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Abstract

Abstract

Over the past fifteen years there has been incrgasiterest in the environmental
occurrence, fate and effects of substances uspdaasaceuticals or personal care products.
While the understanding of the environmental faité ecotoxicity of pharmaceuticals is now
well developed, less information is available oe tiptake of pharmaceuticals and personal
care products into aquatic organisms and, in pdatic into sediment-dwelling organisms.
This study was therefore performed to develop aterstanding of the factors and processes
affecting the uptake of pharmaceuticals and petsoaee products into the sediment
dwelling oligochaete wormlLumbriculus variegatusThe study combined experimental
studies into the distribution of a range of phareudicals and personal care products in
sediment-water systems and studies into the upth#tee study compounds under a range of
conditions. The results were used to parameterideegaluate a model for estimating uptake

of pharmaceuticals and personal care productsigrthic organisms.

Adsorption of the study compounds from water toirsedt solids increased in the order
diclofenac < chloramphenicol < salicylic acid < magen < caffeine < sulfamethazine <
triclosan < fluoxetine. Comparison of the sorpti@sults with estimations from available
models for predicting sorption from chemical prd@es indicated that relationships
developed for neutral organic chemicals were nopr@miate for use on ionisable
pharmaceuticals and personal care products. Whekdigiive models, developed specifically
for ionisable chemicals, produced improved predicti of sorption, even these predictions

were not perfect.
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Bioconcentration factors for the study compoungsnfivater intol. variegatuswere found

to increase in the order chloramphenicol < diclaferx salicylic acid < fluoxetine <
naproxen < triclosan. The differences in bioconeditn factors could not be explained by
differences in log Kow and log Dow which are desimis that have previously been used to
predict the uptake of neutral organic substancesi@misable substances in other species of
invertebrates. There was also disagreement betwhen uptake measurements and
predictions obtained from models developed fomesting the uptake of ionisable chemicals

into aquatic organisms.

The uptake of four of the study compounds (caffedielofenac, fluoxetine and triclosan)
was further evaluated at different water pH valuEsr three of these compounds
(diclofenac, fluoxetine and triclosan), the potehtor metabolism by . variegatuswas also

assessed as was the uptake and route of uptakennote sediments. Uptake of diclofenac
and fluoxetine was found to be highly sensitiveckmnges in pH with bioconcentration
factors varying by over two orders of magnitudecl@fienac) and four orders of magnitude
(fluoxetine) across three pH units. Tissue analysiBcated that while diclofenac is not
metabolized by the worms, fluoxetine and triclogae heavily metabolized. The whole
sediment studies demonstrated that uptake of éictaf and fluoxetine occurs primarily
from the sediment pore-water whereas for triclos@diment ingestion provides a small

contribution to the uptake.

Results from the different components of the stwdye used to parameterize and evaluate a
model for estimating uptake of pharmaceuticals peional care products from sediments
into benthic organisms. Comparison of predictiangfthis model for diclofenac, fluoxetine
and triclosan were compared to measurements fromlewbediment studies. While the
model was found to under-predict the uptake ofds@&n, good predictions were obtained for
diclofenac and fluoxetine. With further developmeand evaluation, the uptake modeling
approach could provide a valuable tool for usédnerisk assessment of ionisable compounds

such as many pharmaceuticals and personal caragisod
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Chapter 1 - Introduction

CHAPTER 1

INTRODUCTION

1.1 lonisable chemicals in the aquatic environment

lonisable chemicals are chemicals that possesareithak acidic or basic functional groups
that have the potential to protonate or deprotoraaie thereby give positive or negative
charges to the molecules. lonisation of chemicaldeiscribed in more detail in Section 3.3.
lonisable chemicals are found ubiquitously amorlgstdifferent chemical categories used
in our everyday life, including pharmaceuticals,rqmmal care products, house hold
chemicals and pesticides. For example, Fraat@. 2010 showed that out of a subsample of
1510 out of 17000 of the chemicals pre-registerad due for registration within the

European chemical legislation REACH, 33 % weresediat pH 7.

In addition to the chemicals pre-registered witRBBACH, a large proportion of substances
used as pharmaceuticals and personal care produtish are commonly referred to as
PPCP’s, are ionisable (Daughton, 2001).The envienat fate and effects of human
pharmaceuticals, personal care products and haldechemicals has only recently come to
the attention of the scientific community (Boxa&t al. 2012). Nevertheless, extensive
reviews addressing the environmental impact of éhgeoups of chemicals have been
produced over the last 15 years (Halling-Soreretesl, 1998; Daughton and Ternes 1999;
Monteiro and Boxall, 2010; Brausch and Rand, 2011h the following sections, an

overview is given of the environmental exposure affdcts of mainly pharmaceuticals but

also a few active ingredients in personal care yetsdin the environment.
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Chapter 1 - Introduction

1.1.1 Environmental exposure routes

The major exposure route of down the drain chemigdb the aquatic environmentvi&
the discharge of sewage waters from hospitals angdholds into the municipal waste
water system (Carbalket al. 2004). Following use, the chemicals may be metatolby the
human body and then the parent compounds and atgbatitges will be released to and
transportedvia the sewerage system to a wastewater treatmerit pance they enter the
sewage treatment plants they can either assocititetive sewage sludge or remain in the
aqueous phase (Carbaka al. 2004). The fraction remaining in the aqueous phezese
undergo degradation, either biotically (Onestosl. 2009) or abiotically (Andreozat al.
2003) resulting in the formation of degradationduats. A mixture of parent compounds,
metabolites and degradation products will thenddeaised into receiving waters (Stilen

al. 2008; Leeet al, 1998).

An additional exposure route that has recently bgleown to be of major importance,
predominantly in the developing world, is the imted and unintended discharge of
substances from pharmaceutical manufacturing ditesssonet al. 2010). Veterinary

pharmaceuticals may be released to the aquaticoemvéent either directly, when used in
aquaculture, or indirectly when manure and sluroynftreated livestock is applied to land as
a fertilizer (Boxallet al, 2004). Following addition to land, veterinary piaceuticals can

be transported to the aquatic environmeiat runoff from agricultural lands to adjacent

streams and ditches (Boxall al. 2004).

1.1.2 Occurrence of PPCPs in the aquatic environment

As a result of their continuous use by society #mel fact that selected PPCPs are not
removed by wastewater treatment, a range of PPQRb their metabolites and

transformation products have been detected in mgsgstems around the world (e.g.

17



Chapter 1 - Introduction

Monteiro and Boxall, 2010; Brausch and Rand, 20Different classes of pharmaceuticals
and active ingredients in personal care produ@draguently detected in surface waters and
sewage effluents at concentrations up to low pgilels; concentrations are slightly higher
in effluents (Daughton and Ternes, 1999; Monteind 8oxall, 2010; Brausch and Rand,
2011). Pharmaceuticals have also been detectedrashviater sediments at ng/g
concentrations (Nilseet al. (USGS); Vazquez-Roigt al. 2010). At manufacturing sites, the
concentrations of pharmaceuticals can be much higler example, Larssoet al. (2007)
measured concentrations of a range of broad speaniibiotics in waste water effluent in
Hyderabad, India. The maximum detected concentratfcciprofloxacin, a fluoroquinolone
antibiotic, was 31,000 pg/L which is higher tham thighest therapeutic dose in human
plasma and several orders of magnitude higher ¢tbhanentrations where ecotoxicological

effects have been reported in bacteria and aqpiatids.

1.1.3 Reported effects of PPCPs in the aquatic environmén

As many pharmaceuticals and active ingredientseirsgnal care products are biologically
active molecules, concerns have been raised oegodtential impacts of PPCPs in surface
waters on aquatic organisms (e.g. Halling-Soreeseh. 1998; Daughton and Ternes, 1999;
Fentet al. 2006). A range of pharmaceuticals have been showifect aquatic organisms at
low concentrations. For example, several studies heported effects on the reproduction of
non-target organisms following exposure to ethiestradiol (EE2), the active ingredient in
the contraceptive pill, at the individual level ffBtiz et al. 2003; Nastet al. 2004) and also
at the population level (Joblingt al. 2006; Kiddet al. 2007). EE2 has also shown to have
effects not only related to reproductive endpolis also on developmental endpoints. For
example, Soarest al. (2009) observed effects on embryonic developmenZédbra fish
when exposed to low and environmentally relevamceatrations of EE2. Effects of
pharmaceuticals with other mechanisms have also begorted. Porsbringt al. (2009)

reported effects on sterol synthesis in marine oailggae when exposed to concentrations as
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Chapter 1 - Introduction

low as 50 pM of the fungicide clotrimazole. Expasuo diclofenac, a non-steroidal anti-
inflammatory drug (NSAID), has been shown to alter histology of the kidney (Schwaiger
et al. 2004). Reported histological effects included mgaldroplet degeneration of the
tubular epithelial cells and the occurrence of mterstitial nephritis. In the gills of fish,
exposure to diclofenac results in necrosis of pitlells leading to damage of the capillary
wall within the secondary lamellae. (Schwaigerl. 2004). Fluoxetine, a selective serotonin
reuptake inhibiter which is used in the treatmentiepression, has been shown to cause
effects on behaviour such as decreased activityreagion, and changes in avoidance
behaviour in both vertebrates and invertebratesL@weyeet al. 2006; Perreaukt al. 2003;
Painteret al. 2009). The high use of antibiotics has led toct#f¢hat may have impacts on a
global scale (Sarmahkt al. 2006; Cabello 2006; Fricket al. 2008). When bacteria are
exposed to a selection pressure in the form of rdibiatic, a common response of the
bacterial population is to develop resistance dhtibiotic (Wellingtoret al, 2013). The
genes associated with the resistance can thenbpog& transferredria horizontal gene
transfer into pathogenic bacteria, creating resispmthogens which may have substantial
ecological and economic outcomes (Kristianssbnal. 2011). However, the impact of
antibiotics present in the aquatic environment foe frequency of resistance transfer is a
topic of considerable debate. The information amdd to date suggests that the input of
resistant bacteria into the environment from défersources seems to be the most important
source of resistance in the environment and thapsgxe to antibiotics in the environment

plays a limited role in the selection of resistaf¢emmerer, 2009).

Pharmaceuticals have also been shown to have rogaist effects in the terrestrial
environment. For example, in the Indian subcontinge Oriental white-backed vulture was
once one of the most common raptors (Ali and Ripteyakset al. 2004). In the 1990s,
population numbers declined by >95% (Pa&hal. in Oakset al. 2004). Since then,
catastrophic declines in the population of two ptepecies of vulture have also been

observed (Paiet al.in Oakset al. 2004). Oakst al. (2004) showed a correlation between
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renal failure, visceral gout and mortality in theltures. The visceral gout was associated
with residues of the anti-inflammatory drug dicloée in the vulture tissues. The vultures
are thought to have been exposed to diclofenaacesuit of the consumption of carcasses of
livestock that had been treated with diclofenace Tke of diclofenac in farm animals in the
Indian subcontinent has now been banned and effmesbeing made to re-establish the

vulture populations.

1.1.4 Assessing risks of PPCPs in the environment and thmportance of
understanding chemical uptake.

A number of regions of the world require an envinemtal risk assessment for a PPCP to
protect the natural environment from harm from ¢hpsoducts. For example in Europe, the
European Medicines Agency (EMA; previously calléeé European Medicines Evaluation
Agency (EMEA)) requires an environmental risk asssnt for all new human
pharmaceuticals as part of the marketing autheoizgirocess. These assessments typically
involve the performance of studies to assess thiecammental mobility and persistence of a
substance as well as ecotoxicological studies $esasthe potential effects of the substance
on aquatic and terrestrial organisms (EMEA, 20@jnilar requirements are in place in
Europe for compounds used in veterinary medicindCH{ 2000; VICH, 2005) or in

personal care products (REACH, 2006).

In the risk assessment process, knowledge of ttekef a substance from the environment
into organisms as well as the factors determinimgake can be invaluable. An

understanding of uptake allows an assessment ef:btbaccumulation potential of an

organism; the potential for a substance to causens@ry poisoning; and can also help to
support extrapolation of toxicity data from one @pe to another or from one environmental
situation to another (Williams, 2005). For examplee to the fact that many organisms have
the same receptors as humans, it has been sugtfest@tharmacological data could be used

to inform the environmental risk assessment of arplaceutical product (Huggett al.
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2003; Berninger and Brooks 2010). The next sedtienefore provides an overview of how
chemicals are taken up into organisms and reviaestrrent knowledge on the uptake of

PPCPs into aquatic organisms

1.2  Uptake

A contaminant that accumulates in biota can undag Ilterm exposure and concentrate
higher up in the food chain and as a consequeckttesecondary poisoning, an example is
the decline of the populations of the Oriental weHiticked vulture caused by the feeding on
livestock treated with diclofenac, described in fitrevious section (Oakst al, 2004). To
better understand the effects caused by direct sexpoor secondary poisoning from a
contaminant in the aquatic environment it is themefcrucial to have knowledge about the
uptake and depuration of contaminants in organiéhog to many pharmaceuticals having
enzyme and receptor based modes of actions, pescedsch are intensively studied during
drug development, it has also been suggested to phsemacological data in the
environmental risk assessment process (Huggedl. 2003; Berninger and Brooks 2010).
However, to utilise this source of information, kiiedge on how to estimate internal

concentrations in non-target organisms is essential

1.2.1 Bioconcentration, bioaccumulation and biomagnificaion.

In the current literature, the use of the termscoimentration, bioaccumulation and
biomagnification are often used interchangeablythis thesis the terms used are those
defined in the Technical Guidance Document, TGDOZ0Bioconcentration is defined as
the net result of uptake, distribution and elimioatof a chemical from waterborne
exposure. Bioconcentration is expressed in ternteeobioconcentration factor (BCF) which
can be calculated either statically or dynamicallystatic bioconcentration factor is the ratio

between the concentration in the organismyfts- and the concentration in the surrounding
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waters (Gae) at steady state. A dynamic bioconcentration facen be calculated using
uptake and depuration kinetics from the quotienthef uptake (k) and elimination (k)

rate constants see Eq 1 (van Leeueteal. 2007).

Kin
or Eq 1.

water out

Cor i
_ ganism
B(':Forganism_ C
Bioaccumulation is the net result of the uptaksjribution and elimination of a chemical
from all exposure routes i.e. water, sediment,, soil and food. Biomagnification is the
accumulation of a chemicaia the food chain and can be defined by a biomagtitio
factor (BMF), which is the relative concentratian a predatory animal compared to the

concentration in its prey:

C
BMF = —Preder Eq 2.

prey

1.2.2. Uptake from sediment and sorption.

Sediment can act both as a sink through sorptioa ofiemical to particles and a source
through resuspension of environmental contamin&#diment dwelling organisms have the
potential to accumulate chemicals either passiviyptake from the water column or the
pore water in the sediment or activelig ingestion of a food source. Therefore sediment
associated contaminants may pose a threat to sedidweclling organisms that are not
predictable from concentrations in the water colualone. Measuring or estimating
bioconcentration is a fairly standard proceduragsess the risks posed to sediment dwelling
invertebrates by environmental contaminants anduiitake of contaminantgia a food
source is often discarded (Wenniegal. 2005) . However, for deposit feeding organisms,

that live in and ingest sediment, to obtain nutddrom particles suspended in the sediment,
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the risks from environmental contaminants may beewvestimated if only uptake from pore
water alone is considered. This is especially farechemicals that strongly associate to
sediment particles (Leppanenal.2000). There are examples of studies where trekeif
contaminants into sediment associated organismddtased on the exposure from water
only (Wildi et al. 1994; Artola-Garicaneet al. 2003). However, most studies measuring
uptake into sediment living organisms have expdbeth to spiked sediment (Comleral.
2007; Leppanen and Kukkonen 1998; étual. 2004; Weston and Gulmann, 2000). Only a
few studies have explored the importance of differeptakes routes of chemicals into
sediment dwelling invertebrates and the resultsiravenclusive. Combeet al. (2007) and
Leppanen and Kukkonen (1998) showed that uptelee ingestion of sediment into
Lumbriculus variegatusvas the main uptake route of uptake for some ectanfils and
polycyclic aromatic hydrocarbons whilst lat al. (2004) showed that the main uptake into
oligochaetes igia the pore water. Weston and Gulmann (2000) shohatdthe importance
of uptake routes into the polychaétbarenicola pacificas time dependent. To gain better
understanding of the uptake of contaminants intbnsent living organisms it is therefore
crucial to have knowledge of the bioconcentratient the water exposure, the importance
of the different uptake routes as well as the sanpibehaviour of the chemical to sediment

particles.

Sorption behaviour can be described by a solidiwdigtribution coefficient, Kd (mL/g). Kd

is defined as the ratio of the concentration ofhe&ngical in two different phases i.e.
sediment/water, soil/water or sludge/water at doyiiim. Sorption is often normalised for
organic carbon and expressed as a Koc value. Tipegeiof Koc is to reduce the variability
in the sorption coefficient for a substance whepliad to soils and sediments with varying
organic carbon fraction. The formulae for calcuigtkd and Koc are shown in equation 3

and 4.

K, =—2 Eq 3.
S q

aq
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K = Kq (100 cqa
oC

Where G(mg/g) is the concentration of a chemical in adsphase i.e. soil/sediment/sludge
and Gq (mg/mL)is the concentration in the aqueous phase. Theasesumes that there is
only partitioning to the organic matter by hydroplwinteractions and may consequently

not be a good descriptor for sorption of ionisatfiemicals.
1.3.  Equilibrium partitioning

1.3.1. Theory

To experimentally measure the environmental fatewadl as toxicity to non-target
organisms for all new chemicals that enter the etaidka challenging and time consuming
task. Equilibrium partitioning aims to predict theios of a chemical that will associate to
soil or sediment particles and how much that wéllfeely dissolved in the pore water and
consequently may be taken up into biota and pgss$ible an effect in the organism. A
schematic figure of equilibrium partitioning is st in Figure 1. By using equilibrium
partitioning, variability in uptake between sedintgeis removed. Di Toreet al (1991)
showed for neutral organic chemicals that by ugoge water concentrations, to remove
sediment variability, alongside effect data fromteveonly studies, it is possible to predict
the effects of these substances to sediment organiSi Toro also suggests that for neutral
organics chemicals in an equilibrated sedimentesysthe effective exposure concentration
is the same regardless of exposure route. Howéeee tare a few assumptions made when
assessing risks of environmental contaminants dinsnts using equilibrium partitioning

(TGD; 2002):

- Sediment dwelling organisms are equally sensitivéhe chemical as pelagic

organisms.
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- Concentrations in the sediment, the interstitiatepavater and in the benthic

organism are at thermodynamic equilibrium.

- Sediment-water partitioning can be measured orveérifrom chemical

properties and sediment characteristics.

Water Only Sediment - Pore Water
Exposure Exposure
—
'1 Biota Biota I|
| Carbon Water

Equilibrium Partitioning

Figure 1. Diagram showing the exposure routes frora water only exposure (left) and a
sediment system at equilibrium (right). Koc is thepartition coefficient describing the
distribution of a chemical between the pore water iad the organic carbon fraction (di
Toro et al. 1991).

1.3.2. Application of Equilibration Partitioning in Environmental risk

assessment for chemicals in sediment.

In the Technical Guidance document, TGD, the Eusopghemical bureau recommends the
use of equilibrium partitioning when experimentaltal are missing for risk assessment of
environmental contaminants in sediments. Chemithiét have a partition coefficient

normalised for organic carbon, Koc < 1000 L/Kg ao¢ likely to sorb to sediment, therefore

25



Chapter 1 - Introduction

a trigger value for sediment effects assessmetdgoKoc or log Kow< 3 is used to avoid

extensive testing. To decide whether a chemicdl v@l/e the potential to cause harmful
effects in the environment a Risk quotient (RQ)x#culated by comparing a Predicted
Environmental Concentration (PEC) with the Predidio Effect Concentration (PNEC),
the concentration below which unacceptable effeces not likely to occur. The RQ is

calculated as follows:

RQ:LC‘Sed Eq 5.
PNEG.,

RQ:&CSGC‘ Eq 6.
PNEG.,

If the PEC/PNEC is greater than 1, then thereradieations of risks to non-target organisms
in the sediment. If measured environmental conaéotrs are available, these can be used in
calculating the RQ, shown in Eq 6. If measured (NEC predicted (PEC) sediment
concentrations are absent the risk assessmeridaduatic compartment also has to cover
the sediment compartment for substances with &Klog < 5. For substances with a log
Kow > 5 an assessment factor of 10 is applied sagealibration partitioning only considers
exposurevia the water. This is inconsistent with the recomméionda in Di Toroet al. 1991
where it is stated that the exposure route is fdinportance for a neutral chemical in an

equilibrated sediment / water system.

For most chemicals that enter the market, sedinoeatity data are not available. Therefore
equilibration partitioning is used as an initiatesening approach to assess a potential risk of
sediment associated chemicals. The Predicted NecEffoncentration (PNEC) for the

sediment compartment is calculated as follows:
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K
PNEC,, = #W‘ [PNEC,,,, (1000 Eq7.

susp

Table 1. Explanation of symbols

PNEGyater Predicted No Effect Concentration in water [mg /1]
RHOsusp bulk density of wet suspended matter [kg / m?]
K susp water partition coefficient suspended matter water [m?/ m7
PNECeq Predicted No Effect Concentration in sediment [mg / kgl

If the first screening, using equilibration paditing, indicates a potential risk, an
experimental study with spiked sediment is reconaaedn When experimental data is
scarce, assessment factors must be applied. Theokithe assessment factors (1-1000)
depends on the uncertainty of the data and thetitgparf extrapolation needede. inter-

and intra-laboratory variations of data, inter- amiia-species variations, short term to long

term exposures and laboratory to field study exiigtmpns.

1.3.3. Equilibration Partitioning of lonisable Chemcals, Dissociation and log
D

Equilibrium partitioning can be applied to non-iondrganic chemicals, but the use for
ionised chemicals is not recommended (TGD 2003f@o et al. 1991). The reason is due

to their chemistry. As stated previously, ionisablemicals possess either weak acidic,
basic or both acidic and basic functional group&ivihave the potential to dissociate in the
natural environment depending on the pH. The diaton of a weak acid is is described by
equation 8 and illustrated in Figure 2. The disstianh of a weak base is described by
equation 9. The degree of ionisation is describethb dissociation constant,lér K,, and

is defined in Eq 10 and 11. The measurement oétiieagth of an acid or a base in solution
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is described by their pjor pK, which is the pH at which the chemical is presengqgual

amounts of its neutral and ionic species (Figure 3)

HA - A"+H" Eq 8.

HB* o H" +B Eq 9.

=IAIOH] Eq 10.
[HA]

Kb:@ Eq 11.
[HB']

The protonation or deprotonation of a chemical wither acidic or basic or both acidic and
basic functional groups can change the chemicglegrties and as a consequence also the
fate and toxicity of the chemical in the environmégrancoet al. 2008). Several studies

have reported a changing fate and toxicity of arébal with a changing pH, see section 4.1.

Oy -OH Ngge

A /OYCHS — (/L:: ,Om/,CHS +H
ﬂ\, P 0 L\/;J/ 0

Figure 2. lonisation of acetyl salicylic acid, a wak acid. Acetyl salicylic acid has a pKa
of 3.1 (SPARC calculator) and is present predomingly in its neutral form (to the left)
at pH < 3.5 and in its anionic form at pH > 3.5 (tdhe right).

28



Chapter 1 - Introduction

100 %

HA HA-

% Formation
50 %

0%

-3 -2 -1 0 1 2 3
pH - pKa

Figure 3. Dissociation of a weak acid. The neutrdbrm is displayed in red and the
dissociated anionic form is displayed in blue.

Lipophilicity of ionisable chemicals can be desedkby the Log D. Log D is defined as the
ratio of the sum of the concentrations of all forofishe compound (ionised plus unionised)
in each of the two phases e.g. octanol and water specific pH. Since Log D is pH

dependent, one must specify the pH at which thélegas measured or calculated using Eq

12 (acids) or Eq 13 (bases).
logD = log Kow— log(L+10P"~P<?) Eq 12.

log D = log Kow—log(L+10P<*P") Eq 13.
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1.4. What chemical, environmental and biological pwperties

affect uptake of chemicals.

1.4.1. Chemical properties

1.4.1.1 Log Kow

It is generally recognised that the bioaccumulatbm chemical is related primarily to its
lipophilicity and several studies support this (Mag 1982, Chiou 1985). The Technical
Guidance Document on risk assessment (2002) ugephilicity (expressed by the Log
Kow) as a trigger value for secondary poisoninguhistance with a Log Kow > 3 is referred
to as bioaccumulative and substances with a Log KaWb as highly bioaccumulative and
are subjects for higher tier testing (TGD, 2002pwdver, for chemicals that have the
potential to ionise, e.g. pharmaceuticals, at emvirentally relevant pH, Log D was
suggested as a better descriptor for bioaccumuldtioaquatic invertebrates (Meredith-

Williams et al. 2012).

1.4.1.2 pKa

The pKa describes the degree of dissociation dfieanical at a particular pH value. If a
chemical has a pKa in the range of environmentalgvant pH values it is very likely that
will have an effect on the uptake into organisme ¢ protonation or deprotonation of

ionisable chemicals, this is discussed furtheerntion 4.2.1.

1.4.1.3 Molecular weight and steric effects

Molecular weight has been shown to influence thiakeoof organic chemicals in soils. Topp
et al. (1986) and Shaw and Connell (1980) showed tlericseffects, e.g. due to
chlorination, have an influence on the uptake digdorinated biphenyls (PCB's) in sea
mullet. Lohner and Collins (1987) studied the uptak six organochlorines in midge larvae
(Chironomus ripariuys and discovered a correlation between moleculaighwe uptake

constants and Log Kow.
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1.4.2. Environmental properties

1.4.2.1 pH

Despite the variability of pH in waters, sedimemsd soils, only a few studies have
investigated the effects pH have on the fate ariditg of organic environmental pollutants.
The bioconcentration of pyrene was studied in midgeae Chironomus ripariuy at three
different pH values, 4, 6 and 8. A correlation begw an increased pH and an increased
uptake was shown. However, exposing the midgesHa#t pnduced an abnormal mucus
secretion. Thus, it was hypothezised that thisaesp to an acidified environment caused
the reduced biconcentration (Wildt al. 1994). Nakamurat al. (2008) investigated the
toxicity and bioconcentration of fluoxetine in jaygse medakaQryzias latipey at three
different pH values, 7, 8 and 9. They found thab0@alues ranged from 0.2 mg/L (pH 9)
to 55 mg/lL (pH 7). The difference in toxicity wasxplained by differences in
bioconcentration at different pH values. BCF valtasged from 13 (pH 7) to 330 (pH 9),
explained by a higher fraction of the lipophilicmi@nised species at the higher pH. Another
study investigated the sorption to natural sedimevith varying pH (Zhanget al. 2010).
The study showed that the sorption of the antibjaétracycline, to sediment was dependent
on a range of environmental factors and that samptias facilitated at lower pifa a cation

exchange mechanism.

1.4.2.2 Sediment characteristics

Several studies have investigated the influenceediment characteristics on the sorption
behaviour of chemicals. Organic matter has beewisho increase the sorption of phenolic
chemicals (Isaacson and Frink 1984), as has theepce of cadmium and copper on the
sorption of tetracycline to sediments and soilsaffet al. 2011). Particle size has also been
shown to have an influence on the distribution loéraicals in sediments, hence also the

bioavailabilty of organic xenobiotics (Kukkonen atahdrum 1996).

31



Chapter 1 - Introduction

1.4.2.3 Food quality / quantity

Granberget al. (2006) investigated the effects of sediment organatter quality on the
uptake of pyrene into the mud snidiydrobia ulvaeby using two different food sources, one
high quality microalgaeTetraselmis s@nd a low quality lignin. Pyrene was accumulated
into the organisms to a larger extent when a higgiity food source was used compared to
the low quality food. Gilelet al. (1996a) investigated the effects of algae conaéotr on
the accumulation of PCBs in the Baltic musksitilus edulisand observed a decreasing

bioaccumulation when algae concentration increased.

1.4.2.4 Temperature

Uptake of a series of moderate to very hydroph&¥i€ls was measured In variegatusat
three different temperatures, 5, 12 and 24 ° C.ulReshowed that the uptake was an
enthalpy driven process and that bioconcentratemreshsed with an increasing temperature
(Muijs and Jonker 2009). The bioconcentration otheacene was also measured in
chironomids at three different temperatures, 16,a28 30 ° C. Results showed that
anthracene was taken up to the greatest extend &t @, lesser at both 16 and 30 ° C
(Gerould et al. 1983). Wanget al. (2011) saw increasing sorption behaviour with a
decreasing temperature of five different PAHs toe¢hdifferent sorbents, two natural
sediments and a treated inorganic fraction whiamsequently changes the bioavailability

and the potential for uptake into biota.

1.4.3. Biological properties — size, feeding behawir and metabolic pathways

The accumulation of environmental contaminants qnadic organisms can vary between
organisms due to several species specific trags feeding behaviour, size and the presence
or absence of metabolic pathways within an organiBne impact of ecological processes

such as competition and predation on the uptaleneironmental contaminants have been
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less studied, however it is likely that they migtftuence the bioaccumulation into aquatic

organisms.

1.4.3.1 Size

One can assume that an organism’s body size Vidtiathe bioconcentration of chemicals
mainly as a result of two factors. A smaller orgamihas a higher surface/volume ratio and
thus has the potential to accumulate chemicalsiyeggdo a higher extent than a larger
organism (Arnott al, 2012). However, a larger organism is more likeljrave a longer gut
which increases the gut passage time and the pdtémt accumulatiorvia a food source.
Ahrens et al. (2001) observed that larger individuals Méreis succineshad a higher
adsorption efficiency of food and sediment bourghaic contaminants compared to smaller
individuals which were explained due to a longer gassage time. The influence of body
size on the uptake, depuration, and bioaccumulatfguolychlorinated biphenyl congeners
was studied in the mussaé¥ytilus edulis,by Gilek et al. (1996b). It was found that an
increasing body weight resulted in a decreasingdamomulation that could not be explained

simply by equilibrium partitioning.

1.4.3.2. Feeding behaviour

Gaskellet al. (2007) measured the bioaccumulation of DODMACationic surfactant, in
four freshwater macroinvertebrate&sgllus aquaticusChironomus riparius Gammarus
pulex Lumbriculus variegatys Chironomusaccumulated the DODMAC to the highest
degree and the observed bioaccumulation patterrQveisnomus> Gammarus> Asellus=
Lumbriculus The results could not be explained only by gutspge time. Another study
measured the bioaccumulation of PCBs and PAHs rigethlifferent marine species with
different feeding behaviourArenicola marinawhich feeds by ingestion of sediments;
Macoma balthicaa deposit feeder; andytilus edulis a filter feeder. The contaminants
were accumulated as followArenicola> Macoma> Mytilus and the study concluded that

the feeding does have an impact on the uptake mmirvgiKaaget al. 1997).
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1.4.3.3. Ecological processes

In the study of Kaagt al. (1997), it was also observed tihacoma balthicaeaccumulated
the chemicals more than in the presenchligtilus edulis This was thought to be due th
edulis preventing the blooming of phytoplankton whichuléed in a decreased overlying
food source (Kaagt al. 1997). Time could also be an important factot theght influence
the uptake of chemicals into aquatic organismseféstudies refer to bioconcentration and
bioaccumulation factors as the ratio of the tissolecentration and the surrounding matrix.
However, in many cases tests are not run untillieguim and BCF and BAF should be
referred to as pseudo BCF or BAF. Without equillibr being reached, dynamic factors
must be calculated based on uptake and depuratites.rTime can also influence the
fraction of a contaminant that sorbs irreversiloythe sediment (Loffleet al. 2005). This is

likely to influence the uptake of contaminants istmliment dwelling organisms.
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1.5. A conceptual model for estimating uptake intosediment

dwelling organisms

To estimate the uptake of sediment associated m@uaunicals or active ingredient in
personal care products into sediment dwelling deyas, there are some fundamental
knowledge gaps that need to be filled. For exampie must have knowledge on the
distribution of the contaminant between the sedinpamticles and the sediment porewater,
e.g. by measuring a distribution coefficient susiKg We must also have knowledge on the
degree of uptake and depuration from the pore watdrof how environmental properties
might affect this. For example, for ionisable cheas, pH could be very important in
determining the uptake of a compound. Additionalkke must have knowledge on the
metabolism of the compound since metabolism caschthe uptake and depuration kinetics
of contaminants. Last but not least, the addiliomtake of contaminantia contaminated
sediment must be addressed. A conceptual modstriiting the inter-linkages of all these

process is shown in Figure 4.

