higher than in plasma. High variation between individuals in
both bile and plasma concentrations gave rise to high variation
also in bile-plasma ratio (RSD 77-106%). In general, the bile
concentrations seemed to be higher in individuals with lower
plasma concentration and vice versa (negative correlation,
r?=0.37-0.94), perhaps reflecting differences in the liver
uptake or bile secretion capacity between individuals. However,
these correlations were not statistically significant because of
the limited number of animals (p >0.05, n=4).

DISCUSSION
Steady state of pharmaceuticals in fish

Our goal was to assess the degree of exposure of fish from
long-term contact with pharmaceuticals in water using plasma
and bile analyses. Because of this, the duration of the experi-
ment in relation to buildup of the body burden should be
assessed. This can be approximated from the elimination
half-life; five half-lives considered enough for dynamically
stable levels in tissues and organs [23]. We suggest that 10-d
exposure in stable water concentration would be sufficient to
reach steady-state concentrations in rainbow trout; i.e., the
exposure was several times longer than the half-life of elimi-
nation. Unfortunately, we have no previous experimental
knowledge regarding the pharmaceuticals studied in the present
work. However, comparison with other chemicals, such as
antibiotics and industrial pollutants, which are readily metab-
olized in fish, can be made. After repeated oral exposure of trout
to sulfadimethoxine, oxolic acid, and oxytetracycline, the half-
life in blood ranged from 36 to 134 h [24]. Hoeger et al. [25]
determined that the body half-life of DCF in brown trout was
36h after a single intraperitoneal injection. Resin acids and
4,5,6-trichloroguaiacol reached steady-state concentrations in
fish bile within 24 and 144 h, respectively [19,26]. According to
the available literature on warm-blooded mice and rats, the
plasma half-lives of the five drugs studied in the present work
ranged from 1 to 5h. In humans, the half-life of elimination
ranged from 2 to 20h after a single oral administration, IBF
being eliminated fastest and CBZ slowest [27]. In a toxicoki-
netic sense, the 10-d exposure of rainbow trout to pharmaceut-
icals at 13.6°C approached steady state of uptake in relation to
elimination.

Uptake from water to blood

The uptake process of a foreign chemical in fish gills
includes transfer onto the gill membrane surface, diffusion
through epithelial cells, and binding to carrier molecules. In
addition to these, possible pH variations at the gill structures are
important for ionized compounds because pH affects the pro-
portions of neutral and ionized forms. Also, the flux of neutral
molecules across the epithelia sustains continuous dissociation
from ionized to neutral forms and thus enhances uptake [28].

All the pharmaceuticals studied occurred mainly in ionized
form in the pH range of water (pH 7.7, > 98.5% ionized) and in
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the blood of rainbow trout. The uptake rate of ionized com-
pounds is lower than that of neutral compounds [11-13],
although ionized molecules may also be absorbed by ion
carriers [13]. In fish, as in humans, a mixed variety of anionic,
cationic, and neutral transporters affects the active or passive
uptake and elimination of xenobiotics [29]. Elimination of ionic
compounds is usually rather fast compared with neutral ones
[28,30].

Present results indicate that the exposure concentration at a
relatively wide range did not affect to a significant degree the
average bioconcentration of pharmaceuticals in the blood.
Previous studies have shown that BCF,j,ma for DCF in waste-
water range from 2.5 to 29, whereas in the present study the
factor was five to six [4,9]. However, relative bioconcentration
of unmetabolized DCF into liver, gills, kidney, and muscle has
been shown to increase with decreasing concentration of DCF
[31]. With regard to the bioconcentration of NPX, previously
reported BCF,j,sma Values in fish exposed to wastewater were
somewhat higher than observed in the present study [4,9].
Although we found that IBF is only marginally bioconcentrated
in blood, high variation in the bioconcentration factor in plasma
has been reported, and, depending on site-specific factors, the
bioconcentration may vary significantly [4,9].

No bioaccumulation in blood plasma was observed for BSP;
the compound is most likely readily eliminated because of its
high water solubility. Uptake from water, bioconcentration, and
elimination has not been studied in fish, but in mammals the
compound is known to be effectively absorbed from the diet and
readily eliminated [32]. Carbamazepine has been detected in
fish muscle and liver in a monitoring campaign near wastewater
treatment plants [8], whereas in other studies CBZ was not
detected [7,33]. Fick et al. [9] reported only slight bioconcen-
tration of CBZ in plasma.

In comparison with neutral chemicals in the environment
such as polyaromatic hydrocarbons (PAHs), bioconcentration
in blood plasma (BCFjasma < 6) was low for all studied phar-
maceuticals, which is supported by the low octanol-water
partitioning coefficients in pH 7 (logD 0.03—1.89) and the high
water solubility of the pharmaceuticals studied (Table 1).
Several-fold higher bioconcentrations in blood have been
reported, e.g., for PAHs (BCFjjasma 43-76) [34]. The biocon-
centration factors of the acidic pharmaceuticals studied (DCF,
NPX, and IBF) were slightly higher than those of BSP and CBZ,
which relates to the octanol-water partitioning of the neutral
form (logP). Recently, it was shown that bioconcentration of
some pharmaceuticals in the adipose fin were higher than in
muscle, which was related to the higher lipid content of that
organ. However, the most hydrophilic and ionic pharmaceut-
icals were not detected in either tissue [35].

Concentrations of bile metabolites

Concentrations of metabolites were quantified according to
our previous work, which focused on the structural elucidation
of the metabolites [20-22]. However, in the present study,
kinetic and environmental dependences are emphasized. To
compare the bioconcentration in bile, all the quantified metab-
olites were summed on a molar basis. These BCF ratios should
be considered as semiquantitative, because the surrogate stand-
ards were not available for all the compounds. Furthermore,
some unidentified metabolites may have been present as well.