Metabolism

Kq
—) lPore water

Uptake via feeding

Figure 4 A conceptual model for estimating uptakento sediment dwelling organisms.
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1.6. Aim and objectives of thesis.

The overall aim of this thesis was to develop adeustanding of the factors and processes
affecting the uptake of PPCPs into sediment dwglirganisms and to explore whether the
conceptual framework described above is suitableafsessing the uptake of sediment-
associated ionisable substances into benthic ageni This was achieved using the

following specific objectives:

1. To explore the sorption behaviour of ionisable coomls in natural sediment and to
assess whether this behaviour can be predicted loasthe physico-chemical properties of a

substance (Chapter 2);

2. To explore the uptake and depuration behaviourraihge of ionisable compounds,
in order to understand the relationships betweeakepand the physicochemical properties
of a molecule and to evaluate existing models &ineting uptake of ionisable substances

into benthic organisms (Chapter 3);

3. To explore the effects of varying pH on the uptakselected ionisable compounds

from water into benthic invertebrates (Chapter 4);

4, To assess the degree of metabolism of selectedaiolei compounds in benthic

organisms (Chapter 4);

5. To determine the importance of feeding as a routeumtake for ionisable

compounds (Chapter 5); and

6. To use the information, produced by Objectives 1e5model uptake of a selection
of ionisable compounds from sediment into benthioganisms and to provide

recommendations on how to better to assess the ofksediment-associated ionisable
substances (Chapter 6).
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The work focused on the oligochaete worbymbriculus variegatusand a range of
compounds used as pharmaceuticals or ingrediepesrgonal care products. An overview of
L. variegatusand more detailed information on the study compsuis given in the

following Sections.

1.7. Study organism

Lumbriculus variegatus

#Phylum: Annelida

‘Class Oligochaeta
& Order: Lumbriculida
. 3 Family: Lumbriculidae

Genus sp Lumbriculus
ariegatus

Common names California
blackworms; blackworms;
mudworms

L. variegatusare found in North America and Europe. Preferrebitats are at the edges of
ponds, lakes, slow flowing rivers or marshes whirdeeds on decaying vegetation,
microorganisms and sediment (Brinkhurst and Gelti@91, Penttineret al. 1996). L.
variegatusinhabits both the sediment and water compartmenil&neously, dwelling with
the head first in the sediment and keeping the itaithe water, where respiration and
photoreception occurs (Penttineh al. 1996).L. variegatusreproduces both sexually and
asexuallyvia autotomy into two fragments (Drewes and Fourth®80). Both fragments can
regenerate into two individuals. Sexual reprodurctis very rarely observed in the
laboratory, however asexual reproduction is commatiserved (Drewes and Brinkhurst
1990). Recent genetic work on the speciatioh.ofariegatusreveals thak. variegatuswvas

found to consist of at least two distinct cladear{tl 1), both of which occur in Europe as
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well as North America. The authors concluded tHatles I-Il are separately evolving

lineages, and that they should be regarded asaemecies (Gustavssenal. 2009).

Lumbriculus variegatusand other benthic macroinvertebrates are the pfeyarious
secondary consumers, e.g. crabs, bottom-feedihgail birds eating sediment dwelling
organisms. (Wootton, 1984; Wallace and Webster619%hus, transfer of accumulated

contaminants to predators may occur and resuitdnredary poisoning.

L. variegatus has been commonly used for measuring bioaccuronlatif sediment
associated contaminants into sediment dwellingrosgas. For instance, the uptake of PAHs
into Lumbriculus variegatufias been well studied, and a number of publicat@muptake
routes, feeding behaviour, trophic transfer ardlavi in the open literature (Kukkonen and
Landrum, 1994; Leppanen, 1995; Conreidal. 2002; Leppanen and Kukkonen, 2008;
Navarroet al. 2013). Other groups of substances whose uptakebban studied ih.
variegatusare chlorinated hydrocarbons, metals and surfect{@hippset al. 1993; Ankley

et al. 1994, Combeet al. 2008). Although, more scarce, data on the bioactation of

PPCPs intd_. variegatusare also available (Leibigt al. 2005; Higginset al.2009)

1.8. Study compounds

The study used a range of compounds used as @itle@maceuticals or as ingredients in
personal care products. The compounds were selextmaler a range of physico-chemical
properties and included acidic, neutral and baghstances. An overview of the structure
and properties of the study compounds is given abld 2 and an outline of the use,

properties and environmental effects of the stumymounds is given below
Caffeine

Caffeine (3,7-dihydro-1,3,7-trimethyl-1h-purine-2jne) is a crystalline alkaloid that in

humans act as a stimulant of the central nervostesy Caffeine has been reported to be the
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most commonly consumed stimulant by humans (Laveresic al. 2005) and human
consumption has been estimated to average 70 rfejresperson/day (Buergs al. 2003).
Medicinally it is used as a cardiac, cerebral, eggpiratory stimulant, and it also functions
as a diuretic (Buerget al. 2003). Caffeine mainly acts as an antagonizexdenosine and

increases activity in neurotransmission (Detiyal. 1981).

As a result of its high consumption, caffeine isanmonly detected substance in surface
waters around the world (Kolpiat al. 2002; Weigelet al. 2002; Buergeet al. 2003;
Metcalfe et al. 2003; Sankararamakrishnan and Guo 2005; ThomasFaster 2005).
Previous research has shown effects of caffeineseveral non-target species in the
environment with LC50 values of below 100 mg/L lgeireported for fish, aquatic
invertebrates and insects (Moaeal. 2007). Bantleet al. (1994) found that relatively low
caffeine concentrations in water affected Xenopesit egg development when exposed for

96 hours (LC50 = 0.22 to 0.37 mg/mL).

Chloramphenicol

Chloramphenicol (2,2-dichloro-N-[1,3-dihydroxy-1-fdtrophenyl)propan-2-yllacetamide)
is a broad spectrum antibiotic that became availabl 1949. Chloramphenicol prevents
protein chain elongation by inhibiting the peptidyansferase activity of the bacterial
ribosome. It specifically binds to A2451 and A24%Bidues in the 23S rRNA of the 50S

ribosomal subunit, preventing peptide bond fornmafitardetzky, 1963)

Chloramphenicol has been detected in both sewdlyeerts and surface waters (Stolletr
al. 2004; Choiet al. 2008). Effects of chloramphenicol have been olegkin fresh water
and marine species of algae at high pg to low mdjitee concentrations (Campa-Cordosia
al. 2006; Sanchez-Fortust al. 2009). Concerns have also been raised over tlesfeltfor
chloramphenicol residues in the environment to ctefer resistance in gram negative

bacteria (Kelch and Lee, 1978).

Diclofenac
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Diclofenac is a non-steroidal anti-inflammatory (NB) pharmaceutical which acts via
inhibition of the prostaglandin synthesis pathw&aif, 2010). Diclofenac is commonly
detected in sewage treatment effluents and surfaters (Rembergest al. 2009; Busekt
al. 1998). The most documented case of the enviroraheftects of diclofenac is the
decline of vultures in the Indian subcontinent (©eakal. 2004). Diclofenac has also shown
to have effects in the aquatic environment. Fomgx{a, Schwaigeet al. (2004) reported

histopathological alterations in rainbow trout éeling exposure to diclofenac.

Fluoxetine

Fluoxetine is a selective serotonin uptake inhib{fdSRI); a class of anti-depressants that
during the last decade has become one of the mestrbed pharmaceuticals (Vetulani et al
2010). Fluoxetine has been detected in surfaceraatew ng/L concentrations (Zoritt al.
2009). Several reports of toxic effects due toXktme are available in the open literature.
Brooks et al (2003), Lavillet al. (2004) and Perreaudt al. (2003) reported behavioral

responses as well as physiological responses fiolipexposure to fluoxetine.

Naproxen

Naproxen is a NSAID which acts by inhibiting thezgme cyclooxygenase; an enzyme
responsible for the biosynthesis of the prostagtemdProstaglandins are lipid compounds,
derived enzymatically from fatty acids, which aecreted into the bloodstream, causing
fever, inflammation, muscle contraction and whiffle@ other processes in the human body
(Segre, 1980). Naproxen has been detected in sesfthgents and surface waters across the
globe (Tixieret al. 2003; Leeet al. 2003; Nakadat al. 2005). Ecotoxicological effects of
naproxen in the aquatic environment have been tegpan e.g. fish, where naproxen
exposure has been shown to influence oxidative boétan in liver cells leading to
oxidative damage. Exposure of mussels to naprogeults in reduced cell adherence and

lipid peroxidation (Gagnet al.2006a; Gagnet al. 2006b)

Salicylic acid
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Salicylic acid is a NSAID that directly and irregdly inhibits the activity of both types of
cyclo-oxygenases (COX-1 and COX-2) to decrease ftirenation of precursors of
prostaglandins and thromboxanes from arachidonid. a8alicylic acid is also a key
ingredient in many skin-care products for the treait of acne, psoriasis, calluses, corns,
keratosis pilaris, and warts (Drugbank). Acetylicsdiic acid, a precursor to salicylic acid,

has been detected in drinking water, ground watdrsarrface water (Stolket al. 2004)

Sulfamethazine

Sulfamethazine belongs to the antibiotic class wfosamides. Sulfonamides inhibit the
enzymatic conversion of pteridine and p-aminobenzaid (PABA) to dihydropteroic acid
by competing with PABA for binding to dihydrofolateynthetase, an intermediate of
tetrahydrofolic acid (THF) synthesis. THF is requir for the synthesis of purines
(Drugbank). Sulfamethazine has been detected/at sancentrations in sewage effluents

and surface waters. (Aldet al.in: Daughton and Jones-Lepp, 2011; Koleiral. 2002)

Triclosan

Triclosan is an antibacterial and antifungal agéniclosan acts as a biocide, with multiple
cytoplasmic and membrane targets (Rustehl. 2004). Triclosan has been detected in
sewage effluents, surface waters and sedimentgdSat al. 2002; Kolpinet al. 2002;
Kookanaet al. 2011). Effects of triclosan in the aquatic envireamt have been fairly well
studied with a range of acute and chronic effeemd reported in algae, macrophytes,

daphnids and fish (Orvat al. 2002; Kookanat al. 2011).
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Table 2 Structures and properties of the pharmaceutals and personal care products studied in the tlsss.

Compound Acid / Base Cas Chemical structure Molecular weight Log Kow' | pKa® Radioactive

activity

(g/Mol)

(GBg/mmol)

Caffeine Weak Base 58-08-2 \ 194.2 1.03 0.05 1.894
0 \{j
T
\;

Chloramphenicol Weak Acid 56-75-7 323.1 -0.02 8.6 2.220
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Diclofenac Weak Acid 15307-86-5 296.1 4.13 4.1 2.321
Fluoxetine Weak Base 54910-89-3 | 309.3 4.16 10.1 2.035
Naproxen Weak Acid 22204-53-1 230.3 3.36 4.5 2.035
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Salicylic acid Weak Acid 69-72-7 138.1 2.30 3.1 1.739
0
0
0
Sulfamethazine Zwitteriontc 57-68-1 278.3 2.30 1.6; 6.0 0.303
i==lII
1
jos
Triclosan Weak Acid 3380-34-5 289.6 5.42 8.1 2.431

" Molecule includes both acidic and basic functiogaiups.
2 Estimated using SPARC
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Chapter 2 — Sorption of PPCPs to Aquatic Sediments

CHAPTER 2

SORPTION OF PHARMACEUTICALS AND PERSONAL

CARE PRODUCTS TO AQUATIC SEDIMENTS

2.1 Introduction

To predict the fate and bioavailability of a cheatim aquatic sediment, an understanding of
its sorption behaviour is vital. Sorption involve/a processes: adsorption which is the
process by which molecules of a substance attaihtba surface of a solid such as soil or
sediment; and absorption which is the process bghwimolecules of a substance are taken
into a solid phase (Schwarzenbaathal. 2002). Sorption behaviour can be described by a
solid/water distribution coefficient, Kd (mL/g) wdh is defined as the ratio of the
concentration of a chemical in the aqueous and gblases of a system e.g. sediment/water,

soil/water or sludge/water at equilibrium (Schwaittzzchet al. 2002).

The sorption behaviour of neutral organics in seditwater systems has been well studied
(Calvet, 1989). The main sorption mechanism fortrawrganic chemicals iga weak (2-4
kJ/mol) hydrophobic interactions.€. Van der Waals forces) and results from interactions
between organic matter in the sediment particled)(@nd the hydrophobic moieties of a
chemical (Schwarzenbad al. 2002). Factors that affect the sorption of neubrgianics
chemicals therefore include chemical propertieh sax hydrophobicity and environmental
properties such as the organic carbon contenteobédliment and the nature of the organic
carbon (Karickhoff 1981; Briggs, 1981; Sablgt al. 1995). As sorption of neutral organic

compounds is so dependent on the organic carbderdgoof a solid matrix, sorption is often
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Chapter 2 — Sorption of PPCPs to Aquatic Sediments

expressed in terms of the organic-carbon normalgmgtion coefficient (Hamaker and

Thompson, 1972).

A range of predictive models is available for estiimg Koc values for neutral organics (e.g.
Karickhoff 1981; Bintein and Devillers, 1994; ERlite, March, 2013). These models
typically estimate sorption of a substance basedtwctanol-water partition coefficient
(e.g. Karickhoff 1981; Bintein and Devillers, 199d) on molecular connectivity indices,
which describe the shape and degree of branchirmgmblecule (EPI suite, March, 2013).
As the models only need information on the chenstaicture to run, predictions of sorption

of neutral organic chemicals can be performed witlioe need for experimental testing.

Although we have a fairly good understanding offdmdors and processes that influence the
sorption of neutral organic chemicals in the enwvinent, less is known about ionisable
chemicals, especially in sediments. Whilst hydrdgptianteraction are the main sorption
mechanism for neutral chemicals the mechanismshiadoin the sorption of ionisable
chemicals are more complex and include not onlyrdpidobic interactions and Wan der
Waals-interactions but also hydrogen bonding, @wabonding and the formation of cation
bridges (Tolls, 2001, Pagt al. 2009). Due to the complexity of the sorption bebaw of
ionisable chemicals their sorption behaviour iglijkto be not only influenced by chemical
properties such as lipophilicity, polarity, chaieed the degree of dissociation of a molecule
(Karickhoff, 1981; Kah and Brown, 2006) but alsothe sediment characteristics such as
sediment pH, sediment and pore water organic cactbatent and cation exchange capacity
(Kah and Brown, 2006; Ter Laak al. 2006) and the nature of the sediment components
such as the type of humic acid present (Baml. 2009). The degree of sorption of an
ionisable compound to sediment may also change twith (Conkleet al. 2012). Many
compounds can also bind irreversibly to soils asdireents. These are referred to as non-
extractable residues or bound residues (IUPAC 19840 Oeperet al. (1991) showed that

polar chemicals are more likely to form bound ras&l than neutral chemicals since they
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Chapter 2 — Sorption of PPCPs to Aquatic Sediments

often contain OHor NH,-groups, similar to those in humic substances,naoee easily

incorporated into humic substances.

Most studies exploring the sorption of ionisablericals to solid matrices have focused on
pesticides in soils (Ogramt al. 1985; Gevaat al. 2000; Kah and Brown 2006). Over the
past decade, more information on the fate and hetmawf PPCPs in soil has become
available. Classes of PPCPs where Kd or Koc haea beeasured include antibiotics (ter
Laak 2006; Tolls 2001; Thiele-Bruhat al. 2003); estrogens (Yu and Huang, 2005);
anticonvulsant and NSAIDs (Maoz and Chefetz, 20P@net al. 2009 reviewed available

studies on sorption of PPCPs in sediments, sluslgjes and other matrices. A majority of

the reported Kvalues ranged from 0 up to 500. Tetracycline andatracycline showed to

be highly sorptive with Kd values up to above 300 QSassman and Lee, 2005). The
sorption behaviour of pharmaceuticals in sedimastiheen less studied than in soil (Loffler

2005; Yamamoto 2009 ; Pah al. 2009).

Due to the complexity of the sorption mechanismos ibnisable compounds and that
sorption is affected by a range of soil and sedinpeoperties, application of the predictive
models for sorption of neutral organics to ionisatdmpounds can lead to either an over- or
under-estimation of the sorption behaviour for patampounds (Tolls, 2001). Several
studies have attempted to develop improved appesafdr predicting sorption of ionisable
chemicals using different parameters than useddatral organic substances (ter Ladlal.
2006; Franceet al. 2008). In addition, methods have also been prapémeestimating the
sorption of pharmaceuticals based on pharmacolbgicperties with correlations being
derived between the drug volume of distributionpMn humans and soil sorption

coefficients (Williamset al. 2006; 2009).

As an understanding of sorption is essential toetstdnd uptake of pharmaceuticals into
sediment-dwelling organisms, this study therefaxplared the partitioning behaviour of

47



Chapter 2 — Sorption of PPCPs to Aquatic Sediments

eight PPCPs in a sediment-water system. The resfilthe studies were then used to
evaluate whether a range of relationships, whictehaeen developed for estimating the
sorption behaviour of both neutral and ionisablmgounds, are able to estimate the sorption

of PPCPs in sediment systems.

2.2 Methods

2.2.1 Test chemicals

Test compounds weré&C-labelled and had a specific activity ranging frbri4 to 2.43 GBq
mmol*. Chloramphenicol, diclofenac, naproxen and satigytid were obtained from Perkin
Elmer (Boston, USA), fluoxetine was obtained frorméyican Radiolabelled Chemicals (St
Louis, USA), and triclosan was obtained from UnéeyColworth, UK). Compounds were
chosen to represent a wide range of chemical piiepetnformation on the structures and
properties of the study compounds is given in Giraptand data on the label position and

specific activity of the study compounds is givarTable 3.

Table 3 Test chemicals, their specific activity angosition of the‘C label.

Specific activity

Test compound Labelling [GBg/mmol]
caffeine methyl**C 1.894
chloramphenicol dichloroacetyl-1,%C 2.220
diclofenac u*c 2.321
fluoxetine methyl*C 2.035
naproxen methyf*C 2.035
salicylic acid methyl**C 1.739
sulfamethazine PhenyfC 0.3034
triclosan u‘c 2.431
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2.2.2 Test sediment

Sediment was sampled from the top 10 cm of thehosnat a river site near Buttercrambe,
North Yorkshire, UK (SE 73499 58510) on tHed February, 2009 (sediment 1) and on the
9" of March, 2010 (sediment 2). After sampling, sestiwas sieved (2 mm) and stored at 5
+ 1 °C. Studies were performed within six monthssefliment collection. Sediment was
analyzed by Laboratoire d'analyses des sols (INR#a#y France) for the following
properties: water content; clay (ggn), silt (2-50um) and sand (50-200@m) content; total
organic carbon (ISO 10694); total nitrogen (ISO 946 pH (ISO 10390); CaC{xontent
(ISO 10693); cation exchange capacity (NF X 31-12@y for Al, Ca, Fe, Mg, K and P.

Sediment properties are listed in Table 4.

Table 4 Sediment properties

Parameter Sediment 1 Sediment 2
pH: 7.33 7.67
OC [g/kd] 24.2 5.51
CEC [cmol+/kg] 15.8 4.65

Grain size [g/kg]

- C|ay: 124 42
- Silt: 157 27
- Sand: 719 931

2.2.3  Sorption studies

Test methods followed the OECD guideline Adsorpfmsorption using a Batch
Equilibrium Method (OECD 106; 2000). Prior to theim study, a preliminary study was
performed using sediment 1 to determine the optsediment/solution ratios, equilibration
time and adsorption of the test substances toulfaces of the test vessel. All tests were
performed in the dark at 4 °C to minimize degramhatiThe experimental methods for the

preliminary study and the main study are descrhmeddw.
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2.2.3.1 Preliminary study

Water content was measured in the sediments befach experiment. In order for the
sediment solution slurries to equilibrate, sedirmdtt 2 or 4 g) were mixed with 20, 30, or
40 ml 0.01 M CaClin 50 ml centrifuge PTFE tubes (Oak Ridge cengfiion tube, FEP by
Nalgene Nunc International) 18 h prior to spikingtioe test chemicals. Three sediment
solution ratios were used: 1.5, 1:10 and 1:20artHe chemicals known to sorb strongly to
soil, ratios of 1:20, 1:30 and 1:40 were used. Sesnpvere spiked with radiolabelled
substances at concentrations ranging from 15 tonbd@/L and placed on a shaker (200
rpm) in the dark at 4 °C for 72-96 hours. Contoaataining only 20 ml 0.01M CacCl and the
test chemicals were incubated as well in orderheck for possible adsorption to test
vessels. Three replicates of each ratio were téeanalysis at 2, 4, 8, 24, 48, 72 and 96 h.
At sampling, tubes were centrifuged at 3500 g f@omiinutes (Hermle Z 513K Bench Top
Centrifuge) and 1 mL of the supernatant was thkantaand mixed with 10 mL Ecoscint A
scintillation cocktail. Test substances remaininghie aqueous phase were then measured
using a Liquid Scintillation Counting, LCS, (Liqusgtintillation Counter LS 6500, Beckman
Coulter Inc., Fullerton, USA). Samples were counteee times for 5 min. Counts were
corrected for background activity by using blankitrols. Counting efficiency and colour

quenching were corrected using the external stdnm@aio method.

2.2.3.2 Main study

The main study was performed to investigate thptswr of all test compounds to sediment
1 and three compounds, diclofenac, fluoxetine aiotbsan, to sediment 2. The study was
performed under the same conditions as the prdimistudy. Sediment-solution ratios were
chosen to meet the criteria recommended in the OB@Belines (OECD 106: 2000). The
chosen sediment-solution ratios and equilibratiomes are shown in Table 5. Triplicate
samples were left shaking at 200 rpm throughouttéise and after equilibration, samples

were taken and analysed as described in the prelmnstudy.
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Table 5 Experimental setup for the main sorption stdy

Applied

Test compound [ggi]oactivity Concentration [nM] ?c?l(ljjitrigenn:a:tio 'I[Eir(‘qnl:ailﬁtr)]]ration
caffeine 982 19 25.9 1:5 48
chloramphenicol 1024+47 23.1 1:2 96
diclofenac 977146 22.6 1:2 48
Fluoxetine 922+40 15.1 1:30 48
Naproxen 869+42 21.4 1:5 48
Salicylic acid 1015+14 29.2 1:5 48
Sulfamethazine  984%40 162 1:10 96
triclosan 1319+45 18.1 1:30 48

Estimation of sorption coefficients

The concentration of each PPCP adsorbed to theé gbiise was calculated using Equation

14:

_ V(Ci_caq)
mg

Eq 14

Where: ¢ is the concentration of pharmaceutical in the mntreatment; ¢, is the
concentration in the aqueous phase; V (mL) is tilemme of solution in the suspension; and
ms is the mass of soil (g). Soil sorption coefficeriKd (mL/g)) for each study chemical

were then calculated using equation 15.

C
Kq=-=
d Caq

Eq 15
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2.2.4  Evaluation of predictive methods for estimatig sorption of PPCPs

Six different models were evaluated to assess thetability for estimating the sorption
behaviour of PPCPs. The models are presented ile BalChemical properties used as input
parameters (i.e. pKa and log.# were derived from SPARC (Carreiet al. 1994).

Predicted K. values were then compared with experimental whighe derived using

Equation 16.
Ko = % Eq 16

Table 6 Relationships between chemical propertiesd sorption that were evaluated in
the study.

Model Equation
MCI Log Koc = 0.5213-MCI + 0.60 £ Pf N
Elme Nc‘)’lg'r Log Koc = 0.8679-log Kow — 0.0004
Kow | P
Polar Log Koc = 0.55313:-log Kow + 0.9251%Pf N
Karickhoff Log Koc = 0.989-log Kow- 0.346
Di Toro log Koc = 0.00028 + 0.983-log Kow

log Kd= 0.93-logKow+1.09-log foc+0.32-CFa -

Bintein & Devillers 0.55-CFb + 0.25

Acids log Koc = log(n -100.54- log Kow+1.11¢ion
-100.11-log kow+1.54)
log Koc = logfn -100.37- log Kow+1.70 #ion
MAMI | Bases -10pKar(0.65) - fA(0.14))
log Koc = logfn -100.50- log Kow + 1.13 ¢- -100.11-
Amfoters log Pn+1.54 +p+ - 10pKan0.65 - A 0.14)
TGD Hydrophobics log Koc = 0.81 log Kow + 0.10

MCI — Molecular Connectivity Indexz P: N - Sum of the products of all the applicable eotion factorcoefficients
(P)multiplied by the number of times that factor czaunted for (N); Kow — Octaol-water partitioningedficient; foc —
Fraction organic carbon in sediment; CFa / b —&mnion factor to quantify the variation of dissaethacids and bases in the
system ¢n / ion — Fraction of neutral and ionic species/+ - Fraction of negatively and positively chatgaoleculesf - is
Kow/(Kow + 1).
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2.3 Results and discussion

2.3.1 Partitioning of PPCPs between water and sedant

Prior to the main experiment a set of preliminaxga¥iments were performed in accordance
with the OECD 106 guidelines (OECD 106). The préetany study showed that, with the
exception of sulfamethazine and chloramphenicdl, campounds reached equilibrium
between the sediment and water phases within 48shitigure 5). Sulfamethazine and
chloramphenicol did not appear to have reachedilbgum by the last sampling time point.
Studies with sulfamethazine and chloramphenicolewerefore run for 96 hours in the
main study. According to the OECD 106 guidelinesoaption percentage above 20 % is a
requirement whilst a percentage above 50% is mbker This was achieved for all
compounds in at least one of the sediment-solutatios. All compounds, except for
fluoxetine, showed an increasing proportion of sdrbchemical with increasing
sediment:solution ratio. For chosen equilibrationes and ratios, see table 3. Controls
showed that compounds were stable and that noi@orat the test vessel occurred during

the study.
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Figure 5. Sorption behaviour of the study compound$o sediment 1, Buttercrambe, in

the preliminary test. Mean (n=3 +SD) sorption of diferent sediment:solution ratios:
dashes=1:2, circles=1:5, squares=1:10, triangles=20.
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In the main experiment, sorption increased in sedini in the following order: diclofenac <
chloramphenicol < salicylic acid < naproxen < ceifée < sulfamethazine < triclosan <
fluoxetine. Kd values ranged from 2.3 ml/g (dicluode) to 1789.7 ml/g (fluoxetine) (Table
7). In sediment 2, sorption increased in the follmyvorder: diclofenac < triclosan <
fluoxetine. Kd values ranged from 4.2 (diclofensx)322 (fluoxetine). Although Kd values
for fluoxetine and triclosan were considerably kigthan the other study compounds, these
values are not exceptionally high in comparisonhwgreviously reported literature.
Previously reported Kd values for triclosan ar¢hie same range, 1272-1573 mil/g (Ekinal.
2011). Fluoxetine (pKa 10.1) is a highly sorptiveemical in environments below its pKa
due to sorption of the positively charged spegiascation exchange and charge transfer to
organic matter and clay minerals. This mechanism fraviously been suggested as the
reason for high sorption observed for cationic ipelts (Kah and Brown, 2007). Previously
reported Kd values of Fluoxetine confirms this. Kwand Armbrust (2008) reported Kd
values of 785-12 546 ml/g when investigating thgogon behaviour of fluoxetine in two
sediments and three soils. In the soil where tgbhdst Kd was estimated (12 546 ml/g), the
organic carbon content was slightly lower than dhganic carbon content of sediment 1 in
the present study. However, the CEC was higher esiggy that ionic sorption is an
important process in sorption of cationic substanBased on the lipophilicity of diclofenac
(log Kow 4.13), a higher sorption was expected tls@en in the current study. The
diclofenac results do however agree with previocats ghowing low sorption of diclofenac
to natural sediments with reported Kd values ragpdiom 1.9 — 4.7 ml/g (Scheytt al.
2005). A possible explanation for the low sorptaindiclofenac is that the majority of the
diclofenac in the sediment exposure is in aniomionf and that the negatively charged
species will thus be repelled by the negativelyrgbd surfaces of the sediment. This
mechanism has previously been suggested as thenrdas low sorption of anionic
pesticides (Kah and Brown, 2007). Kd values fofaing, sulfamethazine and salicylic acid

were within one order of magnitude of what has jnesly been reported in soils and
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sediments (Dubust al. 2001; Gao and Pedersen, 2005; Accingtlial. 2007; Linet al.

2010)
Table 7 Mean percentage of study compound sorbed tbe sediment and the resulting

sediment-water distribution coefficients. Standarddeviations are shown in the
parentheses.

Sediment 1 Sediment 2
Compound (sz’[r)';’“o” % Kkd (sp) (SSOEF)';’”O” % Kkd(sD)
Naproxen 72.8 (2.1) 13.4 (1.4) - -
Sulfamethazine 81.9 (0.5) 45.6 (1.1) - -
Chloramphenicol 72.9 (0.1) 5.6 (0.0) - -
Caffeine 73.4 (0.3) 27.7 (0.5) - -
Diclofenac 61.5 (2.4) 2.34 (0.2) 59.4 (1.3) 4.220.
Salicylic acid 69.7 (0.8) 11.4 (0.4) - -
Fluoxetine 97.5 (0.1) 1789.7 (61.4)  93.7 (0.4) £7931.9)
Triclosan 97.1 (0.2) 1527.8 (120.7) 89.5(0.8) 24120.0)

2.3.2  Evaluation of predictive models

The six models that were evaluated predicted thesdues for the study compounds with
varying degrees of success (Figure 6 and 7). Nbtieeanodels predicted Kto within one
order of magnitude for all eight compounds. Modeése divided into models using Kow to
estimate Koc (Figure 6) and models including ottescriptors more representative for

lonisable organics (Figure 7).

The models using Kow to predict Koc worked fairlglivfor acidic compounds with the
exception of chloramphenicol where all models uaegtmated Koc and diclofenac where all
models overestimated the Koc. For the basic subssaftaffeine and fluoxetine) all models
underestimated the sorption to sediment. This wbaléxpected since basic compounds can
be present as cations and thus additional processds as cation exchange would be

involved in the sorption to soils and sedimentslé@va et al. 2000). For sulfamethazine,
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which is the only zwitterionic, all models underesited the sorption with approximately

one order of magnitude.