With regard to the overall bioconcentration of DCF, a
BCFyiie from 509 to 657 was recently reported [36], which
coincides with the present results (BCF o pite 291-1,610). The
glucuronic conjugates were the most abundant metabolites
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(total 63-85%) in rainbow trout. Although detoxification is
generally suggested to be due to glucuronidation, acyl glucur-
onides of DCF are potentially protein-reactive metabolites [37].
In humans, the excretion of DCF glucuronides into bile is via
active adenosine triphosphate-dependent pump, which allows
several-fold higher concentrations in bile than in blood [37].
With regard to NPX, the same metabolites have been identified
in human urine [38] as from the rainbow trout bile in the present
study. Acyl glucuronic conjugates of NPX were the most
abundant in rainbow trout, as in humans [38]. Hydroxyibupro-
fen metabolites were identified from zebrafish fry [39] that are
also the main metabolites in humans [40]. However, in rainbow
trout, these metabolites accounted for only a trace amount of
the total IBF (~1%), glucuronic conjugates being dominant
(95-99%). Also, similar types of metabolites (hydroxides as
well as glucuronide and sulfate conjugates) have been identified
from the bile of rainbow trout exposed to, e.g., PAHs and resin
acids [41,42].

Bile as monitoring tool for ambient concentrations

The cycle of bile formation and release to the intestine is
dependent on nutritional status [43,44]. In the present study, fish
were not fed during the experiment, in order to stabilize the
volume of bile. Although bile tends to be stored in the gall
bladder during fasting, this organ is periodically emptied post-
feeding to enhance digestion in the intestine. To a certain extent,
the longer the fasting time, the more abundant and darker the
bile inside the gall bladder [43]. It is also evident that, during
long fasting (several days), water is reabsorbed from the bile,
reducing its volume in the gall bladder and concentrating the
xenobiotics and their metabolites secreted from liver [43-45].

Previously, fish bile has been successfully used for the
monitoring of chemicals in the aquatic environment
[18,19,44]. It has been especially suitable for compounds that
are readily metabolized and excreted via the bile instead of
accumulating in muscle or other organs [17,44]. In addition,
compounds that are metabolized in liver are secreted to the bile,
allowing comparative analysis of biotransformation [41].

After release of the bile into the intestine, the metabolites
and parent compounds that it contains will be eliminated mainly
via feces. However, reabsorption in the intestine (enterohepatic
cycling) may prevent the first-pass elimination and prolong the
body half-life, as observed for DCF in brown trout [25]. The
DCF concentration in blood of brown trout (Salmo trutta f.
fario) decreased rapidly within a few hours after a single
intraperitoneal injection, whereas, in bile, the concentration
of DCF reached the maximum after 6h and again after 36 h.
Approximately half of the DCF was eliminated by 36 h [25].

In the present study, the bioconcentration of NPX in bile was
approximately equal to that of DCF (BCF ) bite 317-1,380 and
291-1,610, respectively), whereas higher amounts of IBF
metabolites were bioconcentrated in bile (BCF,q1 pile 3,520—
57,900). Efficient metabolism and secretion of IBF into the bile
is in accordance with findings of Ramirez et al. [8], who could
not detect IBF from muscle or liver of fish caught near waste-
water treatment plants. Thus, tissue residues are not able to trace
exposure to low levels of pharmaceuticals. It is possible that
DCF affected the metabolism of other pharmaceuticals, as
suggested from up- or down-regulation of metabolizing
enzymes [16], such as induction of cytochrome P4501A in
rainbow trout liver [36].

Large differences in plasma and bile concentrations were
found between individuals. The plasma and the bile concen-
trations had an inverse correlation, indicating some individual
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differences in the efficiency of hepatic uptake or excretion to
bile. The capacity of active transporters may be limited, because
secretion of ionic compounds is partially mediated by them
[29]. The significantly larger BCF 1 pire Of IBF in the low-
exposure group also indicates that, with high exposure, the
excretion capacity might have been saturated.

Although glucuronide conjugates of carboxylic acid con-
taining pharmaceuticals would be the most convenient metab-
olites for monitoring purposes because of the highest
concentrations in bile, their separation into several geometric
isomers and the lack of hydroxylated glucuronide standards
hinders the reliability of their quantification. However, the
MRM transition ([M-H-anhydroglucuronic acid] ) used for
their quantification should not depend greatly on the structure
of the parent compound. Only low amounts of unconjugated
DCF, NPX, and IBF were detected from the bile (0-26%).
However, it was impossible to distinguish between the origi-
nally unconjugated compound and those being deconjugated as
aresult of some hydrolyzing enzymes in the bile. Deconjugating
enzymes and hydrolyzing alkaline solutions have been success-
fully used to determine BCF,q4 pite in previous environmental
studies with resin acids [19,41] and estrogens [46]. The gradual
deconjugation of formed metabolites into phase I metabolites
could be an alternative approach for the monitoring of phar-
maceuticals. In gradual deconjugation, different conjugates are
broken down in turn by using, e.g., B-glucuronidase, sulfatase,
and finally alkaline solutions [41]. However, some information
about differences in metabolite profiles would be lost. Also,
acyl migration products (other isomers than 3-acyl form) will
not be deconjugated by B-glucuronidase, because the enzyme is
conformation specific.

The IBF was most effectively traced from the bile among the
three compounds (IBF, DCF, and NPX). Thus, this widely used
pharmaceutical could be used as a chemomarker of drug
exposure. In the present work, because of the lack of identi-
fication data in trout, metabolites of CBZ and BSP were not
monitored in the bile. However, we expect that even at the low
exposure it would have been possible to detect metabolites of
these compounds in the bile.

The present results are significant, because bile analyses
were proved to be an efficient tool for monitoring the exposure
of fish to the pharmaceuticals studied. This approach most
probably allows evaluation of exposure to even lower concen-
trations of pharmaceuticals than used in the present study.

CONCLUSIONS

The results indicate that exposure of rainbow trout to
pharmaceuticals at concentrations close to those found in the
environment can be measured from the blood plasma and, in
particular, as metabolites in the bile. Metabolism of DCF, NPX,
and IBF was efficient, and both phase I and phase II metabolites
were detected from the bile. With the exception of IBF,
exposure concentration did not have an effect on bioconcentra-
tion into plasma or bile. Bioconcentration in plasma was low,
but total concentration of the parent pharmaceutical and its
metabolites was two to four orders of magnitude higher in bile
than in plasma. IBF bioconcentrated the most and could be used
as a chemomarker of wide exposure of fishes to drugs. The
present results imply that bile metabolites can be a useful tool
for monitoring fish exposure to low concentrations of drugs in
surface waters, even when concentrations in other tissues or
body fluids are below the detection limit.
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SUPPLEMENTAL DATA

Table S1. Retention times, precursor and product ions, and

mass parameters of the pharmaceuticals analyzed from water
and blood plasma samples.

Table S2. Retention times, precursor and product ions, and

mass parameters of the metabolites and their surrogate stand-
ards analyzed from the bile samples.

Fig. S1. Structures of diclofenac, ibuprofen, and their

metabolites detected from rainbow trout bile.

Fig. S2. Chromatogram of diclofenac and ibuprofen metab-

olites in bile sample from rainbow trout exposed to a mixture of
pharmaceuticals for 10 d.
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Table S1. Retention times, precursor and product ions and mass parameters of the

pharmaceuticals analyzed from water and blood plasma samples. IS = internal standard

lon Retention  Precursor Product Cone  Collision

Compound mode time ion ion voltage  energy
(min) (m/z) (m/z) %) V)
Diclofenac ESI- 6.1 294 250 22 14
Naproxen ESI- 2.7 229 170 11 17
Ibuprofen ESI- 6.8 205 161 17 10
Fenoprop (IS) ESI- 33 267 195 12 14
Bisoprolol ESI+ 5.9 326 116 33 17
Alprenolol (IS) ESI+ 7.7 250 173 30 17
Carbamazepine ESI+ 8.9 237 194 28 19
Dihydrocarbamazepine (IS)  ESI+ 9.1 239 194 35 25




Table S2. Retention times, precursor and product ions, and mass parameters of the metabolites

and their surrogate standards analyzed from the bile samples [1-3]. Negative ionization mode
(ESI-) was used for all the compounds. DCF
diclofenac, NPX = naproxen, DNPX = 6-O-desmethylnaproxen, IBF = ibuprofen, OH-IBF =

hydroxylated ibuprofen, IS = internal standard.

diclofenac, OH-DCF = hydroxylated

Compound Retention  Precursor Product Cone Collision
P time (min) ion(m/z) ion(m/z) voltage (V) energy (eV)
DCF 17.4 294 250 22 14
4’-OH-DCF 15.1 310 266, 230 22 14
5-OH-DCF 15.5 310 266, 230 22 14
Acyl glucuronide of DCF 154, 15.6 470 175 22 10
Acyl glucuronides of 6.4,8.1,
OH-DCFs * 131155 W6 175,193 22 10
Ether glucuronide of 4'- 175, 193,
OH-DCF * 9.7 486 442 22 10
Sulfate conjugates of
OH-DCFs ® 11.7,12.7 390 310, 266 22 14
NPX 14.2 229 170 11 17
DNPX 8.2 215 171 25 15
Acyl glucuronide of NPX  14.1-15.3 405 175,229 11 10
Acyl glucuronide of
DNPX * 10.1-11.8 391 175 11 17
IBF 18.6 205 161 17 11
OH-IBFs 8.5-10.0 221 177, 159 17 11
Carboxy-IBF 3.7 235 191 17 8
Acyl glucuronide of IBF 15%8 115'5’ 381 175 17 11
Acyl glucuronides of
OH-IBFs * 8.2-14.2 397 175,193 17 11
D3-ibuprofen (IS) 16.9 208 164 17 8

* no surrogate standard was available, cone voltages and collision energies were not optimized
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Fig. S1. Structures of diclofenac, ibuprofen, and their metabolites detected from the rainbow
trout bile. Diclofenac (1), 4’-hydroxydiclofenac (2), 5-hydroxydiclofenac (3), acyl glucuronide
of diclofenac (4), acyl glucuronide of 3’-hydroxydiclofenac (5), acyl glucuronide of 4’-
hydroxydiclofenac (6), acyl glucuronide of 5-hydroxydiclofenac (7), ether glucuronide of 4’-
hydroxydiclofenac (8), sulfate conjugate of 4’-hydroxydiclofenac (9), sulfate conjugate of 5-
hydroxydiclofenac (10), ibuprofen (11), 2-hydroxyibuprofen (12), carboxyibuprofen (13), acyl
glucuronide of ibuprofen (14) and acyl glucuronides of hydroxyibuprofen (15). Only the

structures of 1-f-O-acyl glucuronide isomers are presented in the figure.
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Fig. S2. LC-MS/MS chromatogram (MRM) of diclofenac and ibuprofen metabolites in bile
sample from rainbow trout exposed to mixture of pharmaceuticals for ten days. The numbers

next to peak corresponds to the structures in Fig. S1.
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mallintaminen. 31 p. (111 p.) Yhteenveto

2 p. 2002.

NYKANEN, MARKO, Protein secretion in
Trichoderma reesei. Expression, secretion and
maturation of cellobiohydrolase I, barley
cysteine proteinase and calf chymosin in Rut-
C30. - Proteiinien erittyminen Trichoderma
reeseissd. Sellobiohydrolaasi I:n, ohran
kysteiiniproteinaasin sekéd vasikan
kymosiinin ilmeneminen, erittyminen ja
kypsyminen Rut-C30-mutanttikannassa. 107
p- (173 p.) Yhteenveto 2 p. 2002.

TuroLA, MaRrja, Phylogenetic analysis of
bacterial diversity using ribosomal RNA

gene sequences. - Ribosomaalisen RNA-
geenin sekvenssien kiyttd bakteeridiver-
siteetin fylogeneettisessd analyysissd. 75 p.
(139 p.) Yhteenveto 2 p. 2002.

HonkAavAARa, JoHAaNNA, Ultraviolet cues in fruit-
frugivore interactions. - Ultraviolettindon
ekologinen merkitys hedelmi& syévien eldin-
ten ja hedelmékasvien viélisissd vuoro-
vaikutussuhteissa. 27 p. (95 p.) Yhteenveto

2 p. 2002.
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MAaRTTILA, ARI, Engineering of charge, biotin-
binding and oligomerization of avidin: new
tools for avidin-biotin technology. - Avidiinin
varauksen, biotiininsitomisen seki
oligomerisaation muokkaus: uusia tydkaluja
avidiini-biotiiniteknologiaan. 68 p. (130 p.)
Yhteenveto 2 p. 2002.