The models including additional factors and proesssther than lipophilic sorption
predicted Koc slightly better than the models désed above. Especially, the MAMI model
and EPI Suite (MCI) that resulted in fair prediaoof Koc for chloramphenicol, caffeine
and diclofenac; the substances whose Koc values paorly estimated by the Kow-based

models.

None of the models evaluated against experimergtd th this study predicted the Koc
values within one order of magnitude. However, M| model predicted the sorption
fairly well for the majority of the study chemicalé should also be noted that the MAMI

model is not applicable for ionisable compound$aippKa < 2 (caffeine).
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Figure 6 A comparison between experimental Koc vaks and estimated using models
developed for neutral organics.
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Figure 7 A comparison between experimental Koc vaks and estimated using models
developed for ionisable organics.

2.4 Conclusions

This study has generated baseline data on thébdisbn behaviour of the study compounds

in sediment-water systems. The experimental reButtss chapter will be used in Chapter 6

to better understand the uptake from sediments &®diment dwelling invertebrates.

Knowledge on the distribution of the study compauade also valuable input in Chapter 5

where the importance of the different uptake routsL. variegatuswill be investigated.

Based on the results in this study it can be caleduhat none of the predictive models for

sorption is able to adequately predict the sorptiehaviour of all of the compounds studied.

Overall, the best predictions were made by the MAhtidel which estimated the sorption of

the study compounds with an error factor of maxim2®nwhilst other models under- or

overestimated the sorption of at least some of ¢hmpounds by several orders of

magnitude.
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It should also be noted that the MAMI model undenested the sorption behaviour of all
the study compounds except for diclofenac wherentbdel predicted the Koc very well. If
the main uptake route of chemicals to sediment livgebrganisms ivia the pore water, the

model will likely overestimate the exposure (anckréfore risks) to such organisms.
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CHAPTER 3

EFFECTS OF CHEMICALS PROPERTIES ON THE
UPTAKE OF PHARMACEUTICALS AND PERSONAL

CARE PRODUCTS INTAQ.UMBRICULUS VARIEGATUS

3.1 Introduction

An understanding of the internal concentration obkubstance in an organism in the
environment can provide valuable information foderstanding the effects of chemicals on
organisms and help in extrapolating from effectstandard laboratory studies to effects
across the wider environment (e.g. Van Weeelal, 1995; Eschert al, 2004). For

example, for active pharmaceutical ingredients &\PIt has been suggested that, by
understanding internal concentrations in organisntke natural environment as well as the
presence or absence of the target receptors ahd/gat that the API is designed to interact
with in humans, it may be possible to predict theeptial effects of pharmaceuticals on the
natural systems using preclinical and clinical phecological data, produced in the drug

development process (e.g. Huggstal, 2003).

A number of studies have explored the uptake, dgjmur and metabolism of APIs and
substances used in PCPs into aquatic and tertestganisms. Uptake has been shown in
plants (e.g. Boxalket al, 2006; Dolliveret al, 2007; Kumaret al, 2005), earthworms
(Kinney et al, 2008), and in fish and aquatic invertebrates gauket al, 2009; Mimeault

et al, 2005; Nakamurat al, 2008; Paterson and Metcalfe, 2008; Ramgeeal, 2009;
Rendalet al, 2011; Meredith-Williamset al, 2012). For aquatic organisms, the degree of

uptake is highly dependent on the traits (e.g. aimtmode of respiration) of a test organism,
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the physico-chemical properties (e.g. pH-corredigaphilicity) of the test substance, and
the characteristics of the test environment suchHage.g. Meredith-Williamst al, 2012;

Nakamureet al, 2008; Kimet al, 2010; Valentiet al, 2009; Rendatt al, 2011).

Several attempts have been made to predict thé&eaupfachemicals from water based on
chemical properties (Mackay 1982, Chiou 1985, Veitlal. 1979). This work has focused
mainly on neutral organic chemicals but more rdgeapproaches for estimating uptake of
ionisable organic chemicals have also been propadadpp and Horobin, 2005;
Neuwoehner and Escher, 2011). For neutral orgam&meals, most models predict the
uptake into aquatic organisms based on the lipigjtilof the chemical i.e. based on a
compounds’ K,, (Mackay 1982, Chiou 1985, Veittt al. 1979). For example, the European
Commission Technical Guidance Document on Risk #ssent (TGD; 2003), suggests that
uptake is estimated using the linear relationskeippvben the lipophilicity of a chemical and
the bioconcentration into organisms developed bythvet al. (1979). The method is
however not recommended for ionising substance® ghe water solubility of the ionisable
form of a chemical can be orders of magnitude highan the neutral species. Instead, the
TGD suggests correcting the Log Kow in order toetadnly the neutral fraction of the

compound into account at a given pH.

Other models have been suggested for estimatingroemvental fate and toxicity of

ionisable chemicals. For example, Meredith-Willgaeh al. (2012) suggested that uptake of
APIs into invertebrates3ammarus puleandNotonecta glaucabased on a compounds pH-
corrected liposome-water partition coefficient (L&,-wae). Models have also been
developed that predict the uptake of ionisable é¢bals into both human cells (Trapp and
Horobin 2005) and algae cells (Neuwoehner and Es2B&l). These models not only
account for the uptake driven by hydrophobic intBom but also consider electrostatic
interactions and ion trapping as important processethe uptake of ionisable chemicals.
These models have been applied to understand tkeityoof APIs. For example,

Neuwoehner and Escher (2011) measured the toxiditfive basic pharmaceutical in
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Scenedesmus vacuolatasfive pH values between 6.5 and 10 and found ttiea toxicity
increased with an increasing pH. By using a toXwtic ion trapping model, the authors
showed that the differences in toxicity were exptai by differences in uptake of the
pharmaceuticals. What distinguishes this modeltb@romodels predicting the uptake into
aquatic organisms (e.g. use of Log D or taking dhly neutral form into consideration) is
how it not only calculates the degree of dissogiatiutside the organism but also inside the
cytosole. The dissociation inside the cell affettis depuration as well as uptake and
sorption to organelles in the cell and will haveauerall effect on the bioconcentration of
ionisable chemicals in aquatic organisms. A simdlpproach has previously been published
for the development of a model for selective acdatmen of chemicals in tumour cells

(Trapp and Horobin 2005).

While an increasing amount of data are now becorairajlable on uptake into organisms
from the water column and into soil-dwelling orgams, an understanding of uptake of APIs
and PCPs into sediment dwelling organisms is tails-well developed than for other
chemical classes such as pesticides and neutrahiorgompounds. This study therefore
explored the uptake and depuration of five APIs and PCP, which covered a range of
chemical properties (Table 8), into the sedimenteldmg oligochaete,Lumbriculus

variegatus. The study explored uptake from the water-phase has uptake route is

considered the main uptake route for many sedimsstciated chemicals. The results of
were used to explore the relationships between wadmproperties and uptake and also to
evaluate some of the existing models, describedegbfor estimating bioconcentration of

neutral and ionisable substances.

3.2 Methods

3.2.1 Test organisms

Lumbriculus variegatusvere reared in 20 L glass aquaria containingieidlfpond water

(APW, Naylor et al. 1989), at 20 +2 °C, using a 16:8 h light:dark eycBhredded

62



Chapter 3 — Effects of Chemical Properties on tipgaldle of PPCPs into L. variegatus

unbleached tissue paper was used as a substratbeandlture water was renewed once a
week. The cultures were fed with ground fish fodet(amin, Tetra Werke, Melle,

Germany) twice a week.

3.2.2 Lipid analysis of test organism

Three replicates containing approximately 25 md..ofariegatuswere weighed and dried
overnight in an oven at 60 ° C. After the dry wegghvere determined, samples were
transferred to a pre-weighed test tube and groutidanmglass rod. 1.6 ml of 2-propanol, 2.0
ml of cyclohexane and 2.2 ml of deionised waterentien added to the test tubes and the
samples were vortexed for 30 s and sonicated fambites. After extraction, samples were
centrifuged for 5 minutes at 3000 rpm and the ugyelohexane layer, which contained the
lipids, was transferred to a pre-weighed glass Viak extraction was repeated a second time
and the cyclohexane layer was added to the firsaex Extracts were concentrated to
dryness under a gentle stream of nitrogen anditie then weighed to determine the mass
of lipid content in the tissues. Extraction recoeerwere tested using a known amount of
external liposome reference (1,2 — distearoyl-geayio-3-phospocholine) dispersed in

water.

3.2.3 Test chemicals

Test compounds weréC-labelled and had a specific activity between Jlaiid 2.43 GBq
mmol™*. Chloramphenicol, diclofenac, naproxen and satiatid were obtained from Perkin
Elmer (Boston, USA), fluoxetine was obtained frocrméyican Radiolabelled Chemicals (St
Louis, USA), and triclosan was obtained from UnéeyColworth, UK). Compounds were
chosen to represent a wide range of chemical piepeCompounds used are listed in Table

8. For further detailed information on the testroiwls, see Chapter 1.

Table 8. Test chemicals used in the uptake studies

Specific activity
Test compound Labelling [GBg/mmol]

chloramphenicol dichloroacetyl-1,2'C 2.220
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diclofenac uc 2.321
Fluoxetine methy**C 2.035
Naproxen methyf*C 2.035
Salicylic acid methy**C 1.739
triclosan uic 2.431

3.2.5 Uptake and depuration test

Uptake and depuration studies were carried ougusisimilar approach to that described by
Ashaueret al. (2006). L. variegatuswere acclimatized to the test conditions for 1&h
APW. For the uptake studies, animals were then sgbin groups of 10 animals contained
in 40 ml APW to between 3 — 10 nmol/L of test commpa for 3, 6, 12, 24 or 48 h. Exposure
concentration were chosen to represent environihemalistic concentrations and fall
below the toxic threshold of the study organismgésure and effect concentrations are
discussed in Chapter 1). For the depuration studresips of animals were exposed to the
test chemical for 48 h after which time they weeansferred to clean APW for 3, 6, 12, 24 or
48 h. Three replicates per time point were useel,stady pH was set to 8.1+0.1 and the
study temperature was 20 +2 °C. Studies were puddr in the dark to avoid
photodegradation of the test compounds. Controkdrsa containing APW and radio-
labelled substances, were used to assess wheghenthas any sorption to the jars during the

test period.

At each sampling time, 1 ml of test media was takg#aced into a 20 ml scintillation vial
and 10 ml Ecoscint A scintillation cocktail (NatadrDiagnostics) was added. Worms were
rinsed in distilled water and blotted dry on auis$efore being put into a 20 ml scintillation
vial. Worm samples were then weighed, 2 ml of tssolubilizer (Soluerfe350, Perkin
Elmer, Waltham, Massachusetts) was added to the aial the vials were then left for 24 h
to allow the worm tissue to dissolve completelyioPto analysis, 10 ml of Hionic Fluor

scintillation cocktail (Perkin Elmer) was addedhe vials.
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Concentrations of the study compounds in test mad@hworm extracts were determined
using Liquid Scintillation Counting (LSC) using ae&man LS 6500 LSC counter
(Beckman Coulter Inc., Fullerton, USA). Samples avepunted three times for 5 min.
Counts were corrected for background activity bypgidlank controls. Counting efficiency

and colour quenching were corrected using the eatstandard ratio method.

3.2.6 Derivation of uptake and depuration rate consnts and
bioconcentration factors

A first order one compartment model was used tones¢ the uptake and depuration rates
for each test compound. The change of concentrdtiothe organism was estimated
according to Bransoat al. (1975) using Equation 17. The parameters werenastd using
the software OpenModel (v. 1.2) downloaded on th® & June 2011). The model was
parameterized using residual sum of squares wigh ltevenberg-Marquardt algorithm
followed by Monte-Carlo Markov-Chain (MCMC) witheatresults from the Marquardt fit as
input values. Confidence intervals were charaaerizy the 95% percentile of the simulated
variables. Bioconcentration factors were calculdigdsetting the water concentration to 1
and by running the model until equilibrium was tead. Bioconcentration factors and their
confidence intervals could then be read directiyrfithe internal concentrations. The method

is described in full in Ashauet al. (2010).

dCor
Tg = Kin * Cwater — Kout * Corg Eq 17
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3.2.7 Evaluation of relationships between propert® and uptake and existing
models for estimating bioconcentration factors fotionic substances.

Linear regression analysis was used to exploretioakhips between bioconcentration

factors (BCF) and Log Kow and Log Dow. Log Kow apida were calculated using the

SPARC online calculator (archemcalc.com/sparc Aug0s1 release w4.6.1646-s4.6.1646).

Log Dow for the mean experimental pH was derivenimfrthe Henderson Hasselbach

equation (Henderson 1908). The fraction of the misid and the ionised species was

calculated using Eq 18 and the Log D was then estidusing Eq 19.

Qjon = Apeutral * 10i(PH-PKa) Eq 18

Dow = fion ' Kow(ion) + fneutral . Kow(neutral) Eq 19

In addition, two existing models for predicting bamcentration factors of ionic substances
were evaluated by comparing predictions obtainéddguthese models with experimental
bioconcentration factors. The first approach fokowthe method described by Trapp and
Horobin (2005) adapted to the experimental pararmetethis study. The calculations were
performed using Microsoft Excel 2010. A template tfte use of the model was kindly sent
by Stefan Trapp of the Danish Technical UniversRgrameter data for generic cells were
applied as suggested in Trapp and Horobin (2006 ifserted outside pH values in the

model were adjusted to correspond with the measaurtside pH values in this study.
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Figure 8 The cell. Compartments, molecular speciepH and charges in a cell shown for
a weak base. From Trapp and Horobin (2005).

To predict the bioconcentration for ionic substandéeuwoehner and Escher (2011)
developed a combined model using information on fteetion of dissociation, the

lipophilicity of the different chemical species afsubstance and the ion trapping model
described in Neuwoehnet al (2011). The ion trapping model is described inuFég9 and

the combined model is described by Equations 202dn®€hemical properties used as input
parameters in the model are displayed in Table@hapter 1. Lipid content was 1.2 % wet
weight and measured as described above. pH values icytosol were adopted from Trapp

and Horobin (2005) giving pH values in the cytd®emlmammalian cells.

BCF = Jw (CHAint*+Ca=int)+ flipClip,int Eq 20.

CHA,ext"'CA_,ext
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Which is equal to:

1+10(PHint—pKa)
=fw" 1+10®Hext-PKa) + flip 'Dlip—water Eq 21.

Where §, is the water content of the organisng, i§ the lipid content of the organism,C
and G  is the concentration of the uncharged and chaggeties internally (int) and
externally (ext) respectively. Ruaer iS the liposome water partitioning coefficient remted

for pH which was calculated according to Equati@n2scheset al. 2009).

Log Diip—water = 0.904 - Log K, + 0.515 Eq 22.

Schematic Algal Cell

Cytoplasm (PHeytoptasm)
Kiipw{B)

Bmedium Lo chtoplasm - = Bmemhrane
Ka K31
Kjinw({BHY)
" lip
BH medium BH+cytopIasm

Plasma membrane

Figure 9 lon trapping model by Neuwoehner and Eschig2011)

68



Chapter 3 — Effects of Chemical Properties on tigalde of PPCPs into L. variegatus

3.3 Results and discussion

3.3.1 Uptake and depuration inL. variegatus

No mortality was observed either in the treatmemten the controls during the uptake or
depuration phases. The pH values during the expgserod ranged between 7.0 and 8.3,
(Table 9). With the exception of salicylic acid,ncentrations of all study compounds in
control treatments, containing radioactive test goumd and water only, were stable for the
duration of the study (Figure 10). The concentratibsalicylic acid at 48 h was 75 % of the
initial start concentration. Salicylic acid has\poeisly been reported as being degradable in
constructed wet land systems designed for remolv@harmaceuticals and personal care
products in waste water. Removal efficiencies wasehigh as 90% (Hijosa-Valseet al.
2010; Reyes-Contrerast al. 2011). Degradation of salicylic acid in the enwimzent has

been reported to be temperature and pH dependattérs (Alibrandet al. 2003).
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Figure 10 Mean concentrations (+ 1 SE) of the studghemicals in the stability controls.
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In the uptake beakers, concentrations of chloramipbk diclofenac and naproxen in the

exposure solutions remained constant over the dPtake phase while concentrations in
treatments containing fluoxetine, salicylic acididriclosan decreased during the 48h uptake
phase (Figure 11a-f). For fluoxetine and tricloghe,reduction in concentration in the water
column was explained by uptake of the compounds ihe study organisms whilst for

salicylic acid, reduction in the water columns iesmlikely due to abiotic degradation as a
similar degree of reduction was also observed évtlater only controls. A mass balance

was performed and is presented in Table 1 in Appehd

The first order one compartment model was succlgditted to the uptake and depuration
measurements for all compounds (Figure 11 a-f). Tdwlting uptake and depuration
parameters and the bioconcentration factors areided in Table 9. BCFs in the study
ranged from 2 (chloramphenicol) to 700900 (triclgsaand increased in the order

chloramphenicol < diclofenac < salicylic acid <dketine < naproxen < triclosan.
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Figure 11 a,b. Uptake and depuration graphs for cldramphenicol and diclofenac into
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Table 9. Uptake and depuration rate parameters alog with water concentrations, pH intervals estimatedBCF values and estimated time to

equilibrium.
Time
to Eq
Kin Kout [days]
Cw
Chemical [nmol I pH RSS Mean = SD RSS Mean = SD BCF (LCI - UCI)
7.0 2
Chloramphenicol | 6.42 £+ 0.14| 7.4 2.11E-02 | 1.87E-02 + 1.99E-03 | 1.08E-02 | 1.25E-02 + 2.58E-03 | (1 — 2) 40
7.6 60
Diclofenac 12.4 +1.81| 8.3 1.49E+00| 1.58E+00 + 1.55E-01| 2.64E-02 | 2.63E-02 + 3.80E-03 | (46 — 73) 16
7.5 911
Fluoxetine 8.18 + 0.73| 7.6 7.20E+00 | 7.61E+00 + 7.02E-01| 8.35E-03 | 1.00E-02 + 2.84E-03 | (742 - 1097) 46
7.2 72 240
Naproxen 5.39 + 0.39| 7.3 3.81E+00 | 3.90E+00 + 8.55E-02| 5.40E-05 | 6.69E-04 + 1.94E-04 | (69 100 — 75 300) 5948
7.2
Salicylic acid 5.85+1.36| 7.9 4.73E-01 | 6.55E-01 + 1.20E-01 | 7.94E-03 | 1.97E-02 + 6.45E-03 | 82 (65 — 99) 45
7.9 700 900
Triclosan 3.19 +0.79] 8.3 4.52E+01 | 4.65E+01 + 1.14E-00| 6.64E-05 | 6.70E-04 + 2.07E-04 | (665 000 — 738 800) | 4 875

74




Chapter 3 — Effects of Chemical Properties on tipgaldle of PPCPs into L. variegatus

The very high bioconcentration factors obtainedrfaproxen and triclosan are explained by
the very slow or non-existent depuration of thesmmounds from the worms. Similar slow
depuration has been found for APIs (fluoxetine aadsedilol) in the fresh water shrimp,
Gammarus pulexMeredith—Williamset al. 2011). Another possible explanation to the very
high BCF values may be due to metabolism of the pmamds. Metabolism of phenolic
compounds has previously shown to have large impastthe bioaccumulation kinetics
(Ashaueret al. 2012). This could explain the very high BCF faclosan. Naproxen has also

shown to be easily degraded in fish (Brozireskal. 2011).

Literature data on the uptake of pharmaceuticatspansonal care products into fresh water
organisms are limited. With the exception of flutrxe and diclofenac, all measured BCF
values in this study are greater than previoushpred BCF values from the literature for
other test organisms. Studies with fluoxetine heygorted BCFs of 185,900 in aquatic
invertebrates (Meredith-Williamet al, 2012) and 8.8 — 260 in fish (Nakamutaal. 2008;
Paterson and Metcalfe, 2008). For diclofenac, Bafs11, 12 — 2732 and 320 — 950 have
been reported for plasma, liver and bile of rainliomt Oncorhynchus mykissespectively
(Schwaigeret al. 2004; Kallioet al. 2010; Brownet al, 2007). BCFs of 500 — 2300 have
been obtained for naproxen in bile fr@n mykisgBrozinskiet al. 2011) and BCFs of <2 —
56 have been reported in fish plasma (Brawml, 2007). Palensket al. (2010) measured
the uptake of triclosan in three different amphibliarvae. The highest reported BCF values

were measured iBufo woodhousii woodhousind ranged between 243 and 740.

Differences in BCFs fok. variegatusand other species might be explained by differgice
species traits (such as physiological and morphcdbgtraits, reproduction, ability to
metabolise contaminants) and differences in thiecmsditions used in the different studies
(e.g. pH or the presence/absence of food). Orgasigm has proven to be an important
factor in determining the uptake of chemicals. $alvstudies have shown a negative
correlation between size and bioconcentration (iHkadt al. 2001; Rubactet al. 2010a;

Meredith-Williamset al. 2012).L. variegatus which is significantly smaller than the other
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organisms where uptake of the study compounds pas¢iously been explored, would

therefore be anticipated to show greater uptake.

Respiratory strategy can also affect the bioaccatim of compounds (Buchwaltet al.
2003; Baird and Van den Brink, 2007; Rubasthal. 2010a). Buchwalteet al. (2003)
proposed that species with a relatively large emghaepithelial surface are more vulnerable
to uptake of contaminants. variegatuswhich uses diffusion alone as a respiratory eyt
would therefore be expected to be more vulnerableptake of contaminants than fish,

amphibians and gammarids.

Whether there is a correlation between bioaccunauaif contaminants and lipid content is
disputable. There are studies where a positiveetaiion has been shown (Hendrigsal.
2005) as well as studies where no such correlatvas found (Rubaclet al. 2010b;
Meredith-Williamset al. 2012). The measured Lipid contentlin variegatuswas 1.26 +
0.08 % wet weight. (9.86 + 0.63 % dry weight). Resries for the external liposome
reference were 100 + 0.6 %. Sirlcevarieagatusas a relatively low lipid content compared
to e.g.G. pules(2.03%) andN. glauca(11.1%) (Meredith-Williamset al. 2012) a lower
uptake might be expected, however this was notdse for fluoxetine which was the only
compound tested for all three species. For thispmamd, uptake increased in the ordler

glauca< L. variegatus< G. pulex

L. variegatusshowed very small tendencies to depurate the stamgpounds and for
fluoxetine, naproxen and triclosan the depuratimmfthe study organism was very slow
(Figure 11c, d, f). A similar lack of depurationshareviously been observed for fluoxetine
and carvedilol irG. pulex. Since the study compounds have the potentiahise, there is a
possibility that the lack of depuration is due twe tcompounds being trapped in the
organisms by ion trapping. Several studies haveiquely suggested ion trapping to be
involved in the fate and effects of ionisable chmats (Trapp and Horobin 2005; de
Carvalhoet al.2007; Neuwoehner and Escher 2011). To what egtenthemicals is subject

to ion trapping is dependant on the pKa and tharptie test media. At the pH tested (see
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Table 9), ion trapping alone could not explain ldek of depuration for fluoxetine, naproxen
and triclosan. However, it is possible that if gsian default internal cell pH of 7.5
(Neuwoehner and Escher 2011) ion trapping couktfiete with the depuration of triclosan
out of the organism since triclosan inside the tlpresent at a higher proportion of its

neutral species than it is outside the cell (meahgH value = 8.1).

Another possible explanation to the lack of depanabut of the organisms is the lack of
organic matter in the test vessels. The study comg® that displayed a very low depuration
were the three compounds with the highest lipoghili It is possible that in a natural

environment where organic matter is present, they bmurden would be smaller due to a
larger sorption of the chemical to organic mattéich facilitates the depuration out of the
test organism based on a fugacity model approacitavthy (1983) observed a reduction in
the uptake and accumulation of polycyclic aromagdrocarbons irDaphnia magnawith

97 % in the presence on natural organic mattdrérfdrm of humic acids.

When estimating a bioconcentration factor dynarhcakith modelled uptake and
depuration parameters, a minor change in the upsake depuration rate, either due to
changing environmental conditions or lack of metiglhm can have large consequences. If
there is no apparent depuration in the organismibdelled time to reach equilibrium i.e.
the state where the bioconcentration factor ishedccan be very long. For the study
compounds, the predicted equilibration time ranfgech 16 days (diclofenac) up to 16 years
(naproxen)(Table 9). Based on this knowledge onehtniquestion the use of
bioconcentration factors, derived from kinetic exments, in short lived organisms,

especially for chemicals that tend to depurategimicantly or very slowly.

Despite the many advantages of using radiolabalezinicals in uptake studies (e.g. low
detection limits, labour efficient) there are alslwortcomings in the method. Since total
radioactivity was measured, any possible metatsolitemed in the organisms were not
identified. Data on the metabolism of substancesl s pharmaceuticals or in personal care

products in aquatic invertebrates is scarce. Th@loésm of fluoxetine and several other

77



Chapter 3 — Effects of Chemical Properties on tipgaldle of PPCPs into L. variegatus

APIs has been characterised in the fresh watemgh@. pulex(Meredith-Williamset al
2012). In these studies, no metabolism was seerflioxetine and most of the other

pharmaceuticals tested.

3.3.2  Evaluation of predictive models for estimatig bioconcentration

Several attempts have been made to develop metbodsstimating uptake of APIs and
PCPs based on chemical properties and environmpragpkrties. For neutral compounds,
uptake is strongly correlated with lipophilicity @&k Neelyet al. 1974, Mackay 1982,
Barron 1990), hence, most models predicting bioentration are based on relationships
with Log Kow. Relationships between the measurextdmcentration factors of the study
compounds inL. variegatusand measures of lipophilicity were therefore itigeged. In
Figure 12 a and b, comparisons have been made detthe measured bioconcentration
factors, the lipophilicity (Log k,) and the lipophilicity corrected for pH (Log o).
Correlations between BCF and Loggave an = 0.59 (p= 0.073) and between BCF and
Log D, gave an¥= 0.50 (p= 115) were found suggesting that adufiqprocesses are

involved in the uptake of ionisable PPCPs.
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Figure 12 Correlations between bioconcentration (BE) into L. variegatus and Log
Kow (A) and Log Dow (B) for the study pharmaceuticés and personal care products.
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In addition, there are two models that have beeerldped specifically to predict the uptake
of ionisable chemicals into both human cells (Tram Horobin 2005) and algae cells
(Neuwoehneret al. 2011) that not only accounts for the uptake drisgnhydrophobic
interaction but also account for effects of elestatic interactions and ion trapping as these
are believed to be important processes in the aptékonisable chemicals. The cell model
developed by Trapp and Horobin has previously les@ftuated successfully in fish (Eual.
2009). A comparison between experimental biocoratan factors inL. variegatusand
bioconcentration factors estimated using the mdmelTrapp and Horobin (Figure 13)
demonstrates that the cell model underestimateditdwncentration for all six compounds.
For two of the compounds, the BCF values were heawiderestimated (naproxen and
triclosan). Possible explanations are that addilipnocesses involved are not accounted for
in the model and possibly also due to the metatmoti$ test compounds resulting in very

high experimental bioconcentration factors (seeudision above).

1000000
100000 .
10000
1000 .
100

10

Experimental BCF

0,1

0,01
0,01 0,1 1 10 100 1000 10000 100000 100000C
Estimated BCF

Figure 13 A comparison of the experimental BCF intd.. variegatus and BCF predicted
by the cell model by Trapp and Horobin (2005).
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A similar pattern was observed in the evaluatiothefcombined model of Neuwoehner and
Escher (2011). The model underestimated the biesuration of the test compounds ihto
variegatus especially for naproxen and triclosan (Figure. T#ese results highlight the
importance of understanding not only the dissommtand the varying lipophilicity of
ionisable substances with varying pH values but atiditional factors and processes such as
environmental properties, electrostatic interadjoion trapping and and metabolism of

PPCPs.
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100000

10000

1000 *

100 *

Experimental BCF

10

0 1 10 100 1000 10000 100000 1000000
Estimated BCF

Figure 14 A comparison of the experimental BCF andCF predicted by the cell model
by Neuwoehner and Escher (2011).

3.4 Conclusions

Despite the knowledge available on what chemicaperties affect bioconcentration of
organic substances in the aquatic environment tiseséill a lot to discover. As for many

neutral organic substances, there is a weak ctoelbetween the lipophilicity of the study
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compounds and the uptake irltambriculus variegatusSince many PPCPs are ionisable
substances, Logdp has been suggested to better described the fdteffetts of ionisable
substances. However, the correlation betwegp, K., and BCF was not very strong
suggesting that other mechanisms are involveddrbtbconcentration of PPCPs. Due to the
nature of ionisable substances, environmental giHaly to have large impact on the uptake
and depuration kinetics of such substances. Alsoganetabolism has been shown to have
an effect on the uptake and depuration kineticscaftaminants, it is crucial to have
knowledge on the metabolism to accurately estirttegebioconcentration of chemicals into
non-target organisms. Therefore, in the next chgpbe focus will be on exploring the
importance of varying environmental pH for the lmncentration of four of the study
chemicals. In addition, the metabolism of threetlod study chemicals ihumbriculus
variegatus will be investigated. These data will then be udedfurther assess the

applicability of the available models for estimagtunptake.
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CHAPTER 4

EFFECTS OF pH AND METABOLISM ON THE UPTAKE
OF IONISABLE CHEMICALS INTOLUMBRICULUS

VARIEGATUS

4.1 Introduction

In the previous chapter, it was suggested thatrenwiental factors such as pH and
biotransformation have large effects on the uptakd thus also the toxicity of ionisable
substances in aquatic organisms. Therefore, tligtehwill focus on the effects of a varying
pH on the uptake of three ionisable substanceslLint@riegatus In addition, the Chapter

describes an attempt to investigate whether masabalf the study compounds is occurring

in L. variegatus.

4.1.1 Effects of pH on fate and uptake of ionisableubstances

As discussed previously, a large proportion ofdchemicals that we use today are ionisable.
For example, an evaluation of 1510 chemicals pretegd in REACH showed that 49 %
were ionisable and at a pH of 7, 33 % of these at@mwould be in an ionised state
(Franco et al, 2010). The proportion of ionized chemicals withiertain classes of
chemicals is even higher. For example, between 84d695% of compounds used as active
pharmaceutical ingredients (APIs) are thought tihesable (Manallackt al.2007). As the
degree of dissociation of an ionisable compouraffescted by the pH of the environment in
which it resides (Francet al. 2009) and as ionized and unionized species ofngpoand

behave differently in terms of their environmerfae and bioaccumulation into organisms,
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the behaviour of a substance will be significamifiected by the pH of the environment in

which it resides.

The pH of water bodies, soils and sediments in miaural environment can vary
significantly. However, despite the known variapilbf pH values in surface waters (pH 2.2-
9.8), sediments and soils (pH 3.4-7.6) (FOREGS-Geusurveys Geochemical Baseline
Database) only a few studies have investigateéffieets pH have on the fate and toxicity of
ionisable organic environmental pollutants espicifdr PPCPs (Nakamurat al. 2008;
Valenti et al. 2009). Nakamurat al.(2008) investigated the toxicity and bioconcembrabf
the weak base fluoxetine in japanese med&kazas latipe} at three different pH values,
7, 8 and 9. They found that LC50 values ranged féo2nmg/L (pH 9) to 5.5 mg/L (pH 7).
The differences in toxicity were explained by diffieces in bioconcentration at different pH
values which ranged from 13 (pH 7) to 330 (pH e Tifferences in BCF were explained
by a higher fraction of the lipophilic non-ionisegecies being present at the higher pH
value. For general chemicals and pesticides, thdadle data is somewhat more extensive.
Research into the bioaccumulation and toxicity dfe tweak acidic compound
pentachlorophenol was done on gold fi§lalfrasias auratus The bioconcentration factors
at 1 h exposure to 0.1 ppm PCP-media at pH 5.5, 8,9 and 10 were 131, 120, 56, 24, 12
and 2, respectively. Uptake and toxicity of fouirdarsulfonylurea herbicides (metsulfuron-
methyl, chlorsulfuron, triasulfuron and tribenunomethyl) to the freshwater microalga
Chlorella fusca have been investigated under different pH (Fehlal. 1995). The
bioconcentration of the four sulfonylureasGhlorella did not exceed a factor of 9 at pH 6.0
but was significantly increased at pH 5.0, with aximum value of 53 for chlorsulfuron.
The authours suggested that the sulfonylureas faeedhe algal cell membranes primarily
in their undissociated form and accumulate throagh ion trapping mechanism. The
influence of pH and humic acids on bioaccumulataomd bioavailability of tributyltin
chloride (TBT) was studied iDaphnia Uptake rates and bioaccumulation of TBT in

Daphniawere significantly higher at pH 8.0, where TBT ¢weinates as neutral TBTOH
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species compared to pH 6.0, where it predominagethe cationic species. The authors
concluded that chemical speciation is an impoffactor for determining the bioavailability,

and thus bioconcentration, of TBT (Fent and Loo%885)

The sorption of ionisable compounds to naturalreedis can also be affected by pH (Zhang
et al. 2010). For example, sorption of the antibioticd@eycline to sediment depends on a
range of environmental factors and sorption cafabiitated at lower pH valuega a cation
exchange mechanism (Zhaagal, 2010). The soil sorption of three antimicrobigkats-
sulfachloropyridazine, tylosin, and oxytetracyclineas investigated over a range of pH
values. The sorption coefficients in two agricuusoils ranged from 1.5 to 1,800 L/kg and
sorption coefficients were greater under acidicdittons (ter Laalet al. 2006). The effects
of pH on the sorption of ionisable pesticides wasestigated by Kah and Brown (2009) in
nine temperate soils. They investigated the samgbiehaviour of six acidic and four basic
compounds. For the acidic substances, adsorptiannggatively correlated with soil pH.
However, for basic compounds, the behaviour wasgrmomplex, and approaches specific to

each compound seemed to be required.

Difference in pH can also affect the behaviour ofi4onised substances. For example, the
bioconcentration of pyrene was studied in midgevdar Chironomus ripariuy at three
different pH, 4, 6 and 8 and uptake was found tordase with increasing pH. The
differences were thought to be due to an abnormaushsecretion at lower pH values which

could have reduced the degree of biconcentratiafd{\&t al. 1994).

4.1.2 Implications of metabolism for uptake of compunds

Metabolism of a compound is a key factor that aff¢lse potential effects of a compound in
non-target organisms (Lewist al. 1998; Brooks and Huggett 2012). Metabolism or
biotransformation is the process whereby a substamachanged from one chemical to
another by a chemical reaction within an organidetabolism of xenobiotics normally
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consists of two phases. Phase | reactions are aneractions which modify the chemical
by adding a functional structure. This allows thbstance to "fit" into the Phase Il enzyme
so that it can become conjugated with another anbst The conjugated products are larger
molecules than the substrate and generally polaatare Thus, they can be readily excreted
from the body. Metabolism of PPCPs in humans gre#éjly detoxifiedvia the cytochrome
P450 system and then excreted as more polar cordpq@uengerich, 2001). Many of the
phase | reactions typical of human metabolism &e abundant in the environment (Perez
and Barcelo 2007). As a result, biotransformationdpcts in environment have been
detected in a number of organisms e.g. (Brosksal. 2005; Lahtiet al. 2011; Meredith-
Williams et al. in preparation). However, in some organisms, huptzarmaceutical target
enzymes are not conserved. As a consequence tyaita that are generated from a species
that lack the human target ortholog might not betqutive for a species with a conserved

target (Gunnarsson et al. 2012 in Brooks and HagGennors et al. 2013).

Metabolism of a compound does not only decrease sthwsitivity of organisms to
environmental pollutants, it can also directly attee toxicokinetics or bioconcentration of a
chemical. A study by Ashauet al. (2012) investigated the effects of metabolismifbédn
organic xenobiotics. The metabolite enrichmentdecof 14 out of 19 identified metabolites
were higher than the bioaccumulation factor of paeent compound. Thus, extrapolating
toxicokinetics of chemicals in between organismhatt knowledge of the metabolism is of

low value.

4.1.3 Aim

This Chapter reports the results of a series afiasuto understand the effects of changing
environmental pH on the uptake of ionisable chetnigato Lumbriculus variegatusThe
study looked at four of the compounds used in Glragt and 3: caffeine, diclofenac,
fluoxetine and triclosan. These were selected egititlude a neutral compound, two acidic
compounds and a basic compound. Investigations wse performed to understand

whether these test compounds are metabolizeld. mariegatusor not. These results were
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than used to better understand and evaluate thelnbhgdTrapp and Horobin (2005) and

Neuwoehner and Escher (2011) described in Chapter 3

4.2 Methods

4.2.1 Oligochaete cultures

Cultures ofL. variegatuswere obtained from Blades biological (www.bladésdn.uk,
Cowden,UK) and cultured using the method describe@hapter 3. Cultures used for the
metabolism study were cultured at CSIRO (Adelaflestralia), using a similar approach as

described in Chapter 3.

4.2.2 Chemicals

The study explored the uptake of diclofenac (wea#t,aCAS 15307-79-6), fluoxetine (weak
base, CAS 59333-67-4) triclosan (weak acid, CAS03385) and caffeine (neutral
molecule, CAS 58-08-2. Caffeine, diclofenac, fluséxe and triclosan were the same as
used in Chapter 2 (See Table 3). Caffeine was tsatbtermine whether or not the pH
manipulations had any stress-related effect onkeptd neutral organic substances ihto
variegatus For the metabolism studies, non-radiolabelled maunds were used, these were
purchased from Sigma Aldrich (Sydney, Australiafl dvad a purity of> 98%. Further

detailed information on the study chemicals is jted in Chapter 1.

4.2.3 Uptake and depuration at different pH values

Uptake and depuration studies were carried outgusie general approach described in
Chapter 3 (Section 3.2.5) but were performed udiffgrent exposure media with different
pH values. Soft standard reference water (SRWY@HAg / L as CaCg total alkalinity =

30-35 mg/L as CaCgwas used throughout the tests and pH was sebt@ and 8.5 using
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chemical reagents as recommended for bufferingrdoapto USEPA (1975). KHPO, was

substituted for NaklPO, for buffering the pH since K¥PO, has previously been shown to be
toxic to aquatic invertebrates (Fischatral. 1991). Minor adjustments of pH during the test
were made no more than every 24 h using eitheMOHCI or NaOH. pH was measured at
each sampling point and values in test beakers kep¢ at the target pH value + 0.3

throughout the test.

L. variegatuswere acclimatized to the test conditions for 1&hhSRW. For the uptake
studies, animals were then exposed in groups afnlials contained in 40 ml of SRW of
which had been adjusted to pH 5.5, 7 or 8.5 to &etws — 12 nmol’i of test compound for
3, 6, 12, 24 or 48 h. Caffeine studies were rumgtier water concentrations (~55 nm‘b).l

All test concentrations were below toxicologicatetsholds. For the depuration studies,
groups of animals were exposed to the test cherficad8 h after which time they were
transferred to pH-adjusted SRW for 3, 6, 12, 24®h. pH did not differ more than 0.3 pH-
units throughout the test. Three replicates pee tpoint and pH treatment were used. The
study temperature was 20 £2 °C and the beakerskegpten darkness throughout the test to
minimize degradation of the test compound. Conlbrdkers containing SRW and radio-

labelled substances were used to monitor sorpbidnet jars.

424 Metabolism of diclofenac, fluoxetine and triosan.

Alongside the uptake study using radiolabelled dbal®s, a more simplistic uptake study
was performed to facilitate the understanding ofaielism of diclofenac, fluoxetine and
triclosan and to determine what effects it has o uptake of the study chemicalslin
variegatus The study was performed using the method destiib®ve with the exception
that only uptake at one pH value and one time pomd tested, i.e. 48 h. Test conditions
such as nominal concentrations, test waters, teahper and dark/light conditions were
chosen to mimic the parameters in the study wittiiolabelled test compounds. pH

throughout the test was kept at 7 £ 0.3.
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4.2.5 Extraction and analyses

Samples from the pH studies were extracted and/sewlusing the methods described in
Chapter 3 (section 3.2.5). For the metabolism stjdivater samples were cleaned up and
concentrated using solid phase extraction. Cagad#lLB Waters) were conditioned with 2
X 4 ml of methanol and and 4 ml of MQ water bef6@eml| samples were loaded onto the
cartridges and allowed to flow through at a rat& ofil /min. Samples were then dried under
vacuum for 30 minutes before put in a -18 °C fredpe storage until analysis. Prior to
eluting, cartridges were defrosted for 30 min. Slaspvere eluted into a 15 ml test tube
using 2 x 3 ml of methanol and 2 x 3 ml of dichimethane. The eluted samples were
evaporated under a gentle stream of nitrogen aswhstituted in 1 ml of methanol prior to
analysis. Saples were kept at -18 °C prior to efitvas, which were performed within two
weeks of test termination. At sampling, sampleseweeighed in glass test tubes and frozen
at -18 °C for a minimum of 24 hours before freeredifor 48 hours. After freeze drying,
dry weight of samples were determined before asgtasl was used to grind samples.
Samples were extracted three times with 5 ml othametl acidified with 0.1 M acetic acid.
In the extraction procedure, samples were vortdee®0 s and sonicated for 10 minutes
before centrifuged for 45 minutes at 1500 rpm. Bugiants from the three extractions were
pooled into a 15 ml test tube and evaporated uadentle stream of nitrogen. Samples were
reconstituted with 1 ml of methanol and filteredoiran LCMS vial using a 0.2m

hydrophilic PTFE filter.

Instrumental analysis was performed by high pressliguid chromatography triple
guadrupole-tandem mass spectrometry (HPLC-QQQ-M$/MSng a TSQ Quantum
Discovery Max, (ThermoFischer Scientific). Chrongaphic separation was carried out
with a Phenomenex C18 Kinetex column (2.1x100mm®, .@n particle size) with solvents
used for chromatographic separation were aceten{tk) and (B) 0.1% formic acid. Mobile

phase conditions were as follows: 95% B (0-3 misyt20% B (4-5 minutes), 2% B (6-11
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minutes) 95% B (12-15 minutes), with a total 15 ubénrun-time. Analysis of fluoxetine was
undertaken in positive electrospray ionisation jE®ihile diclofenac and triclosan were
analysed in negative ESI mode. Fluoxetine and fdinknc were identified by multiple
reaction monitoring (MRM), monitoring two transiti® per compounds (one for
quantification and the other one for confirmatiowhile triclosan was identified using its
parent ion only with the 37Cl isotope used as diguoation ion. To account for recovery of
analytes during extraction and from matrix intesfeze during HPLC-QqQ-MS/MS analysis,
stable isotopes of each analyte was spiked at ainadgnt final concentration in solution of
100 pg/L. The stable isotopes used were fluoxetiBe diclofenac d4 and triclosan'®C
Quantification of each analyte was undertaken bygaring the peak area ratio between that
of the analyte and its respective isotope and titt in calibration standards prepared in
10% acetonitrile. A list of target compounds anetysand their corresponding MRM

conditions are indicated in Table 10.

Table 10 Target compounds analysed and their correending MRM conditions.
Details of the internal analytical standards are ao provided.

Compound Retention Quantifying Confirmation LOQ

time ions transition ions transition

. o o (ng/L)
(minutes) (Collision (Collision
energy) energy)

Fluoxetine 6.94 3)10 > 4420 3905 148 (20 V) !
Fluoxetine d5  ©-9%4 3)15 >44(20 395 5156 (20v) T
Diclofenac 7.86 \3)94 > 214 (20 59, .5 250 (20 V) !
Diclofenac d4 /-89 3)98 > 217 (20 598 5 254 (20v) T
Triclosan 8.33 \3)87 -> 287 (2 289 -> 289 (2 V) 10
Triclosan®®c,; 238 3)00 >300(2 305 5302 2v) 10

90



Chapter 4 — Effects of pH and Metabolism on thealkdptof lonisable Chemicals into L.
variegatus

4.2.6 Data analysis

Derivation of uptake and depuration rate constamd calculations of bioconcentration
factor were performed using the method describe@hapter 3 (Section 3.2.6). Models
fitted to the data are shown in Equation 23 and e method is described in full in
Ashaueret al. (2010). The caffeine data could only be fittedatd_evenberg-Marquardt
algorithm and therefore no confidence intervals Idole estimated around the

bioconcentration factors. Equation 2 was used toutate the caffeine bioconcentration

factors.

org _ g K. . -C Eq 23
at _ hin ' bwater out " “org q

BCF = Xin. Eq 24

out

To determine to effects metabolism have on the keptthe internal concentrations was
compared with the concentrations from the radidlatlestudy. Bioconcentration factors

were calculated using Equation 25.

BCFg), = —2oraten Eq 25

Cwater,48h

4.2.7 Evaluation of existing models for estimatingioconcentration factors for ionic
substances.

The two models developed for ionizing substancescriteed in Chapter 3 (Trapp and

Horobin 2005; Nuewoehner and Escher, 2009) werduated by comparing estimated

model bioconcentration and experimental data uiiegapproach described in Chapter 3

(Section 3.2.7).
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4.3 Results and discussion

431 Uptake and depuration inLumbriculus variegatus

No mortality was observed in the treatments otim ¢ontrols. The pH values throughout
the test were successfully kept at test pH + 0.3upkis in the treatments with a pH of 5.5
and 7 (Figure 15). However in the treatments wigpHaof 8.5, pH decreased by up to one

pH unit during the uptake and depuration phasevaities in the test (Figure 15).

Concentrations of all study compounds in chemiaaitols containing radioactive test
compound and water only were stable for the dumatibthe study. In the uptake beakers,
concentrations of caffeine in water remained constever the 48 h uptake phase whilst
concentrations in the treatments containing trenoslecreased with approximately 80 %
disappearing over the study period at all pH val(fégure 16B and 19B). Declines in

concentrations of diclofenac and fluoxetine in thst solutions were pH-dependant. The
diclofenac concentration in the pH 5.5 treatmenrteased by approximately 30 % whilst the
treatments at the higher pH values remained sfablthe 48 h uptake phase (Figure 17B).
The opposite pattern was observed for fluoxetinethe treatments with pH 7 and 8.5 the
concentration decreased with approximately 15 afd 9% respectively whilst the

concentration in the pH 5.5 treatment remainedistéfgure 16-19B). All losses of study

compounds in the water phase could be explainedpbgke into the study organisms. A

mass balance was performed and is attached in App&n
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The first order two compartment model was succdgditted to the uptake and depuration
measurements for diclofenac, fluoxetine and tretogFigures 16-19) and the resulting
uptake and depuration parameters and the biocaatientfactors are provided in Table 11.
The MCMC model could not be fitted to the caffenteta using Open Model. A possible
explanation for this could be due to the relatiiely concentrations observed in the tissue
compared to the surrounding media, something that greviously been observed when
Open Model has been used to estimate uptake andaligm parameters in earthworms
(Carteret al. unpublished). Therefore, the uptake and depurgtemameters presented in
Table 11 were estimated with a Marquardt fit oRgwever since the water concentration in
the caffeine treatments remained stable and tleenalt concentrations in the worms reached

equilibrium within the 48 hour uptake phase a stBCF could be calculated.

BCF values in the study ranged from 1 to 56840@Ht5.5 and increased in the order
caffeine < fluoxetine < diclofenac < triclosan. gl 7, BCF values ranged from 1 to 646400
and increased in the order caffeine < diclofendtuexetine < triclosan. At pH 8.5, BCF
values ranged from 1 to 559300 and increased isdhe order as for pH 7. All BCF values
are presented in Table 11. The very high biocomatah factors obtained for triclosan and
fluoxetine (pH 8.5) are explained by a very slow rmn-existent depuration of these
compounds from the worms. Similar slow depuratioasvwobserved for fluoxetine and
triclosan inL. variegatusin the experiments described in Chapter 3 (Sedi8nl) and in
previous uptake studies using the fresh water ghi®ammarus pulexMeredith—Williams

et al.2012).
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Figure 16 A- Uptake and depuration of caffeine attiree different pH values; 5.5
(orange), 7 (green) and 8.5 (blue). Smooth linesmeesent the model fitted to the
measured data (diamonds) and dotted lines represettie 95% confidence intervals. B-
Corresponding water concentration.
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Figure 17 A- Uptake and depuration of diclofenac athree different pH values; 5.5
(orange), 7 (green) and 8.5 (blue). Smooth linesmeesent the model fitted to the
measured data (diamonds) and dotted lines represettie 95% confidence intervals. B-
Corresponding water concentrations.
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Figure 18 A- Uptake and depuration of fluoxetine athree different pH values; 5.5
(orange), 7 (green) and 8.5 (blue). Smooth linesmeesent the model fitted to the
measured data (diamonds) and dotted lines represettie 95% confidence intervals. B-
Corresponding water concentrations.
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Figure 19 A- Uptake and depuration of triclosan athree different pH values; 5.5
(orange), 7 (green) and 8.5 (blue). Smooth linesmeesent the model fitted to the
measured data (diamonds) and dotted lines represettie 95% confidence intervals. B-
Corresponding water concentrations.
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Table 11. Concentrations of test compound, uptakena depuration rate constants and bioconcentrationdctors with 95% confidence

intervals.

Cwater 0 h [nmoFL™]

Diclofenac 9.64 £ 1.71
12.08 £ 0.44
12.10+ 0.50
Fluoxetine 7.82+0.77
7.45+0.84
5.54 +1.97
Triclosan  6.47 +3.71
6.36 £ 4.04
7.16 £ 3.88
Caffeine* 55.50 +2.20
54.76 + 2.57

53.95+2.20

Kin Kout
pH RSS Mean (n=3) £ SD RSS Mean (n=3) £ SD BCF (LCIUCI)
55 2.01E+01 2.11E+01 +EL@0 3.39E-02 3.61E-02 +4.25E-03 623 (525 - 747)
7 1.80E+00 1.91E+00+ 1.92E-01 6.83E- 6.85E-02 + 7.59E-03 30 (24 - 36)
8.5 243E-01 3.20E-01+6.14E-02 B:03 5.43E-02+1.19E-02 8(6-12)
55 4.78E-01 5.39E-01+6B:82 1.10E-02 1.50E-02 + 3.88E-03 49 (39 -61)
7 5.49E+00 5.80E+00 +4.70E-01 1.03E-QL.20E-02 + 2.40E-03 562 (482 - 665)
8.5 227E+01 2.33E+01+9.33E-01 1.04E 7.05E-04 + 2.10E-04 218 500 (200 900 — 236 600)
55 4.50E+01 4.63E+01 + 1&8E 8.14E-05 5.12E-04 +2.48E-04 568 400 (536 2607900)
7 5.67E+01 5.84E+01 + 1.97E+00 9.08E-0.07E-04 + 2.02E-04 646 400 (609 300 — 682 300)
8.5 4.70E+01 4.86E+01 +2.00E+00 1-08E 6.49E-04 + 2.27E-04 559 300 (515 500 — 603 800)
55 1.23E+00 1.23E+00+ E®4 1.18E+00 1.18E+00+2.27E-01 1 (N.A)
7 7.98E-01 7.98E-01 + 1.35E-01 6.03E- 6.93E-01 £ 1.20E-01 1 (N.A))
8.5 6.67E-01 6.67E-01+1.14E-01 B:02 6.19E-01+1.10E-01 1 (N.A)

* BCF and confidence intervals could not be deteadiusing the same approach as diclofenac, fluoxetnd triclosan. Instead, BCF was
determined using the ratio of the uptake and déjomrparameters Kin and Kout.
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4.3.2 Effects of pH on the bioconcentration

As expected, pH had no effect on the uptake ofecadf (Figure 16 a). Therefore, any
physiological response in the variegatusin response to pH that could affect the uptake
behaviour can probably be excluded. At pH 5.5, & &5 BCFs for diclofenac were 623, 30
and 8 respectively. The BCF values between the &nghthe low pH differed by a factor of
approximately 80. Uptake of fluoxetine was als@etitd by pH. The BCF values calculated
were 49, 562 and 219000 at pH 5.5, 7 and 8.5 fereifce of approximately a factor of 4500
between the high and the low pH. The higher uptakbe higher pH value is consistent with
previous data on bioconcentration of fluoxetindish (Nakamureet al. 2008). The BCF of
fluoxetine in Japanese medakayzias latipesvas reported at three different pH values, 7, 8
and 9 and BCF values were calculated to 8.8, 302808d Changes in pH had no effect on
the uptake of triclosan. Based on the pKa of tsalo(8.1) an effect due to a changing pH
would have been expected since the proportion afrakespecies increases at lower pH
values. This could suggest that there are additmeahanisms involved in the limitations of
the uptake and depuration of triclosarLinvariegatus Although, to our knowledge, there is
no available information in the open literature,sgible explanations might include

degradation or biotransformation mechanisms tletiapendent on pH.

When correlating the uptake and depuration ratestemts, Kin and Kout, with test pH, a
clear negative correlation between Kin of diclofeneas observed whilst the correlation
between fluoxetine uptake rates and test pH wasiygFigure 20 a and b). For triclosan,
no such positive or negative correlation was olesbriFigure 20 c). For diclofenac, no
correlation between pH and Kout was observed itidigahat the differences in uptake due
to a varying pH is related to differences in uptediber than differences in the depuration of
the test chemicals. For fluoxetine, there was aatieg correlation between Kout and pH

(Figure 20). P-values for linear regressions apented in Table 12.
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Figure 20 Uptake and depuration parameters (Kin andKout) derived from studies n
L.variegatusin correlation to test pH. A Diclofenac; B- Fluox¢ine; C- Triclosan.

Table 12. Significance linear regression between pahd modelled uptake and
depuration parameters for diclofenac, fluoxetine ad triclosan into L. variegatus.

Test compound Parameter f p-value
Diclofenac Kn 0.997 0.034
Kout 0.049 0.858
Fluoxetine Ka 0.977 0.097
Kout 0.761 0.325
Triclosan Kn 0.031 0.887
Kout 0.985 0.078
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4.3.3 Metabolism

To investigate whether metabolism could have aacefén the uptake study a simplified

non-radiolabeled study was run parallel to the alathelled study. Concentrations of the

study compounds were determined at 0 h and 48 htlendnternal tissue concentrations

were measured at 48 h only. To determine the effextabolism have on the uptake, the
internal concentrations in the non-radiolabeleddgtuvas compared with the internal

concentrations in the radiolabelled study and tleedncentration factors at 48 hours were
determined in both the radiolabelled study andctiid study. Results are presented in Table

13.

Water concentration for diclofenac and triclosad&th were within 80-120% of the water
concentrations at 0 hours. The concentration afxitine at 48 h were approximately 65%
of the concentration at 0 hours. In laboratorystefitioxetine has previously been shown to
be hydrolytically and photolytically stable in agus solutions (Kworet al. 2006). For
diclofenac the estimated internal concentration 2&%+ 120 nmol /kg which is fairly close
to the internal concentrations derived from theiaiatbelled study (318 + 39.0 nmol /kg)
suggesting that only limited metabolism occurredtie worm tissue. Thus, metabolism
should not have a significant effect on the uptakel depuration of diclofenac ih.
variegatus The concentration of fluoxetine detected in tleemtissue was low, 8.68 + 0.74
nmol/kg. This is much lower than the internal comcations detected when using
radioactive analyses (1281 = 73 nmol /kg). A pdssibxplanation could be due to
metabolism of fluoxetine in the worm tissue. Theabelism of fluoxetine and several other
APIs has been characterised in the fresh watemphftammarus pulexusing Ultra
Performance Liquid Chromatography (UPLC)-ToFMS (&tkth-Williamset al. In prep). In
the study by Meredith-Williamet al no metabolites were detected in the tissue estratie
metabolites of fluoxetine have also been detectadout where norfluoxetine was detected

at concentrations higher than the parent compoBmndoks et al. 2005; Chu and Metcalfe
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2007). In humans, fluoxetine undergoes extensivéalmadic conversion, leading to the
active metabolite norfluoxetine and multiple otheetabolites (Figure 21; Hiemke and
Hartter 2000). However, studies with fish microssnaed fluoxetine indicates that hepatic
metabolism of pharmaceuticals is much less tharbbas reported for mammals (Smith

al., 2010).

3 CcYP2C9
CYP2D6 /@/
CYP2C19
CYP344
Fluoxetine Norfluoxetine
Fluoxetine glucuronide other metabolites (73%)  Norfluoxetine
glucuronide

Figure 21. Simplified schematic of fluoxetine metatlism in humans (Hiemke and
Hartter, 2000).

Results from the analyses of triclosan should éatéd with caution since triclosan was only
detected in the worm tissue of one of the repl&ate for fluoxetine, the concentration of
triclosan was much lower in the tissue in the cstddy (1.03 pmol/kg) than in the
radiolabelled study (8.51 + 0.47 umol/kg). If thifference is due to metabolism of triclosan
in the tissue, it could explain the very high biocentration factors observed for triclosan in
the radiolabelled studies. Metabolism of phenotimpounds has previously been suggested
to have an effect on the bioaccumulation kinetnte aquatic invertebrates (Ashawetral.
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2012). Available information on triclosan metabwlisn aquatic organisms is scarce. In
humans and other mammals, triclosan is extensimelyabolized via glucuronide and sulfate

conjugation (Fangt al. 2010). The metabolic pathway of triclosan is pnése in Figure 22.

OH cl
o] cl
Triclosan
P450 UGTs SULTs
OH Cl OH Cl el HO S”D
uc ~
0 (o] # 0 cl
jonslBens! o N o R
/ )
a g e )\OH o o ol ol
Monohydroxylated triclosan Triclosan glucuronide Triclosan sulfate

Cl OH
Cl Cl

2,4-Dichlorophenol 4-Chlorocatechol

Figure 22. Simplified schematic of triclosan metabdsm. P450; Cytochrome P450;
UGTs; UDP-glucuronosyltransferases; SULTSs; Sulfotraserases. Fangt al. (2010).

While metabolites and transformation products ageally less hazardous than the parent
compound, some active pharmaceuticals ingreder@sactive mainly in the metabolized
form e.g. fluoxetine (Somnst al. 1987), in addition, some data for pesticides iatdis that
degradation products can be more toxic than thenpacompound (Sinclair and Boxall
2003). Since degradates of environmental pollutaats either have a different toxicity to
the parent compound or directly alter the toxicekits or bioconcentration of chemicals, it
is crucial to have knowledge of the metabolism wassessing risks to non-target organisms

from environmental pollutants.
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Table 13 Test conditions and results from parallestudy with cold test compounds.

Cwater 48 h Cwater 48 h Measured Temperature Cinternal 48 Cinternal 48  Static BCF at Static BCF at

labelled [nmol-l-1] pH values h labelled h [nmol-kg-1] 48 h radio- 48
stud stud
Y Y labelled
[nmol-kg-1]

[nmol+I-1] study*
Diclofenac ~ 12.29+0.48 14.54+1.21 6.92 20+2°C 31820 210.0+120.0 25.9 14.4
Fluoxetine 6.62+1.35 5.35+0.47 6.85 20+2°C 128147  8.68+0.74 193 1.62
Triclosan 1.12+0.56 15.2+4.23 6.87 20+2°C 8 51446 1033° 7 602 922

'Chemical equilibrium was not reached in the tis®@F was calculated by dividing the average intéauncentration with average water concentrationg@
h.
’No standard deviations could be calculated sini@asan was only detected in one of the replicates.
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434 Evaluation of existing models for predictindioconcentration of ionisable
chemicals

The data from the pH studies were used to evalimegemodels described in Chapter 3.
Bioconcentration factors of all of the study compds were underestimated by the cell
model of the Trapp and Horobin (2005) (Figure 23Bhe mismatch between model
predictions and experimental results for tricloaad fluoxetine could be due to metabolism
of the study compounds. However, metabolism wowlt explain the under-prediction of
uptake for diclofenac. The cell model may not thee be applicable to aquatic
invertebrates. The Neuwoehner and Escher (2011yrpeed better with predictions of the
bioconcentration factor for diclofenac, fluoxetifgH 5.5 and pH 7) and caffeine being
within one order of magnitude of the experimentakcbncentration factors. Predictions of
bioconcentration factors for triclosan and fluonet(at pH 8.5) were greatly underestimated.
The large differences of the predicted BCF and expntal BCF are likely to be due partly

to metabolism of triclosan as discussed in tha@eetbove.

106



Chapter 4 — Effects of pH and Metabolism on theakiptof lonisable Chemicals into L.

variegatus
A
7
6
[V [ ]
2 5
=T]
o
-E 4
S
E u3 .
S = Diclofenac
2 2 * Fluoxetine
- ¢ Triclosan
a 1
A caffeine
G A
-1 0 1 2 3 4 5 6 7
Estimated log BCF
6
B e S R
° I
5 e
5
o 4 s
-T] e
o s
3,
: 7
[T} Y 70
£ R
o e m Diclofenac
g 2 -
w o ‘e ® Fluoxetine
et ¢ Triclosan
1 .,’ .
- A Caffeine
0 &
0 1 2 3 4 5 6

Combined model log BCF

Figure 23. A comparison of the experimental BCF an®CF predicted by: A- the cell

model by Trapp and Horobin (2005) and B- the combied model by Neuwoehner and
Escher (2011).
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In addition to the models described here for ptatic bioconcentration of ionisable
pollutants, recent work has developed a mechamséiss balance bioconcentration model
which has been parameterized for ionogenic orgeménicals (I0OCs) in fish and evaluated
against a compilation of empirical bioconcentratfantors (BCFs). Key aspects of model
development include revised methods to estimatehibenical absorption efficiency of IOCs
at the respiratory surface (EW) and the use ofiligion ratios to characterize the overall
sorption capacity of the organism. Model predictesrors appear to be largely the result of
uncertainties in the biotransformation rate cortstéeM) estimates and the generic
approaches for estimating sorption capacity (Argatet al. 2013). Due to insufficient input
parameter data available, evaluation of the mogainst experimental data &n variegatus

is not possible at this time.

4.4 Conclusions

The results from the studies described in this whdmpghlight the importance of thoroughly
investigating the impacts of environmental paramsegich a pH as well as metabolism
when trying to understand the uptake of ionisalflenticals in the environment. These
factors and processes have a large impact on thepfentration of a compound. By
altering the pH by two units, the BCF of diclofersand fluoxetine were increased by a factor
of nearly 80 and 4500 respectively! It can alsabecluded that without knowledge on the

metabolism of a substance, bioconcentration caomoetermined satisfactorily.

The main focus of the thesis so far has been omstigating the bioconcentration of

ionisable chemiclas from the water phase. To furitheestigate what processes affect the
bioaccumulation of sediment associated substambeséediment dwelling invertebrates, we
must determine the potential uptake via ingestibnomtaminated sediment. Therefore, in
the next chapter, the focus will be on determinirigat the main uptake routes are for three

of the study compounds (diclofenac, fluoxetine aradosan) inL. variegatus
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CHAPTER 5

IMPORTANCE OF FEEDING FOR THE UPTAKE OF PPCPs

INTO LUMBRICULUS VARIEGATUS

51 Introduction

The work described in previous chapters focused uoderstanding the uptake of
pharmaceuticals and personal care products fronwtter phase into sediment dwelling
organisms. In the real environment, these organwsithsot only be exposed substanceés

the water phase but may also be exposed to chen@isabciated with sediment particles. It
is therefore important to have an understandinghef uptake of chemicals from whole
sediments into benthic invertebrates. The risk ssssents of sediment associated
contaminants are likely to be more effective ifytla@e built upon knowledge of from where

and how organisms take up contaminants (léaed. 2003 ).