JokEeLA, JaRy, Landfill operation and waste
management procedures in the reduction of
methane and leachate pollutant emissions
from municipal solid waste landfills. - Kaato-
paikan operoinnin ja jitteen esikisittelyn
vaikutus yhdyskuntajéitteen biohajoamiseen ja
typpipéadstojen hallintaan. 62 p. (173 p.)
Yhteenveto 3 p. 2002.

RANTALA, MARKUS ]., Immunocompetence and
sexual selection in insects. - Immunokom-
petenssi ja seksuaalivalinta hyonteisilla. 23 p.
(108 p.) Yhteenveto 1 p. 2002.

OkxsaNeN, Tuura, Cost of reproduction and
offspring quality in the evolution of
reproductive effort. - Lisddantymisen kustan-
nukset ja poikasten laatu lisdéntymispanos-
tuksen evoluutiossa. 33 p. (95 p.) Yhteenveto
2 p. 2002.

HENoO, JaNI, Spatial variation of benthic
macroinvertebrate biodiversity in boreal
streams. Biogeographic context and
conservation implications. - Pohjaeldinyh-
teisdjen monimuotoisuuden spatiaalinen
vaihtelu pohjoisissa virtavesissa - eliomaan-
tieteellinen yhteys seka merkitys jokivesien
suojelulle. 43 p. (169 p.) Yhteenveto 3 p. 2002.
SHRA-PIETIKAINEN, ANNE, Decomposer
community in boreal coniferous forest soil
after forest harvesting: mechanisms behind
responses. - Pohjoisen havumetsdmaan
hajottajayhteiso hakkuiden jalkeen: muutok-
siin johtavat mekanismit. 46 p. (142 p.) Yh-
teenveto 3 p. 2002.

KorteT, RAINE, Parasitism, reproduction and
sexual selection of roach, Rutilus rutilus L. -
Loisten ja taudinaiheuttajien merkitys kalan
lisdéntymisessd ja seksuaalivalinnassa. 37 p.
(111 p.) Yhteenveto 2 p. 2003.

SuviLampl, JuHANI, Aerobic wastewater
treatment under high and varying
temperatures - thermophilic process
performance and effluent quality. - Jatevesien
kasittely korkeissa ja vaihtelevissa lampoti-
loissa. 59 p. (156 p.) Yhteenveto 2 p. 2003.
PAvINEN, Jussi, Distribution, abundance and
species richness of butterflies and
myrmecophilous beetles. - Perhosten ja
muurahaispesissd eldvien kovakuoriaisten
levinneisyys, runsaus ja lajistollinen moni-
muotoisuus 44 p. (155 p.) Yhteenveto 2 p.
2003.

Paavora, Riku, Community structure of
macroinvertebrates, bryophytes and fish in
boreal streams. Patterns from local to regional
scales, with conservation implications. -
Selkdrangattomien, vesisammalten ja kalojen

122

123

124

125

126

127

128

129

130

131

yhteistrakenne pohjoisissa virtavesissa -
sdannonmukaisuudet paikallisesta mittakaa-
vasta alueelliseen ja luonnonsuojelullinen
merkitys. 36 p. (121 p.) Yhteenveto 3 p. 2003.
SUIKKANEN, SANNA, Cell biology of canine
parvovirus entry. - Koiran parvovirusinfektion
alkuvaiheiden solubiologia. 88 p. (135 p.)
Yhteenveto 3 p. 2003.

AHTIAINEN, JARI JuHANI, Condition-dependence
of male sexual signalling in the drumming
wolf spider Hygrolycosa rubrofasciata. -
Koiraan seksuaalisen signaloinnin kunto-
riippuvuus rummuttavalla susihdmahékilla
Hygrolycosa rubrofasciata. 31 p. (121 p.) Yhteen-
veto 2 p. 2003.

Kararaju, Prasap, Enhancing methane
production in a farm-scale biogas production
system. - Metaanintuoton tehostaminen
tilakohtaisessa biokaasuntuotanto-
jarjestelméssa. 84 p. (224 p.) Yhteenveto 2 p.
2003.

HAKKINEN, JaNi, Comparative sensitivity of
boreal fishes to UV-B and UV-induced
phototoxicity of retene. - Kalojen varhais-
vaiheiden herkkyys UV-B siteilylle ja reteenin
UV-valoindusoituvalle toksisuudelle. 58 p.
(134 p.) Yhteenveto 2 p. 2003.

NorpLuND, HENRI, Avidin engineering;
modification of function, oligomerization,
stability and structure topology. - Avidiinin
toiminnan, oligomerisaation, kestavyyden ja
rakennetopologian muokkaaminen. 64 p.

(104 p.) Yhteenveto 2 p. 2003.

MarjomAk, TiMO J., Recruitment variability in
vendace, Coregonus albula (L.), and its
consequences for vendace harvesting. -
Muikun, Coregonus albula (L.), vuosiluokkien
runsauden vaihtelu ja sen vaikutukset kalas-
tukseen. 66 p. (155 p.) Yhteenveto 2 p. 2003.
KiLriMAaA, JANNE, Male ornamentation and
immune function in two species of passerines.
- Koiraan ornamentit ja immuunipuolustus
varpuslinnuilla. 34 p. (104 p.) Yhteenveto 1 p.
2004.

Ponni, Tia, Analyzing the function of
nuclear receptor Nor-1 in mice. - Hiiren
tumareseptori Nor-1:n toiminnan tutkiminen.
65 p. (119 p.) Yhteenveto 2 p. 2004.

WaNG, Hong, Function and structure,
subcellular localization and evolution of the
encoding gene of pentachlorophenol 4-
monooxygenase in sphingomonads. 56 p.

(90 p.) 2004.

YLONEN, OLLl, Effects of enhancing UV-B
irradiance on the behaviour, survival and
metabolism of coregonid larvae. - Lisdantyvan
UV-B siteilyn vaikutukset siikakalojen
poikasten kayttdytymiseen, kuolleisuuteen ja
metaboliaan. 42 p. (95 p.) Yhteenveto 2 p.
2004.
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KumpuLAINEN, Tomi, The evolution and
maintenance of reproductive strategies in bag
worm moths (Lepidoptera: Psychidae).