Previous research of the uptake of pharmaceutiaatds personal care products from
sediments into sediment-dwelling organisms is saFowever, there are data on a few
pharmaceuticals classes. Liel@gal. (2004) measured the bioaccumulation of a synthetic
steroid 1a-ethinylestradiol (EE2) inth. variegatusThe accumulation factor normalised to
worm lipid content and sediment TOC (AFlipid/OC)swvéb at the end of the uptake period,
however, a steady state was not reached. Theralsoeavailable studies on the anti-
depressant fluoxetine. Bringo#t al. (2010) investigated the occurrence, distribution a
bioaccumulation of fluoxetine near a municipal eastter treatment facility. They reported
a BCF of 1347 ng/g and a Kd value of 178 ml/g 1068awnstream of the effluent discharge.
From these figures a BSAF of 7.6 can be calculaf&é. occurrences of ten different anti-
depressants were also investigated in surface syaediments and in brain tissue of native

white suckers@atostomus commersgrischultz et al. 2010). The highest BSAF rangenfro
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approximately zero to ten with the highest valueported for the selective serotonin

reuptake inhibitor sertraline.

Available research has shown that feeding as aerofitbioaccumulation of sediment
associated contaminants can be of major importaBoataminated sediments can have
direct toxic effects on aquatic life, such as tleelopment of liver neoplasms and other
liver lesions in bottom-feeding fish exposed toymoiclear aromatic hydrocarbons (PAHS) in
sediments (Malingt al. 1987). This has also been shown in sediment dwgellivertebrates.
Leppanen and Kukkonen (2004) showed that wherariegatuswas exposed to tetrabromo
diphenylether botkia contaminated water and contaminated water ananssdj the worms
that did not ingest sediment had clearly lowerurftates than sediment-ingesting worms.
Also, the estimated BSAF was statistically diffarénom that of the sediment-ingestiihg
variegatus Both these findings support the significance afeding behaviour in

bioaccumulation.

In the Technical Guidance document, TGD, the Eumopehemical Bureau recommends the
use of equilibrium partitioning when experimentaltal are missing for risk assessment of
environmental contaminants in sediments. For snbetawith a log Kow > 5 an assessment
factor of 10 is applied since equilibration pagtiting only considers exposwi the water.
(TGD; 2003). For deposit feeding organisms thaé lim and ingest sediment to obtain
nutrients from particles suspended in the sedintkat uptakevia both pore water and
ingestion of sediments are likely to contribute tte exposure of sediment-associated
contaminants. It is known that the importance dfedent uptake routes is influenced by
sediment and chemical characteristics and alsoothanisms themselves (Landrum and
Robbins, 1990). For neutral compounds with log Kew5, the major route for the
accumulation is pore water (Thomart al. 1992; Belfroid et al. 1968). For more
hydrophobic compounds, the contribution of ingesteaterial in accumulation increases
(Landrumet al. 1990). In addition to hydrophobic interactionseating the distribution of

chemicals, many of the active ingredients in phaeuécals and personal care products are
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ionisable and will be affected by sorption mechamsissuch as chemical dissociation and

ionic sorption (Kah and Brown, 2007).

There is limited consistency across the literattegarding the importance of different
uptakes routes of chemicals into sediment dwellinwgrtebrates. Combeat al. (2007) and
Leppéanen and Kukkonen (1998) showed that uptalkgr@nevia ingestion of sediment into
Lumbriculus variegatusvas the main uptake route whilst ketial. (2004) showed that the
main uptake of PAHSs into a sediment dwelling oliggete isvia the pore water. Weston and
Gulmann (2000) showed that the importance of uptakées of benzo[a]pyrene (BaP) into

the polychaetébarenicola pacificas time dependent.

The aim of the work described in this chapter tfureewas to gain knowledge of the relative
importance of the uptake of three PPCPs into arssmudi-dwelling oligochaeté,umbriculus
variegatus via pore water andia ingestion of contaminated sediments. Three PPGfPs w
relatively similar lipophilicity but different pKaalues were used in the study, diclofenac,
fluoxetine and triclosan. To determine the relatiyatake via pore water and ingested

sediment intd. variegatusthe approach described by Coneadl. (2000) was used.

5.2 Method

5.2.1 Test sediment

Sediment was sampled from the top 10 cm of thehosntat a clean river site near
Buttercrambe, North Yorkshire, UK (SE 73499 5851Dhe sediment was characterised
using the methods described in Chapter 2 (Secti2i2)2 Sediment properties are listed in

Table 13.
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Table 14 Properties of the sediment used in the ugite studies withL. Variegatus

Parameter Value
pH: 7.67
OC [g/kg] 5.51
CEC [cmol+/kg] 4.65
Grain size [g/kg]

- Clay: 42

- Silt: 27

- Sand: 931

5.2.2 Test compounds

Three different substances commonly used as phautiaals or personal care products,
were chosen for the experiment, diclofenac, flumestind triclosan. Purities for all study
chemicals were > 98%. Further information on tis¢ sebstances are found in Chapter 1 and
Chapter 2. Acetonitrile (99.9 %), methanol (99.9 &d phosphoric acid (99.9%) were

obtained from Fisher Scientific (Loughborough, UK).

5.2.3 Oligochaete cultures

Cultures ofL. variegatusvere maintained using the methods described ip€h&, Section
3.2.1. Approximately two weeks prior to test intitie, tissue paper was replaced with
sediment (depth of approximately 4 cm) identicathi® sediment used in the uptake study to

allow acclimation of the test organism to the testditions.

5.2.4  Evaluation of extraction of test compounds &m sediment.

Duplicate replicates of wet sediments (3.0 g dwesponding to approximately 4.5 g ww)
were spiked with approximately 1000 Bqg and lefskake for 2 h. Samples were extracted
twice by adding 10 ml of solvent; methanol, acetiai and a 7:3 mixture of acetonitrile:

water. An additional set of acidified solvents wdested as well. Acidification was
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performed using 0.1 % JR0O,. In total six different solvents. Samples wereksimaat 250
rpm for 2 hours and then centrifuged at 3000 rpmlfd min. (Hermle Z 513K Bench Top
Centrifuge). The procedure was repeated and sanmgeled prior to analyses. Samples
were analysed with LSC using the method descrilexyea The solvent resulting in the
highest recovery for each test substance were aealwsing the same procedure with three
replicates at three concentrations, 0.1, 0.5 apd/@. The solvents chosen for extraction of
diclofenac, fluoxetine and triclosan were acidifiegtthanol, an acidified 7:3 mixture of
acetonitrile:water and methanol respectively. Therage recovery, standard deviation and

coefficient of variance were calculated.

5.2.5 Uptake studies

Prior to introduction of L. variegatusto the test system, 3 g (dw) of sediment, 15 ml of
APW and test substances dissolved in 10 ul2@nethanol were added to 50 ml centrifuge
PTFE tubes (Oak Ridge centrifugation tube, FEP algdhe Nunc International). Chemicals
were then equilibrated between the water and sediptgases by shaking for 2-12 hours at
300 rpm. Concentrations of test compounds ranged #5 to 750 nmol k§dry sediment.
After equilibration, tubes were kept in an uprigtasition in tube racks allowing the

sediment to settle before adding the worms toubes.

Prior to treatment, half of the. variegatuswere cut in half with a razor blade according to
the method of Conraeit al. (2000) to produce a set of ‘non-feeding’ wormse Tptake of

the study compounds into either ‘feeding’ or ‘needing worms was then studied. Ten
worms were added to each replicate. Three repicatze prepared for each timepoint and
treatment. Tubes were then kept in the dark at20C:throughout the test. To determine
the uptake rate, samples of water, sediment andhsvavere taken at 3, 6, 12, 24 and 48h
from the beginning of exposure. To assess depurdgpuratiorL. variegatusvere exposed

to the chemicals for 48 h and then transferredibed with clean sediment for sampling at
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either 3, 6, 12, 24 or 48 h after transfer. At stmgs, worms were retrieved from the test
tubes using a modified spatula and transferredtmBglass jars containing 40 ml artificial
pond water to purge their guts of any remainingreedt. They were left there for 6 h as this
timeframe had previously been reported as a sefftdime forL. variegatusto purge their
guts (Mountet al, 1999 ). After purging their guts, worms were e@dsn distilled water,
blotted dry on a tissue, weighted and dissolve@ iml of Soluen®350 (Perkin Elmer,
Waltham, Massachussets) in a 20 ml glass scimitiatial. Worms were left to dissolve for
24 h before 10 ml Hionic Fluor scintillation cocktéPerkin Elmer) was added prior to

analyses.

Sediment and overlying water was centrifuged atO3G@m for 10 min (Hermle Z 513K
Bench Top Centrifuge). A 1 ml aliquot of the supdeamt was then sampled and placed into
a 20 ml scintillation vial and 10 ml Ecoscint A wadded. The remaining supernatant was
disposed of and sediment samples were kept atCléntil extractions. Sediment samples
were extracted within 14 d of collection by shakthg sediment with 10 ml solvent for 1 h
at 300 rpm. Fluoxetine was extracted with an ai@diimixture of acetonitrile:water (0.1 %
H3PO4, 7:3), diclofenac was extracted with 0.1 4® in methanol and triclosan was
extracted with methanol. After shaking, the tubesexcentrifuged at 3000 rpm and a 1 ml of
aliguot was taken for analyses. Ecoscint A was used scintillant. Recoveries ranged
between 85 to 105 %. Analyses were made using did@gintillation Counting, LCS,
(Liquid scintillation Counter LS 6500, Beckman Ceul Inc., Fullerton, USA). Samples
were counted three times for 5 min. Counts wereected for background activity by using
blank controls. Counting efficiency and colour gcgng were corrected using the external

standard ratio method.
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5.2.6  Data analysis

A Student’'s T-tests were used to determine thésttatly significant differences between
the uptake of the feeding worms and the non- feediorms at each time point. Data were
checked for normality using Shapiro-Wilk Test usihg software SPSS Statistics v21.0.0. A
first order one compartment model was used to es#irthe uptake and depuration rates for
each test compound. The change of concentratidimeirorganism was estimated according
to Bransoret al. (1975) using Equation 1. The parameters were agtithusing the software
OpenModel (v. 1.2 downloaded on the 24th of Jun&l20The model was parameterized
using residual sum of squares with the Levenbergghtardt algorithm followed by Monte-
Carlo Markov-Chain (MCMC) with the results from tiMarquardt fit as input values.
Confidence intervals were characterized by the @&¥eentile of the simulated variables.
Biota Sediment Accumulation Factors, BSAF were wlaled by setting the sediment
concentration to 26 and running the model untilildgium. BSAF and their confidence
intervals could then be read directly from the iin& concentrations. The method is

described in full in Ashauest al. (2010).

dCin
dt L= sed " K1 — Cint " K3 Eq. 26

5.3 Results and Discussion

5.3.1 Analytical recoveries for sediment

The average recovery in percent were for diclofed20%; for fluoxetine: 73.5 % and for
Triclosan: 90.1 %. Results from the evaluation lt# extraction method are presented in

Table 16.
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Table 14. Recoveries of study chemicals from scraag of extraction methods from
sediments

Extraction solvent Mean Recovery (%)
Diclofenac H+ Methanol 115
ACN 93
H+ACN 111
ACN 60
Eluoxetine H+ Methanol 41
ACN:H20 7:3 65
H+ACN:H20 7:3 75
Triclosan Methanol 92
H+ Methanol 87
ACN 90

Table 15 Recoveries of study chemicals from validiaig extractions from sediments

Extraction solvent Recovery (%) St dev CV
Diclofenac H+ Methanol 129 13.6 10.5
Fluoxetine H+ACN:H20 7:3 73.5 2.34 3.2
Triclosan Methanol 90.1 2.9 3.2

5.3.2 Uptake and depuration inL. variegatus

No mortality was observed either in the treatmemten the controls during the uptake or
depuration phases. Concentrations of all study coumgs in control treatments, containing
radioactive test compound and water only, werelety the duration of the study (Figure

25).
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Figure 24 Concentration in the water and sedimentampartments without worms
present. Diclofenac in sediment (solid diamonds)niwater (clear diamonds); Fluoxetine
in sediment (solid triangles); in water (clear triangles); Triclosan in sediment (solid
circles); in water (clear circles).

In the uptake beakers, concentrations of fluoxetmel diclofenac in the water phase
remained constant over the 48 h uptake phase whileentrations in treatments containing
triclosan decreased during the 48 h uptake phasgur@ 28-30). The reduction in
concentration in the water column was explainedifake of the compounds into the study
organisms. These findings agree with the resultherwater concentrations in the study on
uptake intoL. variegatusfrom water only in Chapter 3. The measured comagahs of
diclofenac and fluoxetine remained stable in thereent throughout the uptake phase whilst
the concentration of triclosan decreased slightigrahe 48 h uptake phase. This could be
explained with a mass balance calculation by aakepdf triclosan into study organisms.
Diclofenac has previously shown to be degradablsediments botlvia biodegradation
(Groning et al. 2007), see Figure 30, and via photolysis (Buseal,el998; Petrovic and
Barcelo, 2007).
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However, due to the position of the radioactiveelig (U-ring labelled) of diclofenac in
this study, degradation of diclofenac might ocaithough not be observed. The fate of
fluoxetine in waters and water-sediment systems \wagstigated under laboratory

conditions by Kwon and Armbrust (2006). No evidenteegradation, biotic or abiotic, was

found.
§ OH ] o
©\/G°0' coo’ coo
NH E—— MH S — IN
biotic biotic and/or
ci = ci cl abiotic cl cl
Diclofenac 5-Hydroxydiclofenac p-Benzoquinone imine
{5HD) of 5-hydroxydiclofenac
{5HDQI)

Figure 25. Suggested pathway for degradation of diafenac in sediments. (Groninggt
al. 2007)

Triclosan is known to be subject to photodegratta{iSingeret al. 2002; Aranami and
Readman 2006; Butlet al. 2010). Half-lives of triclosan due to photodegtauta was
reported to be as low as 4 days (Aranami 2007)avad photodegradation of the study
compounds, the study was performed in darkness.eMery although all radioactivity from
triclosan was recovered from mass balances, dubet@osition of the labelling (U-ring
labelled) it is possible that some of the radioatgtirecovered could derive from degradation

products according to the figure below.
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Figure 26. Chlorination and photochemical transformations of triclosan leading to
polychlorinated dibenzo-p-dioxins (Buthet al. 2010).

The first order one compartment model was fitted th@ uptake and depuration

measurements with varying results. Overall, the ehatightly underestimated the uptake
and slightly overestimated the depuration of thielscompounds (Figure 28-30). During the
parameterisation for diclofenac, only a small numbkaccepted samples was generated
which resulted in a coarse model fit. This phenamnehas previously been observed in
Open Model for chemicals with a low uptake ratestants (e.g. caffeine, see Chapter 3).
The resulting uptake and depuration parameters thedBiota Sediment Accumulation

Factors are provided in Table 17.

The order of the biota sediment accumulation factothe compounds was as follows:
fluoxetine < diclofenac < triclosan. The BSAF raddeom 1.4 to 292 for the feeding worms
and from 1.9 to 288 for the worms taken up studypmounds only via the epidermis. Water
and sediment concentrations, uptake and depuratitnh constants and Biota Sediment
Accumulation Factors, BSAF, are reported in TalleAlthough there are available data on
uptake of PPCPs into aquatic organisms, not mucitk wias been done using sediment

organisms. To date, to the best of our knowledwgaretis no data on the bioaccumulation of
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diclofenac into sediment dwelling organisms. A BS#Hluoxetine in the freshwater mussel
Elliptio complanatahas been measured at 4.5 in the effluent charireesewage treatment
plant. The BSAF reported in the literature for ftetine are in line with the findings in this

study.

Uptake of triclosan from sediments into aquaticamigms has been studied slightly more.
Measured concentrations of triclosan in sediments ia a fresh water clarCorbicula
fluminearesulted in BSAF (wet weight) of less than 1 (kdzi 2011). In addition, the
BSAF (mass in tissue lipid OC / mass in sedimenj GfGriclocarban, a similar compound
was determined irL. variegatusto be 1.6 + 0.6 (Higgingt al. 2009).. The values for
triclosan are less than 2 orders of magnitude lawan the BSAF measured in this study.
Possible explanations for the differences betwden results of the current study and
previous studies could be due to sediment charsits; environmental pH (discussed in
Chapter 1), metabolism of triclosan (discussedhiagfer 4) or degradation of triclosan into

more lipophilic degradation products (see discusaimove).

Table 16. Mean initial water and sediment concentridgons, uptake and depuration
parameters and BSAF values

Test Water . Sediment . . BSAFE
Compound Treatment concentration concentration Kin Kout (95% Cl)
(nmol/L) (nmol/kg)
Head 23.5 27.2 0.094 0.026 27
. (2.1 - 3.0)
Diclofenac 35
No head 24.2 25.3 0.085 0.014 (3.2 - 3.9)
1.4
Head 5.3 736 0.044 0.002 (1.1 -
Fluoxetine 1.7)
1.9
No head 5.6 759 0.031 0.002 (1.6 - 2.2)
292
Head 3.5 547 0.786 0.039 (248 -
Triclosan 356)
288
No head 3.9 574 0.499 0.026 (245 -
363)
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Figure 27. A- Uptake and depuration of diclofenacrito L. variegatus. Red data
represents feeding worms and blue data represent®n-feeding worms. Solid line is the
average model fit and broken lines are the 95% CB - Concentrations in sediment
(filled squares) and water (open squares).
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Figure 28A- Uptake and depuration of fluoxetine inb L. variegatus. Red data
represents feeding worms and blue data represent®n-feeding worms. Solid line is the
average model fit and broken lines are the 95% CB - Concentrations in sediment
(filled squares) and water (open squares)
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Figure 29A- Uptake and depuration of triclosan intoL. variegatus. Red data represents
feeding worms and blue data represents non-feedingorms. Solid line is the average
model fit and broken lines are the 95% CI. B - Conentrations in sediment
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5.3.3 The relative importance of feeding as an upka route into L. variegatus

During the first 24 hours, the study compounds vggnaerally taken up to a greater extent into
the worms that bioaccumulated compounds bath the epidermis andsia ingestion of
contaminated sediment than in worms taking up tmepound via the epidermis only. However,
after the first 24 hours of the uptake phase amhduhe depuration phase, no statistically
significant differences were observed between thens ingesting sediment and the worms that
did not. Consequently, there was no significarfiedénce between the BSAF calculated for the
non-feeding and feeding treatments. The BSAF ferwlorms taking up study compoundsa

the epidermis ranged from 1.9 to 288. The BSARHerworms taking up study compounds both

via the epidermis and ingestion of sediment rariged 1.4 to 292

Hence, from these results in can be concluded tietuptakevia ingestion of contaminated
sediment is not of major importance for the uptakéhe study compounds. This is in line with
the results from Luet al (2004) who concluded that the major uptake rodtd*AHs into
sediment-dwelling oligochaetes i8a the pore water. However, Combet al. (2007) and
Leppéanen and Kukkonen (1998) obtained contradigksylts and showed that uptake of pyrene

via ingestion of sediment intoumbriculus variegatus/as the main uptake route.

Aging of sediment has previously been shown to hameeffect on the bioavailability of
sediment associated contaminants to sediment dgelirganisms. Leppénest al. (2000)
investigated the effects of sediment-chemical adrtiene on the bioaccumulation of two PAH
into L. variegatus The results were varying, the ratio of uptake wgestion:uptakevia
epidermis increased for the more lipophilic compbyBenzo[a]pyrene) with an increasing
sediment-chemical contact time whilst the ratiotfoe less lipophilic compound (pyrene) were
stable. The authors suggested that these resutes dvee to the bioavailability of the more
lipophilic compound which changed to a greater mixthie to sediment-chemical contact time

than the less lipophilic compound. The author almacluded that the importance of feeding as a
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route of bioaccumulation is dependent on sedimbatacteristics such as organic carbon and
particle size distribution. These are all factdrattmight explain the lack of consistency among
available data. In addition, feeding behaviour laso shown to have an impact on the
bioaccumulation into sediment dwelling invertebsat&askellet al. (2007) measured the
bioaccumulation of DODMAC, a cationic surfactam, four freshwater macroinvertebrates
(Asellus aquaticys Chironomus riparius Gammarus pulex Lumbriculus variegatys
Chironomus accumulated the DODMAC to the highest degree aheé bDbserved
bioaccumulation pattern wahironomus> Gammarus> Asellus= Lumbriculus The results
could not be explained only by gut passage timentiAer study measured the bioaccumulation
of PCB and PAH in three different marine speciethwuiifferent feeding behaviouArenicola
marina which feeds by ingestion of sediment$acoma balthicaa deposit feeder aridytilus
edulis a filter feeder. The contaminants were accumdlate follows:Arenicola> Macoma>
Mytilus and the study concluded the feeding does havmpadt on the uptake behaviour (Kaag
et al. 1997). Thus extrapolating results observed in 8tigly to other sediment dwelling
invertebrates is not recommended without knowleglydow the feeding behaviour affects the

importance of feeding as a route of uptake intonsedt dwelling organisms.

5.4 Conclusion

Determining the importance of different uptake esutnto sediment dwelling organisms is a
complicated task with many contributing factorseafing the uptake via feeding. The uptake of
the three study chemicals into variegatuswas shown to be mainly a result of the upteaiee
the epidermis. However, extrapolating in betweeffedint sediment types and different
organisms with different feeding behaviour shoulel dlone cautiously. However, for the
evaluation of the conceptual model of uptake of P®{toL. variegatusdescribed in Chapter
1, feeding as a route of uptake appears to begielgli In the next Chapter, this conceptual
model will be evaluated using the results from Gbap-5.
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CHAPTER 6

GENERAL DISCUSSION AND CONCLUSIONS

6.1 Introduction

Over the past 15 years that has been increasiagesttin the occurrence, fate and effects of
substances used as either pharmaceuticals or pérsamne products in the natural
environment (Boxalket al, 2012). A large amount of knowledge is how avddabtn the
levels of pharmaceuticals and personal care predacaquatic and terrestrial systems and
their uptake and effects in aquatic and terrestrigianisms. A number of studies have
explored the uptake, depuration and metabolism hafrmpaceuticals and personal care
products into aquatic and terrestrial organismduding plants (e.g. Boxalét al, 2006;
Dolliver et al, 2007; Kumatret al, 2005), earthworms (Kinnest al, 2008), and in fish and
aquatic invertebrates (Dussasttal, 2009; Mimeaultet al, 2005; Nakamurat al, 2008;
Paterson and Metcalfe, 2008; Ramistzal, 2009; Rendaét al, 2011; Meredith-Williams

et al, 2012). Studies with aquatic organisms have tendefcus on assessing uptake of
substances from the water column and only limitedkwhas been performed to understand
the uptake of pharmaceuticals and personal cardupt® from sediment; even though
sediments have been shown to be a sink for seleotegounds (Vazquez-Roe al. 2010).
The studies described in this thesis were thergferformed to develop an understanding of
the potential for sediment-associated pharmacdsitizal personal care products to be taken
up from sediments into benthic invertebrates. Thgpter begins with a brief summary of
the findings of the different components of thestkeand then moves on to discuss the
implications of the findings for understanding aménaging the risks of pharmaceuticals

and personal care products in the environment.
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6.2 Key findings of the experimental chapters

A series of studies was performed to understandabe and uptake of a range of substances
used as pharmaceuticals or personal care producediment systems. In order that the
study results could be applied more generally, ystsubstances were selected to cover a
range of physico-chemical properties and includgdi@ neutral and basic substances. An

overview of the results obtained for the study coumuls is provided in Table 17.

It is generally recognised that an important roofteuptake of many sediment-associated
contaminants into benthic organisms occuia the sediment pore water. Experimental
studies therefore focused initially on understagdthe distribution of pharmaceuticals

between sediment and water and understanding uptakehe aqueous phase.

The sorption behaviour of eight of the study sulsta in sediment-water systems was
explored using a batch equilibrium method (Cha@)er Sorption was found to increase in
the order diclofenac < chloramphenicol <salicychcid < naproxen < caffeine <
sulfamethazine < triclosan < fluoxetine. Comparisdrcalculated K. values for the study
compounds with a recommended trigger valug. (K 1000) for sediment risk assessment
(Maund et al, 1997) indicate that of the eight study compounody fluoxetine and

triclosan are likely to be of concern in the sedib@mpartment.

Only limited data are available on the partitionibghaviour of compounds used as
pharmaceuticals and personal care products in sadiwater systems. To experimentally
assess the partitioning behaviour of all compoursisi as pharmaceuticals or personal care
products would be a mammoth task. Therefore, inp@na2, the sorption measurements for
the study compounds were used to evaluate availat@dictive models for estimating
sorption behaviour of organic compounds in sedimeBoth ‘traditional’ models used for
estimating sorption of neutral organic chemicalsl anodels developed specifically for

ionising substances were evaluated. None of theetlnagsted were found to accurately
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estimate sorption behaviour and in general modeterestimated the sorption behaviour
more frequently than they overestimated the sampti®imilar conclusions have been
obtained in evaluation exercises for models forimeding sorption behaviour of
pharmaceuticals in soils (Tolls, 2001). The misiatetween model predictions and
sorption measurements probably reflects the conipleof the interactions that occur

between ionisable compounds and sediment particles.

The uptake behaviour of six of the study compoufrdsn the aqueous phase into
variegatuswas then explored. Bioconcentration factors (BGFdhe six substances ranged
from 2 (chloramphenicol) to 700900 (triclosan). eWery high BCF values for triclosan and
naproxen resulted from extremely small depuratiames for these two substances.
Comparison of the results with recommended triggdues for bioconcentration indicate
that naproxen and triclosan would be classifiedteag bioaccumulative (ECHA, 2012). To
try and explain the observed differences in the 86Fthe study compounds, the uptake
data were compared to physic-chemical property fidatdne substances. Unlike, many other
classes of organic contaminant, there was onlyakwerrelation between lipophilicity (Log
Kow) Of the test substances and the BC=(0.59). Log D, which has been previously been
suggested as a better descriptor for the fate ahduiour of ionisable (Nakamuet al,
2008; Kim et al, 2010; Valentiet al, 2009; Meredith-Williamset al, 2012), was also

weakly correlated with uptake daté 0.50).

The BCF results were also used to assess the penice of two models which had been
specifically developed for estimating the uptakéooising substance8oth of these models
were found to underestimate the bioconcentratiothef study compounds. One possible
reason for the differences between the model piedgand measurements was that some of
the study compounds were metabolised following kegpiato the organism, this would not
have been picked up in the radiolabelled uptakdiesu In Chapter 4, the potential for
selected study compounds to be metabolised wasftiner assessed. The impact of

environmental pH on uptake was also studied.

128



Table 17. Summary of sorption and uptake parameteror the study pharmaceuticals and personal care mducts

Kd (I/kg) Koc (I/kg) BCF BSAF
Compound APW SWpH55 SWpH 7.0 SWpH 85
Caffeine 27.7 113 - 1 1 1 -
Chloramphenicol 5.6 22.8 2 - - - -
Diclofenac 2.34-42 17.1-42 60 623 30 8 2.7
Fluoxetine 423 - 1790 7303 - 7614 911 49 562 218500 14
Naproxen 134 547 72240 - - - -
Salicyclic acid 11.4 46.5 82 - - - -
Sulfamethazine 45.6 186 - - - - -
Triclosan 241.2 - 1528 4312 - 6234 700900 568400 6460 559300 292
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Chapter 4 focused on three substances with sidigaphilicity but varying pKa values. As
previous studied have indicated that pH changesatten the physiology of an organism and
affect uptake of neutral organic compounds (Wtdal. 1994), caffeine was also employed as a
neutral ‘control’ compound. There were distinctfeliences in the uptake of the weak acid
diclofenac and the weak base fluoxetine at pH wabiés.5, 7 and 8.5 with BCF values differing
by more than 2 (diclofenac) to 4 (fluoxetine) oslef magnitude across the pH range tested.
These findings are significant as the pH rangeatunal waters across Europe is reported to
range from 2.2 to 9.8 (FOREGS-EuroGeoSurveys Genida¢ Baseline Database). Our data
therefore indicate that there could be very lariffer@nces in the uptake (and also toxicity) of

ionisable pharmaceuticals and personal care preducoss the European aquatic landscape.

Results from the studies in Chapter, where pH washnmore tightly controlled than in Chapter
3, were correlated with uptake predictions obtainsithg the model of Neuwoehner and Escher
(2011). However, uptake of triclosan was greatlganestimated by the model. Metabolism has
previous been suggested as reason for unexpedtéghybioconcentrations (Aschauet al.
2012). Significant metabolism of triclosan was @onéd by a simplified study using non-
labelled substances ran parallel to the uptakedapdration study. While no attempt was made
to characterise the transformation products ofosa&n, previous studies have indicated that this
compound can be metabolised to conjugates (glumated triclosan and triclosan sulphate)
and to hydroxyl triclosan, catechol and 2,4-dicbfrenol (Fangt al, 2010). While the parent
compound may have been metabolised in the worrissiritportant not to overlook the potential
risks of these transformation products as prevétudies have demonstrated that transformation
products of synthetic compounds can sometimes lre toxic than the parent compound and

exhibit different fate characteristics (SinclaidaBoxall, 2003; Boxalet al, 2004).

In Chapter 5, uptake of three of the study compsudnam natural sediments was explored. The

biota sediment accumulation factors for diclofenad fluoxetine were low. The low BSAF for
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fluoxetine, which had a high bioconcentration fadto water-based exposure, resulted from the
compound having a high sediment sorption coefficienptake into the organism was offset by
sorption to the sediment solids. Triclosan had aAAB®f around 300 indicating that this
substance (and/or its metabolites) would be bioeomated from sediment into benthic

organisms.

Chapter 5 also explored the relative importancdiféérent routes of uptake from sediment into
benthic organisms. Both feeding and non-feedingmwgowere exposed to diclofenac, fluoxetine
and triclosan contaminated sediments and uptakel@pmdration was measured over 96 h. It was
concluded that for diclofenac and fluoxetine, theses no difference in uptake in non-feeding
worms and feeding worms. For triclosan, feedingmseaccumulated slightly more of the study
compound than the non-feeding organisms (althowuglstatistically significant). These findings
agree with previous studies where neutral compouwritts log Kow values < 5, have been
shown to be primarily accumulated from pore waldromannet al. 1992, Belfroidet al. 1995).

For more hydrophobic compounds, the contributiomgésted material in accumulation may be
more important (Landrurat al. 1989) so it is possible that feeding could berapartant uptake

route for other substances used as pharmaceuticeipersonal care products.

In the next sections, we discuss the implicatiohthe findings of the work described in this
thesis for the assessment and management of #w aispharmaceuticals and personal care

products in the natural environment.
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6.3 Implications for regulatory assessment of uptak of

pharmaceuticals and personal care products into behic organisms

An assessment of the risks of sediment associatedminants is required by many regulatory
risk assessment schemes (e.g. REACH). In instambhere experimental data are not available
the use of the Equilibrium Partitioning approacliédsommended (Di Toret al, 1991). In this
approach, either measured sorption coefficients bimtoncentration factors or estimated
sorption coefficients and bioconcentration fac{@stimated based on Log,Kvalues) are used
alongside ecotoxicity data for pelagic organisms esiimate toxicity to benthic species.
However, it is debatable whether this approachbmapplied to ionisable substances (Di Toro

et al, 1991).

In the following section, we therefore use the dggaerated in the different Chapters in this
thesis to evaluate whether it is possible to esénugtake of ionisable substances into benthic
organisms based on uptake data from aqueous exgsoand batch sorption studies using the
conceptual model described in Chapter 1 (Figure Bih)evaluate the model, estimations of
tissue concentration over time are compared tokeptaeasurements from the whole sediment

study.
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Metabolism

Kd Kin
emmm—) | Pore water

Uptake via feeding

Figure 30 A conceptual model for estimating uptakdnto sediment dwelling organisms
(repeated from Chapter 1).

For the model simulations we assumed that uptékéeeding is not important based on the fact
that diclofenac and fluoxetine appeared to be aoumulatediia the sediment pore water and
that feeding only had a small effect on the uptak#iclosan (Chapter 5). As information was
not available on rates of metabolism or on the eatrations of parent compounds and
metabolites over time in the uptake studies, wed usevhole residue approach (i.e. parent

compound and metabolites are considered together).

For the modelling, concentrations in the sedimeme pvater were estimated from measured
whole sediment concentrations using Equation 27e§tamate concentrations in the organism
over time from the pore water concentrations, the compartment first order model described
in Chapter 3 was used. The modelling was perforasitg ModelMaker version 4.0 (developed

by Cherwell Scientific Ltd).

Csediment. Kin

BSAFnodetiea = ——d_fout Eq. 27

Csediment
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The model was run using measured sediment contiensaf the study compounds (Chapter 5)
and the sediment sorption coefficients for SedinZewhich was the sediment used in the whole-
sediment uptake studies (Chapter 2). Uptake andrdgpn rate constants for diclofenac and
fluoxetine were estimated at pH 7.67 (the pH ofgbdiment used in the whole-sediment uptake
studies) using the relationships between rate aotstnd pH described in Chapter 4 (Equations
28 and 29). As pH had a limited effect on the uptakd depuration of triclosan and the
depuration of diclofenac and fluoxetine, a meathefK;, and K, values measured at pH 5.5, 7
and 8.5 was taken. A summary of the uptake and rdépo rate constants used for the

evaluation of the modelling is shown in Table19.

KinDCF = 61527 3_1'472.}6 Eq 28

KinFLX = 0.0005 - 31'2868.}6 Eq 29

Table 19. Uptake and depuration rate constants usefdr the evaluation of the sediment
uptake model.

Compound Kin Kout
Diclofenac 0.769 0.046
Fluoxetine 9.67 0.0071
Triclosan 49.6 0.000093

Figures 32-34. Modeled internal concentrationsfliooxetine and diclofenac agreed well with
measured concentrations (Figures 32 and 33). ietosan, however, modelled concentrations in

the worms were lower than measured concentrations.
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Figure 31 Modeled concentrations in comparison wittmeasured concentrations of
diclofenac over 96 hours. Smooth line is the modeleoncentration whilst filled circles
represent measured data. Empty circles represent mefeeding worms.
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Figure 32 Modeled concentrations in comparison wittmeasured concentrations of
fluoxetine over 96 hours. Smooth line is the modealeconcentration whilst filled circles
represent measured data. Empty circles represent mefeeding worms.
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Figure 33 Modeled concentrations in comparison wittmeasured concentrations of
triclosan over 96 hours. Smooth line is the modelecbncentration whilst filled circles
represent measured data. Empty circles represent mefeeding worms.

In addition to a comparison of modelled and meabsurternal concentrations over time, BSAF
values were also calculated for the feeding woithss is because small variations in the uptake
and depuration rates can have large implicationshi® BSAF at steady state. Modelled BSAFs
for diclofenac and fluoxetine agreed well with \@duderived from the whole sediment studies
(Table 20). For triclosan, the modelled BSAF wapragimately one order of magnitude larger

than the measured BSAF even though uptake ovenv@shunderestimated by the model.

Table 20. BSAF values obtained using the model antérived from whole sediment
studies.Substance

Csed Kg Cwater BCF® BSAF BSAF
(nmol/kg) (nmol/L) (Eq Part)
Diclofenac 27.2 4.2 6.47 16.8 4.0 2.7
Fluoxetine 736 422.5 1.74 1355 3.2 14
Triclosan 547 241.2 2.27 535470 2220 292
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A possible explanation for the large differenceBSAF for triclosan might be the increased
depuration that was observed in the presence ahset compared to the depuration in a water
only system (Chapter 3 and 4). It is possible thathe presence of sediment where organic
matter is present, the body burden over prolongeibg@s would be smaller due to a larger
sorption of the chemical to organic matter whiclilfeates the depuration out of the test
organism based on a fugacity model approach. Mbg€gt983) observed a reduction in the
uptake and accumulation of PAH in D. magna with%®7n the presence on natural organic

matter in the form of humic acids.

While there was disagreement between model preditand experimental observations for
triclosan, the results for diclofenac and fluoxetare very encouraging. These data indicate that
if information is available on the sorption behavi@f an ionisable substance in sediment and
on the relationships between pH and uptake andrdgpn from the water phase, it is possible
to estimate internal exposure to a fair degreecofiacy. In the future, the model described here
could be used to assess the spatial risks of sudtestasuch as diclofenac and fluoxetine to

benthic organisms across the European landscape.

6.4 Implications for existing models for estimating sorption and

bioconcentration

Many regulatory risk assessment schemes recomnmendse of quantitative structure-activity
relationships(QSARs) and quantitative structumgpprty relationships (QSPRs) for estimating
the fate, uptake and toxicity of a chemical in éin@ironment. For pharmaceuticals, for example,
if experimental data are not available, the Eurapédedicines Agency indicate that
bioconcentration and soprtion can be predicted dasechemical properties (EMEA, 2006).

The log Kow is typically used as the chemical digsor of hydrophobicity in QSARs and
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QSPRs for sorption, bioaccumulation and toxicitgh\Barzenbactet al. 2003; Nendza and
Russom 1991; Hansch and Leo 1995) in many regyldtameworks. The results of the current
study clearly show that J¢§-based models are inappropriate for estimatingetindronmental
properties and effects of ionisable substances asainany pharmaceuticals and personal care

products.

The findings of this study also show that even nieodeveloped specifically for estimating the
fate and effects of ionisable compounds (e.g. Trapgh Horobin , 2005; Francet al, 2008;
Neuwoehner and Escher, 2011) may not perform welcémpounds such as pharmaceuticals
and personal care produckdore work is therefore needed to develop and perarise models

for estimating the fate properties and uptake ois@ble compounds.

6.4 Implications for ecotoxicity testing of pharmaeuticals and personal

care products

In Chapter 4, a clear negative correlation betw#®n bioconcentration of the weak acid
diclofenac and pH was observed as well as a pesitivrelation between the bioconcentration
of the weak base fluoxetine and pH. Bioconcentrafartors at the different pH values tested
were found to vary by more than two orders of magld for diclofenac and four orders of
magnitude for fluoxetine. These effects of pH oa ot only likely to affect the uptake of the
compounds but also the toxicity to organisms in ém¥ironment. Other studies also have
demonstrated the importance of pH in determinimgetotoxicity of ionisable compounds. Both
Nakamureaet al. (2008) and Neuwoehner and Escher (2011) explahe@H dependant toxicity

of fluoxetine to fish and green algae respectitEged on differences in the uptake behaviour at
different environmental pH values. In Japanese keedhe difference in toxicity ranged

between 0.2 and 5.5 mg/L, a factor of > 25 at phd 9 respectively (Nakamuea al. 2008).
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However, pH effects on toxicity are not currentlgnsidered in standard regulatory risk
assessment schemes for organic compounds. Ecéyoxasts are typically performed in
standard media whose pH values range from 6.2 (ORf{gal media) to 7.98 (EPA soft
water)(Parket al, submit). Therefore, when assessing the risksidbmisable compound based
on standard ecotoxicity test data, e.g. using thidedine on environmental risk assessment for
medicinal products for human use (EMEA, 2006), ¢hisra possibility that the risks to aquatic
organisms could be greatly over- or underestimadtethe future, it may be appropriate to assess
toxicity at environmentally relevant pH values whegreatest uptake into an organism is
expected. For example, for a weak base like flingett may be appropriate to test at higher pH
values (e.g. 8.5) whereas for a weak acid suchicksfehac, it may be appropriate to test at a

lower pH value (e.g. 5.5).

The findings of this study also demonstrate thedrteeconsider environmental metabolites of a
substance in the risk assessment process. Thetanperof environmental metabolites has also
been shown by Ashauet al. (2012). Most pharmaceuticals are readily metabdliand/or
excreted by humans, the reason why they have takea regularly (Jakobst al. 1990). There

is very little information available of the metatsoh of pharmaceuticals in aquatic invertebrates,
however it is rather well established that manyhef detoxification enzyme responsible for the
metabolism of e.g. pharmaceuticals in mammals @ present in fish (Goksgr and Forlin,
1991). These metabolites could well affect orgasigmthe environment so it is important that

their toxicity is established.

6.5 Conclusions

This study is one of the first to explore the fastand processes affecting the uptake of

substances used as pharmaceuticals or in persara@lpcoducts into benthic organisms. The
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results show that distribution between sedimenidsobnd pore water varies for different
compounds. Differences are also seen in uptake from water into lumbricid worms. Unlike
neutral organic chemicals, the differences in b&havand uptake cannot be explained by a
compounds’ lipophilicity. Available models for piieting fate and uptake of ionisable
compounds also do not appear to be at an advanumayle state to accurately predict the
partitioning behaviour and uptake of pharmaceudiGaid personal care products in aquatic
organisms. Studies into the effects of pH on uptd&monstrate that this parameter is very
important in determining the degree of uptake ahsopharmaceuticals and personal care
products and show that bioconcentration factorsdiffar by up to more than four orders of
magnitude across a range of environmentally releydh values. Evaluation of a sediment
uptake model demonstrates that for selected phautiaals and personal care products, by
combining information on uptake and depuration ratestants from water-only studies and on
sorption behaviour from batch experiments, it isgiole to estimate uptake into benthic
organisms over time. The results of the model ptidis are very promising and indicate that it
may be possible to apply an approach, analogotisetequilibrium partitioning method, in the
environmental risk assessment process for pharrtieaks, personal care products and other

ionisable compounds.

6.4 Recommendations for further research

While the work described in this thesis has gererabvel information on the fate and uptake of
compounds used as pharmaceuticals or personapaadacts in sediment environments, it also
highlights a number of areas where future reseiarobeded. In the future work should focus on

the following aspects:
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Development of new methods for estimating the sorption behaviour of ionisable compoundsin
sediments — This thesis has demonstrated that currentlyadi@ models for estimating sorption
of organic chemicals perform poorly for estimatisyption of pharmaceuticals and personal
care products in sediment systems. There is a toegelvelop improved methods for estimating
the sorption behaviour of these compounds to sadsnehich take into account the different
interactions that occur between ionisable compowrdb sediment solids. These relationships

should be developed to also account for changssdiment properties.

Development of new approaches to estimate the uptake of ionisable compounds in aquatic
organisms — While models are available for estimating uptakeonisable compounds into
aquatic organisms, these did not perform well fog study compounds and variegatus
Future work should focus on understanding the mashe of uptake of ionisable organic
compounds (both passive and active) as well amtabolism of compounds within organisms
with a view to developing and parameterising impbynodels for a range of species with
different traits. These models should be able tooawt for the effects of differences in

environmental parameters (e.g. pH) on uptake.

Understanding the formation and effects of metabolites of pharmaceuticals and personal care
products — Data for triclosan indicate that this compoundeigensively metabolised in the
worms. Future uptake studies should ideally emptosthods that allow the differentiation
between parent compounds and transformation predefcthe parent compound (e.g. Radio
HPLC, LC-MS, GC-MS) as well as the identificatiorf metabolites (e.g. TOF-MS).
Consideration should be given to assessing therthataany major metabolites and approaches

developed to allow the risks of parent compoundéimglite mixtures to be assessed.

Understanding the linkages between internal residues of pharmaceuticals and personal care

products and toxicity — This thesis has focused on uptake as an endpoiotder to use this
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information to understand risks in the environmémfprmation is needed on the relationship
between internal concentrations and effects (éugugh the critical body residue approach).
Questions that require answering include: do diffiees in uptake of an ionisable compound at
different pH values correlate with differencesanitity? and how do benthic organisms vary in

terms of their sensitivity to exposure to an iohlsacompound?

By addressing these issues, in the future it shdnddpossible to develop a much better

understanding of the overall risks of an ionisafimpound across broad landscapes.
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Table 1. Mass balance calculations at 0-48 h fromptake study presented in Chapter 3.

Timepoint (h) Tesi compound | Concentration | Volume test Sum recovery | Mean test % of spiked
0 0 10.€ 4C 430.25!
0 0 9.1 4C 364.71! 405.69! 10cC
0 0 10.€ 4C 422.11!
3 5.€ 11.¢€ 40 479.839166
3 5.4 11.3¢ 4C 458.844833 468.494! 11¢&
3 4.¢ 11.5¢ 4C 466.799!
6 7.S 10.€ 4C 440.072666
6 12.2 11.¢€ 4C 488.41! 454.841944 112
6 6.2 10.7 4C 436.038166
Naproxen 12 11. 11.67537 40 478.4¢
12 10.4 11.2037083 4C 458.55: 472.232333 11€
12 12.1 11.6890416 4C 479.65¢
24 19.5 10.01087 4C 419.917666
24 22.¢ 10.22537: 4C 431.872333 445.42: 11C
24 27.% 11.4295416 4C 484.47:
48 29.7 9.10637! 4C 393.924166
48 35.7 10.3160416 4C 448.377! 439.156111 10¢€
48 44 F 10.7665416 4C 475.166666
0 0 18.9267559 4C 757.070237
0 0 19.6475416 4C 785.901666 771.504523 10C
0 0 19.2885416 4C 771.541666
3 25.7594166 18.7097083 4C 774.1477
Fluoxetine 3 17.6484166 18.1230416° 4C 742.570083 761.285972 9¢
3 19.0650833 18.70187 4C 767.140083
6 45.5484166 18.22087 4C 774.383416
6 49.32725 17.21754167 40 738.0289167 754.8048611 98
6 57.1272! 17.37187. 4C 752.0022
12 77.30941667 16.98304167 40 756.6310833

143



Appendix 1

Timepoint (h) Testi compound | Concentration | Volume test Sum recovery | Mean test % of spiked
12 0.0C 10.76 40.0C 43(.26 97
12 0.0C 9.12 40.0C 364.72 40Et.7C
24 0.0C 10.55 40.0C 42212
24 5.63 11.86 40.0C 47¢.84 95
24 5.35 11.34 40.0C 45£.84 46€.49
48 4.78 11.55 40.00 466.80
48 7.9C 10.80 40.0C 44(.07 91
48 12.15 11.91 40.00 488.42 454.84
0 6.2C 10.75 40.0C 43€.04
0 11.48 11.68 40.00 478.49 100
0 10.4C 11.20 40.0C 45€.55 472.23
3 12.09 11.69 40.0C 47¢.65
3 19.48 10.01 40.0C 41€.92 91
3 22.86 10.23 40.0C 431.87 44t.42
Triclosan 6 27.29 11.43 40.0C 484.47
6 29.67 9.11 40.0C 39:.92 91
6 35.74 10.32 40.0C 44¢€.38 43€.16
12 4451 10.77 40.00 475.17
12 0.0C 18.93 40.0C 751.07 87
12 0.00 19.65 40.00 785.90 771.50
24 0.0C 19.29 40.0C 77154
24 25.76 18.71 40.00 774.15 100
24 17.65 18.12 40.0C 74257 761.29
0 19.07 18.70 40.0C 767.14
0 4555 18.22 40.0C 774.38 10cC
0 49.33 17.22 40.0C 73€.03 754.8C
3 57.13 17.37 40.00 752.00
Chloramphenica 3 77.31 16.98 40.0C 75€.63 101
| 3 76.75 17.04 40.00 758.52 746.40
6 66.07 16.45 40.0C 724.05
6 10€.86 1571 40.0C 73E.12 99
6 11277 1551 40.0C 732.03 734.32
12 11158 15.58 40.0C 734.82
12 10E.68 15.64 40.0C 731.4C 10cC
12 120.33 14.92 40.00 717.12 698.42
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Timepoint (h) Testi compound | Concentration | Volume test Sum recovery | Mean test % of spiked
24 101.5¢ 13.63 40.0C 64¢€.74
24 0.0C 12.64 40.0C 50E.58 10z
24 0.0C 11.62 40.0C 464.96 49472
48 0.0C 12.84 40.0C 512.62
48 33.29 10.01 40.0C 43Z7C 10cC
48 57.22 10.83 40.00 490.34 450.99
0 47.42 9.54 40.0C 42€.94
0 140.75 7.76 40.00 451.17 100
0 12€.51 8.80 40.0C 47€.32 451,58
3 100.90 8.11 40.00 425.24
3 12152 5.88 40.0C 35€.9C 98
3 15E.38 8.86 40.0C 50¢.62 42¢.35
6 14€.68 6.75 40.0C 41€.52
6 29¢.76 5.22 40.0C 50¢€.64 77
Salicylic acid 6 25471 6.09 40.0C 49¢.22 49t.47
12 27C.15 5.24 40.0C 47¢.56
12 40.0C 0.0C 69
12 40.00 0.00 0.00
24 40.0C 0.0C
24 0.00 14.12 40.00 564.67 62
24 0.0C 14.46 40.0C 57€.39 56¢€.62
48 0.00 14.15 40.00 565.82
48 0.23 14.60 40.0C 584.4C 55
48 0.14 13.77 40.0C 551.02 57%.06
0 0.14 14.59 40.0C 58:.76
0 0.19 14.41 40.0C 57€.6C 10cC
0 0.22 13.97 40.00 559.07 562.05
3 0.24 13.76 40.0C 55C.5C
Diclofenac 3 0.35 14.02 40.00 561.08 85
3 0.33 14.4Q 40.0C 57€.19 57(.78
6 0.5C 14.36 40.0C 57E.06
6 0.54 14.83 40.0C 59:2.55 101
6 0.35 14.18 40.0C 567.49 57¢.15
12 0.52 14.4Q 40.0C 57€.4C
12 0.72 14.35 40.00 574.59 102
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Timepoint (h) Testi compound | Concentration | Volume test Sum recovery | Mean test % of spiked

12 0.8C 13.92 40.0C 557.66 56¢.88

24 0.81 14.41 40.0C 577.39

24 0.0C 14.31 40.0C 57231 10z
24 0.0C 13.99 40.0C 55¢.42 567.66

48 0.0C 14.28 40.0C 571.24

48 0.37 13.57 40.00 542.98 99
48 0.24 14.10 40.0C 564.04 55¢&.79
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Table 2. Mass balance calculations at 0-48 h fronptake study presented in Chapter 4.

pH Time Test compound in Concentration test Volume test Sum recovery Mean test % of
0 0.00 26.96 40.0C 107€.35
0 0.00 27.52 40.0C 110C.96 109:.31 10C
0 0.00 27.52 40.0C 110063
3 62.35 25.65 40.0C 108¢51
3 79.38 24.60 40.0C 106240 108434 99
3 64.48 25.92 40.0C 110112
6 11E.60 24.80 40.0C 110743
6 141.19 24.35 40.0C 11113 111237 10z
. 6 161.39 23.90 40.0C 1117.56
Diclofenac 5.5 12 24458 21.84 40.0C 1117.99
12 2401 21.01 40.0C 108t.45 110£.62 101
12 29351 20.72 40.0C 112244
24 3771.32 17.75 40.0C 1087.24
24 24C.17 20.75 40.0C 107C.09 1091.03 10C
24 39577 18.00 40.0C 111577
48 49C.29 13.39 40.0C 102¢€.05
48 34C.41 18.23 40.0C 106¢<.52 107t.1C 98
48 33E.30 19.86 40.0C 112¢€.74
0 0.00 29.74 40.0C 118¢€.73
0 0.00 29.85 40.00 1193.96 1149.78 100
0 0.00 26.64 40.0C 106E.65
3 7.49 21.22 40.0C 109¢€.29
3 8.82 27.82 40.0C 112160 111C5C 97
3 8.98 27.62 40.0C 111262
6 15.78 27.93 40.0C 113211
Diclofenac 7 6 15.91 28.55 40.00 1157.72 1145.79 100
6 12.37 28.35 40.0C 114¢€.54
12 21.39 27.10 40.00 1105.20
12 21.72 27.49 40.0C 1121.30 112¢€.94 98
12 20.87 28.56 40.00 1163.34
24 26.88 26.16 40.0C 107213
24 25.47 28.63 40.00 1170.71 1124.36 98
24 24.60 27.62 40.0C 112¢.24
48 34.21 27.67 40.0C 114117
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pH Time Testcompound in Concentration test Volume test Sum recovery Mean test % of
48 23.99 29.78 40.0C 121£.29 1172.87 10z
48 36.59 28.14 40.0C 116214
0 0.00 29.57 40.0C 118277
0 0.00 27.92 40.0C 111€97 113€.93 10C
0 0.00 28.00 40.0C 112C.06
3 1.46 28.35 40.00 1135.38
3 1.27 28.49 40.0C 114074 115C.2C 101
3 1.08 29.34 40.00 1174.48
6 1.12 29.77 40.0C 119178
6 1.87 29.11 40.00 1166.43 1168.85 103
Diclofenac 8.5 6 1.15 28.68 40.0C 114§.34
) 12 1.95 26.40 40.0C 1057.89
12 1.63 28.73 40.0C 115072 1107.53 97
12 1.91 27.80 40.0C 111299
24 3.55 27.65 40.0C 110¢59
24 2.32 27.88 40.0C 1117.66 112¢€74 99
24 2.39 28.99 40.0C 1161.96
48 7.66 27.03 40.00 1088.72
48 8.34 25.52 40.0C 102¢.16 105¢.7C 93
48 6.07 26.38 40.00 1061.21
0 0.00 15.67 40.0C 62€.95
0.00 14.40 40.00 576.00 606.79 100
0 0.00 15.44 40.0C 617.42
3 1.97 13.65 40.0C 547.83
3 2.88 16.16 40.0C 64¢€.37 612.38 101
3 1.21 15.97 40.0C 63€.96
6 7.31 17.05 40.00 689.16
Fluoxetine 5.5 6 3.36 17.25 40.0C 692.24 687.11 113
6 5.83 16.83 40.00 678.94
12 5.85 17.09 40.0C 68¢.46
12 8.65 17.06 40.0C 69C.91 693.83 114
12 11.10 17.25 40.0C 701.11
24 9.10 17.53 40.0C 71C.35
24 9.18 15.77 40.0C 64C.04 694.2C 114
24 14.45 17.94 40.00 732.23
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pH Time Testcompound in Concentration test Volume test Sum recovery Mean test % of
48 12.32 11.78 40.0C 482.70
48 14.76 14.98 40.0C 612.83 567.05 93
48 14.17 14.74 40.0C 602.62
0 0.00 14.27 40.0C 57C.72
0 0.00 16.05 40.0C 641.85 63€.63 10C
0 0.00 17.58 40.00 703.32
3 19.13 17.08 40.0C 702.73
3 21.38 16.86 40.00 695.69 703.50 110
3 23.37 17.22 40.0C 712.09
6 47.21 15.39 40.00 662.63
6 38.89 15.40 40.0C 654.74 657.51 10z
Fluoxetine 7 6 31.84 15.58 40.0C 65?.16
12 62.21 14.89 40.0C 657.64
12 68.96 14.69 40.0C 65€.60 663.6S 104
12 28.03 16.22 40.0C 67€.84
24 11259 13.45 40.0C 65(.43
24 13C.55 13.86 40.0C 684.96 66E.15 104
24 100.01 14.00 40.00 660.05
48 12€.84 10.80 40.0C 55€.70
48 151.86 13.36 40.00 686.07 675.09 106
48 12¢€.12 16.28 40.0C 78C.50
0 0.00 16.22 40.0C 64€.92
0 0.00 16.51 40.0C 66C.37 66E.72 100
0 0.00 17.20 40.0C 687.86
3 37.35 14.97 40.0C 63€.03
3 64.37 14.14 40.0C 62€.93 64¢.46 98
3 95.26 14.68 40.00 682.41
Fluoxetine 8.5 6 16841 11.68 40.0C 63E.55
) 6 164.33 12.82 40.00 677.24 668.60 100
6 17€.70 12.91 40.0C 692.02
12 303.24 10.13 40.0C 70€.62
12 234.24 10.83 40.0C 667.44 65¢€.01 99
12 18299 10.42 40.0C 60C.95
24 29¢.00 7.27 40.0C 58¢.68
24 333.74 9.38 40.00 708.83 656.14 99
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pH Time Testcompound in Concentration test Volume test Sum recovery Mean test % of
24 303.66 9.16 40.0C 66€.92
48 341.62 4.13 40.0C 50€.96
48 421.99 5.10 40.0C 62€.04 59C.2¢ 89
48 411.55 5.66 40.0C 637.86
0 0.00 27.59 40.0C 11074
0 0.00 25.51 40.00 1020.54 1076.24 100
0 0.00 27.61 40.0C 110444
3 181.74 24.21 40.00 1150.10
3 147.15 2341 40.0C 108238 11436 10€
3 231.79 23.90 40.00 1187.61
6 28E.26 21.23 40.0C 113433
6 36¢.64 20.92 40.0C 120€.32 1162.1C 10¢€
Triclosan 5.5 6 364.31 19.53 40.0C 11466
12 65E.34 12.08 40.0C 113¢£.88
12 57141 13.59 40.0C 111496 113¢51 10€
12 634.91 13.17 40.0C 1161.7C
24 87¢.83 7.06 40.0C 116239
24 845.17 6.81 40.00 1117.69 1146.09 106
24 872.65 7.14 40.0C 115¢&.20
48 1036.72 3.17 40.00 1163.47
48 101:.47 2.77 40.0C 112433 111161 10z
48 919.00 3.20 40.00 1047.03
0 0.00 28.83 40.0C 115213
0 0.00 28.94 40.0C 1157.46 115£.97 10C
0 0.00 28.93 40.0C 1157.32
3 28E.76 22.07 40.0C 117159
3 322.68 20.75 40.00 1152.61 1170.56 101
3 21E.36 24.30 40.0C 1187.47
Triclosan 7 6 253.45 22.44 40.00 1151.14
6 39E.63 20.61 40.0C 121¢87 118243 10z
6 28¢.08 22.25 40.0C 117¢<.28
12 79E.15 10.47 40.0C 121414
12 737.48 9.80 40.0C 112¢52 116¢.89 101
12 642.08 13.00 40.0C 116201
24 845.88 7.09 40.00 1129.36
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pH Time Testcompound in Concentration test Volume test Sum recovery Mean test % of
24 961.64 4.58 40.0C 114478 114231 99
24 91C.08 6.14 40.0C 115E77
48 1011.08 2.00 40.0C 109C.97
48 97¢.29 431 40.0C 115154 11366 98
48 108274 1.87 40.0C 115&.47
0 0.00 29.07 40.0C 116294
0 0.00 29.33 40.0C 117223 119402 10C
0 0.00 31.15 40.00 1245.90
3 20t.11 25.34 40.0C 121¢&54
3 269.43 22.14 40.00 1154.99 1204.16 101
3 13837 27.51 40.0C 123£.95
6 36¢.13 20.87 40.0C 120293
6 23E.69 23.54 40.0C 1177.36 1167.05 98
Triclosan 8.5 6 28343 2091 40.0C 111¢.85
12 734.37 10.89 40.0C 116¢€.80
12 68E.61 13.30 40.0C 121770 119102 10C
12 52€.53 16.48 40.0C 118E55
24 761.62 11.86 40.00 1235.90
24 80355 11.62 40.0C 126¢.30 121£.4C 10z
24 736.31 10.14 40.00 1142.02
48 108(.64 2.43 40.0C 1177.80
48 968.28 3.72 40.00 1117.26 1175.58 98
48 111C01 3.04 40.0C 1231.66
0 0.00 10€.71 40.0C 426¢.50
0 0.00 112.09 40.0C 452257 432¢£.9C 100
0 0.00 104.87 40.0C 419465
3 3.44 104.34 40.00 4177.07
3 5.48 10z.58 40.0C 410¢€.88 416E.5C 96
Caffeine 55 3 3.38 105.18 40.00 4210.55
) 6 5.40 10C.02 40.0C 400¢€.28
6 6.05 10¢.32 40.0C 437¢£.85 416¢€.05 96
6 5.49 10z.91 40.0C 412202
12 4.36 98.13 40.0C 392¢.66
12 5.29 11313 40.0C 453(.38 421¢£.18 97
12 5.29 104.73 40.00 4194.50
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pH Time Testcompound in Concentration test Volume test Sum recovery Mean test % of

24 4,78 10€.66 40.0C 427137

24 6.58 10z.21 40.00 409496 418(.08 97

24 5.18 104.22 40.0C 417290

48 7.16 101.09 40.0C 405071

48 4.93 102.89 40.0C 412058 4197.94 97

48 4.39 110.45 40.00 4422.52

0 0.00 10z.16 40.0C 408¢€.56

0 0.00 101.58 40.00 4063.16 4074.01 100

0 0.00 101.81 40.0C 407231

3 4.85 96.96 40.00 3883.26

3 3.95 10€.39 40.0C 42557 416€.67 10z

3 4.65 10€.81 40.0C 4357.19

6 472 101.68 40.0C 407181

6 5.21 101.88 40.0C 408C41 409¢€.08 101
Caffeine 7 6 4.08 102.30 40.0C 413€.04

12 4.45 104.68 40.0C 419160

12 6.26 10€.78 40.0C 4271.28 4347.85 107

12 4.19 114.26 40.00 4574.67

24 6.09 101.88 40.0C 408112

24 5.44 102.35 40.00 4099.47 4220.30 104

24 7.02 111.83 40.0C 448(.31

48 7.93 93.17 40.00 3734.77

48 8.75 102.57 40.0C 411148 402(.55 99

48 9.97 10E.14 40.0C 421E.38

0 0.00 10C.53 40.0C 402131

0 0.00 10C.03 40.0C 4001.03 407156 10C

0 0.00 104.81 40.00 4192.36

3 4.64 10€.39 40.0C 434020

3 4.02 104.95 40.00 4202.03 4153.67 102
Caffeine 8.5 3 3.59 97.88 40.0C 391¢£.78

6 4.16 107.40 40.0C 4300.25

6 3.77 101.07 40.0C 404€.76 414¢£.8C 10z

6 4.58 10z.37 40.0C 409¢.39

12 4,53 102.86 40.0C 415¢.86

12 4.77 106.03 40.00 4246.15 4184.02 103
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pH Time Testcompound in Concentration test Volume test Sum recovery Mean test % of
12 4.89 103255 40.0C 4147.04
24 6.30 10€.30 40.0C 425¢.26
24 4.56 102.62 40.0C 410¢53 416¢.21 10z
24 6.20 10234 40.0C 413¢84
48 8.60 94.57 40.0C 3791.33
48 6.21 93.23 40.00 3735.28 3827.71 94
48 4.24 98.81 40.0C 395€.51
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Table 3. Mass balance calculations at 0-48 h fronptake study presented in Chapter 5.