- Lisdantymisstrategioiden evoluutio ja sdily-
minen pussikehraéjilld (Lepidoptera:
Psychidae). 42 p. (161 p.) Yhteenveto 3 p.
2004.

OjaLa, Kirst, Development and applications of
baculoviral display techniques. - Bakulo-
virus display -tekniikoiden kehittiminen ja
sovellukset. 90 p. (141 p.) Yhteenveto 3 p.
2004.

RANTALAINEN, MINNA-L1isa, Sensitivity of soil
decomposer communities to habitat
fragmentation - an experimental approach. -
Metsdmaaperin hajottajayhteison vasteet
elinympariston pirstaloitumiseen. 38 p.

(130 p.) Yhteenveto 2 p. 2004.

SAARINEN, MR, Factors contributing to the
abundance of the ergasilid copepod,
Paraergasilus rylovi, in its freshwater
molluscan host, Anodonta piscinalis. -
Paraergasilus rylovi -loisdyridisen esiintymi-
seen ja runsauteen vaikuttavat tekijit
Anodonta piscinalis -pikkujarvisimpukassa.
47 p. (133 p.) Yhteenveto 4 p. 2004.

LiLja, Juna, Assessment of fish migration in
rivers by horizontal echo sounding: Problems
concerning side-aspect target strength.

- Jokeen vaeltavien kalojen laskeminen sivut-
taissuuntaisella kaikuluotauksella: sivu-
aspektikohdevoimakkuuteen liittyvid ongel-

mia. 40 p. (82 p.) Yhteenveto 2 p. 2004.
Nykvist, PETRI, Integrins as cellular receptors

for fibril-forming and transmembrane
collagens. - Integriinit reseptoreina fibril-
laarisille ja transmembraanisille kolla-
geeneille. 127 p. (161 p.) Yhteenveto 3 p. 2004.
Korvura, Nina, Temporal perspective of
humification of organic matter. - Orgaanisen
aineen humuistuminen tarkasteltuna ajan
funktiona. 62 p. (164 p.) Yhteenveto 2 p. 2004.
KARVONEN, Anssl, Transmission of Diplostomum
spathaceum between intermediate hosts.

- Diplostomum spathaceum -loisen siirtyminen
kotilo- ja kalaisannan vililla. 40 p. (90 p.)
Yhteenveto 2 p. 2004.

NYKANEN, MARi, Habitat selection by riverine
grayling, Thymallus thymallus L. - Harjuksen
(Thymallus thymallus L.) habitaatinvalinta

virtavesissd. 40 p. (102 p.) Yhteenveto 3 p. 2004.
HYNYNEN, JuHANI, Anthropogenic changes in

Finnish lakes during the past 150 years
inferred from benthic invertebrates and their
sedimentary remains. - Ihmistoiminnan
aiheuttamat kuormitusmuutokset suomalaisis-
sa jarvissa viimeksi kuluneiden 150 vuoden
aikana tarkasteltuina pohjaeldinyhteissjen
avulla. 45 p. (221 p.) Yhteenveto 3 p. 2004.
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PyLkko, PArvi, Atypical Aeromonas salmonicida
-infection as a threat to farming of arctic charr
(Salvelinus alpinus L.) and european grayling
(Thymallus thymallus L.) and putative means to
prevent the infection. - Epatyyppinen Aero-
monas salmonicida -bakteeritartunta uhkana
harjukselle (Thymallus thymallus L.) ja nieridlle
(Salvelinus alpinus L.) laitoskasvatuksessa ja
mahdollisia keinoja tartunnan ennalta-
ehkdisyyn. 46 p. (107 p.) Yhteenveto 2 p. 2004.
PUURTINEN, MIKAEL, Evolution of hermaphro-
ditic mating systems in animals. - Kaksi-
neuvoisten lisddntymisstrategioiden evoluu-
tio eldimilla. 28 p. (110 p.) Yhteenveto 3 p.
2004.

TorvaNeN, Ourtl, Effects of waste treatment
technique and quality of waste on bioaerosols
in Finnish waste treatment plants. - Jatteen-
kasittelytekniikan ja jatelaadun vaikutus
bioaerosolipitoisuuksiin suomalaisilla jatteen-
kasittelylaitoksilla. 78 p. (174 p.) Yhteenveto

4 p. 2004.

Boapi, Kwast Owusu, Environment and health
in the Accra metropolitan area, Ghana. -
Accran (Ghana) suurkaupunkialueen ympa-
ristd ja terveys. 33 p. (123 p.) Yhteenveto 2 p.
2004.

Lukkari, Tuomas, Earthworm responses to
metal contamination: Tools for soil quality
assessment. - Lierojen vasteet
metallialtistukseen: kdyttomahdollisuudet
maaperan tilan arvioinnissa. 64 p. (150 p.)
Yhteenveto 3 p. 2004.

MARTTINEN, SANNA, Potential of municipal
sewage treatment plants to remove bis(2-
ethylhexyl) phthalate. - Bis-(2-etyyli-
heksyyli)ftalaatin poistaminen jitevesista
yhdyskuntajdtevedenpuhdistamoilla. 51 p.
(100 p.) Yhteenveto 2 p. 2004.

KarisoLa, Piia, Immunological characteri-
zation and engineering of the major latex
allergen, hevein (Hev b 6.02). - Luonnon-
kumiallergian pédéallergeenin, heveiinin
(Hev b 6.02), immunologisten ominaisuuksien
karakterisointi ja muokkaus. 91 p. (113 p.)
Yhteenveto 2 p. 2004.

BAGGE, ANNA MARI4, Factors affecting the
development and structure of monogenean
communities on cyprinid fish. - Kidus-
loisyhteistjen rakenteeseen ja kehitykseen
vaikuttavat tekijat sisavesikaloilla. 25 p.
(76 p.) Yhteenveto 1 p. 2005.