Head | Time-point | Test compound| Concentration Volume test Bqg /ml Sum recovery | Mean test % of
0 0 50.07 20.00 100142
0 0 53.09 20.00 1061.72 102¢.03 10C
0 0 51.20 20.00 10297
3 0.54 53.08 15.14 26€.63 107299
3 0.72 55,53 15.15 26¢.85 1111.96 109279 10¢€
3 0.76 54,96 15.13 26C.92 109243
6 1.62 48.65 15.15 25E.43 994.08
6 1.30 55.39 15.15 27¢.75 111¢€.90 1057.28 10z
Diclofenac y 6 1.09 51.45 15.14 271.84 1057.86
12 3.09 52.73 15.13 277.07 1077.93
12 2.95 54.19 15.14 282.63 11098 108276 10¢&
12 2.40 51.42 15.14 283.59 1064.37
24 3.54 52.72 15.13 287.02 108¢.35
24 3.62 52.77 15.15 296.46 1099.65 1044.19 101
24 3.02 4485 15.13 262.1C 944,56
48 4.70 49.37 15.13 291.95 1043.43
48 5.36 50.25 15.14 28¢.86 10510 1054.93 10z
48 4,25 50.04 15.13 30E.0C 106€.27
0 0.00 50.07 20.00 0.0C 100142
0 0.00 53.09 20.00 0.0C 1061.72 102¢€.03 10C
0 0.00 51.20 20.00 0.0C 102:.97
3 0.22 59.42 15.13 278.82 1177.77
3 0.33 53.32 15.12 251.85 105¢€.54 110¢<.14 10¢
3 0.15 55.60 15.14 249.02 1091.12
6 0.71 55.21 15.15 27€.27 111E.15
Diclofenac n 6 0.45 51.76 15.15 258.38 1042.74 1061.69 103
6 0.75 50.94 15.15 254.9C 1027.18
12 1.12 50.38 15.15 27£.34 104243
12 1.71 48.71 15.14 264.89 1003.94 1015.87 99
12 1.53 49.08 15.14 25€.61 1001.25
24 2.38 51.38 15.15 270.73 1051.35
24 1.84 4844 15.13 26%.88 99¢€.55 103:.06 10C
24 2.56 49.64 15.13 295.81 1049.29
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Head | Time-point | Test compound| Concentration Volume test Bg /ml Sum recovery | Mean test % of
48 3.85 4891 15.15 28¢€.44 103111
48 491 48.45 15.14 28¢€.49 102477 1044.86 10z
48 5.68 51.10 15.14 29¢.38 107€£.70
0 0.00 304.74 15.00 0.0C 4571.03
0 0.00 362.30 15.00 0.0C 543453 509¢.12 10C
0 0.00 352.59 15.00 0.00 5288.80
3 27.00 11.43 15.01 452,06 472251
3 27.33 10.31 15.01 4566.44 4748.47 4738.29 93
3 30.57 10.67 15.00 455:.18 47489
6 41.06 11.06 15.00 4611.72 4818.60
6 4572 11.20 15.01 4617.99 4831.80 4781.60 94
Fluoxetine y 6 33.82 11.05 15.01 451274 471240
12 54.58 11.75 15.00 471571 494¢€.59
12 45.26 11.08 15.01 478211 499:.87 494£.88 97
12 45.48 10.89 15.00 468¢.29 4897.19
24 4952 12.71 15.00 476202 5002.27
24 59.39 11.48 15.01 4507.42 473¢€.06 4952.72 97
24 86.23 12.08 15.00 4848.46 5115.84
48 82.15 11.83 15.00 442159 468115
48 68.56 11.84 15.00 4450.65 4696.80 4588.69 90
48 89.90 11.87 15.00 4120.1C 438¢.11
0 0.00 304.74 15.00 0.0C 4571.03
0 0.00 362.30 15.00 0.0C 543453 509¢.12 100
0 0.00 352,59 15.00 0.0C 528¢€.80
3 22.08 11.81 14.99 472402 492:21
3 20.52 11.56 15.01 452E.24 471¢21 4862.49 95
3 18.61 10.90 15.00 4762.87 4945.05
Fluoxetine n 6 35.37 11.15 14.99 468€.31 488¢.82
6 33.31 11.26 15.01 4702.74 4904.98 4882.23 96
6 33.63 11.48 15.00 464712 485290
12 46.27 12.07 15.00 484231 506¢.59
12 41.04 11.30 15.00 470219 4912.75 499¢.55 98
12 35.66 12.49 15.00 479(0.29 501:.32
24 78.83 12.22 15.00 4562.02 482417
24 67.98 12.33 15.01 4706.87 4959.79 4899.39 96
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Head | Time-point | Test compound| Concentration Volume test Bg /ml Sum recovery | Mean test % of
24 67.48 11.80 15.00 466¢.73 491422
48 98.16 1351 14.99 443¢.04 47376
48 87.20 12.82 14.99 455¢.03 483¢€.40 472553 93
48 92.08 13.44 15.01 430469 459¢£42
0 0.00 324.83 15.00 0.0C 487238
0 0.00 322.30 15.00 0.00 4834.45 4807.27 100
0 0.00 314.33 15.00 0.0C 471498
3 526.37 8.97 16.14 4091.92 4763.02
3 601.42 8.36 16.14 4011.7C 474¢€.08 470090 98
3 550.65 8.22 16.16 3908.05 4591.61
6 87(.56 7.41 16.15 381¢.84 480¢.04
6 84:.16 7.63 16.15 3851.4¢€ 4817.84 47471.80 99
Triclosan y 6 87(.65 7.42 16.15 362¢€.09 461€51
12 1247.69 6.51 16.16 3562.35 491£.26
12 140240 5.75 16.16 3262.33 476C.73 485€.02 101
12 1392.15 6.32 16.15 3391.8C 4892.08
24 147E.95 6.00 16.14 319:.53 476¢.38
24 1419.35 5.58 16.15 3332.28 4841.82 4814.27 100
24 124¢£.38 6.24 16.16 348:.38 483261
48 2257.59 3.98 16.15 2503.09 4824.95
48 2332.85 3.55 16.16 2501.0C 4891.22 4881.02 10z
48 2007.04 4.47 16.14 2865.77 4944.90
0 0.00 324.83 15.00 0.0C 487238
0 0.00 322.30 15.00 0.0C 4834.45 4807.27 10C
0 0.00 314.33 15.00 0.0C 471498
3 232.83 9.69 16.16 419:.88 458E.23
3 246.84 9.37 16.14 4158.43 4556.59 4587.14 95
3 161.46 9.55 16.14 430:.89 461¢59
Triclosan n 6 417.13 9.08 16.16 3978.63 4542.44
6 61€.24 9.43 16.16 389¢.26 4667.79 4584.20 95
6 40¢.74 8.79 16.15 399(.7C 4542.38
12 52¢.66 7.51 16.16 388¢.35 454045
12 73€.51 7.41 16.16 385(.63 470€.89 465€.35 97
12 622.35 7.75 16.14 398(.22 4727.70
24 1013.88 6.52 16.14 3545.35 4664.42
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Head | Time-point | Test compound| Concentration Volume test Bg /ml Sum recovery | Mean test % of
24 123€.32 5.99 16.14 3571.29 491(.28 480L.78 10C
24 124117 5.95 16.16 350:.31 484264
48 184¢€.99 457 16.14 320%.38 512¢.20
48 1727.95 4.39 16.15 2921.95 472(.82 496L.17 10z
48 185278 418 16.14 312421 504£.48

157




References

References

Accinelli C., Koskinen W.C., Becker J.M., SadowdklyJ. 2007. Environmental fate of two
sulfonamide antimicrobial agents in soil. Journ&lAgriculture and Food Chemistry

55:2677-2682.

Ahrens M.J., Hertz J., Lamoureux E.M., Lopez GNRcEIroy A.E., Brownawell B.J. 2001. The
effect of body size on digestive chemistry and ghtsan efficiencies of food and
sediment-bound organic contaminants Nereis succinea(Polychaeta). Journal of

Experimental Marine Biology and Ecology 263(2): 181.

Alibrandi G., Coppolino S., D'Aliberti S., Ficarfd., Micali N., Villari A. 2003. Fast drug
stability determination by LC variable-parametemekic experiments. Journal of

Pharmaceutical and Biochemical Analysis 32(4-5)3t0@79.

Andreozzi R., Marotta R., Paxeus. 2003. Pharmacaatiin STP effluents and their solar

photodegradation in aquatic environment. Chemogpia€(10):1319-1330.

Ankley G.T., Leonard E.N., Mattson V.R. 1994. Potidin of bioaccumulation of metals from

contaminated sediments by the oligochaetebriculus-variegatus28(5): 1071-1076.

Aranami K., Readman J.W., 2007. Photolytic degiedaof triclosan in freshwater and

seawater. Chemosphere. 66(6): 152.1056.

Armitage J.M., Arnot J.A., Wanja F., Mackay D. 2013evelopment and evaluation of a
mechanistic bioconcentration model for ionogenicgaoic chemicals in fish.

Environmental Toxicology and Chemistry. 32(1): 1128.

158



References

Arnot J.,Gobas F A.P.C. 2012. A review of biocoricaion factor (BCF) and bioaccumulation
factor (BAF) assessments for organic chemicalsgnatic organisms. Environmental

Reviews 14(4): 257-297.

Artola-Garicano E., Sinnige T.L., van Holsteijn Maes W.H.J., Hermens J.L.M. 2006.
Bioconcentration and acute toxicity of polycyclicusks in two benthic organisms
(Chironomus ripariusand Lumbriculus variegatys Environmental Toxicology and

Chemistry 22(5):1086-1092.

Ashauer R., Boxall A., Brown, C. 2006. Uptake aniimimation of chlorpyrifos and
pentachlorophenol into the freshwater amphip@dmmarus pulex Archives of

Environmental Contamination and Toxicology 51(42%48.

Ashauer R., Caravatti |., Hintermeister A., Escliel. 2010. Bioaccumulation kinetics of
organic xenobiotic pollutants in the freshwaterernebrateGammarus pulexnodeled

with prediction intervals. Environmental Toxicologpd Chemistry. 29: 1625-1636.

Ashauer R., Hintermeister A., O'Connor |., Eluméu, Hollender J., Escher B.l. 2012.
Significance of xenobiotic metabolism for bioaccuation kinetics of organic chemicals

in Gammarus pulexEnvironmental Science and Technology 46(6):34%9833

Baird D.J., Van den Brink P.J. 2007. Using bioladjitaits to predict species sensitivity to toxic

substances. Ecotoxicology and Environmental S&fé(g): 296-301.

Balmer M.E., Poiger T., Droz C., Romanin K., Berigg\P-A., Miller M.D., Buser H.R. 2004.
Ocurrence of methyl triclosan, a transformationdoict of the bactericide triclosan, in fish

from various lakes in Switzerland. Environmentak8ce and Technology. 38: 390-395.

Bantle, J.A., et al. 1994. FETAX interlaboratory validation study: Péadl testing.

Environmental Toxicology and Chemistry. 13(10): 96537.
159



References

Barron M.G. 1990. Bioconcentration. Will water-berarganic chemicals accumulate in aquatic

animals? Environmental Science and Technology1241612-1618.

Belfroid A.C., Seinen W., VanGestel K.C.A.M., HemseJ.L.M., VanLeeuwen K.J. 1995.
Modelling the accumulation of hydrophobic organitiemicals in earthworms -
Application of the equilibrium partitioning theoriEnvironmental Science and Pollution

Research 2(1):5-15.

Berninger J.P., Brooks B.W. 2010. Leveraging mananapharmaceutical toxicology and
pharmacology data to predict chronic fish respotsepharmaceuticals. Toxicology

Letters. 193:69-78.

Bintein S., Devillers J. 1994. QSAR for organicg@n in soils and sediments. Chemosphere.

28(6): 1171-1188.

Boxall, A.B.A., Fogg, L.A., Kay, P., Blackwell, P.APemberton, E.J., Croxford, A. 2004.
Veterinary medicines in the environment. Review&nvironmental Contamination and

Toxicology. 180:1-91.

Boxall A.B.A., Sinclair C.J., Fenner K., Kolpin D.WMaund S. 2004 When synthetic chemicals

degrade in the environment. Environmental SciemceTachnology 38(19): 369A-375A.

Boxall, A.B.A., Johnson, P., Smith, E.J., Sincla.J., Stutt, E., Levy, L. 2006. Uptake of
veterinary medicines from soils into plants. JouwfaAgricultural and Food Chemistry

54(6):2288-2297.

Boxall A.B.A., Rudd M.A.,et al. 2012. Pharmaceuticals and personal care prodoctsei
environment: what are they key questions? Enviroriale Health Perspectives

120(9):1221-1229.

160



References

Branson D.R., Blau, G.E., Alexander, H.C., Neely,BW1975. Bioconcentration of 2,2’,4,4'-
tetrachlorobiphenyl in rainbow trout as measuredihy accelerated test. Trans. Am. Fish.

Soc. 104:785-792.

Brausch J.M., Rand G.M. 2011. A review of persaraak products in the aquatic environment:

Environmental concentrations and toxicity. Chemesel82: 1518-1532.

Briggs G., Bromilow R.H., Evans A.A. 1982. Relatstip between lipophilicity and root uptake

and translocation of non-ionized chemicals by yafResticide Science 13(5):495-504.

Bringolf R.B., Heltsley R.M., Newton T.J., Eads G.Braley S.J., Shea D., Cope W.G. 2010.
Environmental occurrence and reproductive effe€tthe pharmaceutical fluoxetine in

native freshwater mussels. Environmental Toxicolaggt Chemistry 29(6):1311-1318.

Brinkhurst R.O., Gelder S.R. 1991. Annelida: Oligaeta and Branchiobdellida. In: Thorp TH,
Covich AP (eds), Ecology and Classification of Mofmerican Freshwater Invertebrates.

3 edition. Academic Press, New York

Brock Neely W., Branson D.R., Blau G.E. 1974. Riari coefficient to measure
bioconcentration potential of organic chemicalsfish. Environmental Science and

Technology. 8: 13: 1113-1115.

Brozinski J.M., Lahti M., Oikari A., Kronberg L. 2Q. Detection of naproxen and its
metabolites in fish bile following intraperitoneahd aqueous exposure. Environmental

Science and Pollution Research 18(5):811-818.

Brooks B.W., Foran C.M., Richards S.Mdt al. 2003. Aquatic ecotoxicology of fluoxetine.

Toxicology letters. 142 (3):169-183.

161



References

Brooks B.W., Chambliss C.K., Stanley J.K., RamifezBanks K.A., Johnson R.D., Lewis R.J.
2005. Determination of select antidepressantssim fiom en effluent-dominated stream.

Environmental Toxicology and Chemistry. 24(2): 458.

Brooks B.W,, Huggett D.B. (Eds) Human Pharmacelgida the Environment: Current and

Future Perspectives. Springer, New York. pp. 139-16

Brown, J.N., Paxeus, N., Forlin, L., Larsson, D.G2D07) Variations in bioconcentration of
human pharmaceuticals from sewage effluents irgb Blood plasma. Environmental

Toxicology and Pharmacology 24: 267-274.

Brozinski J-M., Lahti M., Oikari A., Kronberg L. 2Q. Detcetion of naproxen and its
metabolites in fish bile following intraperitoneahd aqueous exposure. Environmental

Science and Pollution Research. 18: 811-818.

Buchwalter D.B., Jenkins J.J., Curtis L.R. 2003mperature influences on water permeability
and chlorpyrifos uptake in aquatic insects with fatihg respiratory strategies.

Environmental Toxicology and Chemistry. 22: 11: @&B12.

Buerge 1.J., Poiger T., MU ller M.D., Buser H.R.020 Caffeine, an anthropogenic marker for
wastewater contamination of surface waters. Enwemtal Science and Technology.

37(4):691-700.

Buser H.R., Poiger T., Muller M.D. 1998. Occurrerened fate of the pharmaceutical drug
diclofenac in surface waters: Rapid photodegradaitioa lake. Environmental Science

and Technology 32(22):3449-3456.

Buth J.M., Steen P.O., Sueper C., Bluementritt\llkesland P.J., Arnold W.A., McNeill K.
2010. Photoproducts of triclosan and its chloridatierivatives in sediment cores.

Environmental Science and Technology. 44 (12),54544551.

162



References

Cabello F.C. 2006. Heavy use of prophylactic aatibs in aquaculture: a growing problem for
human and animal health and for the environmentir&nmental Microbiology. 8 (7):

1137-1144.

Calvet R. 1989. Adsorption of organic chemicalsails. Environmental Health Perspectives.

83: 145-177.

Campa-Cordova A. |., Luna-Gonzalez A., Ascenci@tal. 2006. Effects of chloramphenicol,
erythromycin, and furazolidone on growth of Isodisygalbana and Chaetoceros gracilis.

Aquaculture 260(1-4): 145-150.

Carballa, M., Omil F., Lema J.M. 2004. Behaviouipbirmaceuticals, cosmetics and hormones

in a sewage treatment plant. Water Research. 38Q118-2926.

de Carvalho R.F., Bromilow R.H., Greenwood R. 200ptake of pesticides from water by
curly water weedLagarosiphon majorand lesser duckweedlemna minor Pest

Management Science. 63: 789-797.

Carrasco Navarro V., Leppanen M.T., Kukkonen JGbdoy Olmos S. 2013. Trophic transfer

of pyrene metabolites between aquatic invertebr&egronmental Pollution. 173: 61-67.

Carreira L. A. S. Hilal and S. W. Karickhoff. 199&stimation of Chemical Reactivity
Parameters and Physical Properties of Organic Midsc Using SPARC (Book Chapter)
Theoretical and Computational Chemistry, QuantitatiTreatment of Solute/Solvent

Interactions, Eds. P. Politzer and J. S. MurrdseWer Publishers.

Chiou C.T. 1985. Partition coefficients of orgardiompounds in lipid water systems and
correlations with fish bioconcentration factors.viEanmental Science and Technology

19(1):57-62.

163



References

Comber S.D.W., Rule K.L.,, Conrad A.U., Hbss S., WeB.F., Marshall S. 2008.
Bioaccumulation and toxicity of a cationic surfattdDODMAC) in sediment dwelling

freshwater invertebrates. Environmental Pollutisi(1): 184-191.

Conkle J.L., Gan J., Anderson M.A. 2012. Degradatimd sorption of commonly detected
PPCPs in wetland sediments under aerobic and dnaeanditions. Journal of Soils and

Sediments 12:1164-1173

Connors K.A,, Du B., Fitzsimmons P.N., Hoffman A.Bhambliss C.K., Nichols J.W., Brooks
B.W. 2013. Comparative pharmaceutical metabolismrdigbow trout @Qncorhynchus
mykis$ liver S9 fractions. Environmental Toxicology an&€hemistry DOI:

10.1002/etc.2240.

Conrad A.U., Comber S.D., Simkiss K. 2002. Pyrenmneavmilability; effect of sediment-
chemical contact time on routes of uptake in agoalhaete worm. Chemosphere. 49(5):

447-454.

Choi K., Kim Y., Jung J.et al2008. Occurrences and ecological risks of roxithy@im
trimethoprim, and chloramphenicol in the Han Riu€orea. Environmental Toxicology

and Chemistry. 27(3): 711-719.

Daly J.W., Bruns R.F., Snyder S.H. 1981. Adenosaoeptors in the central nervous-system —

relationshio to the central actions of methylxamdisi. Life Sciences. 28(19). 2083-2097.

Daughton C.G., Ternes T.A. 1999. Pharmaceuticald parsonal care products in the
environment: Agents of subtle changes? Environnhéfealth Perspectives. 107: suppl 6:

907-938.

164



References

Daughton C.G. 2001. Emerging pollutants, and conicatimg the science of environmental
chemistry and mass spectrometry: Pharmaceuticateenenvironment. Journal of the

American Society for Mass Spectrometry 12(10):10676.

Daughton C.G., Jones-Lepp T.L. 2011. Pharmacestaad Care Products in the Environment-

Scientific and Regulatory Issues. Volume 791 Cagwri©® 2001 American Chemical Society

De Lange H.J., Noordoven W., Murk At al. 2006. Behavioural responses @ammarus
pulex (Crustacea, Amphipoda) to low concentrations ofarptaceuticals. Aquatic

Toxicology. 78 (3): 209-216.

Di Toro D.M., Zarba C.S., Hansen D.J., Berry WSwartz R.C., Cowan C.E., Paviou S.P.,
Allen H.E., Thomas N.A., Paquin P.R., 1991. Techhlmasis for establishing sediment
quality criteria for nonionic organic chemicals ngsi equilibration partitioning.

Environmental Toxicology and Chemistry. 10(12): 18483.

Dolliver H., Kumar K., Gupta S. 2007. Sulfamethazirptake by plants from manure-amended

soil. Journal of Environmental Quality 36(4):122230.

Drewes C.D., Brinkhurst R.O. 1990. Giant fibers aadid escape reflexes in newly hatched
aquatic oligochaetesl.umbriculus variegatus(Family Lumbriculidae). Invertebrate

Reproduction and Development. 17(2): 91-95.

Drewes C.D., Fourtner C.R. 1990. Morphallaxis in aguatic oligochaetel.umbriculus
variegatus reorganization of escape reflexes in regenerathgdy fragments.

Developmental Biology. 138(1): 94-103.

Drugbank. http://www.drugbank.ca. Accessed 201283-

165



References

Dubus I.G., Barriuso E., Calvet R. 2001. Sorptibmveak organic acids in soils: Clofencet, 2,4-

D and salicylic acid. Chemosphere. 45 (6-7): 764-77

Dussault E.B., Balakrishnan V.K., Solomon K.R., 18bP.K. 2009. Matrix effects on mass
spectrometric determinations of four pharmacegieald personal care products in water,

sediments, and biota. Canadian Journal of Chen85if%):662-672.

ECHA (2012) Guidance on information requirementd ahemical safety assessment Chapter

R.11: PBT Assessment. European Chhemicals Agenraigjiii, Finland.

Edziyie R.E., 2011. Characterization of Triclocarpilethyl- Triclosan, and Triclosan in Water,
Sediment, andCorbicula Fluminea(Miiller, 1774) Using Laboratory, in Situ, and el
Assessments. Dissertation prepared for the dedrBeaior of Philosophy. University of

North Texas.

EMEA, 2006. Guideline on the environmental riskesssnent of medicinal products for human

use. CHMP/SWP/4447/00.

Escher B.l., Hermens J.L.M. 2004. Internal exposummking bioavailability to effects.

Environmental Science and Technology. 38: 23: 4862A.

Fahl G.M., Kreft L., Altenburger R., Faust M., Bestter W., Grimme L.H. 1995. pH-
dependent sorption, bioconcentration and algal cityxiof sulfonylurea herbicides.

Aquatic toxicology. 31(2): 179-187.

Fent K., Looser P.W. 1995. Bioaccumulation and ‘mdability of tributyltin chloride —

influence of pH and humic acids. Water Resear8li7)21631-1637.

Fent K., Weston A.A., Caminada D. 2006. Ecotoxigylef human pharmaceuticals. Aquatic

Toxicology 76(2):122-159.

166



References

Flanagan R.J., Taylor A.A., Watson I.D., Whelpton 207. Fundamentals of analytical

toxicology. Wiley. SBN-10: 0470319348.

Franco A., Trapp S. 2008. Estimation of the soitewgpartition coefficient normalized to
organic carbon for ionisable organic chemicals.iEemmental Toxicology and Chemistry

27 (10): 1995-2004.

Franco A., Fu W.J., Trapp S. 2009. Influence of pbi on the sorption of ionisable chemicals:

modeling advances. Environmental Toxicology andraikery. 28(9):2018.

Franco A., Ferranti A., Davidsen C., Trapp S. 20A0. unexpected challenge: lonisable
compounds in the REACH chemical space. Internatigoarnal of Life Cycle

Assessments. 15(4), 321-325.

Fricke W.F., Wright M.S., Lindell A.Het al. 2008. Insights into the environmental resistance
gene pool from the genome sequence of the multicksigtant environmental isolate

Escherichia coli SMS-3-5. Journal of Bacteriolo§)90 (20):6779-6794.

Fu W., Franco A., Trapp S. 2009. Methods for edifimathe bioconcentration factor of

ionisable organic chemicals. Environmental Toxigyland Chemistry. 28(7):1372-9.

Gan T.J. 2010. Diclofenac: an update on its meshawoii action and safety profile. Current

medical research and opinion. 26 (7): 1715-1731.

Gao J.A., Pedersen J.A. (2005) Adsorption of salfvile antimicrobial agents to clay minerals.

Environmental Science and Technology 39:9509-9516

Gagne F., Blaise C., Fournier M., Hansen P.D. 2&ffécts of selected pharmaceutical products
on phagocytic activity in Elliptio complanata mulsseComparative Biochemistry and

physiology C-toxicology and pharmacology. 143 (Z}9-186.

167



References

Gagne F., Blaise C., Andre C. 2006. Occurrence hafrpaceutical products in a municipal
effluent and toxicity to rainbow trouDncorhynchus mykissiepatocytes. Ecotoxicology

and environmentad safety. 64 (3):329-336.

Gaskell P.N., Brooks A.C., Maltby L. 2007. Variatiin the bioaccumulation of a sediment-
sorbed hydrophobic compound by benthic macroinbestes: patterns and mechanisms.

Environmental Science and Technology. 41(5): 178391

Gerould S., Landrum P., Giesy J.P. 1983. Anthratémeoncentration and biotransformation in

chironomids. Environmental Pollution Series A 3Q(3p-188.

Gevao B., Semple K.T., Jones K.C. 2000. Bound qidsti residues in soils: a review.

Environmental Pollution. 108(1): 3-14.

Gilek M., Bjérk M., Broman D., Kautsky N., Naf C1996a. Enhanced accumulation of PCB
congeners by Baltic Sea mussel, Mytilus edulis,hwiicreased algae enrichment.

Environmental Toxicology and Chemistry. 15(9): 18%05.

Gilek M., Bjork M., Naf C. 1996b. Influence of bodsize on the uptake, depuration, and
bioaccumulation of polychlorinated biphenyl congsndy Baltic Sea blue mussel,

Mytilus edulis Marine Biology. 125(3): 499-510.

Granberg M.E., Forbes T.L. 2006. Role of sedimeganic matter quality and feeding history in
dietary absorption and accumulation of pyrene ia thud snail Klydrobia ulvas.

Environmental Toxicology and Chemistry. 25(4): 99H36.

Groning J., Held C., ClauR3nitzer U., Kaschabek S3ehlémann M. 2007. Transformation of
diclofenac by the indigenous microflora of riverdigaents and identification of major

intermediate. Chemosphere. 69(4):509-16.

168



References

Guengerich F.P. 2001. Common and uncommon cytoahr®&A50 reactions related to

metabolism and chemical toxicity. Chemical Researchoxicology. 14(6): 611-50.

Gunnarson L., Kristiansson E., Larsson D.G.J. 20Exvironmental Comparative
Pharmacology: Theory and Application. In B.W. Brea@nd D.B. Huggett (eds.), Human
Pharmaceuticals in the Environment: Current andufeuPerspectives. Springer, New

York. pp.85-108.

Gustafsson D.R., Price D.A., Erséus C. 2009. Generiation in the popular lab worm
Lumbriculus variegatugAnnelida: Clitellata: Lumbriculidae) reveals ctigpspeciation.

Molecular Phylogenetics and Evolution. 51(2): 1&3.1

Goksgr A,, Forlin L. 1991. The cytochrome P-450tays in fish, aquatic toxicology and

environmental monitoring. Aquatic Toxicology 22:72812.

Halling-Sgrensen B., Nors Nielsen S., Lanzky PIRgerslev F., Holten Litzhgft H.C.,
Jargensen S.E.. 1998. Occurrence, fate and efééqtbarmaceutical substances in the

environment — a review. Chemosphere. 36(2): 357-393

Hamaker J.W., Thompson J.M. 1972. Adsorption. lri® C.A., Hamaker J.W. Organic

chemicals in the soil environment. Marcel DekkeeywNYork pp49-43.

Hare L., Tessier A., Borgmann U. 2003. Metal sosirite freshwater invertebrates: Pertinence

for risk assessment. Human and Ecological Risk #saent 9(4):779-793.

Hasanain F., Wang Z.Y. 2008. New one-step syntlagmlyimides in salicylic acid. Polymer

49(4): 831-835.

169



References

Hawthorne S.B., Grabanski C.B., Miller Dek al. 2011 Improving predictability of sediment-
porewater partitioning models using trends obserwith PCB-contaminated field

sediments. Environmental Science and Technologyl4p 7365-7371.

Henderson L.J. 1908. Concerning the relationshipwden the strength of acids and their

capacity to preserve neutrality. American Jourfid@tyysiology. 21: 2: 173-179.

Hendriks A.J., Van der Linde A., Cornelissen GjmSD.T.H.M. 2001. The power of size. 1.
Rate constants and equilibrium ratios for accurnmtabf organic substances related to
octanol-water partitioning ratio and species weigBhvironmental Toxicology and

Chemistry. 20: 7: 1399-1420.

Hendriks A.J., Traas T.P., Huijbregts M.A.J. 20@3itical body residues linked to octanol—
water partitioning, organism composition, and LG3SARs: Meta-analysis and model.

Environmental Science and Technology. 399: 32266323

Higgins C.P., Paesani Z.J., Chalew T.E.A., Halddd. R009. Bioaccumulation of triclocarban

in Lumbriculus variegatusEnvironmental Toxicology and Chemistry 28(12):05%86.

Hijosa-Valsero M., Matamoros V., Martin-Villacortd., Becares E., Bayona J.M. 2010.
Assessment of full-scale natural systems for timoxal of PPCPs from wastewater in

small communities. Water Research 44(5):1429-1439.

Hiemke C., Hartter S. 2000. Pharmacokinetics okaale serotonin reuptake inhibitors.

Pharmacology and Therapeutics 85(1):11-28.

Hua W., Bennett E.R., and Letcher R.J. 2005. dsi&h in waste and surface waters from the
upper Detroit River by liquid chromatography-elespray-tandem quadrupole mass

spectrometry. Environment International. 31(5): -630D.

170



References

Huggett D.B., Cook J.C., Ericson J.F., Williams RZD03. A theoretical model for utilizing
mammalian pharmacology and safety data to prierifgotential impacts of human

pharmaceuticals to fish. Human and Ecological Riskessment. 9(7): 1789-1799.

Isaacson P.J., Frink C.R. 1984. Nonreversible sorpvf phenolic compounds by sediment
fractions — the role of sediment organic mattervimmental Science and Technology

18(1):43-48.

Jakoby W.B., Ziegler D.M. 1990. The enzymes of gifitation. The journal of biological

Chemistry. 265: 20715-20718.

Jardetzky O. 1963. Studies on the Mechanism ofofAadf Chloramphenicol - The conformation

of chloramphenicol in solution. The Journal of Bigical Chemistry 238(7): 2498-2508.

Jobling S, Williams R., Johnson At al. 2006. Predicted exposures to steroid estrogehkin
rivers correlate with widespread sexual disruptiowild fish populations. Environmental

Health Perspectives. 114 Suppl 1: 32-39.

Jones O.A.H., Voulvoulis N., Lester J.N. 2002. Aimianvironmental assessment of the top 25

English prescription pharmaceuticals. Water Re$e36¢20): 5013-5022.