JANTTI, AR, Effects of interspecific relation-
ships in forested landscapes on breeding
success in Eurasian treecreeper. - Lajien-
vilisten suhteiden vaikutus puukiipijan
pesintimenestykseen metsdymparistossa.
39 p. (104 p.) Yhteenveto 2 p. 2005.
TYNKKYNEN, KATJA, Interspecific interactions
and selection on secondary sexual characters
in damselflies. - Lajienviliset vuorovaikutuk-
set ja seksuaaliominaisuuksiin kohdistuva
valinta sudenkorennoilla. 26 p. (86 p.) Yh-
teenveto 2 p. 2005.
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HaxaLaHTI, TEA, Studies of the life history of a
parasite: a basis for effective population
management. - Loisen elinkiertopiirteet:
perusta tehokkaalle torjunnalle. 41 p. (90 p.)
Yhteenveto 3 p. 2005.

HYTONEN, VEsa, The avidin protein family:
properties of family members and engineering
of novel biotin-binding protein tools. - Avidiini-
proteiiniperhe: perheen jasenten ominaisuuk-
sia ja uusia biotiinia sitovia proteiiniydkaluja.
94 p. (124 p.) Yhteenveto 2 p. 2005.

GiLBERT, LEONA , Development of biotechnological
tools for studying infectious pathways of
canine and human parvoviruses. 104 p.

(156 p.) 2005.

SUOMALAINEN, LoTTA-RIINA, Flavobacterium
columnare in Finnish fish farming;:
characterisation and putative disease
management strategies. - Flavobacterium
columnare Suomen kalanviljelyssa:
karakterisointi ja mahdolliset torjunta-
menetelmit. 52 p. (110 p.) Yhteenveto 1 p.
2005.

VEHNIAINEN, EEVA-R1IKKA, Boreal fishes and
ultraviolet radiation: actions of UVR at
molecular and individual levels. - Pohjoisen
kalatja ultraviolettisateily: UV-sateilyn
vaikutukset molekyyli- ja yksilotasolla. 52 p.
(131 p.) 2005.

VaINIKKA, ANssl, Mechanisms of honest sexual
signalling and life history trade-offs in three
cyprinid fishes. - Rehellisen seksuaalisen
signaloinnin ja elinkiertojen evoluution
mekanismit kolmella sérkikalalla. 53 p.

(123 p.) Yhteenveto 2 p. 2005.

LUOSTARINEN, SARI, Anaerobic on-site
wastewater treatment at low temperatures.
Jatevesien kiinteist6- ja kyldkohtainen
anaerobinen kisittely alhaisissa lampétilois-
sa. 83 p. (168 p.) Yhteenveto 3 p. 2005.
SepPALA, OTTO, Host manipulation by
parasites: adaptation to enhance
transmission? Loisten kyky manipuloida
isdntiddn: sopeuma transmission tehostami-
seen? 27 p. (67 p.) Yhteenveto 2 p. 2005.
SuuriNtEMI, Mi11A, Genetics of children’s

bone growth. - Lasten luuston kasvun gene-
tiikka. 74 p. (135 p.) Yhteenveto 3 p. 2006.
TorvoLa, Jount, Characterization of viral
nanoparticles and virus-like structures by
using fluorescence correlation spectroscopy
(FCS) . - Virus-nanopartikkelien seké virusten
kaltaisten rakenteiden tarkastelu fluoresenssi
korrelaatio spektroskopialla. 74 p. (132 p.)
Yhteenveto 2 p. 2006.

KLEMME, INES, Polyandry and its effect on male
and female fitness. - Polyandria ja sen vaiku-
tukset koiraan ja naaraan kelpoisuuteen 28 p.
(92 p.) Yhteenveto 2 p. 2006.

LEHTOMAKI, ANNIMARI, Biogas production from
energy crops and crop residues. - Energia-
kasvien ja kasvijitteiden hyodyntaminen
biokaasun tuotannossa. 91 p. (186 p.) Yhteen-
veto 3 p. 2006.
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ILMARINEN, KaTJA, Defoliation and plant-soil
interactions in grasslands. - Defoliaatio ja
kasvien ja maaperan véliset vuorovaikutukset
niittyekosysteemeissd. 32 p. (111 p.) Yhteenve-
to 2 p. 2006.

LOEHR, JonN, Thinhorn sheep evolution and
behaviour. - Ohutsarvilampaiden evoluutio ja
kayttaytyminen. 27 p. (89 p.) Yhteenveto 2 p.
2006.

Paukku, Satu, Cost of reproduction in a seed
beetle: a quantitative genetic perspective. -
Lisdantymisen kustannukset jyvékuoriaisella:
kvantitatiivisen genetiikan ndkokulma. 27 p.
(84 p.) Yhteenveto 1 p. 2006.

OjaLa, KaTja, Variation in defence and its
fitness consequences in aposematic animals:
interactions among diet, parasites and
predators. - Puolustuskyvyn vaihtelu ja sen
merkitys aposemaattisten eldinten kelpoisuu-
teen: ravinnon, loisten ja saalistajien vuoro-
vaikutus. 39 p. (121 p.) Yhteenveto 2 p. 2006.
MariLAINEN, HELL Development of baculovirus
display strategies towards targeting to tumor
vasculature. - Sy6vén suonitukseen
kohdentuvien bakulovirus display-vektorien
kehittdminen. 115 p. (167 p.) Yhteenveto 2 p.
2006.

KatLio, Eva R, Experimental ecology on the
interaction between the Puumala hantavirus
and its host, the bank vole. - Kokeellista
ekologiaa Puumala-viruksen ja metsimyyran
vilisestd vuorovaikutussuhteesta. 30 p. (75 p.)
Yhteenveto 2 p. 2006.

PirLaja, Marjo, Maternal effects in the magpie.
- Harakan ditivaikutukset. 39 p. (126p.)
Yhteenveto 1 p. 2006.

IHALAINEN, EIRA, Experiments on defensive
mimicry: linkages between predator behaviour
and qualities of the prey. - Varoitussignaalien
saalis-suhteista. 37 p. (111 p.) Yhteenveto 2 p.
2006.

LOPEZ-SEPULCRE, ANDRES, The evolutionary
ecology of space use and its conservation
consequences. - Elintilan kdyton ja reviiri-
kayttaytymisen evoluutioekologia
luonnonsuojelullisine seuraamuksineen. 32 p.
(119 p.) Yhteenveto 2 p. 2007.

TuLLa, Mira, Collagen receptor integrins:
evolution, ligand binding selectivity and the
effect of activation. - Kollageenireseptori-
integriiniien evoluutio, ligandin sitomis-
valikoivuus ja aktivaation vaikutus. 67 p. (129
p-) Yhteenveto 2 p. 2007.

SinisaLo, TuuLa, Diet and foraging of ringed
seals in relation to helminth parasite
assemblages. - Peraimeren ja Saimaan norpan
suolistoloisyhteisot ja niiden hyodyntdminen
hylkeen yksilollisen ravintoekologian selvitta-
misessd. 38 p. (84 p.) Yhteenveto 2 p. 2007.
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TorvaneN, Tero, Short-term effects of forest
restoration on beetle diversity. - Metsien
ennallistamisen merkitys kovakuoriaislajiston
monimuotoisuudelle. 33 p. (112 p.) Yhteenveto
2 p. 2007.

Lupwig, GILBERT, Mechanisms of population
declines in boreal forest grouse. - Kanalintu-
kantojen laskuun vaikuttavat tekijit. 48 p. (138
p-) Yhteenveto 2 p. 2007.

KEeToLa, Tarmo, Genetics of condition and
sexual selection. - Kunnon ja seksuaalivalin-
nan genetiikka. 29 p. (121 p.) Yhteenveto 2 p.
2007.

SEPPANEN, JANNE-TUOMAS, Interspecific social
information in habitat choice. - Lajienvilinen
sosiaalinen informaatio habitaatinvalin-
nassa. 33 p. (89 p.) Yhteenveto 2 p. 2007.
BANDILLA, MATTHIAS, Transmission and host
and mate location in the fish louse Argulus
coregoni and its link with bacterial disease in
fish. - Argulus coregoni -kalatéin siirtyminen
kalaiséntdan, isinnén ja parittelukumppanin
paikallistaminen seké loisinnan yhteys kalan
bakteeritautiin. 40 p. (100 p.) Yhteenveto 3 p.
Zusammenfassung 4 p. 2007.

MERILAINEN, PAIvi, Exposure assessment of
animals to sediments contaminated by pulp
and paper mills. - Sellu- ja paperiteollisuuden
saastuttamat sedimentit altistavana tekijana
vesieldimille. 79 p. (169 p.) Yhteenveto 2 p.
2007.

Rourrty, Jarkko, Genetic and phenotypic
divergence in Drosophila virilis and

D. montana. - Geneettinen ja fenotyyppinen
erilaistuminen Drosophila virilis ja D. montana
lajien mahlakéarpasilla. 34 p. (106 p.) Yhteen-
veto 1 p. 2007.

BenesH, DANIEL P., Larval life history,
transmission strategies, and the evolution of
intermediate host exploitation by complex
life-cycle parasites. - Vakakarsamatotoukkien
elinkierto- ja transmissiostrategiat seka vali-
isannan hyvaksikayton evoluutio. 33 p. (88 p.)
Yhteenveto 1 p.2007.

TarpALE, Sami, Bacterial-mediated terrestrial
carbon in the foodweb of humic lakes.

- Bakteerivilitteisen terrestrisen hiilen
merkitys humusjarvien ravintoketjussa. 61 p.
(131 p.) Yhteenveto 5 p. 2007.

KILJUNEN, MIkkO, Accumulation of
organochlorines in Baltic Sea fishes. -
Organoklooriyhdisteiden kertyminen Itdme-
ren kaloihin. 45 p. (97 p.) Yhteenveto 3 p.
2007.

SorMUNEN, Kar Markus, Characterisation of
landfills for recovery of methane and control
of emissions. - Kaatopaikkojen karakterisointi
metaanipotentiaalin hyddyntamiseksija
pééstojen vahentamiseksi. 83 p. (157 p.)
Yhteenveto 2 p. 2008.

HiLtunen, Terro, Environmental fluctuations
and predation modulate community
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192

193
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195

196

dynamics and diversity.- Ympariston vaihte-
lutja saalistus muokkaavat yhteison dyna-
miikkaa ja diversiteettid. 33 p. (100 p.) Yhteen-
veto 2 p. 2008.

SYVARANTA, JaR], Impacts of biomanipulation
on lake ecosystem structure revealed by stable
isotope analysis. - Biomanipulaation vaiku-
tukset jarviekosysteemin rakenteeseen vakai-
den isotooppien avulla tarkasteltuna. 46 p.
(105 p.) Yhteenveto 4 p. 2008.

MartiLa, NiiNa, Ecological traits as
determinants of extinction risk and
distribution change in Lepidoptera. - Perhos-
ten uhanalaisuuteen vaikuttavat ekologiset
piirteet. 21 p. (67 p.) Yhteenveto 1 p. 2008.
UrLa, PauLa, Integrin-mediated entry of
echovirus 1. - Echovirus 1:n integriini-
vilitteinen sisd@nmeno soluun. 86 p. (145 p.)
Yhteenveto 2 p. 2008.

KEeskiNEN, Tario, Feeding ecology and
behaviour of pikeperch, Sander lucioperca (L.)
in boreal lakes. - Kuhan (Sander lucioperca
(L.)) ravinnonkaytto ja kdyttaytyminen
boreaalisissa jarvissa. 54 p. (136 p.) Yhteen-
veto 3 p. 2008.

LAAKKONEN, JOHANNA, Intracellular delivery of
baculovirus and streptavidin-based vectors
in vitro - towards novel therapeutic
applications. - Bakulovirus ja streptavidiini
geeninsiirtovektoreina ihmisen soluissa.

81 p. (142 p.) Yhteenveto 2 p. 2008.

MicHEL, PATRIK, Production, purification and
evaluation of insect cell-expressed proteins
with diagnostic potential. - Diagnostisesti
tirkeiden proteiinien tuotto hyonteissolussa
seké niiden puhdistus ja karakterisointi.