Kaag N.H.B.M., Foekema E.M., Scholten M.C.Th., \@tnaalen N.M. 1997. Comparison of
contaminant accumulation in three species of mdrimertebrates with different feeding

habits. Environmental Toxicology and Chemistry.5)6837-842.

Kah M., Brown C.D. 2006. Adsorption of ionisablespeides in soils. Review of Environmental

Contamination and Toxicology. 188: 149-217.

Kah M., Brown C.D. 2007. Prediction of the adsarptdf ionisable presticides in soils. Journal

of Agricultural and Food Chemistry. 55(6): 2312-232

171



References

Kah M., and Brown C.D. 2008. Log D: Lipophilicityif ionisable chemicals. Chemosphere.

72(10): 1401-1408.

Kallio J-M., Lahti M., Oikari A., Kronberg L. 2010Metabolites of the aquatic pollutant

diclofenac in fish bile. Environmental Science dethnology. 44: 7213-7219.

Karickhoff S.W. 1981. Semi-empirical estimation sdrption of hydrophobic pollutants on

natural sediments and soils. Chemosphere 10:833-846

Kelch W.J., Lee J.S. 1978. Antibiotic-resistancttigras of gram-negative bacteria isolated from

environmental sources. Applied Environmental Migoddigy. 36(3): 450-456.

Kidd K.A., Blanchfield P.J., Mills K.Het al. 2007. Collapse of a fish population after exposure
to a synthetic estrogen. Proceedings of the Ndtidoademy of Science of the United

States of America. 104 (21): 8897-8901.

Kinney C.A., Furlong, E.T., Kolpin, D.W., Burkhard¥l.R., Zaugg, S.D., Werner, S.L., Bossio,
J.P., Benotti, M.J. 2008. Bioaccumulation of pharendicals and other anthropogenic
waste indicators in earthworms from agricultural senended with biosolid or swine

manure. Environmental Science and Technology 42@%3-1870.

Kolpin D.W., Furlong E.T., Meyer M.T., Thurman E.MZaugg S.D., Barber L.B., Buxton H.T.
2002. Pharmaceuticals, hormones, and other orgaagtewater contaminants in US
streams, 1999-2000: A national reconnaissance.rémwiental Science and Technology

36(6): 1202-1211.

Kookana R. S., Ying G-G., Waller N. J. 2011. Trgda: its occurrence, fate and effects in the

Australian environment. Water science and technol6g (4): 598-604.

172



References

Kristiansson K, Fick J, Janzon A, Grabic R, Rutgers C, Weidegard Bet al. 2011.
Metagenomics reveals high levels of resistance ggamel elements for horizontal gene

transfer in antibiotic-contaminated river sedimefisoS ONE 6:€17038

Kumar K., Gupta S.C., Baidoo S.K., Chander Y., RoSel. 2005. Antibiotic uptake by plants
from soil fertilized with animal manure. Journal Bhvironmental Quality 34(6):2082-

2085.

Kukkonen J., Landrum P.F. 1996. Distribution ofyamic carbon and organic xenobiotics

among different particle-size fractions in sedinse@hemosphere 32(6):1063-1076.

Kimmerer K. 2009. Antibiotics in the aquatic envir@mh- A review - Part Il. Chemosphere.

75 (4): 435-441.

Kwon J.W., Armbrust K.L. 2006. Laboratory persisternand fate of fluoxetine in aquatic

environments. Environmental Toxicology and Chengis26(10):2561-8.

Kwon J-W., Armbrust K.L. 2008. Aqueous solubilitysoctanol-water partition coefficient, and
sorption of five selective serotonin reuptake iftioits to sediments and soils. Bulletin of

Environmental Contamination and Toxicology. 81 (28-135.

Lahti M., Brozinski J-M., Jylha A., Kronberg L., ®ari A. Uptake from water,
Biotransformation and Biliary excretion of pharmatieals by rainbow trout.

Environmental Toxicology and Chemistry. 30(6): 1403 1.

Lajeunesse A., Gagnon C., Gagné F., Louis(®jka P., Sauvé S. 2011. Distribution of
antidepressants and their metabolites in brookt tespposed to municipal waste water
before and after ozone treatment — evidence obgicél effects. Chemosphere. 83: 564-

571.

173



References

Landrum P.J., Robbins J.A. 1990. Bioavailabilitysefliment associated contaminants to benthic

invertebrates. Sediments: Chemistry and Toxicitind®lace Pollutants 237-263.

Larsson D.G.J., de Pedro C., Paxeus N. 2007. Efflfi]m drug manufactures contains
extremely high levels of pharmaceuticals. JourrdiaHazardous Materials. 148(3): 751-

755.

Larsson D.G.J. 2010. Release of active pharmaegutigredients from manufacturing sites —
need for new management strategies. Integrated régmaental Assessment and

Management. 6(1): 184-193.

Laville N., Ait-Aissa S., Gomez Eet al. 2004. Effects of human pharmaceuticals on
cytotoxicity, EROD activity and ROS production istf hepatocytes. Toxicology. 196 (1-

2): 41-45.

Lawrence J.R., Swerhone G.D.W., Wassenaar L.l., NeR. 2005. Effects of selected
pharmaceuticals on riverine biofilm communities.n@dian Journal of Microbiology.

51:655-659.

Lee H.B., Peart T.E. 1998. Determination of 17 lestmadiol and its metabolites in sewage
effluent by solid-phase extraction and gas chrogragthy/mass spectrometry. Journal of

AOAC 81(6):1209-16.

Lee R.B., Sarafin K.., Peart T.Eet al. 2003. Acidic pharmaceuticals in sewage - Methogplo
stability test, occurrence, and removal from Owtagamples. Water quality research

journal of Canada. 38 (4):667-682.

Leppanen M.T., Kukkonen J.V.K. 1998. Relative intpoce ingested sediment and pore water
as bioaccumulation routes for pyrene to oligochdktembriculus variegatusMuller).

Environmental Science and Technology. 32(10): 150838.
174



References

Leppanen M.T., Kukkonen J.V.K. 2004. Toxicokinetafssediment-associated polybrominated
diphenylethers (flame retardants) in benthic irslertes l(umbriculus variegatys

oligochaeta). Environmental Toxicology and Chergis?3(1):166-72.

Lewis D.F., loannides C., Parke D.V. 1998. Cytoomes P450 and species differences in
xenobiotic metabolism and activation of carcinogénvironmental Health Perspectives.

106(10): 633-641.

Liebig M., Egeler P., Oehlmann J., Knacker T. 208%accumulation of C-14-17 alpha-
ethinylestradiol by the aquatic oligochadtembriculus variegatusn spiked artificial

sediment. Chemosphere. 59(2): 271-280.

Lin, AY-C., Lin C-A., Tung H-H.et al. 2010. Potential for biodegradation and sorption of
acetaminophen, caffeine, propranolol and acebutolddb-scale aqueous environments.

Journal of Hazardous Materials. 183 (1-3): 242-250

Lin H., Hu Y.Y., Zhang X.Y., Guo Y.P., Chen G.R.120 Sorption of Triclosan onto sediments
and its distribution behaviour in sediment-wateammolipid systems. Environmental

Toxicology. 30 (11): 2416-2422.

Lohner T.W., Collins W.J. 1987. Determination otale rate constants for six organochlorines

in midge larvae. Environmental Toxicology and Chetryi. 6(2), 137-146.

Loffler D., Rombke J., Meller M., Ternes T.A. 20@nvironmental fate of pharmaceuticals in

water/sediment systems. Environmental Science astifiblogy. 39(14): 5209-5218.

Lu X.X., Reible D.D., Fleeger J.W. 2004. Relatimgportance of ingested sediment versus pore
water as uptake routes for PAHs to the depositifigedligochaetdlyodrilus templetoni

Archives of Environmental Contamination and Toxampt 47(2):207-214.

175



References

McCarthy J.F., Jiminez B.D. 1985. Reduction in baikbility to bluegills of polycyclic
aromatic hydrocarbons bound to dissolved humic rizt&nvironmental Toxicology and

Chemistry 4(4):511-521.

Mackay D.1982. Correlation of bioconcentration @amst Environmental Science and

Technology. 16: 274-278.

Malins D.C., McCain B.B., Brown D.W., Varanasi KKrahn M.M., Myers M.S., Chan S.L.
1987. Sediment-associated contaminants and lieeades in bottom-dwelling fish.

Hydrobiologia. 149:69-74.

Manallack J.T. 2009. The acid-base profile of atemporary set of drugs: implications for drug

discovery. SAR and QSAR in Environnmental Resedf{f7-8):611-655.

Maoz A., Chefetz B. 2010. Sorption of the pharmécals carbamazepine and naproxen to

dissolved organic matter: Role of structural fraicti. Water Research 44(3):981-989.

Maund S., Barber I., Dulka J., GonzalezValero Jamdr M., Heimbach F., Marshall M.,
McCahon P., Staudenmaier H., Wustner D. 1997. gwveént and evaluation of triggers
for sediment toxicity testing of pesticides with nb@c macroinvertebrates.

Environnmental Toxicology and Chemistry 16(12): @2%96.

Mehinto A.C., Hill E.M., Tyler C.R. 2010. Uptake d@rbiological effects of environmentally
relevant concentrations of the nonsteroidal arftismmatory pharmaceutical diclofenac
in rainbow trout @Oncorhynchus mykissEnvironmental Science and Technology. 44:

2176-2182.

Meredith-Williams M., Carter L.J., Fussell R., Radfli D., Boxall A.B.A. 2012. Uptake of

pharmaceuticals into aquatic invertebrates. Enwi@mal Pollution 165:250-258.

176



References

Metcalfe C.D., Miao X.S., Koenig B.G., Struger 003. Distribution of acidic and neutral drugs
in surface waters near sewage treatment plantdhenldwer Great Lakes, Canada.

Environmental Toxicology and Chemistry. 22(12):283889.

Mimeault C., Woodhouse A., Miao X.S., Metcalfe G.Bloon T.W., Trudeau, V.L. 2005. The
human lipid regulator, gemfibrozil bioconcentrataad reduces testosterone in the

goldfish,Carassius auratusAquatic Toxicology 73(1):44-54.

MITI. 1992. Biodegradation and bioaccumulation daftaxisting chemicals based on the CSCL

Japan. Japan Chemical Industry Ecology-Toxicologpf@rmation Center.

Monteiro S.C., Boxall A.B.A. 2010. Occurrence aratef of human pharmaceuticals in the

environment. Reviews of Environmental Contaminatiod Toxicology. 202: 53-154.

Monteiro S.C., Boxall A.B.A. Sorption of pharmadeats in soils, sewage sludge and soil-

sewage sludge mixtures. In prep.

Moore M.T., Huggett D.B., Gillespie Jr W.B., Rodgdr J.H., Cooper C.M. 1998. Comparative
toxicity of chlordane, chlorpyrifos, and aldicarb four aquatic testing organisms.

Archives of Environmental Contamination and Toxampt. 34(2):152-157

Mount D.R., Dawson T.D., Burkhard L.P. 1999. Imptions of gut purging for tissue residues
determined in bioaccumulation testing of sedimerith wLumbriculus variegatus

Environmental Toxicology and Chemistry 18(6):124249.

Muijs B., Jonker M.T.O. 2009. Temperature-dependdoccumulation of polycyclic aromatic

hydrocarbons. Environmental Science and Techno®fi2): 4517-4523.

177



References

Nakada N., Komori K., Suzuki Y. 2005. Occurrencel date of anti-inflammatory drugs in
wastewater treatment plants in Japan. Environmentahces : an international journal of

environmental physiology and toxicology. 12 (6):3%&8.

Nakamura Y., Yamamoto H., Sekizawa J., Kondo TraiH\., Tatarazako N. 2008. The effects
of pH on fluoxetine in Japanese medakaygias latipes Acute toxicity in fish larvae

and bioaccumulation in juvenile fish. Chemosph&ee.865-873.

Nash J.P., Kime D.E., Van der Ven L.T.gt al. 2004. Long-term exposure to environmental
concentrations of the pharmaceutical ethynylesttaziiuses reproductive failure in fish.

Environmental Health Perspectives. 112 (17): 172331

Naylor C., Maltby L., Calow P. 1989. Scope for gtbwn Gammarus pulexa freshwater

benthic detrivore. Hydrobiologia. 188-189: 517-523.

Navarro V.C., Leppanen M.T., Kukkonen J.V.K., OIn®£. 2013. Trophic transfer of pyrene

metabolites between aquatic invertebrates. Enviemtah Pollution 173:61-67.

Neuwoehner J., Escher B.l. 2011. The pH-dependeitity of basic pharmaceuticals in the
green algae&scenedesmus vacuolatcsn be explained with a toxicokinetic ion-trapping

model.Aquatic Toxicology. 101: 266-275.

Nilsene., Rosenbauet., Furlonge., Burkhardt M., Wernes..Greaser L., Noriega M.
Pharmaceuticals, Personal Care Products and Ardbenyic Waste Indicators
Detected in Streambed Sediments of the Lower CaliRlver and Selected

Tributarieshttp://or.water.usgs.gov/proj/Emerging contamindtitsenNGWApa

per4483 1-4.pdfAccessed Jan 2013.

Oaks J.L., Gilbert M., Virani M.Z., Watson R.T., Mger C.U., Rideout B.A., Shivaprasad

H.L., Ahmed S., Chaudhry M.J.I., Arshad M., Mahmd®d Ali A., Khan A.A. (2004)
178



References

Diclofenac residues as the cause of vulture populatlecline in Pakistan. Nature

427(6975):630-633.

Onesios K.M., Bouwer E.J. 2009. Biodegradation memdoval of pharmaceuticals and personal

care products in treatment systems: a review. Bjatiation 20(4):441-466.

Palenske N.M., Nallani G.C., Dzialowski E.M. 20Bhysiological effects and bioconcentration
of triclosan on amphibian larvae. Comparative Beofstry and Physiology C

152(2):232-240.

Park S., Woodhall J., Ma G., Veinot J.G.C., Cre$ss5., Boxall A.B.A. Submit. Regulatory
ecotoxicity testing of engineered nanoparticleg #re results relevant to the natural

environment? Nanotoxicology.

Penttinen O.P., Kukkonen J., Pellinen J. 1996lirRireary study to compare body residues and
sublethal energetic responses in benthic invertedraxposed to sediment-bound 2,4,5-

trichlorophenol. Environmental Toxicology and Chstny. 15(2) 160-166.

Perreault H.A.N., Semsar K., Godwin J. Fluoxetieatment decreases territorial aggression in

a coral reef fish. Physiology and behaviour. 7%)4719-724.

OECD 106. Test No. 106: Adsorption -- Desorptioringsa Batch Equilibrium Method. OECD
Guidelines for the Testing of Chemicals / SectioPHysical-Chemical properties. 21 Jan

2000.

Ogram A.V., Jessup R.E.,Ou L.T., Rao P.S. 198%d&fof sorption on biological degredation
rates of (2,4-dichlorophenxoy) acetic acid in solipplied Environmental Microbiology.

49(3): 582-587.

179



References

Orvos D.R., Versteeg D.J., Inauen, J., CapdeviMlleRothenstein A., Cunningham V. 2002.

Aquatic toxicity of triclosan. Environmental toxicgy and chemistry. 21 (7): 1338-1349.

Painter M.M., Buerkley M.A., Julius M.Let al. 2009. Antidepressants at environmentally
relevant concentrations affect predator avoidareteabiour of larvae fathead minnows

(Pimephales promeldsEnvironmental Toxicology and Chemistry. 28 (12§77-2684.

Palenske N.M., Nallani G.C., Dzialowski E.M. 20Ehysiological effects and bioconcentration
of triclosan on amphibian larvae. Comparative Barofstry and Physiology, Part C. 152:

232-240.

Pan B., Ning P., Xing B. 2009. Part V sorption dpmaceuticals and personal care products.

Environmental Science and Pollution Research. Ba11l®.

Paterson G., Metcalfe C.D. 2008. Uptake and dejouraf the anti-depressant fluoxetine by the

Japanese medak@rfyzias latipes Chemosphere. 74: 125-130.

Perreault H.A.N., Semsar K., Godwin J. 2003. Flaioee treatment decreases territorial

aggression in a coral reef fish. Physiology & Bebax. 79 (4-5): 719-724.

Pérez S., Eichhorn P., Aga D.S. 2005. Evaluating tiodegradability of sulfamethazine,
sulfamethoxazole, sulfathiazole and trimethoprindiéferent stages of sewage treatment.

Environmental Toxicology and Chemistry 24(6): 136367.

Perez S., Barcelo D. 2007. Application of advarig&itechniques to analysis and identification
of human and microbial metabolites of pharmacelsticathe aquatic environment. TrAC

Trends in Analytical Chemistry. 26(6): 494-514.

180



References

Phipps G.L., Ankley G.T., Benoit D.A., Mattson V.R993. Use of the Aquatic oligochaete
Lumbriculus-variegatusfor assessing the toxicity and bioaccumulation sefliment-

associated contaminants. Environmental Toxicology@hemistry. 12(2): 269-279.

Porsbring T., Blanck H., Tjellstrom H., Backhaus, 2009. Toxicity of the pharmaceutical

clotrimazole to marine microalgal communities. Atimd oxicology 91(3):203-211.

Qiang Z., Adams C. 2004. Potentiometric determamatf acid dissociation constants (pKa) for

human and veterinary antibiotics. Water Researcl2884—2890.

Ramirez A.J., Brain R.A., Usenko S., Mottaleb M.@:Ponnell J.G., Stahl L.L., Wathen J.B.,
Snyder B.D., Pitt J.L., Perez-Hurtado P. Dobbink. LBrooks B.W., Chambliss C.K.
2009. Occurrence of pharmaceuticals and persomal geoducts in fish: results of a
national pilot study in the United States. Enviremtal Toxicology and Chemistry

28(12): 2587-2597.

REACH. 2006. REG (EC) No 1907/2006 of the Europearliiament and the council concerning
the Registration, Evaluation, Authorisation and tRetion of Chemicals (REACH),
establishing a European Chemicals Agency, amenddigctive 1999/45/EC and
repealing Council Regulation (EEC) No 793/93 andn@ussion Regulation (EC) No
1488/94 as well as Council Directive 76/769/EEC a@ommission Directives

91/155/EEC, 93/67/EEC, 93/105/EC and 2000/21/EC.

Reyes-Contreras C., Matamoros V., Ruiz I., Soto B&Ayona JM. 2011. Evaluation of PPCPs
removal in a combined anaerobic digester-constiuatetland pilot plant treating urban

wastewater. Chemosphere. 84 (9):1200-1207.

Remberger M., Wiklund P., Woldegiorgis At al. 2009. Diclofenac: an update on its

mechanism of action and safety profile. IVL rep&1810.

181



References

Rendal C., Kusk K.O., Trapp S. 2011. The effeqtldfon the uptake and toxicity of the bivalent
weak base chloroquine tested 8alix viminalisand Daphnia magna Environmental

Toxicology and Chemistry 30(2):354-359.

Rubach M.N., Ashauer R., Maund S.J., Baird D.J. dan Brink P.J. 2010a. Toxicokinetic
variation in 15 arthropod species exposed to tkediticide chlorpyrifos. Environmental

Toxicology and Chemistry 29(10):2225-2234.

Rubach M.N., Baird D.J., Van den Brink P.J. 2018mew method for ranking mode-specific
sensitivity of freshwater arthropods to insectisidend its relationships too biological

traits. Environmental Toxicology and Chemistry 2%426-487.

Russell A.D. 2004. Whither triclosan? Journal dfraitrobial chemotherapy. 53 (5):693-695.

Sabljic A., Gusten H., Verhaar H., Hermens J. Q3Adtieling of soil sorption — Improvements
and systematics of log K —OC vs. log K OW correlasi. Chemosphere. 31(11-12): 4489-

4514.

Sanchez-Fortun S., Marva F., Roucod#lal. 2009. Toxic effect and adaptation$Secenedesmus
intermedius to anthropogenic chloramphenicol contamination: negie  versus
physiological mechanisms to rapid acquisition afofgiotic resistance. Ecotoxicology. 18

(5):481-487.

Sankararamakrishnan N., Guo Q. 2005. Chemical risaa® indicator of human fecal coliforms

at storm water outfalls. Environment Internatior#dl(8):1133—-1140.

Sarmah A.K., Meyer M.T., Boxall A.B.A. 2006. A glabperspective on the use, sales, exposure
pathways, occurrence, fate and effects of veteriaatibiotics (VAS) in the environment.

Chemosphere 65 (5): 725-759.

182



References

Sassman S.A., Lee L.S. 2005. Sorption of threadgttines by several soils: Assessing the role

of pH and cation exchange. Environmental ScienceTathnology. 39 (19): 7452-7459.

Scheytt T., Mersmann P., Lindstadt &. al. 2005. Determination of sorption coefficients of
pharmaceutically active substances carbamazepiadefahac, and ibuprofen, in sandy

sediments. Chemosphere. 60 (2): 245-253.

Schultz I.LR., Skillman A., Nicolas J.Met al. 2003. Short-term exposure to 17 alpha-
ethynylestradiol decreases the fertility of sexuathaturing male rainbow trout

(Oncorhynchus mykissEnvironmental Toxicology and Chemistry. 22 (8372-1280.

Schultz M.M., Furlong E.T., Kolpin D.W. et al. 2018ntidepressant pharmaceuticals in two
U.S. effluent-impacted streams: occurrence andifateater and sediment, and selective

uptake in fish neural tissue. Environmental Sciesmue Technology. 44 (6): 1918-1925.

Schwaiger J., Ferling H., Mallow Uet al. 2004. Toxic effects of the non-steroidal anti-
inflammatory drug diclofenac Part 1: histopathotadjialterations and bioaccumulation in

rainbow trout. Aquatic Toxicology. 68 (2): 141-150.

Schwarts M.A., Neubert R.H.H., Dongowski G. 199®afacterization of interactions between
bile salts and drugs by micellar electrokinetic ilagy chromatography. Part 1.

Pharmaceutical Research 13(8): 1174-1180.

Schwarzenbach R.P., Gschwend P.M., Imboden D.M5.2Bfvironmental organic chemistry.

ISBN: 9780471350538

Segre E.J. 1980. Naproxen sodium (Anaprox): phaohlogg, pharmacokinetics and drug

interactions. Journal of reproductive medicine(ffppl 4):222-225.

183



References

Shaw G.R., Connell D.W. 1985. Physicochemical prigge controlling polychlorinated
biphenyl (PCB) uptake in aquatic organisms. Envitental Science and Technology

18(1):18-23.

Sinclair C.J., Boxall A.B.A. 2003. Assessing theofexicity of pesticide transformation

products. Environmental Science and Technology817-4625

Singer H., Muller S., Tixier C., Pillonel. 2002.idlosan: occurrence and fate of a widely used
biocide in the aquatic environment: field measunetsién wastewater treatment plants,
surface waters, and lake sediments. Environmegtah8e and Technology. 36(23):4998-

5004.

Smith E.M., Chu S., Paterson G., Metcalfe C.D.,9éfil J.Y. 2010. Cross-species comparison of

fluoxetine metabolism with fish liver microsomeséinosphere. 79: 26-32.

Soare J., Coimbra A.M., Reis-Henriques MeAal. 2009. Disruption of zebrafistib@nio rerio)
embryonic development after full life-cycle pardntexposure to low levels of

ethinylestradiol. Aquatic Toxicology. 95 (4): 336&

Sommi R.W., Crismon M.L., Bowden C.L. 1987. Fluamet a serotonin-specific, second-

generation antidepressant. Pharmacotherapy. #115: 1

Stolker A.A.M., Niesing W., Hogendoorn E.At al. 2004. Liquid chromatography with triple-
quadrupole or quadrupole-time of flight mass spmeogtry for screening and confirmation
of residues of pharmaceuticals in water. Analytiasal Bioanalytical Chemistry. 378

(4):955-963.

Stilten D., Zihlke S., Lamshoft M., Spiteller M.080 Occurrence of diclofenac and selected

metabolites in sewage effluents. Science of ThalTvironment. 405(1-3):310-6.

184



References

Takacs-Novak K., Avdeef A. 1996. Interlaboratorydst of log P determination by shake-flask

and potentiometric methods. Journal of Pharmacdutiod Biomedical Analysis. 14:

1405-1413.

Ter Laak T.L., Gebbink W.A., Tolls J. 2006. Theesff of pH and ionic strength on the sorption

of sulfachloropyridazine, tylosin, and oxytetradgel to soil. Environmental Toxicology

and Chemistry. 25(4): 904-911.

Ter Laak T.L., Gebbink W.A., Tolls J. 2006. Estiinat of soil sorption coefficients of

veterinary pharmaceuticals from soil properties.vimmental Toxicology and

Chemistry. 25(4): 933-941.

TGD. 2003. Technical Guidance Document in suppb@ammission Directive 93/67/EEC on
Risk Assessment for new notified substances, CosionisRegulation (EC) No 1488/94

on Risk Assessment for existing substances andcidies 98/8/EC of the European

Parliament and of the Council concerning the placihbiocidal products on the market.

Thiele-Bruhn S. 2003. Pharmaceutical antibiotic poomds in soils - a review. Journal of Plant

Nutrition and Soil Science. 166(2): 145-167.

Thomas P.M., Foster G.D. 2005. Tracking acidic ptameuticals, caffeine, and triclosan

through the wastewater treatment process. Envirataheloxicology and Chemistry
24(1):25-30.

Thomann R.V., Connolly J.P., Parkerton T.F. 199@.efuilibrium model of organic chemical

accumulation in aquatic food webs with sedimengrattion. Environmental Toxicology

and Chemistry 11(5):615-629.

185



References

Tixier C., Singer H.P., Oellers S., Miller S.R. 300ccurrence and fate of carbamazepine,
clofibric acid, diclofenac, ibuprofen, ketoprofesnnd naproxen. Environmental Science

and Technology. 37: 1061-1068.

Tolls J. 2001. Sorption of Veterinary Pharmacelgica Soils: A Review. Environmental

Science and Technology. 35 (17): 3397-3406

Topp E., Scheunert I., Attar A., Korte F. 1986. teeg affecting the uptake of C-14 labeled
organic compounds by plants from soil. Ecotoxicglognd Environmental Safety

11(2):219-228.

Trapp S., Horobin R.W. 2005. A predictive model fioe selective accumulation of chemicals in

tumor cells. European Biophysics Journal. 34: 9566-9

Vulava V.M., Kretzschmar R. Rusch et al. 2000. Cation competition in a natural subsurface
material: Modelling of sorption equilibria. Envinorental Science and Technology. 34

(11): 2149-2155.

Valenti T.W., Perez-Hurtado P., Chambliss C.K., d® B.W. 2009. Aquatic toxicity of
sertraline to Pimephales promelasat environmentally relevant surface water pH.

Environmental Toxicology and Chemistry 28(12):2641%4.

Van Leeuwen C.J., Vermeire T.G. 2007. Risk assassnfechemicals; An Introduction. ISBN

978-1-4020-6101-1 (HB) 2nd edition.

Vazquez-Roig P., Segarra R., Blasco C., Andreu Rico Y. 2010. Determination of
pharmaceuticals in soils and sediments by pressirimuid extraction and liquid
chromatography tandem mass spectrometry. Journ&hobmatography A 1217(16):

2471-2483.

186



References

Veith G.D., DeFoe D.L., Bergstedt B.V. 1979. Measgrand estimating the bioconcentration
factor of chemicals in fish. Journal of the FisherResearch Board of Canada 36(9):1040-

1048.

VICH. 2000. Guidance for environmental impact assest of veterinary medicinal products

Phase I. VICH GL6.

VICH. 2005. Guidance for environmental impact assesnt of veterinary medicinal products

Phase II. VICH GL38.

von Oepen B., Kérdel W., Klein W. 1991. Sorptionmafnpolar and polarcompounds to soils:
Processes, measurements and experiences with plieagpity of the modified OECD

guideline 106. Chemosphere 22(3-4): 285-304.

Vetulani J., Nalepa I. 2000. Antidepressants: ppstsent and future. European Journal of

Pharmacology. 405 (1-3): 351-363.

Walllace, J.B., Webster, J.R. 1996. The role of wiagertebrates in stream ecosystem function.

Annual Review of Entomology. 41: 115-49.

Van Wezel A.P., de Vries D.A.M., Kostense S., SipiT.H.M., Opperhuizen A. 1995.
Intraspecies variation in lethal body burdens atatic compounds. Aquatic toxicology.

33: 325-342.

Weigel S., Kuhlmann J., Hihnerfuss H. 2002. Drugg personal care products as ubiquitous
pollutants: Occurrence and distribution of chlaifibacid, caffeine and DEET in the

North Sea. Science of the Total Environment. 28)(1:31-141.

Wellington E.M.H., Boxall A.B.A., Cross P., FeilE, Gaze W.H., Hawkey P.M., Johnson-

Rollings A.S., Jones D.L., Lee N.M., Otten W., Thes1C.M., Williams A.P. 2013. The

187



References

natural environment as an important driver for éimeergence of antibiotic resistance in

Gram-negative bacteria. Lancet Infectious Dise&8ek55-164.

Wenning RJ, Batley GE, Ingersoll CG, Moore DW, e@605. Use of sediment quality
guidelines (SQGs) and related tools for the assassrmof contaminated sediments.

Pensacola (FL): Society of Environmental Toxicola@gg Chemistry.

Weston D.P., Penry D.L. Gulmann L.K. 2000. The mofengestion as a route of contaminant
bioaccumulation in a deposit-feeding polychaete.chives of Environmental

Contamination and Toxicology 38(4):446-454.

Wildi E., Nagel R., Steinberg C.E.W. 1994. EffeofspH on the bioconcentration of pyrene in

the larval midgeChironomus ripariusWater Research 28(12):2553-2559.

Williams M., Saison C.L.A., Williams D.B., Kookara.S. 2006. Can aquatic distribution of
human pharmaceuticals be related to pharmacolodatal? Chemosphere. 65 (11): 2253-

2259.

Williams M., Ong P.L., Wiliams D.B., Kookana R.2009. Estimating the sorption of
pharmaceuticals bases on their pharmacologicalidion. Environmental Toxicology

and Chemistry. 28(12): 2572-2579.

Williams R.T. 2005. Human Pharmaceuticals: Assessite Impacts on Aquatic Ecosystems.

Pensacola (FL), USA: Society of Environmental Tokigy and Chemistry (SETAC)

Wootton J.T. 1992. Indirect effects, prey suscdlifband habitat selection — impacts of birds

on limpets and algae. Ecology 73(3):981-991.

Yamamoto H., Nakamura Y., Moriguchi S., Nakamura Monda Y., Tamura |., Hirata Y.,

Hayashi A., Sekizawa J. 2009. Persistence and tipaitig of eight selected

188



References

pharmaceuticals in the aquatic environment: Lalboyaphotolysis, biodegradation, and

sorption experiments. Water Research 43(2):351-362.

Zorita S., Martensson L., Mathiasson L. 2009. Oante and removal of pharmaceuticals in a
municipal sewage treatment system in the south wédsn. Science of the total

environment. 407 (8): 2760-2770.

Zhang G., Liu X., Sun K., Zhao Y., Lin C. 2010. pon of tetracycline to sediments and soils:
assessing the roles of pH, the presence of cadmiuthproperties of sediments and soils.

Frontiers of Environmental Science & Engineerin@inina 4(4): 421-429.

Zhang Z., Sun K., Gao B., Zhang G., Liu X., Zhao2011. Adsorption of tetracycline on soll
and sediment: effects of pH and the presence off)Cdéurnal of hazardous materials.

190(1-3):856-62.

189