100 p. (119 p.) Yhteenveto 2 p. 2008.
LinpsteEDT, CARITA, Maintenance of variation in
warning signals under opposing selection
pressures. - Vastakkaiset evolutiiviset valinta-
paineet ylldpitavat vaihtelua varoitussigna-
loinnissa. 56 p. (152 p.) Yhteenveto 2 p. 2008.
BoMmAN, SaNNA, Ecological and genetic factors
contributing to invasion success: The
northern spread of the Colorado potato beetle
(Leptinotarsa decemlineata). - Ekologisten ja
geneettisten tekijoiden vaikutus koloradon-
kuoriaisen (Leptinotarsa decemlineata)
levidmismenestykseen. 50 p. (113 p.) Yhteen-
veto 3 p. 2008.

MAKELA, ANNA, Towards therapeutic gene
delivery to human cancer cells. Targeting and
entry of baculovirus. - Kohti terapeuttista
geeninsiirtoa: bakuloviruksen kohdennus ja
sisddanmeno ihmisen syopasoluihin. 103 p.
(185 p.)Yhteenveto 2 p. 2008.

LeBIGRE, CHRISTOPHE, Mating behaviour of the
black grouse. Genetic characteristics and
physiological consequences. - Teeren
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saately. 96 p. (159 p.) Yhteenveto 2 p. 2009.
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TreBATICKA, LENKA, Predation risk shaping
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vuorovaikutukset. 38 p. (119 p.) Yhteenveto

2 p. 2009.

AROVIITA, JUKKA, Predictive models in
assessment of macroinvertebrates in boreal
rivers. - Ennustavat mallitjokien
pohjaeldimiston tilan arvioinnissa. 45 p.

(109 p.) Yhteenveto 3 p. 2009.

Rasi, Saya, Biogas composition and upgrading
to biomethane. - Biokaasun koostumus ja
puhdistaminen biometaaniksi. 76 p.

(135 p.) Yhteenveto 3 p. 2009.

PakkANEN, Kirsl, From endosomes onwards.
Membranes, lysosomes and viral capsid
interactions. - Endosomeista eteenpdin.
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vuorovaikutuksia. 119 p. (204 p.) Yhteenveto
2 p. 2009.

MaRrkkuLA, EVELIINA, Ultraviolet B radiation
induced alterations in immune function of
fish, in relation to habitat preference and
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taan. 50 p. (99 p.) Yhteenveto 2 p. 2009.
InALAINEN, TEEMU, Intranuclear dynamics in
parvovirus infection. - Tumansisdinen dyna-
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Yhteenveto 3 p. 2009.
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pathogen Flavobacterium columnare, and some
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45 p. (126 p.) Yhteenveto 2 p. 2010.
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Yhteenveto 3 p. 2010.
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Yhteenveto 1 p. 2010.

HoNkaNEN, MERjA, Perspectives on variation
in species richness: area, energy and habitat
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lajimaaraan. 46 p. (136 p.) Yhteenveto 2 p.
2011.

TivoNEN, Jonna, Woodland key habitats.
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33 p. (141 p.) Yhteenveto 2 p. 2011.
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sen vaikutukset poikasmédrdarviointiin. 49 p.
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JyvisjArvi, Jussi, Environmental drivers of
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variation - implications for bioassessment.
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(123 p.) Yhteenveto 3 p. 2011.

KorvuneN, Jarkko, Discovery of a2f1 integrin
ligands: Tools and drug candidates for cancer
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MOKKONEN, MIKAEL, Evolutionary conflicts in
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and genetic differences between the sexes.
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p.) Yhteenveto 2 p. 2011.
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3 p. 2011.

JaGapasHi, PADMA SHANTHI, Methods to
enhance hydrolysis during one and two-stage
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p-) Yhteenveto 3 p. 2011.

PAKARINEN, OuTl, Methane and hydrogen
production from crop biomass through
anaerobic digestion. - Metaanin ja vedyn
tuottaminen energiakasveista anaerobipro-
sessissa. 96 p. (141 p.) Yhteenveto 2 p. 2011.
KATAJA-AHO, SAANA, Short-term responses

of decomposers and vegetation to stump
removal. - Kantojen korjuun vaikutukset
metsdmaaperdan ja kasvillisuuteen. 44 p.
(108 p.) Yhteenveto 3 p. 2011.

VEsaLA, Laura, Environmental factors
modulating cold tolerance, gene

expression and metabolism in Drosophila
montana. - Ympéristotekijéiden vaiku-

tus Drosophila montana -mahlakirpésen
kylménkestdvyyteen, sithen liittyvien gee-
nien toimintaan ja metaboliaan. 38 p. (105 p.)
Yhteenveto 3 p. 2011.

TakaLa, Heikkl, Three proteins regulating
integrin function - filamin, 14-3-3 and RIAM.
- Kolme integriinin toimintaa sadtelevaa pro-
teiinia - filamiini, 14-3-3 ja RIAM. 78 p. (117
p-) Yhteenveto 2 p. 2011.

SALMINEN, TiNA S., Timing is everything:
photoperiodicity shaping life-history traits
and gene expression. - Ajoituksen tarkeys:
valojaksoisuus elinkiertopiirteita ja geeni-
ekspressiota muokkaavana tekijana. 49 p.
(151 p.) Yhteenveto 3 p. 2011.

Larra, ANNE, Conservation in space.

- Lajien suojelu tilassa. 41 p. (135 p.) Yhteen-
veto 2 p. 2012.

SivuLa, LEeNa, Characterisation and treatment
of waste incineration bottom ash and leachate.
- Jatteenpolton pohjatuhkien ja niistd muo-
dostuvien suotovesien ominaisuudet ja késit-
tely. 75 p. (132 p.) Yhteenveto 3 p. 2012.
JENNINGS, JacksoN HusBarD, Barriers evolving:
Reproductive isolation and the early stages
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p-) Yhteenveto 3 p. 2012.

PexkaLa, NINa, Fitness and viability of small
populations: the effects of genetic drift,
inbreeding, and interpopulation hybridiza-
tion. - Geneettisen satunnaisajautumisen,
sisdsiitoksen ja populaatioiden vilisen
risteytymisen vaikutukset pienten populaa-
tioiden kelpoisuuteen ja elinkykyyn. 46 p.
(131 p.) Yhteenveto 3 p. 2012.
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